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Abstract

Cysteamine bitartrate is a US Food and Drug Administration-approved therapy for nephropathic cystinosis also postulated
to enhance glutathione biosynthesis. We hypothesized this antioxidant effect may reduce oxidative stress in primary
mitochondrial respiratory chain (RC) disease, improving cellular viability and organismal health. Here, we systematically
evaluated the therapeutic potential of cysteamine bitartrate in RC disease models spanning three evolutionarily distinct
species. These pre-clinical studies demonstrated the narrow therapeutic window of cysteamine bitartrate, with toxicity at
millimolar levels directly correlating with marked induction of hydrogen peroxide production. Micromolar range cysteamine
bitartrate treatment in Caenorhabditis elegans gas-1(fc21) RC complex I (NDUFS2−/−) disease invertebrate worms significantly
improved mitochondrial membrane potential and oxidative stress, with corresponding modest improvement in fecundity
but not lifespan. At 10 to 100 μm concentrations, cysteamine bitartrate improved multiple RC complex disease FBXL4 human
fibroblast survival, and protected both complex I (rotenone) and complex IV (azide) Danio rerio vertebrate zebrafish disease
models from brain death. Mechanistic profiling of cysteamine bitartrate effects showed it increases aspartate levels and flux,
without increasing total glutathione levels. Transcriptional normalization of broadly dysregulated intermediary metabolic,
glutathione, cell defense, DNA, and immune pathways was greater in RC disease human cells than in C. elegans, with similar
rescue in both models of downregulated ribosomal and proteasomal pathway expression. Overall, these data suggest
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cysteamine bitartrate may hold therapeutic potential in RC disease, although not through obvious modulation of total
glutathione levels. Careful consideration is required to determine safe and effective cysteamine bitartrate concentrations to
further evaluate in clinical trials of human subjects with primary mitochondrial RC disease.

Introduction
Mitochondrial medicine began in the late 1980s with recognition
that mitochondrial DNA (mtDNA) mutations cause human res-
piratory chain (RC) disease (1–3). Over the past three decades,
knowledge about the role of over 350 genes in both mitochon-
drial and nuclear genomes in which mutations cause mito-
chondrial disease has dramatically increased (4), as well as the
role that secondary mitochondrial RC dysfunction plays in a
wide range of medical disorders (5–8). Yet, the highly heteroge-
neous phenotypic presentations of RC disease with an average
of 16 symptoms per patient (9) and the multitude of under-
lying genetic etiologies among individual patients presents a
challenge to effective therapeutic development. No cures or
US Food and Drug Administration (FDA)-approved treatments
currently exist for any mitochondrial RC disorders (10–12). How-
ever, an increasing number of pre-clinical and clinical stud-
ies have demonstrated that various RC disorders may signifi-
cantly respond to antioxidant therapies targeted to the increased
oxidative stress characteristic of mitochondrial disease, either
within mitochondria or more globally throughout the cell (13).
Indeed, we have recently shown that the oxidative stress and
short lifespan of complex I-deficient gas-1(fc21) Caenorhabditis
elegans animals, which harbor an autosomal recessive missense
mutation in the nuclear gene orthologue encoding the complex I
NDUFS2 structural subunit (14), are significantly ameliorated by
treatment with a cysteine donor, N-acetylcysteine (NAC) (15).

Cysteamine bitartrate is an amino thiol and a byproduct
of the cysteine degradation pathway that is an FDA-approved
therapy for the treatment of nephropathic cystinosis to decrease
accumulation of lysosomal cystine (the disulfide linked form
of cysteine) by engaging in disulfide exchange. In addition,
cysteamine bitartrate has been postulated to have broader
antioxidant properties potentially related to a distinct role
in increasing cysteine availability to support biosynthesis
of the potent antioxidant molecule, glutathione (16–18). We
hypothesized that cysteamine bitartrate would provide a similar
source of cysteine as does NAC to enhance glutathione-based
cellular antioxidant activity and mitigate the impaired viability
and altered mitochondrial physiology of primary RC disease
(19). While an early-stage clinical trial conducted to evaluate
the potential therapeutic role of cysteamine bitartrate in
pediatric mitochondrial disease subjects with Leigh syndrome
from various causes (clinicaltrials.gov, NCT02023866 and
NCT02473445) was completed in 2016, no clear benefit or toxicity
has yet been publicly reported.

Here, we systematically investigated cysteamine bitartrate’s
potential benefits, toxicity, and mechanisms in pre-clinical
mitochondrial RC disease models that span distinct evolutionary
species (Fig. 1). Systematic studies of a range of cysteamine bitar-
trate concentrations were performed in the gas-1(fc21) worm
RC complex I NDUFS2 subunit p.R290K autosomal recessive
disease model, with a primary outcome of animal lifespan and
mechanistic investigations of early development, fecundity, key
domains of mitochondrial physiology, intermediary metabolism
and flux through key pathways by stable isotopic profiling
with Gas chromatography-mass spectrometry (GC/MS) and
RNAseq-based transcriptome profiling. Validation of cysteamine

bitartrate’s major physiologic effects were assessed in primary
human fibroblasts derived from genetically confirmed RC
disease Leigh syndrome subjects, as well as in zebrafish animal
models of pharmacologic inhibitor-based RC complex I and IV
dysfunction.

Results
Cysteamine bitartrate at millimolar concentrations is
toxic in three evolutionarily distinct species, with
induction of hydrogen peroxide production

As previous studies have shown that cysteamine can induce
cytotoxicity both by inhibition of glutathione peroxidase and
independently by generation of hydrogen peroxide (H2O2) in
CCRF-CEM cells (20), we performed initial studies to identify a
maximal non-toxic cysteamine bitartrate concentration at the
level of growth, development and viability of worms, zebrafish
and fibroblasts. Concentrations of cysteamine bitartrate above
1 mm consistently showed toxicity or impaired development
in healthy controls of all three evolutionarily distinct species
studied (data not shown). Cysteamine bitartrate at or above 1 mm
led to impaired egg hatching and delayed or aborted develop-
ment in N2 Bristol wild-type (WT) worms. Cysteamine bitartrate
at or above 1 mm for 24 h similarly induced death in control
human fibroblast cells. Cysteamine bitartrate was found to be
well-tolerated up to 200 μm in AB (WT) strain zebrafish larvae
through 7 days post-fertilization. As it was observed that doses
below 1 mm were well tolerated in all models, all experimental
assays were completed below this concentration.

Reactive oxidative species (ROS) production in mitochondria
is a natural consequence of aerobic respiration (21,22). ROS levels
are mediated by scavenging enzymes such as manganese super-
oxide dismutase (MnSOD), which converts superoxide anions
to oxygen or H2O2, which is then converted by catalase within
peroxisomes to form water and oxygen. Insufficient capacity
to mediate the increased ROS levels generated in RC disease
through catalase or glutathione enzyme defenses can result in
increased cellular oxidative stress. As previous studies demon-
strated cysteamine toxicity was due in part to increased H2O2

production, we sought to verify if similar mechanisms might
underlie toxic developmental and viability effects of high-dose
cysteamine bitartrate that we observed in all three models.
Amplex Red analysis was performed to quantify H2O2 levels in
cell culture media either without cells or with human fibroblasts
from a healthy control or complex I disease subject (NDUFS8−/−).
Indeed, dose-dependent, significantly increased H2O2 produc-
tion was seen with cysteamine alone in the culture media (with-
out cells present) at 1 and 10 mm cysteamine bitartrate (Fig 2).
Media H2O2 levels were further increased under conditions when
healthy or RC complex I disease cells were present during cys-
teamine bitartrate exposure in a clear dose-dependent fashion
at 0.1, 1 and 10 mm cysteamine bitrate (Fig. 2). Collectively, these
data indicate there is a clear ceiling effect to avoid regard-
ing maximal cysteamine bitartrate concentrations, where cys-
teamine bitartrate induces toxic H2O2 induction and impaired
viability at and above 1 mm.

