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Abstract A decrease in energy metabolism is associated with Alzheimer’s disease (AD), but it
is not known whether the observed decrease exacerbates or protects against the disease. The
importance of energy metabolism in AD is reinforced by the observation that variants of dihy-
drolipoamide dehydrogenase (DLD), is genetically linked to late-onset AD. To determine
whether DLD is a suitable therapeutic target, we suppressed the dld-1 gene in Caenorhabditis
elegans that express human Ab peptide in either muscles or neurons. Suppression of the dld-1
gene resulted in significant restoration of vitality and function that had been degraded by Ab
pathology. This included protection of neurons and muscles cells. The observed decrease in
proteotoxicity was associated with a decrease in the formation of toxic oligomers rather than
a decrease in the abundance of the Ab peptide. The mitochondrial uncoupler, carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP), which like dld-1 gene expression inhibits ATP
synthesis, had no significant effect on Ab toxicity. Proteomics data analysis revealed that
beneficial effects after dld-1 suppression could be due to change in energy metabolism and
activation of the pathways associated with proteasomal degradation, improved cell signaling
and longevity. Thus, some features unique to dld-1 gene suppression are responsible for the
therapeutic benefit. By direct genetic intervention, we have shown that acute inhibition of
dld-1 gene function may be therapeutically beneficial. This result supports the hypothesis that
lowering energy metabolism protects against Ab pathogenicity and that DLD warrants further
investigation as a therapeutic target.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

One of the main pathological hallmarks of AD that underlies
the neuronal dysfunction and dementia is extracellular
accumulation of amyloid beta (Ab) plaques resulting from
protein misfolding.1 In addition to the accumulation of Ab,
neuroimaging studies of AD brains found impaired glucose
metabolism and diminished activities of mitochondrial en-
zymes at latter stages of the disease.2e5 The cause and
effect relationships between these observations are un-
clear as impairment of energy metabolism may induce
protein misfolding, leading to formation of Ab plaques, but
the opposite may also be true as production and accumu-
lation of Ab may also damage energy metabolism.6e14

The difficulty in understanding the role of metabolic
decline on AD relates to the inaccessibility of AD affected
brains during progression of the disease. This situation
makes it difficult to distinguish cause from consequence
and necessitates reliance on AD disease models. The
decrease in energy metabolism in AD has been interpreted
in two opposing ways; as a main cause of AD, or as a
protective response against the symptoms of the disease.
The first interpretation is mostly supported by studies
conducted at a late stage of the disease on post-mortem
brains, making it difficult to assign causality.15e19 In
contrast, several studies on mixed stage AD samples sup-
port that the down-regulation of energy metabolism is a
protective factor, leading to the hypothesis that a
decrease in nutrient and oxygen supply minimizes neural
activity, thereby decreasing the repair burden.20,21 This is
supported by results from a transgenic mouse model of AD
in which upregulation of aerobic respiration is clearly
harmful.22

Increased risk of late-onset AD is genetically linked to
the human dld locus.23 Furthermore, inhibition of DLD
enzyme activity using 5-methoxyindole-2-carboxylic acid
(MICA) protects against the toxicity of human Ab in
transgenic Caenorhabditis elegans.24 Moreover, dld-1
suppression also improved the acetylcholine neurotrans-
mission in human tau model of Alzheimer’s disease.25 The
DLD enzyme is a subunit of three ketoacid dehydrogenase
complexes, each of which contributes to energy meta-
bolism, pyruvate dehydrogenase complex PDH, a-keto-
glutarate dehydrogenase complex (KGDH) and branched
chain ketoacid dehydrogenase complex (BCKDH).26,27

Reduced levels of these enzymes in post-mortem brain
tissues and fibroblasts of patients with either Alzheimer’s
or Parkinson’s disease indicate a direct link between en-
ergy metabolism and AD.28e33 As targeted disruption of
DLD can also reduce the activities of KGDH and PDH,34

thus, a direct link between DLD activity and AD progres-
sion is a distinct possibility.

To explore the relationship between metabolism and AD,
we suppressed dld-1 in the nematode C. elegans that ex-
presses human Ab. C. elegans is well-suited for such studies
as it has been used extensively to study the metabolic
profiling and overlapping, genetics of aging and associated
age-related diseases such as AD.35e37 A decrease in Ab
mediated pathology in response to suppression of dld-1
supports the notion that decreased energy metabolism is
neuroprotective.
Materials and methods

Nematode strains

Caenorhabditis elegans strains used in this study are the
wild type strain, N2 (Bristol), and the long-lived, stress
resistant dld-1 mutant, dld-1(wr4). dld-1(wr4) strain con-
tains a A460V missense mutation and showed resistance
against phosphine exposure that can also be achieved using
dld-1 RNAi in wild type.38,39 Strains expressing human b-
amyloid peptide in muscle cells include CL2006 (dvIs2 [unc-
54::Ab1-42) þ rol-6(su1006)]), which produces the human
Ab peptide constitutively and CL4176 (smg-1(cc546) dvIs27
[myo-3::Ab1-42::30-UTR(long)]) in which the temperature
increase from 16 �C to 23 �C prevents degradation of the
abnormally long transcript from the Ab transgene by SMG-
1(cc546), a temperature sensitive version of an essential
component of the RNA surveillance system. The double
mutant strain CL802 (smg-1(cc546);rol-6(su1006)) was used
as a control for CL2006 and CL4176 in assaying paralysis/
movement. The use of these strains as a worm model of AD
was documented previously.40 We used strain CL2355 (smg-
1(cc546) dvIs50[snb-1::Ab1-42::30 UTR(long) þ mtl-2::gfp]),
in which Ab is expressed pan neuronally, to complement
studies on the strains in which Ab was expressed in muscle
cells. The control strain for CL2355 was CL2122 (dvIs15[mtl-
2::gfp]).40e43 Sod-3::GFP reporter strain CF1553 (muIs84
[sod-3p::GFP þ rol-6(su1006)]) was also used in this study.

Culture conditions

Mixed-stage cultures of C. elegans were maintained on
nematode growth medium (NGM) seeded with E. coli OP50
at 20 �C, except strains CL4176 and CL2355, which were
maintained at 16 �C to suppress Ab expression. Synchron-
ised cultures for bioassays were obtained by standardized
protocols described previously.40e43 Wild type, dld-1(wr4)
mutant and Ab transgenic worms CL4176 were all initially
cultured at 16 �C for 36 h after which the temperature was
increased to 23 �C for 36 h except for the paralysis assay for
which the temperature was further increased to 25 �C to
maximise expression of the Ab transgene. Phenotypes of
the worms were monitored by visual observation under a
microscope and/or quantified using the WormScan
procedure.44

dld-1 gene suppression by RNAi

Control empty vector L4440 and RNAi clone sjj-LLC1.3 were
developed in the same bacterial strain known as HT115.
The E. coli strain HT115, which expresses double-stranded
RNA of the dld-1 gene (sjj-LLC1.3) was fed to each of the
four C. elegans strains to suppress expression of the dld-1
gene.45 Briefly, the bacteria were cultured in LB medium
containing 100 mg/mL ampicillin overnight with shaking at
37 �C. 300 mL of this bacterial culture was transferred to
NGM plates containing 100 mg/mL ampicillin and 1 mM IPTG.
The plates were incubated at 25 �C overnight to allow the
bacteria to grow. Synchronised L1 worms were transferred
to the bacterial plates and kept at 16 �C for 36 h. After a
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further 36 h at 25 �C the worms were ready for use in the
assays described below. Mock gene suppression controls
were treated in exactly the same way except that the
bacterial strain (HT115) for the controls contained the
plasmid vector without the dld-1 gene fragment.

Paralysis and mortality assays

Paralysis can be defined as a time-dependent observable
decrease in muscle activity, which may lead to complete
cessation of movement. Paralysis can be inhibited or
reversed.46 Mortality in this study refers to acute death
caused by decline of cellular functions and organelles. In
practice, these can be difficult to distinguish, so we relied
on the published descriptions of the assays that we used to
determine whether the results should be referred to as
mortality or paralysis. Synchronised, L1 stage worms were
transferred to NGM plates that had been seeded with either
the dld-1 RNAi or empty vector strain of E. coli, the latter
of which contains an empty vector as an RNAi control. After
36 h at 16 �C, worms were upshifted to 25 �C. The worms
were then scored for paralysis every second hour after an
initial 24-h period until the last worm became paralysed.
For mortality assays, worms were counted as dead or alive
after treatment.