clinicaltrials.gov
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Figure 1. Experimental overview of efficacy analyses of cysteamine bitartrate in respiratory chain dysfunction. We evaluated the efficacy of cysteamine bitartrate in

complex I-deficient gas-1 (fc21) mutant (NDUFS2 orthologue) C. elegans (worm) mutants, human mitochondrial disease fibroblast cell lines (FCLs), complex I-deficient

Danio rerio (zebrafish) larvae induced by rotenone exposure relative to WT, healthy controls and complex IV-deficient zebrafish larvae induced by sodium azide (NaN3)

exposure relative to WT, healthy controls. Cysteamine bitartrate effects at a range of concentrations were evaluated at the level of toxicity and viability in all three

models. Developmental effects were assessed through monitoring the growth and hatch rate of gas-1(fc21) worms. Mitochondrial physiology effects were assessed by

microscopy in C. elegans and by fluorescence-assisted cell sorting (FACS) analysis in human FCLs. Transcriptome profiling by RNAseq was performed to assess global

mechanistic effects of cysteamine treatment in C. elegans gas-1 mutants and human FCLs. Intermediary metabolic effects of cysteamine bitartrate were evaluated in

gas-1(fc21) C. elegans by high-performance liquid chromatography (HPLC) and GC/MS quantitation of amino acid and organic acids.

Cysteamine bitartrate reduced mitochondrial oxidative
burden and improved mitochondrial membrane
potential in gas-1(fc21) complex I-deficient worms

To test whether cysteamine bitartrate rescued their increased
mitochondrial oxidant burden (23), synchronized young adult
(YA) gas-1(fc21) worms were treated on nematode growth media
(NGM) agar plates with 0.1, 1, 10 and 100 μm cysteamine bitartrate
for 24 h together with MitoSOX Red (Thermo-Fisher Scientific,
Waltham, MA) and then manually evaluated by fluorescence
microscopy. Similar as we have prior demonstrated (23), gas-
1(fc21) worms had a mean 28% significant increase in MitoSOX
fluorescence relative to N2 WT worms (P < 0.001), demonstrating
their increased mitochondrial matrix oxidant burden that repre-
sents imbalanced oxidant production and scavenging capacity
(Fig. 3A). Cysteamine bitartrate at 100 μm treatment led to a
significant reduction in MitoSOX mean fluorescence by 21%
(P < 0.01) (Fig. 3A), with no significant effects seen at lower
concentrations.

As complex I RC-deficient gas-1(fc21) worms also have
significantly reduced mitochondrial membrane potential and
mitochondrial mass, we further evaluated whether cysteamine

bitartrate treatment rescues these aspects of their mitochondrial
pathophysiology using fluorescence microscopy with tetram-
ethylrhodamine ethyl ester (TMRE) and MitoTracker Green
(MTG) (Thermo-Fisher Scientific, Waltham, MA), respectively.
Similarly, as we’ve prior observed, gas-1(fc21) worms had a

nearly 50% relative reduction of both their mitochondrial
membrane potential and their mitochondrial mass as respec-
tively conveyed by TMRE (Fig. 3B) and MTG (Supplementary

Material, Fig. S1) fluorescence relative to WT N2 Bristol worms
(P < 0.001) (15,24). Cysteamine bitartrate treatment for 24 h
in synchronized YA gas-1(fc21) worms did not improve their
reduced mitochondrial mass but significantly rescued their
reduced mitochondrial membrane potential toward that of
WT N2 worms, with a significant 20% increase in TMRE mean
fluorescence intensity (P < 0.05) relative to untreated gas-
1(fc21) worms when treated for 24 h with either 10 or 100 μm
cysteamine bitartrate (Fig. 3B). No significant change in TMRE
mean fluorescence was seen at 24 h with 0.1or 1 μm cysteamine
bitartrate (Fig. 3B). Overall, mitochondrial physiology analyses
suggested that cysteamine bitartrate has its largest effect
by reducing the increased mitochondrial oxidant burden of

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
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Figure 2. Cysteamine bitartrate treatment of FCLs for 24 hours induced dose-

dependent increases in cell culture media of H2O2 production. H2O2 levels were

measured using an Amplex Red assay. Values were averaged over three technical

replicates and three biological replicates. Error bars indicate SEM. ∗P < 0.05 and
∗∗P < 0.01.

gas-1(fc21) worms at 100 μm treatment, with partial rescue of
their reduced mitochondrial membrane potential at both 10 and
100 μm treatments, and no alteration of mitochondrial mass.

Cysteamine bitartrate did not rescue shortened lifespan
of C. elegans gas-1(fc21) complex I-deficient worms but
marginally improved its reproductive rate

Since gas-1(fc21) worms exhibit a significantly reduced lifespan,
we hypothesized that chronic reduction in oxidative stress from
cysteamine bitartrate treatment might increase their lifespan,
similar as we have observed with NAC, another compound that
increases cysteine bioavailability (15).

Cysteamine bitartrate treatment effects were evaluated fol-
lowing several different concentrations, dosing regimens and
exposure times in gas-1(fc21) worms relative to NAC-treated gas-
1(fc21), as well as gas-1(fc21) and WT N2 worms in buffer control.
As previous studies have shown that drug supplementation
timing relative to worm stage plays a key role in determining
treatment efficacy (25), we tested multiple treatment regimens
to determine if there were potential differences in effects on
gas-1(fc21) worm lifespan from cysteamine bitartrate treatment
initiation during larval development versus during the post-
mitotic YA stage. No significant lifespan benefit was observed
in these complex I-deficient animals when 0.1, 1, 10 or 100 μm
cysteamine bitartrate treatment was initiated either in early
development (Fig. 3C–D) or from the YA stage, though a signif-
icant reduction in lifespan with 10 μm treatment was seen in
one replicate (Supplementary Material, Fig. S2A-B). Replenishing
cysteamine bitartrate at 0.1 or 1 μm weekly on NGM agar plates
also failed to rescue the short lifespan of lifespan of gas-1(fc21)
worms, although rescue was seen with 2.5 mm NAC used as a
positive control, as we have previously reported (Supplementary
Material, Fig. S2C-D) (15).

The gas-1(fc21) worms also have substantially reduced repro-
ductive capacity, involving significantly reduced egg laying and
egg hatching rates as compared to N2 (WT) worms (14,26). We
used WormScan analysis to efficiently screen an integrated end-
point of impaired reproductive rate in these animals at baseline
and in response to cysteamine bitartrate (27). This analysis
demonstrated a more than 6-fold-reduced reproductive rate of
gas-1(fc21) worms relative to WT worms (P < 0.001), which was
significantly but marginally improved by 50% (P < 0.01) with

50 μm cysteamine bitartrate and by 25% (P < 0.05) with 500 μm
cysteamine bitartrate (Fig. 3E). Overall, cysteamine bitartrate did
not dramatically improve nor exacerbate the impaired fertility
and survival of gas-1(fc21) RC complex I-deficient worms.