Touch response assay

Touch response assays were performed at 20 �C on
synchronised L4 worms after inducing Ab expression for
36 h at 23 �C. Fifteen animals of each strain were selected
arbitrarily and put on freshly made NGM plate. Worms were
left on plates for 2 min to allow them to equilibrate to the
new conditions. Worms were then touched on the head or
tail region using a platinum wire to stimulate locomotion
and body bends were then counted for 30 s.

Aldicarb and levamisole assays

Worms prepared as described for dld-1 gene suppression
were incubated in the presence of 1 mM aldicarb, an
acetylcholinesterase inhibitor.47 In parallel with the aldi-
carb experiment, we also exposed worms to 0.2 mM le-
vamisole, a cholinergic receptor agonist.48 The number of
active worms was counted every hour until all worms
became paralyzed.

Phosphine exposure assay

Nematodes were fumigated with phosphine at 500 ppm and
2000 ppm as described previously.49 Briefly, a synchronised
population of 48 h old (L4) nematodes was washed with M9
buffer and approximately 80e100 nematodes were trans-
ferred to each well of 12-well tissue culture plates con-
taining 2.5 mL of NGM agar per well pre-seeded with E. coli;
either the empty vector or the RNAi. Nematodes were
exposed to phosphine for 24 h in glass fumigation cham-
bers, after which the chambers were opened and the
worms were allowed to recover for 48 h in fresh air. The
numbers of surviving nematodes were then counted.
5-HT sensitivity assay

To determine the level of Ab-induced 5-HT hypersensitivity,
serotonin (creatinine sulfate salt) was first dissolved in M9
buffer to 1 mM as described previously.43 Synchronized
worms were then washed with M9 buffer and transferred
into 200 ml of the 1 mM serotonin solution in 12-well assay
plates. The worms were scored as either active or paralysed
after 5 min.

Chemotaxis assays

Chemotaxis assays was performed as described previously50

with minor changes. Briefly, L1 worms of Ab-expressing
strain CL2355 and their no-Ab control strain CL2122 were
incubated at 16 �C for 36 h on NGM plates containing
100 mg/mL ampicillin, and 1 mM IPTG seeded with either an
empty vector or dld-1 RNAi strain of E. coli. The tempera-
ture was then up-shifted to 25 �C for a further 36 h. L4 stage
worms were collected and washed with M9 buffer. After
washing, worms were placed on the centre of the assay
plate (with or without dld-1 RNAi expressing E. coli lawn).
Attractant (0.1% benzaldehyde in 100% ethanol) as a con-
taining 1 ml spot, was added to one edge of the plate with
1 ml of 100% ethanol as a control on the opposite side of the
plate. 1 ml of 1M sodium azide was added to each of the two
spots to immobilize the animals once they had migrated to
one or the other destination. The chemotaxis index (CI)
(number of worms at the attractant location number of
worms at the control location]/total number of worms on
the plate) was calculated after 2 h of incubation at 23 �C.

Egg hatching assay

Wild type (N2), no Ab control (CL2122) and the Ab trans-
genic strain (CL2355) were synchronised and grown to
maturity at 16 �C (L4 stage, 4 days of age). 10 individuals
were then transferred to fresh agar plates and the tem-
perature was shifted to 23 �C. After 24 h of incubation,
adult worms were removed from the plates. Unhatched
eggs and larvae were counted every 24 h for the next three
days.

Uncoupler treatment

L4 worms were exposed to 17.5 mM of the mitochondrial
uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone (FCCP). This dose does not cause significant
mortality of wild type nematodes.51 Mortality was scored
immediately after a 24-h exposure to FCCP at 23 �C.

Oxidative stress measurement

sod-3 expression
The response to mitochondrial superoxide-mediated
oxidative stress was measured using sod-3::GFP in strain
CF1553. Synchronized worms were fed with E. coli con-
taining either empty vector or vector that expresses double
stranded RNA corresponding to the dld-1 gene for 72 h at
20 �C. Quantification of sod-3 levels was carried out using a
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fluorescence microscope (excitation filter: 485 nm, emis-
sion filter: 530 nm) by subtracting, non-worm background
fluorescence from fluorescence of the worms themselves.

RO/NS measurement
Reactive oxygen/nitrogen species (RO/NS) levels were
measured using 20,70-dichlorofluorescein diacetate (DCF-
DA) as described previously with modifications.52 Briefly,
worms were synchronized and placed on NGM plates seeded
with E. coli containing either empty vector or vector that
expresses double stranded RNA corresponding to the dld-1
gene. After 36 h at 16 �C followed by a temperature upshift
for a further 36 h at 23 �C, worms were washed with PBS
three times and snap frozen in 250 ml cell lysis solution
(20 mM Tris pH 7.5 50 mM EDTA 200 mM NaCl 0.5% SDS). To
prepare extracts, worms were sonicated followed by
centrifugation at 14,000 rpm for 30 min in a refrigerated
microcentrifuge. The supernatant was collected and
further used for protein quantification using a nanodrop
spectrophotometer. Supernatant containing 25 mg of pro-
tein was pre-incubated with 250 mM DCF-DA in 100 ml of 1�
PBS at 37 �C for 1 h. Fluorescence intensity (excitation
wavelength 485 nm and emission wavelength 535 nm) was
measured using SpectraMax M3 fluorometer (Molecular De-
vices, Sunnyvale, USA). The fluorescence intensity was
corrected by subtracting background fluorescence of
250 mM DCF-DA from each sample.

H2O2 spectrophotometric measurement
Hydrogen peroxide (H2O2) levels were measured spectro-
photometrically using toluidine blue as described previously
by Sunil et al with minor modifications.53 Worms extracts
were prepared and quantified as described above in the DCF-
DA assay protocol. For each 25 mg of protein we added 20 ml
2% potassium iodide, 20 ml 2 M HCl, 10 ml 0.01% toluidine blue
and 40 ml 2 M sodium acetate. The contents were mixed and
absorbance was measured at 628 nm H2O2 concentration was
calculated using an H2O2 concentration curve.
Quantitative RT-PCR

Synchronised L1 stage C. elegans of the wild type strain N2
or the Ab-expressing strain CL4176 were fed E. coli con-
taining empty vector or a dld-1 RNAi plasmid. After 36 h at
16 �C, the temperature was raised to 23 �C for 48 h and
worms were collected for RNA extraction. Total RNA was
extracted using the acid-phenol (Trizol) method and
converted to single stranded cDNA using an Invitrogen
SuperScript cDNA synthesis kit following the prescribed
protocol. Gene specific primers were designed using NCBI
Primer-BLAST as follows: Ab forward primer
CCGACATGACTCAGGATATGAAGT, Ab reverse primer CAC-
CATGAGTCCAATGATTGCA; dld-1 forward primer GATGCC-
GATCTCGTCGTTAT, dld-1 reverse primer
TGTGCAGTCGATTCCTCTTG; act-1 forward primer
CGCTCTTGCCCCATCGTAAG, act-1 reverse primer
CTGTTGGAAGGTGGAGAGGG; gpd-2 forward primer
TTCTCGTGGTTGACTCCGAC, and gpd-2 reverse primer
AGGGAGGAGCCAAGAAGGTAAC. Ab or dld-1 mRNA levels in
worms were quantified using Rotor Gene Q (QIAGEN) ther-
mocycler. The PCR conditions were 95 �C for 30 s followed
35 cycles of 95 �C for 20 s, 55 �C for 30 s, and 72 �C for 40 s.
For qPCR, SYBR� Green JumpStart� ReadyMix� (Sigma)
was used. The relative gene expressions were monitored
using the gpd-2 or act-1 genes by the 2DDCt method.

Western blotting of DLD and Ab

Ab was identified in C. elegans strains by immunoblotting
after separation on a 16% Tris-Tricine gel. A standard
Western blotting protocol was used except that SDS was
omitted from the transfer buffer. Briefly, synchronized L4
worms were incubated at 23 �C for 48 h and were then
washed with distilled water and quickly frozen in liquid
nitrogen. Flash frozen worms were either stored at �80 �C
or sonicated twice in ice cold cell lysis buffer (50 mM
HEPES, pH 7.5, 6 mM MgCl2, 1 mM EDTA, 75 mM sucrose,
25 mM benzamide, 1 mM DTT and 1% Triton X-100 with
proteinase inhibitor cocktail (P2714, Sigma) and phospha-
tase inhibitor cocktail 3 (P0044, Sigma) according to
manufacturer protocol. After sonication, the lysate was
centrifuged at 10,000 rpm to remove insoluble debris and
total protein in the supernatant was measured using a
Pierce Coomassie (Bradford) protein assay kit (Thermo
Scientific) on a NanoDdrop spectrophotometer. From each
sample, 80e100 mg of total protein was precipitated with
acetone and dissolved in Novex� Tricine SDS sample buffer
(LC1676, Invitrogen) by heating to 99 �C for 5 min. Samples
were subjected to gel electrophoresis at 100 V for 2.5 h in
separate cathode (100 mM Tris, 100 mM Tricine, 0.1% SDS,
pH 8.3) and anode (0.2 M Tris, pH 8.8) running buffers.
Proteins were transferred onto nitrocellulose membranes
by electroblotting in transfer buffer (35 mM glycine, 48 mM
Tris (pH 8.8) and 20% methanol) for 70 min at 100 V and
stained with Ponceau S (0.1% Ponceau S in 1% acetic acid)
for 5 min following de-staining with 10% acetic acid (5 min)
and washing under water 3 times or until smell of acetic
acid was completely removed.

For Ab, the membranes were blocked overnight in 5%
skim milk at 4 �C to prevent non-specific binding of anti-
bodies. The primary antibody staining was done using the
Ab monoclonal antibody 6E10 (Covance) at 1:1000 dilution
in TBS (50 mM Tris, 150 mM NaCl, pH 7.6) containing 1% skim
milk for 3e4 h at room temperature following three washes
with TBS-T 5 min each.

For DLD detection, anti-lipoamide dehydrogenase anti-
body (ab133551) was used according to the same procedure
except 5% BSA in 1X TBSTwas used. Anti-mouse IgG alkaline
phosphatase antibody produced in goat (A3562, Sigma), and
anti-rabbit IgG alkaline phosphatase antibody produced in
goat (A3687, Sigma) were used as secondary antibody at
1:10,000 dilution in TBS containing 1% skim milk or in 1% BSA
in 1X TBST. Secondary antibody staining was done for 1 h at
room temperature. After washing the membrane with TBST,
the proteins were detected using BCIP/NBT substrate sys-
tem (Sigma) or BCIP/NBT kit (002209) from Lifetechnologies
dissolved in 1M Tris (pH 9.0).

Mass spectrometry analysis

Shotgun proteomics was used to get insight the metabolic
changes after dld-1 suppression in worms expressing Ab. A
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modified protocol of Sobczyk et al and Baumann et al54,55

was followed and worm lysate(s) collected after sonicat-
ion as described in Western blotting section were used to
prepare samples for protemics. Briefly, 100 mg lysate was
reduced with 150 ml of 10 mM dithiothreitol (DTT) for 1 h at
60 �C followed by alkylation with 50 mM idoacetamide for
30 min in dark at 25 �C. The protein was digested with
trypsin (1:50, enzyme::substrate ratio) overnight at 37 �C.
After digestion, the supernatants were transferred to new
1.5 ml Protein Low-Bind tubes individually and evaporated
in SpeedVac at 45 �C until fully dry. The dried samples were
re-suspended in 10 ml 5% ACN/0.1% TFA and purified using
ZipTip C-18 (ref) prior subjecting to mass spectrometry
analysis. Reverse-phase chromatography on a Shimadzu
Prominence nano LC system was use to analyse the sam-
ples. Using a flow rate of 30 ml/min, samples were desalted
on an Agilent C18 trap (0.3 � 5 mm, 5 mm) for 3 min, fol-
lowed by separation on a Vydac Everest C18 (300 A, 5 mm,
150 mm � 150 mm) column at a flow rate of 1 ml/min. A
gradient of 10e60% buffer B over 45 min where buffer
A Z 1% ACN/0.1% FA and buffer B Z 80% ACN/0.1% FA was
used to separate peptides. Eluted peptides were directly
analysed on a Triple TOF 5600 instrument (ABSciex) using a
Nanospray III interface. Gas and voltage settings were
adjusted as required. MS TOF scan across m/z 350e1800
was performed for 0.5 s followed by information dependent
acquisition of the top 20 peptides across m/z 40e1800
(0.05 s per spectrum).

Proteomics data analysis

The generated data was converted to mgf format and
searched in MASCOT v. 2.4.1 accessed via the Australian
Proteomics Computational Facility. The data was analyzed
against the SwissProt protein database with the following
settings: species restriction C. elegans (3476 sequences),
two missed cleavages, with trypsin as an enzyme, MS
tolerance of 50 ppm, MS/MS tolerance of 0.1 Da, oxidation
(met, variable) and carbamidomethylation (cys, fixed)
modifications were also included. The Mascot search results
were accepted if a protein hit included at least two sig-
nificant peptide matches. For confident statistical analysis
and comparison of N2 (wild type), dld-1 suppressed worms
dld-1(wr4), Ab expressing worms CL4176 with and without
dld-1 suppression, we selected only common proteins in
triplicates under any experimental conditions. Using Label
free quantification, emPAI values were compared for each
group after quantil-quantile normalization using Solo soft-
ware http://www-microarrays.u-strasbg.fr/Solo/index.
html followed by inter-experimental normalization around
the average.56,57

Functional analysis of proteomics data

Differentially expressed proteins of N2 (wild type), dld-1
suppressed worms dld-1(wr4), Ab expressing worms
CL4176 with and without dld-1 suppression nematodes
identified by MS analysis were scanned for statistically
over-represented (enriched) functional categories relative
to the entire proteome using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) (version
6.7) http://david.abcc.ncifcrf.gov/. We used Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways for this analysis to reveal
how the metabolic were affected by dld-1 suppression.

Statistical analysis

Differences due to treatments, strains and RNAi gene sup-
pression were analyzed for statistical significance using
GraphPad prism 7.00. Paralysis curves were compared using
the log-rank (ManteleCox) test. Pairwise treatments were
analyzed for statistical significance by independent stu-
dent’s t-test. Anova was used to compare statistical dif-
ference among 3 or more groups. A P value less than 0.05
was considered statistically significant.

Results

The effect of metabolic rate on Alzheimer’s disease is an
unresolved issue. While a decline in respiration rate is
associated with both age of onset and the severity of AD,
there are possible alternative explanations. Meanwhile, the
decrease in metabolic rate with age may trigger the age-
related increase in AD; it is also possible that the change in
metabolic rate is simply a response that protects against
the progression of AD. We used dld-1 gene suppression to
directly test the effect of suppression of energy metabolism
in several different C. elegans models of Ab pathology.
Specifically, we tested the effect of dld-1 gene suppression
on nematodes that express Ab either constitutively or with
temperature induction in muscle cells or constitutively
throughout the nervous system. The general experimental
paradigm is to expose the nematodes to conditions known
to result in Ab toxicity and to determine whether genetic
suppression of dld activity influences that toxicity.

dld-1 suppression alleviates Ab pathology in
transgenic C. elegans

In our study, dld-1 RNAi effectively suppresses the dld-1
mRNA and subsequent protein expression as determined by
real-time quantitative PCR and Western blotting, respec-
tively. We assessed the dld-1 mRNA and protein levels in
the Ab expressing strain CL4176 before and after dld-1
suppression, compared to the wild type strain N2 and the
dld-1 mutant dld-1(wr4). When the dld-1 gene was sup-
pressed by RNAi, both transcript and protein decreased to
the levels in the dld-1(wr4) mutant (Fig. 1A and B).