Cysteamine bitartrate increased aspartate levels and
molecular species enrichment, but did not broadly alter
intermediary metabolic profiles of gas-1(fc21) worms

We have prior demonstrated that gas-1(fc21) worms have a
characteristic intermediary metabolic profile identifiable at the
amino and organic acid steady state levels when compared to
WT N2 worms (24,28). To evaluate if cysteamine bitartrate would
normalize these metabolic alterations toward that of N2 WT
worms, synchronous YA worms were exposed to 24 h treatments
of 0.1, 1, 10 and 100 μm cysteamine bitartrate or 2.5 mm NAC.
Whole worm-population free amino acids were extracted,
analyzed by high-performance liquid chromatography (HPLC)
and normalized to whole worm protein content (Fig. 4A).
Characteristic alterations of gas-1(fc21) worms were all present,
including increased alanine and branched chain amino acids
(leucine, isoleucine and valine), aspartate and glycine with
reduction of glutamate (15,28). Neither cysteamine bitartrate
treatment nor NAC treatment (similar as prior observed) normal-
ized these amino acid alterations of gas-1(fc21) worms. However,
100 μm cysteamine bitartrate further exacerbated these changes
in gas-1(fc21) (Fig. 4A), with ASN, GLN, HIS, THR, ALA, TYR, PHE,
ORN, IL, LEU, VAL and LYS levels all clustered slightly higher
than untreated gas-1(fc21) and statistically significant (P < 0.05).
These results indicate that while cysteamine bitartrate neither
mitigates nor exacerbates the amino acid metabolism of gas-
1(fc21) at low doses, it may have metabolic effects at higher
concentrations (100 μm).

As intermediary flux through glycolysis, pyruvate metabolism
and the tricarboxylic acid (TCA) cycle is altered in gas-1(fc21)
worms (29), we evaluated whether this is rescued or exacerbated
by cysteamine bitartrate treatment. Stable isotopic precursor–
product analysis was performed by GC/MS in gas-1(fc21) worms
treated for 24 h with 0.1, 1, 10 and 100 μm cysteamine bitartrate
relative to buffer-only gas-1(fc21) and N2 WT worms. Increased
enrichment (∼2% atoms percent excess) was seen in all
molecular species of aspartate (ASP) when compared with water-
treated gas-1(fc21) worms, with positive direct correlation to
cysteamine bitartrate concentration (Fig. 4B). By contrast, NAC
did not increase ASP enrichment relative to gas-1(fc21) worms.
The remaining metabolic analytes did not show dose-dependent
alterations by cysteamine bitartrate. These data indicate that
aspartate metabolism was specifically influenced by cysteamine
bitartrate treatment, without overall effects on intermediary
metabolic flux in gas-1(fc21) worms.

Transcriptome profiling of cysteamine bitartrate
treatment in gas-1(fc21) worms revealed
dose-dependent effects

The gas-1(fc21) worms have global transcriptome alterations that
have been extensively characterized at the level of biochemi-
cal, redox and nutrient-sensing signaling pathways (15,24,28).
Our previous work has shown drug or supplement exposure
in this model can improve mitochondrial and/or overall cellu-
lar function by modulating the expression of various dysregu-
lated pathways in gas-1(fc21) worms (15,24). To evaluate whether
cysteamine bitartrate normalized these global transcriptome
changes and gain further insight into its mechanism of action

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
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Figure 3. Effects of cysteamine bitartrate on mitochondrial matrix oxidant burden, mitochondrial membrane potential, lifespan and reproductive rate of complex I

mutant gas-1(fc21) C. elegans. In vivo fluorescence analysis of relative mitochondrial (A) matrix oxidant burden and (B) membrane potential was performed using MitoSOX

(SOX) or tetramethylrhodamine ethyl ester (TMRE), respectively, for 24 h in YA worms. For each condition, each drug treatment was assessed in three independent trials,

with n = 50 worms per trial. Error bars indicate SEM. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001. (C and D) Lifespan analyses of chronic cysteamine treatment in gas-1(fc21)

worms from the L1 early larval development stage were performed at 20◦C compared to buffer-only-treated gas-1(fc21) and N2(WT) worms. Values over 3 biological

replicates were compiled into the figures shown, with a total of 114 to 223 worms tested across all replicates for each condition. Bars indicate median lifespan normalized

to buffer-only-treated gas-1(fc21). (E) Reproductive capacity, or fecundity, assessed by integrating effects on early developmental growth and brood size, was evaluated by

WormScan analysis. WormScan scores in each cysteamine bitartrate condition are shown as percentage changes relative to concurrently analyzed buffer-only-treated

gas-1(fc21) worms. Values shown were averaged over 15 technical replicates in 3 independent biological replicate experiments. Error bars indicate SEM. ∗P < 0.05,
∗∗P < 0.01 and ∗∗∗P < 0.001.

in the setting of primary RC disease, we performed RNAseq
profiling of gas-1(fc21) YA worms treated for 24 h with 0.1, 1, 10
or 100 μm cysteamine bitartrate or 2.5 mm NAC relative to buffer-
only-treated gas-1(fc21) and N2 WT control worms.

Gene set enrichment analysis (GSEA) of transcriptome
pathway-level changes identified similar upregulation of global
metabolic pathways (including oxidative phosphorylation, TCA
cycle, pyruvate and glutathione metabolism, among others;
Fig. 5A) and downregulation of essential cellular processing
pathways (ribosome, lysosome, autophagy, proteasome, and
splicesome; Fig. 5B), similarly as we had prior reported to be
dysregulated in gas-1(fc21) relative to WT (15,24,28). Expression
of most of these dysregulated pathways were not normalized
by treating gas-1(fc21) worms with either cysteamine bitartrate
or NAC (Fig. 5). Notable exceptions were that 0.1 and 1 μm
cysteamine bitartrate treatments completely normalized ribo-
some and proteasome expression in gas-1(fc21) worms (Fig. 5B),
while both 100 μm cysteamine and 2.5 μm NAC significantly
normalized expression of the endocytosis pathway (Fig. 5A).
Comparatively, 100 μm cysteamine bitartrate did not normalize
either ribosome or proteasome expression (Fig. 5A), suggesting
that lower concentrations may have greater efficacy to restore
disrupted cell physiology in RC disease.

While the overall mTOR signaling pathway that regulates
many of these key biological processes was not significantly
dysregulated in gas-1(fc21) relative to WT, the expression of some
of the individual genes within this pathway were significantly
altered (Supplementary Material, Fig. S3A). Interestingly, nor-
malized expression of the autophagy regulator, ATG1, which was

upregulated in gas-1(fc21) relative to N2 worms, occurred with
cysteamine bitartrate at 1, 10, and 100 μm doses and NAC at 2.5
mM (Supplementary Material, Fig. S3). While cysteamine bitar-
trate treatment was not effective in reversing the expression
of the glutathione metabolism pathway seen in the gas-1(fc21)
worms (Fig. 5A), it did alter the expression of several glu-
tathione pathway genes including upregulation of glutathione-
S-transferases and glutathione reductase, along with down-
regulation of glutathione peroxidase (Supplementary Material,
Fig. S4).