dld-1 suppression alleviates Ab pathology in
transgenic C. elegans

Transgenic expression and deposition of Ab in body wall
muscle cells of C. elegans causes severe, age-progressive
paralysis. A temperature shift to 25 �C was used to induce
high level expression of Ab. Fewer than 10% of the nema-
todes of the CL802 control strain that lacks the human Ab
transgene were paralyzed by 38 h, i.e., unresponsive to
prodding. In contrast, 100% of the worms of the CL4176
strain that does express human Ab were unresponsive at
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Figure 1 dld-1 mutation, or suppression by RNAi causes a decrease in dld-1 transcript and protein levels and also alleviates
paralysis due to human Ab expressed in transgenic C. elegans. Synchronized L1 stage worms of the Ab expressing strain CL4176 were
fed E. coli that expressed dld-1 dsRNA for 36 h at 16 �C. The temperature was raised to 25 �C for 36 h to enhance Ab expression.
Temperature was also increased to 25 �C in control worms (N2 and dld-1(wr4)) that do not express Ab peptide. (A) Results of real-
time quantitative PCR from three independent trials (n Z 200 for each experiment) showing a significant decrease in dld-1 mRNA
expression in dld-1 mutated and suppressed worms. (B) Western blot of protein extracted from cell lysate. Anti-lipoamide de-
hydrogenase antibody (ab133551) was used to detect DLD protein, whereas anti-g-tubulin antibody (ab50721) was used as refer-
ence control and normalizing factor. Time-dependent paralysis of the Ab-expressing strain CL4176, with and without dld-1 RNAi.
Paralysis of synchronized L1 worms was measured on NGM plates seeded with E. coli strain HT115 containing either empty vector or
a dld-1 RNAi construct. After 36 h at 16 �C, the temperature was up-shifted to 25 �C. Paralyzed worms were counted 24 h after the
temperature shift and thereafter, every 2 h. (C & D) Extended time-dependent paralysis analysis. As dld-1 RNAi significantly
delayed paralysis, we repeated the analysis but monitored the worms every 24 h until the last worm become paralyzed.
KaplaneMeyer survival curves were compared using a Log-rank test. (E) CL4176 worms were synchronized and placed on plates
either seeded with E. coli strain HT115 containing either empty vector or a dld-1 RNAi construct. After 36-h incubation at 16 �C, the
temperature was increased to 23 �C for 36 h. Worms were collected, washed and transferred to fresh plates. Worms were touched
at the head region with a platinum wire and total number of body bends were counted under the microscope at 20 �C. Quanti-
fication of the DLD bands from Western blots using GelQuantNET software. Graphs and Western blots represent the results from
three independent experiments. Errors bars Z mean � SD. Results represented data from three independent trials (n Z 40e60
worms/trial). Bars Z mean � SD.
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38 h (Fig. 1C). Suppression of dld-1 in CL4176 reduced the
frequency of paralysis due to Ab expression to only ~30%,
whereas suppression of the dld-1 gene did not alter the
robust activity of the control strain, CL802. When we
extended the time of the assay (Fig. 1D), we found that
CL4176 worms in which dld-1 gene expression had been
suppressed did not become completely paralyzed until
144 � 24 h. We repeated the test on CL2006 worms in which
Ab is expressed constitutively and found that suppression of
the dld-1 gene also delayed paralysis in these worms
(Fig. S1). Thus, dld-1 gene suppression prevents, to a large
degree, the pathology associated with Ab that causes
paralysis.

Due to its participation in key steps of energy meta-
bolism, dld-1 suppression could result in a decrease in both
glycolysis and the TCA cycle and therefore ATP production.
We attempted to mimnic the effect of dld-1 gene sup-
pression by the addition of a non-metabolisable glucose
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analogue, 5 mM 2-deoxy-D-glucose that does not feed me-
tabolites into the TCA cycle, thereby decreasing oxidative
phosphorylation. We found that this compound to the
growth medium also caused a decrease in dld-1 mRNA and
DLD protein expression, leading to protection against Ab-
mediated paralysis in mutated worms (Fig. S2).

A second movement assay was performed that involved
tapping the worms with a platinum wire and counting the
number of body bends for 30 s. The worms were prepared
as for the preceding assay except that the assay was carried
out at room temperature (20 �C) immediately after a 36 h
temperature induction of Ab expression at 23 �C. We found
that as with the immobility assay, expression of human Ab
in the CL4176 strain resulted in a decrease in the rate of
movement. Suppression of the dld-1 gene by RNAi signifi-
cantly improved mobility of CL4176 worms expressing
human Ab, resulting in 6.2 � 1.3 rather than 2.6 � 0.7 body
bends (P < 0.0001) (Fig. 5E). The control CL802 worms that
did not contain the Ab transgene were unaffected by dld-1
suppression (9.1 � 0.8 rather than 8.9 � 0.9 body bends)
(P Z 0.529).

Expression of Ab in muscle cells inhibits acetylcholine
(ACh) neurotransmission, which may be related to the
observation that ACh agonists are commonly used to delay
the symptoms of Alzheimer’s disease.58 The inhibition of
cholinergic neurotransmission by Ab can be conveniently
assayed by the protection it provides against a normally
toxic dose of cholinergic agonist. Thus, restoration of
normal sensitivity to the agonist is an indication of a
decrease in the neurotoxic effects of Ab. To check whether
dld-1 inhibition restores normal ACh neurotransmission in
CL2006 worms that constitutively express Ab in muscle, we
monitored paralysis in response to the cholinergic agonists,
aldicarb (a potent acetylcholinesterase inhibitor) and le-
vamisole (a cholinergic receptor agonist).

Resistance of the CL2006 strain to ACh agonists is due to
production and deposition of both Ab oligomers and fi-
brils.59 Exposure to aldicarb (Fig. 2A) results in paralysis
within 180 min, which, as expected, occurs more rapidly
under dld-1 gene suppression (within 120 min, P Z 0.0001).
Similarly, paralysis in response to levamisole is decreased
from 240 min to 150 min (Fig. 2B) when the dld-1 gene is
suppressed by RNAi (P Z 0.0001). Unlike the response in
strains in which Ab is expressed, suppression of dld-1 had no
effect on the response to either aldicarb or levamisole in
either wild type or dld-1 mutant worms (Fig. S3). Both non-
transgenic strains became paralyzed earlier than transgenic
worms that express Ab (~120 min for both aldicarb and le-
vamisole). Our results indicate that dld-1 suppression re-
stores near normal ACh neurotransmission in Ab expressing
worms via a decrease in Ab-toxicity.

Additional assays have been developed to monitor the
toxicity of Ab that is expressed in neurons; impaired
chemotaxis, hypersensitivity toward serotonin (5-HT), and
reduced fecundity and egg hatching.43,60 Neural expres-
sion of Ab in strain CL2355 significantly impaired chemo-
taxis toward benzaldehyde (chemotaxis
index Z 0.05 � 0.01) relative to the non-Ab control strain
CL2122 (CI Z 0.20 � 0.02, P Z 0.002) (Fig. 2C). Whereas
suppression of the dld-1 gene did not affect chemotaxis of
the control strain (CI Z 0.22 � 0.02, P Z 0.4), it signifi-
cantly improved chemotaxis of strain CL2355
(CI Z 0.14 � 0.01, P Z 0.002). While the chemotaxis index
was improved by suppression of the dld-1 gene in Ab
expressing worms, it did not fully restore chemotaxis to
control levels (P Z 0.02).

Serotonin is an important biogenic amine neurotrans-
mitter that mediates locomotion, egg laying and feeding
behaviour in C. elegans. Exogenously applied serotonin
causes paralysis in worms, which is exacerbated by
expression of human Ab.43 In our study, 64 � 4% of worms of
the control strain CL2122 were active after exposure to
1 mM serotonin for 5 min, but this was reduced to 27 � 3% in
the CL2355 strain that constitutively expresses Ab
throughout the nervous system (P Z 0.002). Suppression of
the dld-1 gene did not affect the activity of the control
strain CL2122 (57 � 7%, P Z 0.3), but could partially alle-
viate serotonin induced paralysis in CL2355, increasing the
percentage of worms that were active to (49 � 6%,
P Z 0.004) but not to the level of the no-Ab control strain
(P Z 0.03) (Fig. 2D).

Serotonin and ACh neurotransmission control egg
laying,61 an activity that is inhibited by neuronal expression
of Ab. Based on our findings above, we reasoned that sup-
pression of the dld-1 gene would reverse the negative ef-
fect of Ab expression on fecundity. Ab expression
significantly reduced egg laying in CL2355 relative to the
control strain, CL2122 (157 � 8 vs 273 � 23, P Z 0.001).
While there was no significant effect of dld-1 gene sup-
pression by RNAi on the strain that did not express Ab
(273 � 23 vs 261 � 19, P Z 0.5), suppression of the dld-1
gene caused a marked improvement in fecundity in CL2355
(157 � 8 vs 207 � 11, P Z 0.002). The improvement in
fecundity did not reach that of the matched CL2122 control
(P Z 0.01) (Fig. 2E).