The gas-1(fc21) worm model showed significantly upreg-
ulated expression relative to WT animals of several amino
acid metabolism pathways, including glycine, serine and
threonine metabolism, arginine and proline metabolism, as
well as cysteine and methionine metabolism, changes that
were not reversed by any cysteamine bitartrate concentration
(Fig. 5). Interestingly, despite the dose-dependent enrichment of
aspartate observed in our metabolic profiling with cysteamine
bitartrate (Fig. 4A–B), changes in the overall expression of genes
in the aspartate metabolism pathway were not observed, poten-
tially owing to aspartate being grouped in a large KEGG pathway
that also includes alanine and glutamate metabolism. However,
gene-level analyses revealed significant dysregulation in
multiple aspartate metabolism genes in the RC mutant worms,
which were normalized by cysteamine bitartrate treatment.
Indeed, all key aspartate metabolic enzymes were significantly
downregulated in gas-1(fc21) versus N2 (WT) worms, with highly
variable effects on their transcript expression with cysteamine
bitartrate treatment (Supplementary Material, Fig. S5). While

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
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Figure 4. Cysteamine bitartrate treatment showed minimal effects on the altered intermediary metabolism and total glutathione levels of gas-1(fc21) C. elegans. Whole

worm concentrations and isotopic enrichment in free amino acids of gas-1(fc21) worms were evaluated following 24 h treatment of synchronous YA populations with

cysteamine bitartrate at varying concentrations relative to effects of NAC and buffer-only control. (A) Whole worm free amino acid concentrations were measured

by HPLC and normalized to overall protein concentration. Dot color denotes experimental condition as defined in key, with separate dots shown for independent

replicate experiments. Random effects analysis of variance was used to account for experimental batch effects. (B) Absolute isotopic enrichment in +1, +2, +3, +4

and + 5 molecular species of each metabolite (indicating the number of carbon atoms on which enrichment was present from U-13C6-glucose fed to the worms) was

quantified by GC/MS in synchronous adult worm populations following U-13C6-glucose feeding to WT N2 and gas-1(fc21) worms for 24 h on the first day of adulthood.

Feeding was carried out in water buffer-only conditions or with varying concentrations of cysteamine bitartrate (Cys) or 2.5 mm NAC for 24 h, as compared to untreated

WT N2 worms. Three biological replicate experiments were performed. ∗P < 0.05 and ∗∗P < 0.01. (C) Total glutathione level quantitation was performed following 24 h

treatment with cysteamine bitartrate or NAC in gas-1(fc21) mutant and N2 (WT) worms. n = 6 independent biological replicate experiments for untreated gas-1(fc21)

mutant worms, and n = 3 biological replicate experiments for all other conditions. Group differences were statistically analyzed by Student’s t-test (two-way, unequal

variance). Error bars indicate SEM. (D) Scheme showing the proposed mechanism for glutathione production following treatment with cysteamine bitartrate by allowing

for increased availability of cysteine.

all therapy concentrations significantly normalized expression
in gas-1(fc21) of aspartate aminotransferase and further reduced
aspartate oxidase expression, dose-dependent treatment effects
were observed in asparagine synthetase and adenylosuccinate
synthase, which were significantly increased and significantly
decreased, respectively, by cysteamine bitartrate at 10 and
100 μm doses as well as by NAC. Interestingly, adenylosuccinate
lyase expression, which was unchanged by NAC treatment, most
significantly increased with lower doses of cysteamine, with a
dose-dependent decrease in expression correlated to increasing
cysteamine concentration (1 > 10 > 100 μm effect).

Cysteamine bitartrate did not affect total glutathione
levels in gas-1(fc21) C. elegans

Cysteamine has been shown to increase glutathione levels in
both normal and cystinotic proximal tubular epithelial cells
(PTECs), which has been hypothesized to result in part by

increased free cysteine levels through the reduction of cysteine,
which can then be stored in the form of GSH (16).

Therefore, we evaluated whether cysteamine bitartrate
treatment increased in total glutathione levels in WT N2 Bristol
and gas-1(fc21) worms. Interestingly, we found no significant
changes in total glutathione levels in either WT or gas-1(fc21)
worms with NAC or cysteamine bitartrate 24 h treatment
(Fig. 4C). This was surprising, since cysteamine provides cysteine
which is a precursor of glutathione (Fig. 4D). It is possible that
cysteamine bitartrate altered the levels of reduced (active) or
oxidized (inactive) glutathione species, although this was not
assessed here.

Cysteamine protected viability under stress of human
RC disease fibroblast cell lines

Cysteamine bitartrate effects on cell viability were evaluated
in primary fibroblast cell lines (FCLs) from several control and
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Figure 5. gas-1(fc21) C. elegans show dysregulation in gene expression, while cysteamine bitartrate treatment induced minimal reversal of transcriptome changes in

YA gas-1(fc21) worms. Shown are changes in the expression of gene groups that were significantly upregulated in gas-1(fc21) worms compared to WT N2 worms along

with the change in each pathway with each of the cysteamine bitartrate- and NAC-treated conditions (A). Also shown are changes in the expression of gene groups

that were significantly downregulated in gas-1(fc21) worms compared to WT N2 worms, along with the change in each pathway with each of the cysteamine bitartrate-

and NAC-treated conditions (B). Changes in expression are shown as a normalized enrichment score, which reflects relative upregulation or downregulation in mutant

relative to WT worms or in treated relative to untreated mutant worms. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001.

RC disease human subjects under various stressors. Nutrient
stressors were tested, involving growing fibroblasts in media
either with galactose and glucose, or galactose only without
glucose. As expected, RC disease fibroblasts cannot survive with-
out glucose (Supplementary Material, Fig. S6), since alternative
ATP generation in the setting of RC deficiency relies on cellular
glycolysis, a process that requires glucose and cannot utilize
galactose. Cysteamine bitartrate for 24 h with 1, 2 or 4 μm con-
centrations did not improve cell viability in RC complex I MT-ND5
(m.13513G>A) disease under these nutrient-stressed conditions,
although interestingly, 4 μm cysteamine bitartrate did increase
cellular viability under galactose stress in healthy control cells
(Supplementary Material, Fig. S6).

Cysteamine bitartrate effect on cell viability was also
assessed under the stress of RC inhibition in cells with multiple
RC dysfunction due to FBXL4 disease (30). Specifically, we used

chloramphenicol, a mitochondrial translation inhibitor, as a
pharmacologic stressor to induce mitochondrial dysfunction
(19). Control and RC disease FBXL4 cells were co-exposed to
3 mm chloramphenicol and 10, 100 or 500 μm of cysteamine
bitartrate for 48 h. As expected, chloramphenicol reduced
survival of RC disease fibroblasts more than control cells (Fig. 6).
Significant rescue of chloramphenicol-stressed RC disease
fibroblast viability was seen at 10 μm cysteamine bitartrate, with
30% increased viability relative to chloramphenicol-exposed
cells (Fig. 6), showing the benefit of cysteamine bitartrate in
improving primary RC disease cell resiliency in the setting of
acute RC inhibition.

Potential effects of cysteamine bitartrate on mitochondrial
physiology of RC disease fibroblasts were also assessed at the
level of mitochondrial content and matrix oxidant burden.
In both NDUFS8 and FBXL4 disease fibroblasts, no significant

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
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Figure 6. Cysteamine bitartrate significantly rescued cell viability of chlo-

ramphenicol stressed FBXL4-deficient FCLs. FBXL4-deficient human FCLs were

exposed for 48 h to 3 mm chloramphenicol (CMP, mitochondrial translational

inhibitor) alone and/or cysteamine bitartrate at a range of concentrations (10, 100

or 500 μm). Significantly increased cell viability was seen at 10 μm cysteamine

bitartrate. Values shown were averaged over nine technical replicates across

three independent biological replicate experiments. Error bars indicate SEM.
∗∗∗P < 0.001.

improvement was seen following 24 h cysteamine bitartrate
at 0.5 μm concentration using fluorescence-based cell sorting
(FACS) analyses (Supplementary Material, Fig. S7). Thus, the
improved viability from cysteamine bitartrate in FBXL4 disease
lines does not appear to relate to improved mitochondrial-
specific oxidant burden, similar as we prior observed with
NAC (15), although the higher 10 μm concentration that rescued
viability in FBXL4 disease FCLs was not studied.