Ab expression also negatively affects egg hatching, with
61.8% of CL2355 eggs remaining un-hatched after 24 h. In
contrast, only 14.2% of CL2122 eggs remained unhatched.
Inhibition of dld-1 resulted in a significant decrease in un-
hatched eggs after 24 h, 30.5% (Fig. 2F). The same trend
persisted over the next two days. There was no effect of
dld-1 suppression on egg hatching of the control strain
CL2122.
dld-1 suppression reduces Ab protein
oligomerization without affecting Ab peptide levels

A reduction in Ab toxicity in our study could result from
either a decrease in overall Ab peptide levels or a decrease
in the formation of toxic Ab oligomers.62 We did not observe
any significant change in Ab mRNA levels after dld-1 gene
suppression, indicating that gene expression was not
affected (Fig. 3A). We then assessed whether dld-1 gene
suppression affected either the total amount of Ab peptide
produced or the degree of Ab oligomerization. We found no
change in the overall level of Ab peptide due to dld-1 gene
suppression (Fig. 3B and C). However, there was a signifi-
cant decrease in the proportion of Ab peptide in the form of
~19 kDa oligomers and a corresponding increase in ~4 kDa
monomers (0.31 � 0.13 vs 0.71 � 0.023, P Z 0.045) when
the dld-1 gene was suppressed in strain CL4176 (Fig. 3B and
D). In contrast, there was no significant change in oligomers
of 12 kDa, 16 kDa or 23 kDa.



Figure 2 Effect of dld-1 suppression on impaired behaviour in C. elegans that express Ab in neurons. (A, B) Acetylcholine
neurotransmission assay in worms that express Ab in muscle. Paralysis assay show that dld-1 gene suppression improves acetyl-
choline neurotransmission in constitutive Ab expressing C. elegans strain CL2006. (A) Time-dependent paralysis transgenic worms
fed on aldicarb (1 mM) with and without dld-1 RNAi. (B) Time-dependent paralysis of worms fed on levamisole (0.2 mM) with and
without dld-1 RNAi. Results represented data from three independent trials (n Z 40e60 worms/trial). Assay curves were compared
using Log-rank test. Results represent the average of three independent trials. (CeF) Chemotaxis, 5-HT serotonin sensitivity and,
egg laying and hatching were compared between a no-Ab control (CL2122) and that express Ab in neurons (CL2355). Synchronized
worms were fed with E. coli containing either empty vector or a vector that expresses dld-1 dsRNA. (C) Analysis of chemotaxis
behaviour in worms that express Ab in neurons. Synchronized worms were placed at 16 �C for 36 h, and then shifted to 25 �C. L4
worms were collected and assayed for chemotaxis towards benzaldehyde at room temperature (n Z 40e50 worms in each well/
trial). (D) Evaluation of serotonin sensitivity in worms that express Ab in neurons. Synchronized L4 stage worms were assessed for
serotonin hypersensitivity at room temperature by placing them in a 96 well plate containing 250 ml of 1 mM serotonin (n Z 25e30
worms/trial) and counted for paralysis after 5 min. Three independent trials were run for each experiment. (E) Fecundity of worms
that express Ab in neurons with or without dld-1 RNAi. (F) Time course of egg hatching percentage in worms that express Ab in
neurons. For Fig. 3C and D, worms were synchronized and placed at NGM plates with or without dld-1 RNAi at 16 �C until L4 stage
appeared. Ten L4 stage worms were picked to fresh plates at 23 �C to induce transgene expression. After 24 h at 23 �C, adults were
removed. Plates were shifted to 20 �C for remaining assay and eggs and larvae were counted each day for 3 days. Total number of
eggs were estimated by adding the total number of un-hatched eggs and larvae present. Three independent trials were run for each
experiment. Bars Z mean � SD.
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dld-1 gene suppression reduces ROS burden

Another possible mechanism whereby dld-1 gene sup-
pression might reduce the toxicity of Ab is via a decrease
in levels of reactive oxygen species, as ROS can induce
aggregation of Ab.14,63e65 DLD itself can generate signifi-
cant amounts of ROS (superoxide), so suppression of DLD
activity could lead to a decrease in superoxide produc-
tion.66,67 The superoxide dismutase-3 enzyme (SOD-3)
converts superoxide into O2 and H2O2. Because the sod-3
gene is induced by its substrate, superoxide, we used a
strain of C. elegans (CF1553) that expresses GFP under the
control of the sod-3 promoter to indirectly determine the
effect of dld-1 suppression on intracellular superoxide
levels. Suppression of the dld-1 gene resulted in a
decrease in GFP signal (Mean fluorescent intensity:
28,120.3 � 7884.3 vs 16,662.8 � 6145.7, P Z 0.0016)
(Fig. 4A).

To further elaborate our observation, we measured the
cellular reactive oxygen and reactive nitrogen levels (RO/
NS) levels using DCF-DA. Our results showed (Fig. 4B) that
dld-1 mutant worms have lower RO/NS levels when



Figure 3 Effect of dld-1 suppression on Ab transgene and protein expression. (A) Quantitative RT-PCR of Ab mRNA levels syn-
chronized worms were fed with E. coli containing either empty vector or a vector that expresses dld-1 dsRNA. Worms were
incubated for 36 h at 16 �C and then temperature was shifted to 23 �C for further 36 h before worms were collected for RNA or
protein extraction. Levels of AbmRNA are normalized to glyceraldehyde-3-phosphate dehydrogenase (gpd-2) transcript levels, with
experiments replicated three times. (B) A Western blot of total soluble protein run on a 16% Tris-tricine gel shows multimers of Ab
in C. elegans strains expressing human Ab. Approximate molecular weights were calculated using Novex sharp pre-stained protein
standard LC5800 (Invitrogen). Arrows indicate the presence of Ab monomers at 4 kDa, and oligomers at 12 kDa, 16 kDa, 19 kDa and
23 kDa. (þ) dld-1 indicates treatments in which the dld-1 gene has been suppressed by RNAi. The control using an anti-actin
antibody (ab14128) is shown below to indicate the relative amount of protein loaded onto each lane. (C) Densitometry of over-
all protein bands appeared on Western blot of each column to estimate differences in Ab protein expression after dld-1 sup-
pression. (D) Quantification of the intensity of 4 kDa monomer and 19 kDa oligomer bands with and without dld-1 suppression from
three independent trials. Quantification was carried out using GelQuantNET software. Bars Z mean � SD.
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compared to wild-type (RFU: 3455 � 322 vs. 4527 � 472,
P Z 0.001). dld-1 gene suppression significantly decreased
the RO/NS levels in the worms regardless of genotype.
Thus, dld-1 gene suppression not only decreased the RO/NS
levels in the wild type (RFU: 4527 � 472 vs. 2359 � 329,
P < 0.0001) and Ab expressing strains (5266 � 883 vs.
1675 � 262, P < 0.0001), but also in the dld-1 mutant (RFU:
3455 � 322 vs. 2023 � 395, P < 0.001). Interestingly, we
observed no difference of RO/NS levels between the wild
type and Ab expressing strain CL4176 (RFU: 4527 � 472 vs.
5266 � 833, P Z 0.109).
As described earlier, DLD is a major source of superox-
ide, which is readily converted into hydrogen peroxide
(H2O2). Quantification of H2O2 could be a good indicator of
DLD activity and oxidative stress as well. Although DCF-DA
has been previously used for H2O2 measurement, recent
data showed that DCF-DA does not react with H2O2 to form
a fluorescent product, and hence cannot be used for H2O2

quantification.68 To overcome this limitation, we measured
the H2O2 levels in worm extracts spectrophotometrically
(Fig. 4C). Suppression of the dld-1 gene significantly lowers
the H2O2 levels in the wild type strain (17.5 � 1.2 vs.



Figure 4 Suppression of the dld-1 gene lowers the response to superoxide and lower RO/NS burden in C. elegans. (A) Synchronized
L1 worms of strain CF1553 that expresses sod-3::gfp was fed E. coli containing either empty vector or vector that expressed dld-1
ds-RNA for 72 h at 20 �C. GFP fluorescence was quantified in at least ten worms from each group using ImageJ. Mean fluorescence
intensity was measured using the formula; Mean fluorescence intensity Z Integrated density e (area of selected worm � mean
fluorescence of background readings). (B) Measurement of RO/NS levels in worms using DCF-DA. Results are given as relative
fluorescent intensity units (RFU) after normalizing the mean intensities by total protein levels. (C) Measurement of H2O2 levels in
worms. Worms were synchronized and placed on NGM plates seeded with E. coli containing empty vector or expressing dld-1 ds-
RNA. Bars Z mean � SD.
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7.8 � 0.6 mM, P < 0.0001), the dld-1 mutant (12.5 � 1.6 vs.
7.3 � 2.6 mM, P Z 0.001) and Ab expressing worms
(24.1 � 1.4 vs. 12.9 � 1.5 mM, P < 0.0001). We observed
higher H2O2 levels in wild type when compared to the dld-1
mutant (17.5 � 1.2 vs. 12.5 � 1.6 mM, P < 0.001). It is worth
noting that H2O2 levels were significantly higher in Ab
expressing worms than wild-type (17.5 � 1.2 vs.
24.1 � 01.4 mM, P < 0.0001).

Protective effect of dld-1 suppression is not
associated with energy depletion

DLD is a core enzyme of oxidative respiration and the dld-
1(wr4) mutation is known to inhibit energy metabolism.51

FCCP is also a disruptor of mitochondrial energy meta-
bolism, but it acts in quite a different manner. Both likely
disrupt the generation of ATP, but by opposite mechanisms.
DLD disruption slows the flow of metabolites through the
TCA cycle, thereby restricting the delivery of electron to the
electron transport chain via NADH. FCCP dissipates the
proton gradient established by the electron transport chain.
Thus, while FCCP triggers a compensatory acceleration in
the flow of electrons, much of the effort is futile, resulting in
a decrease in ATP synthesis. Given the strikingly different
mechanisms of action but the common end result, we sought
to determine whether FCCP, like dld-1 gene suppression, was
capable of protecting against Ab-induced toxicity. To
accomplish this, we measured Ab-mediated toxicity in
combination with either dld-1 gene suppression or exposure
to 17.5 mM FCCP or both (Fig. 5A). Suppression of the dld-1
gene alone had no negative impact on survival of any strain
and provided protection against Ab in strain CL4176,
decreasing mortality from 20.5% � 4.2e8.2% � 5.3,
P Z 0.004).

Exposure to FCCP had an effect very different to that of
dld-1 gene suppression. The dose of FCCP that was used



Figure 5 Effect of dld-1 suppression in the presence of FCCP
and/or phosphine on worms expressing Ab. (A) Mortality assay
of C. elegans treated with the mitochondrial uncoupler FCCP.
When the dld-1 gene was suppressed in the presence of 17.5 mM
uncoupler, the compounded disruption of energy metabolism
resulted in high level mortality in each of the three strains
regardless of the presence of the Ab peptide (n Z 50e100 for
each experiment). Three independent trials were run.
Bars Z mean � SD. (B) Suppression of the dld-1 gene protects
against the toxicity of phosphine independent of Ab presence.
dld-1 gene mutation, or suppression of the dld-1 gene by RNAi,
reduced mortality caused by 500 ppm phosphine in both wild
type (N2) and Ab-expressing worms of strain CL4176. Three
independent trials were run (n Z 50e80 for each trial).
Bars Z mean � SD.
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caused negligible mortality on its own, but rather than
providing protection against Ab-mediated mortality, it
produced an apparent, but not significant increase in
mortality from 20.5% � 4.2e30.8% � 12.3 (P Z 0.107). This
lack of protection by FCCP shows that protection against Ab
cannot be attributed to a decrease in the efficiency ATP
generation, but neither was it negatively affected by the
required increase in metabolic flux required to maintain
ATP levels required for survival. Mortality caused by Ab
increases greatly when dld-1 gene suppression by RNAi is
combined with exposure to FCCP, thus, exposure to FCCP
alone caused 30.8% � 12.3 mortality, whereas dld-1 gene
suppression combined with exposure to FCCP resulted in
mortality of 92.9% � 2.8, P < 0.0001). The increase in
mortality was not restricted to the Ab-expressing trans-
genic strain, however, but also was observed in the wild-
type N2 strain (4.2% � 3.5 vs. 95.7% � 4.1, P < 0.0001)
and the dld-1(wr4) mutant (3.7% � 3.3 vs. 83.2% � 16.8,
P < 0.0001). The most likely explanation is that the
decrease in metabolite flux due to a decrease in DLD con-
taining metabolic complexes, together with futile pumping
of protons across the inner mitochondrial membrane
caused by FCCP, results in a crisis of energy metabolism
that affects all three strains equivalently, and that this is
largely independent of whether Ab peptide is expressed.
The effect of the combined treatment clearly indicates
that the dose of FCCP that was used was having an under-
lying biological effect, despite the rather benign response
to FCCP exposure on its own.

dld-1 suppression provides protection
independently against Ab and phosphine toxicity

The dld-1(wr4) mutation that is used in the current study
confers resistance against phosphine toxicity,69 a pheno-
type that can also be achieved by dld-1 gene suppression.39

Phosphine is a fumigant that induces ROS production and
lipid peroxidation but causes decreased respiration rates as
well as a reduction in mitochondrial membrane potential
and ATP levels.70 Thus phosphine, like Ab, impairs mito-
chondrial function, causing phenotypes that are countered
by dld-1 inhibition. Due to these similarities, we investi-
gated interactions between dld-1, phosphine and Ab.

We found that exposing Ab expressing transgenic worms
to 500 ppm phosphine (the LC50 of wildtype C. elegans) for
24 h, followed by 48 h of recovery at room temperature,
increased the mortality of the wildtype N2 strain to the
same degree as the Ab expressing strain CL4176 (Fig. 5B).
Thus, mortality of N2 increased from 0% to 48.5 � 10.7% in
response to 500 ppm phosphine and mortality of CL4176
increased from 22.9 � 7.8% to 75.6 � 9.9%. The resistance
phenotype of the dld-1(wr4) mutant was unaffected by
RNAi-mediated suppression of the dld-1 gene, indicating
that the mutation and gene suppression confer resistance
to phosphine by the same mechanism. The phosphine
toxicity and Ab toxicity are simply additive, regardless of
whether or not the dld-1 gene is suppressed. This indicates
that while both phosphine and Ab toxicity can be modulate
by manipulating the DLD enzyme, they are mediated
independently without any interaction. Similar findings
were observed when we treated the worms at a higher
phosphine concentration of 2000 ppm (Fig. S4).

dld-1 suppression resulted in metabolic regulation
as well as pathways involved in longevity and stress
response

Being a core metabolic enzyme, suppression of dld-1 could
result in remodeling of metabolic as well as other path-
ways. Proteomics analysis was performed to determine the
impact of dld-1 suppression on metabolism and other
associated pathways. Although we performed proteomics
analysis on whole solubilized proteins, we restricted the
present results to genes/proteins involved only in meta-
bolism or closely associated pathways. The extracted pro-
teins were analyzed using LC-MS/MS to interpret the
differential regulation of proteins after dld-1 suppression
or in dld-1 knock downed worms. Although we preformed
proteomics analysis on wild type N2, dld-1 suppressed
worms wr4 (dld-1), and Ab expressing worms CL4176 with
and without dld-1 suppression, here we somehow
restricted our results to only Ab expressing worms. Post-MS
analysis revealed that out of 467 differentially regulated
proteins among all groups, 104 proteins belong to
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metabolic or closely associated pathways (Fig. 6A and
supplementary data). As stated earlier, we restricted our
further analysis to only proteins that were differentially
regulated only in Ab expressing worms with and without
dld-1 suppression. We found 30 differentially regulated
proteins that were closely associated with energy meta-
bolism in Ab expressing worms CL4176 with and without
dld-1 suppression (Fig. 6B).

Gene ontology (GO) and functional annotation was per-
formed to categorize the molecular, biological and cellular
functions of the differentially abundant proteins using online
tools like UniProtKB, DAVID and KEGG. These analyses
revealed an enrichment of GO terms including energy
metabolism, such as glycolysis (4 genes: gpdh-2 ldh-1, pfk-
Figure 6 Differential interactions, gene ontology and expression
with dld-1 suppression in Ab expressing worms. (A) Venn diagram of
type N2, dld-1 knockdown strain dld-1(wr4), Ab expressing worms
least three biological replicates for each strain. (B) Expression an
between Ab control and Ab expressing worms fed with dld-1 RNAi. (C
expressing worms either fed with dld-1 RNAi or not.
1.1, sqv-4), TCAcycle (4 genes:dld-1, idha-1,mev-1, suca-1),
oxidative phosphorylation (8 genes: asg-1, atp-1, cox-5A,
cox-6A, fs3f4-10, ucr-1 vha-9, vha-14), amino acid meta-
bolism (3 genes: b0250.5, gta-1, hpd-1) cell signaling (5
genes: let-92, nkb-1, nkb-3, pph-5, tomm-22), proteasomal
pathways (rpn-7, rpn-12), glutathione metabolism (1 gene:
rnr-2) and longevity (sod-2, hsp-110, hsp-12.2) (Fig. 6C).
Discussion

To assess the role of energy metabolism in AD-associated Ab
proteotoxicity in worms, we used RNAi to suppress the ac-
tivity of the dld-1 gene, which is known to suppress aerobic
analysis of significant genes involved in pathways associated
overlapping proteins in worm strain normally fed including wild
CL4176, and CL4176 strain fed with dld-1 RNAi. Data include at
alysis of statistically significant genes differentially regulating
) Gene ontology profiling of differentially regulated genes in Ab
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respiration.71,72 Our results show that suppression of the
dld-1 gene significantly alleviates the symptoms associated
with Ab expression in either muscles or neurons of C. ele-
gans. As described earlier, knock down of dld-containing
complexes may lead to deleterious effects in vertebrate
models of AD, here in this study feeding with RNAi or in wr4
(dld-1) worms have 70e80% reduction in DLD expression
when compared to wild type thus not completely shut down
the activity of these complexes.