Transcriptome profiling of cysteamine bitartrate effects
in primary human RC disease fibroblasts

To assess global transcriptome effects of cysteamine bitartrate
on RC disease human fibroblasts, we performed RNAseq to
evaluate 0.5 μm cysteamine bitartrate over two exposure time
courses (6 or 24 h) in three RC-deficient primary human fibrob-
last lines having mutations in NDUFS8, FBXL4 and MT-ND4/MT-
ND6 relative to water-only controls for the same cell lines and
two healthy untreated controls. GSEA analysis of transcriptome
data from human RC disease fibroblasts relative to healthy
controls revealed a similar profile of global transcriptional
changes, particularly in the 24 h buffer-treated cells, in similar
biochemical and biologic pathways as observed in C. elegans
RC mutants as discussed above, and per our prior studies in a
wider range of human RC disease fibroblasts (31,32). Most of the
upregulated pathways by RC disease relative to controls at both
6 h (Fig. 7A) and 24 h (Fig. 7B) were related to some metabolic
pathways (involving linoleic acid, amino acids and cofactors)
and many immune functions [cytokine response, tumor necrosis
factor signaling pathway, B-cell receptor signaling, cell adhesion
molecules (CAM), Janus Kinases (JAK)-Signal Transducer and
Activator of Transcription proteins (STAT) signaling and nuclear
factor-κB (NF-κB) signaling pathway]. Interestingly, mTOR
signaling pathway genes that had shown normalization with
cysteamine bitartrate treatment in C. elegans RC disease
worms (Supplementary Material, Fig. S3) were also significantly
dysregulated in RC disease human fibroblasts, but were not
substantially normalized by cysteamine bitartrate treatment
(Supplementary Material, Fig. S8).

Interestingly, cysteamine bitartrate transcriptional effects
in human RC disease fibroblasts were time dependent (Fig. 7).
While the 6 h cysteamine bitartrate treatment did not signif-
icantly reverse any of the significantly upregulated (Fig. 7A)

or downregulated (Fig. 7B) pathways in the RC disease cells,
the 24 h cysteamine bitartrate treatment was more effective
(Fig. 7C and D). Specifically, the 24 h cysteamine bitartrate
treatment significantly normalized the upregulated CAM
expression in RC disease cells, with a trend toward partial
improvement in several other immune response pathways,
including cytokine receptor interaction, B-cell receptor signaling
and JAK–STAT signaling (Fig. 7C).

Indeed, significant and near complete expression reversal
with cysteamine bitartrate was seen in all downregulated
biochemical pathways involving metabolism, cell defenses
and DNA metabolism (Fig. 7D). In comparison to C. elegans
transcriptome profiling results, cysteamine treatment did
not reverse altered expression in glutathione metabolism
pathway genes (Supplementary Material, Fig. S9) but did reverse
dysregulated expression in several genes encoding key aspartate
metabolism pathways (Supplementary Material, Fig. S10).
Collectively, these data are suggestive that over time cysteamine
bitartrate treatment may transcriptionally modulate the broader
metabolic dysfunction, and possibly immune dysregulation,
caused by primary RC disease.

Zebrafish pharmacological models of RC complex I and
IV disease revealed improved survivorship and
neuromuscular phenotypes with cysteamine bitartrate
treatment

Recently, we have demonstrated that mitochondrial RC dysfunc-
tion can be reproducibly modeled in zebrafish with pharmaco-
logical agents, including rotenone and sodium azide to directly
inhibit RC chain complexes I and IV, respectively (33). Here,
we used the rotenone-induced complex I inhibition zebrafish
model to evaluate if cysteamine bitartrate pre-treatment would
improve the physiologic and neuromuscular abnormalities
associated with pharmacological complex I inhibition. Pre-
treatment of AB (WT) zebrafish with 100 μm cysteamine
bitartrate from 5 dpf significantly protected 7 dpf zebrafish
larvae from a gray brain phenotype indicative of brain death
when subsequently exposed to rotenone for 4 h on 7 dpf
(P < 0.001) (Fig. 8A and B). Cysteamine bitartrate pre-treatment
also significantly preserved both tap and touch responses
in these animals (P < 0.01), gross neuromuscular behavior
defects resulting from rotenone treatment (33). To validate
the efficacy of cysteamine bitartrate in another RC disease
animal model, we evaluated its effect in a sodium azide RC
complex IV inhibition model (33). Indeed, pre-treatment of AB
(WT) zebrafish with 100 μm cysteamine bitartrate from 5 dpf
significantly protected 7 dpf zebrafish larvae exposed to sodium
azide from 6 dpf from brain death. Specifically, after 16 to 18 h
of azide exposure at concentrations of 100 to 125 μm, zebrafish
larvae developed a severe gray brain phenotype indicative of
brain death, similar as prior observed (Fig. 8C). Remarkably,
100 μm cysteamine bitartrate treatment significantly (P < 0.05)
prevented brain death upon azide exposure in this model at both
low and high azide concentrations (Fig. 8D). Thus, cysteamine
bitartrate provided impressive resiliency at the level of survival
benefit and prevention of brain death in the setting of acute RC
complex I (rotenone) or complex IV (azide) inhibition in zebrafish
vertebrate animal models.

Discussion
Here, we utilized a robust series of complementary model
systems across three evolutionarily distinct model species to

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz023#supplementary-data
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Figure 7. RC-deficient human FCLs showed dysregulated gene expression, while cysteamine bitartrate treatment-induced discrete time-dependent changes in the

gene expression of RC-deficient human FCLs. Shown are changes in the expression of gene groups that were significantly upregulated in RC-deficient FCLs compared

to control FCLs at 6 h (A) and 24 h (C), along with the change in each pathway with μm cysteamine bitartrate treatment. Also shown are changes in the expression of

gene groups that were significantly downregulated in RC disease FCLs relative to control FCLs for either 6 h (B) or 24 h (D), along with the change in each pathway with

μm cysteamine bitartrate treatment. Changes in expression are shown as a normalized enrichment score, which reflects relative upregulation or downregulation in RC

disease relative to healthy control FCLs or in cysteamine-treated versus untreated RC disease FCLs. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001.

systematically evaluate the pre-clinical efficacy, toxicity and
mechanisms of cysteamine bitartrate as a candidate therapy
for primary mitochondrial RC disease. Importantly, toxicity
consistently occurred with millimolar levels of cysteamine in C.
elegans (worms, invertebrate), Danio rerio (zebrafish, vertebrate)
and human fibroblasts, where animal and cell death at these
doses directly correlated with increasing hydrogen peroxide
production. Subsequent experimental studies of cysteamine
bitartrate effects in RC disease models therefore used nanomolar
to micromolar range concentrations, which had variable
therapeutic efficacy but no clear toxicity. Extensive analyses
of cysteamine bitartrate effects that were performed across
a wide range of concentrations in the well-characterized gas-
1(fc21) complex I RC disease C. elegans worm model showed
marginal improvement of animal fecundity without long-term
survival benefit. Short-term cysteamine bitartrate treatment
in this model did significantly reduce mitochondrial oxidant
burden and improve mitochondrial membrane potential, as
well as increase aspartate level and isotopic enrichment
without inducing a more global metabolic disruption or benefit.
Transcriptome profiling in the cysteamine bitartrate-treated
complex I disease worm model revealed transcriptional normal-

ization of downregulated ribosome and proteasome pathways
at low doses, but failure to normalize globally increased
metabolic, glutathione, signaling, and cellular defense pathways.
Conversely, in human RC disease fibroblasts, significant and
near complete expression reversal with cysteamine bitartrate
24 h treatment occurred in all downregulated biochemical
pathways involving intermediary metabolism, glutathione,
cellular defenses, and DNA metabolism. Most impressively,
cysteamine bitartrate pre-treatment prior to either rotenone
or azide exposure significantly improved animal survival and
prevented brain death and neuromuscular defects arising from
acute RC inhibition in the zebrafish vertebrate animal model.