We find that suppression of the dld-1 gene does not
affect either the Ab transgene mRNA levels or the levels of
Ab peptide. Suppression of dld-1 does, however, signifi-
cantly inhibit the oligomerization of Ab. Accumulation of Ab
oligomers is thought to be a major culprit in AD progres-
sion,73,74 whereas monomers actually help to maintain
glucose homeostasis and are not toxic.75,76 Our findings
suggest that dld-1 suppression reduces Ab oligomerization
thus resulting in reduced paralysis, better movement rates,
and improved behavioral phenotypes as observed previ-
ously.43,59,77,78 Both mutation and RNAi-mediated suppres-
sion of the dld-1 gene result in phosphine resistance and an
extended lifespan,38,39,78 as well as inhibition of Ab oligo-
merization and protection against Ab-mediated toxicity as
we have shown here.

Based on our understanding of the relationship between
the dld-1 gene and phosphine toxicity/resistance, we car-
ried out several additional assays designed to compare the
mechanisms of action of dld-1 and Ab. When we exposed
the worms to 17.5 mM FCCP, it was highly toxic when the
dld-1 gene was subjected to RNAi-mediated suppression.
The basis of the interaction between FCCP and dld-1 gene
suppression is unknown. FCCP does, however, deplete the
mitochondrial proton gradient that is utilized for ATP syn-
thesis, whereas the DLD enzyme generates NADH that de-
livers electrons to the electron transport chain that
generates the proton gradient. It may be possible that the
simultaneous depletion of the proton gradient by FCCP as
well as the source of electrons (NADH) by suppressing the
dld-1 gene, results in a cellular energetic catastrophe.
Exposure to FCCP decreases Ab production,79,80 which im-
plies that ATP depletion is more important to the protec-
tion than is the mechanism that causes the decrease in ATP.
As protonophores, mitochondrial uncouplers also lower the
pH of the mitochondrial matrix. At low pH, the dehydro-
genase activity of DLD is inhibited and the reverse activity
(diaphorase) is induced.81,82 This would have the same ef-
fect on cellular energy metabolism as described in the
previous paragraph and indeed, both mechanisms may
contribute to the synergistic increase in mortality that is
observed when uncoupler and dld-1 gene suppression are
combined.

We also exposed the worms to the fumigant phosphine, a
mitochondrial poison that causes oxidative stress and in-
hibits respiration, likely by targeting the DLD enzyme.39,70

When combined, Ab expression and exposure to phos-
phine cause an additive increase in mortality. Suppression
of the dld-1 gene provides protection against both Ab and
phosphine individually and provides the same degree of
protection against each of the two stressors when they are
applied in combination. The similarities that we observe
between the toxicity of Ab and phosphine are worth noting.
Both cause suppression of energy metabolism and yet are
protected by suppression of the dld-1 gene, a manipulation
that likewise suppresses energy metabolism. The toxicity of
both Ab and phosphine is synergistically exacerbated by co-
exposure to the mitochondrial uncoupler, FCCP. However,
co-exposure to Ab and phosphine results in an additive
rather than synergistically increased toxicity. One inter-
pretation of these results is that the two stressors act
through the same mechanism(s), with each stressor simply
increasing the magnitude of the insult.

Ab proteotoxicity and oxidative stress are positively
correlated65,83,84 and DLD inhibition is known to reduce ROS
generation.66,85,86 We found reduced levels of the mito-
chondrial superoxide detoxifying enzyme SOD-3 after dld-1
gene suppression, confirming that suppression of dld-1 does
indeed decrease the burden of ROS in C. elegans. The DLD
enzyme and mitochondrial electron transport chain (ETC)
are both major sources of ROS generation,67,87 so the
decrease in ROS production could either be direct (less ROS
emanating from DLD) or indirect (less NADH feeding elec-
trons to the ETC).

Being a part of the four core metabolic enzyme com-
plexes and a moon lightening enzyme make dld-1 very
critical.88 Any change in dld-1 activity may result in
impairment of energy metabolism and/or other pathways.
Post proteomics analysis revealed that out of 30 differen-
tially regulated proteins/genes, 19 belongs to energy
metabolism (Fig. 6). These results show the importance of
dld-1 in regulating energy metabolism. Our results showed
that dld-1 suppression resulted in change in expression of
several enzymes associated with glycolysis, TCA cycle and
oxidative phosphorylation (Fig. 7). It could be possible that
downstream suppression of dld-1 may result in induced
glycosylation and reduced oxidative phosphorylation ac-
cording to demand-supply chain. It was interesting to show
that dld-1 suppression resulted in induced expression of
genes involved in glycosylation. However, at the same time
it induces expression of lactate dehydrogenase; an enzyme
involved in lactic acid buildup. Induced lactic acid might be
neuroprotective however, demand more research on this.89

The dld-1 suppression also reduces the expression of gene
involved in UDP-glucoronate and glucosamine glycans pro-
duction (GAGs). Reduction of GAGs in amyloid containing
tissues may reduce amyloid fibril formation and
destabilization.90

Suppression of dld-1 resulted in induced expression of
genes involved in amino acid metabolism. This could be due
to decrease in nutrient supply via glycolysis to TCA cycle.
Induced mev-1 levels after dld-1 suppression may indicate
lower nutrient supply for ETC. Moreover, dld-1 suppression
did not affect all the TCA enzymes and suggested a specific
disruption of TCA enzymes. Reduction in expression of
complex-III and complex V enzymes especially ucr-1 after
dld-1 suppression may result in reduction in ATP produc-
tion. It is worth to note that Ab has been found to interact
with human ucr-1 and may results in impaired ucr-1 func-
tions.91 Induced expression of f53f4.10 and mev-1 genes in
ETC also indicate reduced nutrient(s) supply after dld-1
suppression. An interesting finding was induction of
complex-IV enzymes cox-5A and cox-6A gene expression in
Ab expressing worms after dld-1 expression. It has been
shown that knockdown of cox-5A and cox-6A may lead to
neuronal death in animal models. In a recent study, the



Figure 7 Schematic diagram of energy metabolism showing genes/proteins differentially regulated after dld-1 suppression in Ab
expressing worms CL4176. Green and blue boxes indicate upregulated and down regulated genes/proteins after dld-1 suppression.
The suppression of dld-1 after RNAi feeding resulted in differential regulation of gene/proteins in major energy metabolic and
associated pathways including glycolysis, TCA cycle, oxidative phosphorylation, amino acid metabolism, cell signaling, longevity,
proteasomal and glutathione pathways.
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over expression of cox-6B resulted in neuronal protection
by decreasing Ca2þ and apoptosis, and increasing cell
viability.92 Overall, these finding suggest that dld-1 sup-
pression only affect selective enzymes levels of energy
metabolism that could be beneficial against Ab toxicity in
C. elegans.