Reducing oxidative stress is an important treatment strat-
egy in RC disease, although as we have previously suggested,
this may relate to total cellular, rather than mitochondrial-
matrix specific, oxidant burden (15). Mitochondrial matrix oxi-
dant levels were reduced after 24 h cysteamine bitartrate treat-
ment at micromolar concentrations in the gas-1(fc21) worms, but
not in NDUFS8 or FBXL4 RC disease human fibroblasts. Simi-
larly, cysteamine bitartrate treatment up to 4 μm did not rescue
the impaired cell viability of RC complex I disease fibroblasts
grown in galactose to induce metabolic stress, but did improve
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Figure 8. Cysteamine bitartrate treatment prevented brain death and neuromuscular defects resulting from rotenone-based complex I inhibition and sodium azide

(NaN3)-based complex IV inhibition in zebrafish. (A) Images demonstrate normal brains in untreated AB (WT) zebrafish (top left panel) and in AB (WT) zebrafish treated

only with cysteamine bitartrate from 5–7 dpf (top right panel). Brain death (gray brain) was induced by 125 nm rotenone exposure in AB fish for 4 h at 7 dpf (bottom left

panel) but significantly prevented by pre-treating the zebrafish larvae with 100 μm cysteamine bitartrate from 5–7 dpf (bottom right panel). Arrows depict brain region

of each larva. (B) Pre-treating the AB (WT) zebrafish larvae with 100 μm cysteamine from 5 dpf significantly prevented brain death (top panel), and loss of tap response

(middle panel) and touch response (bottom panel) upon subsequent 4 h rotenone exposure at 7 dpf. Three to five biological replicates were performed per condition,

with n = 15 larvae per condition in each replicate. (C) Brain death was induced by 100 μm sodium azide exposure for 17 h beginning at 6 dpf in AB (WT) zebrafish

when larvae were examined at 7 dpf (top larva, bracket) as evident on lateral view relative to untreated AB (WT) larvae with normal brain (bottom larva, bracket). (D)

Pre-treating the zebrafish larvae with 100 μm cysteamine bitartrate from 5 dpf significantly reduced brain death upon subsequent larval exposure to sodium azide

treatment for 17 h beginning at 6 dpf. Gray brain phenotype was examined at 7 dpf. Three independent biological replicates were performed per condition, with n = 15

zebrafish per condition in each replicate. Error bars indicate SEM. ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001.

viability under stress at 10 μm in FBXL4 disease fibroblasts.
Prior studies have demonstrated that cysteamine reduces cel-
lular ROS generation by increasing the intracellular thiol pool
(34,35). Indeed, cysteamine bitartrate treatment is expected to
increase the availability of cysteine, which is stored primarily in
the form of glutathione that functions as a major antioxidant
defense throughout the cell (36). While cysteine levels were
not measured in either model, total glutathione levels were not
increased in RC disease or WT worms by treatment with either
cysteamine bitartrate or NAC. Cysteamine bitartrate did fully
normalize reduced glutathione metabolism pathway expression
in RC disease human fibroblasts but was not effective in rescu-
ing upregulated glutathione metabolism pathway expression in
RC disease worms. However, gas-1(fc21) worms have increased

expression of glutathione peroxidase, which correlates with the
observed increase in oxidative stress in this model, and expres-
sion of several glutathione pathway genes were normalized in
RC disease mutant worms in a dose-dependent fashion, par-
ticularly at 1 and 10 μm concentrations. We postulate that the
observed decrease in glutathione peroxidase expression, similar
as described in previous studies (20), along with increased glu-
tathione reductase expression, likely results as an adaptation to
cysteamine bitartrate-based reduction of the RC disease worms’
increased oxidant burden, necessitating increased GSH to nor-
malize the GSH/GSSG ratio (Fig. 4D). As cysteamine has also
been previously shown to normalize the Reduced Glutathione/
Glutathione Disulfide (GSH/GSSG) ratio (16) in cystinotic PTECs,
it is plausible that cysteamine bitartrate may also modulate
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the redox status in RC disease models as well, as opposed to
increasing total GSH levels. Future studies are needed to evaluate
cysteamine bitartrate treatment effects on glutathione redox
balance.

Global transcriptome profiling of cysteamine bitartrate
concentration and/or duration effects in RC disease worms
and human fibroblasts suggest it alters essential metabolic
and cellular pathways that play a crucial role in development,
growth and metabolic homeostasis, activities regulated by key
nodes in the nutrient-sensing signaling network, including
Mitogen-Activated Protein Kinases (MAPK) signaling, ribosomes
(translation) and lysosomes (autophagy) (31). Impressively, all
significantly downregulated metabolic pathways in RC-deficient
FCLs were significantly reversed with 24 h treatment with
cysteamine bitartrate, particularly oxidative phosphorylation,
the TCA cycle, ribosome biogenesis, and glycolysis. Interestingly,
patients with cystinosis were recently shown to have altered
mTORC1 signaling in their proximal tubular kidney cells (37), a
finding of particular interest given that cysteamine bitartrate is
an FDA-approved therapy for this disorder, although cysteamine
was ineffective in reversing mTORC1-mediated lysosomal
effects during starvation in that model. Similarly, our RC
disease worm RNAseq analyses demonstrated that cysteamine
bitartrate normalized downregulated expression of the ribosome
and proteasome pathways as well as upregulated expression of
a key autophagy regulator gene, ATG1, but failed to normalize
downregulated lysosome expression. However, in human RC
disease cells, cysteamine bitartrate did rescue downregulated
expression of ribosome, lysosome and peroxisome pathways.
mTORC1 pathway expression as a whole was not significantly
dysregulated in either worm or human RC disease models,
although significantly increased MAPK expression in gas-1(fc21)
worms was not rescued by cysteamine bitartrate treatment.
RC disease fibroblasts and C. elegans also showed significant
upregulation of multiple immune and cell defense pathways,
which is not unexpected since reactive oxygen species induction
can activate cytokines, apoptotic cell death (38,39), and nuclear
transcription factors such as NF-κB (38,40,41). However, most of
these immune responses were not normalized by cysteamine
bitartrate treatment in either model. Overall, cysteamine
bitartrate showed favorable effects at the transcriptional
level on altered ribosome and lysosome expression in both
worm and human fibroblast RC disease models but not the
signaling pathways that modulate them, with greater overall
normalization of global intermediary metabolic pathway effects
in human cells than worms.

It is intriguing that cysteamine bitartrate protected zebrafish
from both rotenone- and sodium azide-induced brain death
and neuromuscular defects. Both rotenone and sodium azide
function as severe neurotoxins, where rotenone is a potent
inhibitor of RC complex I activity, and azide acts primarily by
inhibiting cytochrome C oxidase (CCO, RC complex IV) activity,
along with several CYP enzymes that form core parts of vari-
ous RC complexes. Both complex I and complex IV inhibition
have been shown to lead to increased free radical generation
(42–45). We have previously shown that rotenone-induced brain
death can be ameliorated by treatment with antioxidants NAC
and vitamin E (15). Moreover, phytochemical antioxidants have
also been shown to be neuroprotective agents against sodium
azide-induced oxidative stress (44). These results are suggestive
that biochemical upregulation of oxidative stress responses may
have a therapeutic role in RC disease neuroprotection, an issue
of major clinical importance given the frequency and severity of
metabolic strokes that occur particularly at times of intercurrent

stress in diverse mitochondrial RC disease patients, in a wide
variety of clinical syndromes ranging from Leigh syndrome to
mitochondrial encephalomyopathy lactic acidosis and stroke-
like episodes syndrome (MELAS) (46–48).

Interestingly, our intermediary metabolite flux analysis
revealed that cysteamine bitartrate increased aspartate levels
and isotopic enrichment (∼2%, APE), which did not occur in
NAC treatment. These results suggest that aspartate metabolism
was specifically influenced by cysteamine bitartrate treatment.
Furthermore, dose-dependent decrease in the expression of
both adenylosuccinate synthetase and adenylosuccinate lyase
was observed with cysteamine bitartrate, changes expected
to prevent the metabolism of aspartate into fumarate, and
therefore decrease flux of fumarate into the TCA cycle. TCA cycle
pathway expression was significantly dysregulated at baseline
in both RC disease worms (upregulated) and human fibroblast
(downregulated) models relative to WT controls, representing
a major adaptive response to underlying RC dysfunction.
Cysteamine bitartrate treatment effects on TCA cycle pathway
expression were inversely correlated with dose in RC disease
worms, suggesting that decreased anaplerotic flux into the
TCA cycle through conversion of aspartate to fumarate might
plausibly underlie the observed increase in aspartate levels and
isotopic enrichment in RC disease worms.

Overall, these data suggest that cysteamine bitartrate may
hold therapeutic potential in RC disease. However, careful con-
sideration will be required to identify safe and effective dosages
to further support evaluation of cysteamine bitartrate clinical
efficacy in robust clinical trials of human subjects with primary
mitochondrial RC disease.

Development of a companion diagnostic for cysteamine
bitartrate administration would likely hold strong utility
to select patients most likely to benefit from clinical trial
participation and guide dose tolerability at the level of cell
survival and, potentially, glutathione redox balance. Indeed,
demonstration of the safety and preliminary indication of
treatment efficacy on in vitro survival of fibroblast cells from
individual RC disease subjects would enable a precision
medicine approach to select specific cysteamine bitartrate doses
that optimize the overall health and resiliency against stressor-
induced neurodevelopmental decompensation in mitochondrial
disease.

Materials and Methods
C. elegans strain selection and maintenance

The well-characterized RC complex I-deficient C. elegans strain,
gas-1(fc21) (26), that harbors a recessive missense mutation in
the nuclear-encoded NDUFS2 complex I subunit orthologue was
used as a mitochondrial disease model, with experimental
results compared to WT nematodes, N2 Bristol. Detailed
information about strain characterization can be found at www.
wormbase.org and is available publicly at the Caenorhabditis
Genetics Center (University of Minnesota, Minneapolis, MN).
Animal husbandry was performed at 20◦C, as previously
described (24).

Lifespan analysis of cysteamine bitartrate effects in YA
C. elegans

Cysteamine bitartrate was provided by Raptor Therapeutics as
part of an investigator-initiated research project. For most exper-
iments, we prepared 1 m stock solutions of cysteamine bitartrate

www.wormbase.org
www.wormbase.org
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dissolved in distilled water followed by pH adjustment to ∼7.0
with 2 m Tris in order to minimize pH changes in the media, since
the solution was found to be highly acidic at pH 3. Cysteamine
bitartrate effects were evaluated on NGM agar plates at a range of
concentrations and exposure regimens in short-lived gas-1(fc21)
worms to evaluate lifespan effects, including (1) treatment initi-
ation at L1 larval stage, (2) treatment initiation at L1 larval stage
and redosing the drug on adult day 7, or (3) treatment initiation
at the YA stage. Lifespan assays were carried out using standard
methods and analyzed in GraphPad Prism 7.04, as previously
described (15,24).

Fertility and fecundity rate measurements using
WormScan in C. elegans

WormScan analysis was performed to assess the integrated
outcome of animal fertility and fecundity (reproductive rates),
as previously described (27). N2 (WT) and gas-1(fc21) worms
were exposed for 4 days to cysteamine bitartrate at different
concentrations. Worm plates were then scanned as described
previously (27) and analyzed in GraphPad Prism 7.04.

Relative quantitation of mitochondrial content,
mitochondrial membrane potential, and mitochondrial
matrix oxidant burden by fluorescence microscopy in
C. elegans

The gas-1(fc21) worms were treated with cysteamine bitartrate
to assess treatment effects on mitochondrial content using MTG,
mitochondrial membrane potential using TMRE and mitochon-
drial matrix oxidant burden using MitoSOX Red (SOX), using flu-
orescence microscopy as previously described (23,24). YA-stage
gas-1(fc21) worms were assessed per condition, which included
co-treating for 24 h with 0.1, 1, 10 or 100 μm cysteamine bitartrate
and individually with 10 μm MTG, 10 μm SOX or 10 nm TMRE.
Untreated WT N2 and gas-1(fc21) worms were also exposed to
only fluorescent dyes as baseline controls. Following addition
of cysteamine bitartrate and fluorescent dyes, plates were dried
for 1 h after which approximately 60 worms were transferred
to each plate and incubated for 24 h at 20◦C. Worms were then
transferred to plates without dye containing OP50 Escherichia coli
and placed at 20◦C for 1 h to clear residual fluorescent dye from
their guts. Worms were then paralyzed with 25 mm levamisole
for imaging on a Leica microscope using NIS-Elements BR 3.0
software (Nikon Instruments, Melville, NY). Fifty animals were
imaged per plate using the following exposure times: (1) MTG,
300 ms; (2) SOX, 2 s; and (3) TMRE, 320 ms. Analysis of worm
images was performed in FIJI (49), and background subtraction
was performed using a rolling ball radius of 500 pixels. Terminal
pharyngeal bulbs were manually circled and an average mean
intensity was determined for each treatment-dye condition. Cal-
culated data were exported to Microsoft Excel (Microsoft Corpo-
ration, Redmond, WA), where standard deviation, standard error
and percent change were calculated between gas-1(fc21) treated
with cysteamine bitartrate and no treatment. All experiments
were performed in independent biological triplicates. Mean flu-
orescence intensity was normalized to the average intensity in
untreated gas-1(fc21) worms exposed to each fluorescent dye.
The mean fluorescence intensity between strains under differ-
ent experimental conditions was compared using the mixed
effects analysis of variance, which takes into account the poten-
tial batch effect due to samples being experimentally prepared,
processed and analyzed on different days by including a batch

random effect in the model. Bonferroni correction was used for
multiple comparisons. All statistical analyses were performed in
SAS 9.3.

Amino acid profiling of steady-state levels by HPLC and
isotopic enrichment by GC/MS in adult C. elegans

Stage-synchronized first-day YA populations of gas-1(fc21)
worms were fed U-13C6-glucose and treated for 24 hours with
water control, cysteamine bitartrate (0.1, 1, 10 or 100 μm) or
NAC (2.5 mm). N2 worms were used as WT control and treated
with an equal volume of water. All conditions were performed
in biological triplicates. Whole worm free amino acids were
extracted in 4% perchloric acid with quantification performed
by HPLC analysis, as previously described (24,29,50). Briefly,
50 μl of neutralized sample was directly injected into the HPLC
with pre-column derivatization with o-phthalaldehyde and
fluorescence detection in the Children’s Hospital of Philadelphia
Metabolomics Core. Free amino acid levels were calculated by
normalizing each amino acid standard to an internal standard (ε-
aminocaproic acid, 200 μm final concentration) that was added
to the worm mixture during extraction. The ratio of each amino
acid standard to the internal standard (ε-aminocaproic acid) was
calculated (normalized standard ratio). To determine the level
of free amino acids in each sample, the area under each peak
was normalized by the following formula: area under peak∗100∗
normalized standard ratio/area under internal standard peak
to produced nmol/ml of free amino acid. Finally, amino acid
levels were normalized to total worm protein to determine the
nmol of amino acid/mg worm protein. The rest of the sample
was prepared and analyzed for GC/MS analysis of amino acid
enrichment as previously performed in our laboratory (50).