Despite changes in expression of several energy meta-
bolism enzymes, we found induced expression enzymes
associated with cell signaling, glutathione pathway, pro-
teasomal activity and longevity. Inactivation of tomm-22
levels after dld-1 suppression may cause disruption of
mitochondrial proton gradient and collapse of ETC.93 This
mechanism may explain the death of dld-1 suppressed
worms after FCCP exposure as discussed before. Meanwhile
increased expression of protein-phosphatases (let-92 and
pph-5) and sodium/potassium transporting ATPase subunits
(nkb-1 and 3) in our study may be associated with low Ab-
toxicity after dld-1 suppression as Ab was found to reduced
their functions after binding with them.94e97 Decline in
proteasomal activity in neurodegeneration has been well
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known. Upregulation of proteasomal-associated genes in
dld-1 suppressed worms may lead to reduction in Ab
burdens.98,99

Suppression in dld-1 also affected the expression of
genes associated with longevity in worms. In our and a
previous study, it has been shown that reduction in dld-1
results in induced lifespan in C. elegans. Here in this study,
dld-1 suppression resulted in reduced expression of sod-2.
Deletion of sod-2 has been associated with long lifespan
in worms.100 We may speculate that induced lifespan after
dld-1 suppression may be linked to sod-2 reduction. In this
study we found that dld-1 suppressed worms were resistible
against toxicities like phosphine. Proteomics analysis of the
data revealed the induced expression of heat shock pro-
teins (hsp) 110 and 12.2 after dld-suppression. Induction of
hsp not only protect cells from different toxic substances
like Ab but also induce lifespan.101,102 Ab has been well
known for its deleterious effects on mitochondrial DNA.
Reduction in ribonucleotide reductase (RNR) after dld-1
suppression suggests decrease in mitochondrial DNA loss
due to reduced Ab activity.103,104

Conclusion

In summary, we find no evidence that metabolic suppression
through DLD could be a risk factor for Ab proteotoxicity.
However, induced chronic lactic acid levels after DLD sup-
pression could be deleterious. Our results do not distinguish
between two possibilities; that neuroprotection is a direct
effect of metabolic suppression or that it is an indirect ef-
fect resulting from decreased ROS generation. Regardless of
the mechanism, our results are consistent with the hypoth-
esis that a decrease in mitochondrial energy metabolism
protects against Ab pathogenicity, which, if also true in
humans, could delay clinical dementia resulting from AD.
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beta peptide binds to cytochrome C oxidase subunit 1. PLoS
One. 2012;7(8), e42344.

92. Yang S, Wu P, Xiao J, Jiang L. Overexpression of COX6B1
protects against I/Rinduced neuronal injury in rat hippo-
campal neurons. Mol Med Rep. 2019;19(6):4852e4862.

93. Billing O, Kao G, Naredi P. Mitochondrial function is required
for secretion of DAF-28/insulin in C. elegans. PLoS One. 2011;
6(1), e14507.

94. Sontag E, Hladik C, Montgomery L, et al. Downregulation of
protein phosphatase 2A carboxyl methylation and methyl-
transferase may contribute to Alzheimer disease pathogen-
esis. J Neuropathol Exp Neurol. 2004;63(10):1080e1091.

95. Sontag JM, Sontag E. Protein phosphatase 2A dysfunction in
Alzheimer’s disease. Front Mol Neurosci. 2014;7,e16.

96. Petrushanko IY, Mitkevich VA, Anashkina AA, et al. Direct
interaction of beta-amyloid with Na,K-ATPase as a putative
regulator of the enzyme function. Sci Rep. 2016;6,e27738.

97. Clausen MV, Hilbers F, Poulsen H. The structure and function
of the Na,K-ATPase isoforms in health and disease. Front
Physiol. 2017;8,e371.

http://refhub.elsevier.com/S2352-3042(20)30109-4/sref58
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref58
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref58
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref58
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref59
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref59
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref59
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref59
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref59
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref60
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref60
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref60
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref60
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref60
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref61
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref61
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref61
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref61
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref62
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref62
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref62
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref62
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref63
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref63
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref63
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref63
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref63
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref64
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref64
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref64
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref64
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref65
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref65
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref65
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref65
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref65
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref66
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref66
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref66
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref66
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref66
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref66
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref67
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref67
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref67
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref68
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref68
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref68
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref68
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref68
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref69
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref69
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref69
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref69
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref70
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref70
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref70
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref71
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref71
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref71
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref71
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref71
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref72
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref72
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref72
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref72
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref73
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref73
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref73
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref73
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref74
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref74
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref74
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref74
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref75
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref75
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref75
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref75
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref76
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref76
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref76
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref76
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref77
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref77
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref77
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref77
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref78
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref78
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref78
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref78
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref79
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref79
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref79
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref79
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref79
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref80
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref80
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref80
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref80
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref81
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref81
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref81
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref81
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref82
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref82
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref82
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref82
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref82
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref83
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref83
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref83
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref84
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref84
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref84
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref84
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref85
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref85
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref85
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref85
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref86
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref86
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref86
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref86
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref87
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref87
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref87
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref87
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref87
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref88
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref88
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref88
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref88
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref89
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref89
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref89
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref90
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref90
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref90
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref90
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref91
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref91
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref91
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref92
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref92
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref92
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref92
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref93
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref93
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref93
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref94
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref94
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref94
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref94
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref94
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref95
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref95
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref96
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref96
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref96
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref97
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref97
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref97


866 W. Ahmad, P.R. Ebert
98. Marshall RS, Vierstra RD. Dynamic regulation of the 26S pro-
teasome: from synthesis to degradation. Front Mol Biosci.
2019;6,e40.

99. Motosugi R, Murata S. Dynamic regulation of proteasome
expression. Front Mol Biosci. 2019;6,e30.

100. Van Raamsdonk JM, Hekimi S. Deletion of the mitochondrial
superoxide dismutase sod-2 extends lifespan in Caeno-
rhabditis elegans. PLoS Genet. 2009;5(2), e1000361.

101. Murshid A, Eguchi T, Calderwood SK. Stress proteins in aging
and life span. Int J Hyperthermia. 2013;29(5):442e447.
102. Yang H, Li X, Zhu L, et al. Heat shock protein inspired nano-
chaperones restore amyloid-beta homeostasis for preventative
therapy of Alzheimer’s disease. Adv Sci (Weinh). 2019;
6(22),e1901844.

103. Pontarin G, Fijolek A, Pizzo P, et al. Ribonucleotide reduction
is a cytosolic process in mammalian cells independently of DNA
damage. Proc Natl Acad Sci U S A. 2008;105(46):17801e17806.

104. Bozner P, Grishko V, LeDoux SP, Wilson GL, Chyan YC,
Pappolla MA. The amyloid beta protein induces oxidative
damage of mitochondrial DNA. J Neuropathol Exp Neurol.
1997;56(12):1356e1362.

http://refhub.elsevier.com/S2352-3042(20)30109-4/sref98
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref98
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref98
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref99
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref99
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref100
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref100
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref100
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref101
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref101
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref101
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref102
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref102
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref102
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref102
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref103
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref103
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref103
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref103
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref104
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref104
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref104
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref104
http://refhub.elsevier.com/S2352-3042(20)30109-4/sref104

	Suppression of a core metabolic enzyme dihydrolipoamide dehydrogenase (dld) protects against amyloid beta toxicity in C. el ...
	Introduction
	Materials and methods
	Nematode strains
	Culture conditions
	dld-1 gene suppression by RNAi
	Paralysis and mortality assays
	Touch response assay
	Aldicarb and levamisole assays
	Phosphine exposure assay
	5-HT sensitivity assay
	Chemotaxis assays
	Egg hatching assay
	Uncoupler treatment
	Oxidative stress measurement
	sod-3 expression
	RO/NS measurement
	H2O2 spectrophotometric measurement

	Quantitative RT-PCR
	Western blotting of DLD and Aβ
	Mass spectrometry analysis
	Proteomics data analysis
	Functional analysis of proteomics data
	Statistical analysis

	Results
	dld-1 suppression alleviates Aβ pathology in transgenic C. elegans
	dld-1 suppression alleviates Aβ pathology in transgenic C. elegans
	dld-1 suppression reduces Aβ protein oligomerization without affecting Aβ peptide levels
	dld-1 gene suppression reduces ROS burden
	Protective effect of dld-1 suppression is not associated with energy depletion
	dld-1 suppression provides protection independently against Aβ and phosphine toxicity
	dld-1 suppression resulted in metabolic regulation as well as pathways involved in longevity and stress response

	Discussion
	Conclusion
	Authors contribution
	Conflict of Interests
	Funding
	Appendix A. Supplementary data
	References