Glutathione analysis using enzymatic assay in
C. elegans

Total glutathione levels were quantified in WT N2 Bristol con-
trols and gas-1(fc21) mutant worms treated with varying concen-
trations of cysteamine bitartrate or NAC. About 2000 YA worms
per condition were collected and resuspended in 100 μl of S.
basal and were then homogenized with a motorized homoge-
nizer and pestle twice for 2 min each on ice. The homogenate
was spun down for 10 min at 9200g and 4◦C, the supernatant
was collected, and 10% metaphosphoric acid was added in a 1:1
ratio, vortexed for 30 s and kept on ice for 15 min to deproteinize
the sample. The sample was spun down for 15 min at 16000g
and 4◦C, and the supernatant was collected and filtered using
a 10 kDa filter into a new Eppendorf tube for 30 min at 25000g
and 4◦C. Glutathione measurement was carried out as previously
described (51). Protein was measured using the bicinchoninic
acid method.

C. elegans transcriptome profiling by RNAseq analysis

Samples were prepared for gene expression profiling by RNASeq,
as previously described (52). Briefly, WT N2 Bristol and gas-
1(fc21) RC complex I disease worms were grown at 20◦C on NGM
agar plates. Synchronized YA gas-1(fc21) worms were treated
for 24 h with water control, 0.1, 1, 10 or 100 μm cysteamine
bitartrate, or 2.5 mm NAC as a positive control. N2 WT worms
were treated only with water control. Four biological replicate
independent experiments were performed for each treatment
group. Worm population total RNA was extracted using the Trizol
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method, DNase-treated and evaluated by Agilent Bioanalyzer
to determine the RNA quality at the NapCore Facility at the
Children’s Hospital of Philadelphia. RNA integrity number (RIN)
was between 8.6 and 10 for all samples. cDNA library preparation
was performed using the TruSeq Stranded Total RNA Sample
Preparation Kit (Illumina, San Diego, CA). Samples were submit-
ted to BGI @ CHOP Sequencing Core Facility at the Children’s
Hospital of Philadelphia Research Institute for Next Genera-
tion Sequencing (RNAseq) analysis on an Illumina HiSeq 2000
instrument. On average, about 35 million reads were obtained
from each RNAseq library and ∼82% of the reads were uniquely
mapped to known worm genes. Samples were processed and
transcriptome analyses were performed, as previously described
(19). Paired-end RNAseq reads were aligned to the ws235 ref-
erence genome and transcriptome using the STAR program.
Processed data of all samples met basic quality requirements.
RNAseq data were submitted in MIAMI compliant format to Gene
Expression Omnibus (GEO GSE119723). Curated RNAseq data are
also available for interrogation at the AWSomics website: http://
awsomics.org/project/mito1/.

Hydrogen peroxide (H2O2) production quantitation in
human cell culture media by Amplex Red analysis

Primary human fibroblast cell lines from a healthy parental
control (Q1508p1) and RC complex I disease subject (Q1508
line, NDUFS8 compound heterozygous for c.160C>T;p.R54W
and c.58>C;p.G20R) were incubated for 24 h with 0, 1 μm,
10 μm, 100 μm, 1 mm and 10 mm cysteamine bitartrate. Cell-
free control conditions also included fibroblast medium with
or without serum. H2O2 levels were determined using the
Amplex Red Hydrogen Peroxide Assay Kit (catalog number:
A22188; Invitrogen Molecular Probes, Carlsbad, CA). Values were
averaged over three technical and three biological replicates
(except serum free media only N = 2). Student’s t-test was
performed to compare the H2O2 level at each cysteamine
bitartrate concentration with the control condition.

Viability analysis by CellTiter-Glo Luminescent Cell
Viability Assay in human mitochondrial disease
fibroblasts

Fibroblast cell lines derived from human healthy controls and
subjects with genetically-confirmed primary RC disease were
cultured using standard methods, as previously described
(15,24). Specific cell lines studied had mutations in a nuclear
gene, FBXL4 (c.1067delG;p.G356AfsX15 and c.1790A>C; p.Q597P)]
or mtDNA gene, MT-ND5 m.13513G>A heteroplasmy]. A total
of 100 μl of 6000 cells per well were pipetted with standard
growth medium (1 g/l glucose, 0.8 g/l glutamine, 110 mg/l sodium
pyruvate, 10% Fetal Bovine Serum (FBS) serum, 0.2 mm uridine)
in a 96-well plate and seeded overnight to reach 70% confluency.
Next day, cells were washed in Phosphate-Buffered Saline
(PBS) 1× and incubated for 48 h in stressor-treatment media:
3 mm chloramphenicol and 10, 100 or 500 μm concentrations
of cysteamine diluted in standard growth media. After 48 h
exposure, CellTiter-Glo reagent (Promega Corporation, Madison,
WI, G7571) was added at equal volumes (100 μl) to total media in
each well at room temperature, plates were placed on a shaker
for 2 min, then incubated at room temperature for 10 min.
Luminescence was recorded at 590/35 nm using a Synergy HTX
Multi-Mode Reader (BioTek US, Winooski, VT). Three biological
and nine technical replicates/conditions were obtained; all
data were normalized for the luminescence detected in cells

incubated in standard grow media. All data are expressed as
mean ± SEM; significance was calculated by Student’s t-test
using GraphPad Prism 7.04.

Mitochondrial physiology analysis by FACS in human
mitochondrial disease fibroblasts

Fibroblasts were trypsinized and collected in cell growth media
(DMEM 1 g/l glucose, 10% FBS, 50ug/ml uridine), centrifuged and
resuspended in DMEM to obtain 1–5 × 105 cells per sample,
as previously reported (53). Samples were loaded with either
50 nm MTG or 40 nm TMRE at 37◦C for 30 min, or 5 μm MitoSOX
37◦C for 10 min. Cells then were washed with PBS twice and
resuspended in 400 μL PBS. FACS was performed with an Accuri
C6 flow cytometer (BD Biosciences, San Jose, CA) equipped with a
488 nm laser with 530/30 nm emission (FL-1) for MTG, 585/42 nm
emission (FL-2) for TMRE and 647/52 nm emission (FL-3) for
MitoSOX. A total of 10000 events were recorded per condition.

Transcriptome profiling by RNAseq analysis in human
mitochondrial disease fibroblasts

Fibroblast cell lines from healthy human controls (Q1269p1
and Q1508p1) and three primary RC disease subjects with
pediatric-onset Leigh syndrome including (1) Q1007 (FBXL4,
c.1067delG;p.G356AfsX15 and c.1790A>C;p.Q597P) with complex
I–III dysfunction (30), (2) Q1508 (NDUFS8, c.160C>T;p.R54W
and c.58>C;p.G20R) with complex I dysfunction, and (3) Q1039
(MT-ND4, m.11778G>A heteroplasmy + MT-ND6 m.14484T>C
homoplasmy) with complex I dysfunction (31) were grown in
media containing DMEM 1 g/l glucose, 10% FBS and 50 μg/ml
uridine. RC disease cells at passage 9 were treated at 90%
confluence with 0.5 μm cysteamine bitartrate for either 6 or
24 h, with buffer-only RC disease and control cells concurrently
prepared. Total RNA was extracted using Trizol, DNase-treated
and analyzed by Agilent Bioanalyzer to assess RNA quality. RIN
scores between 7.7 and 9.6 were achieved for all samples. cDNA
library preparation was performed using the TruSeq Stranded
Total RNA Sample Preparation Kit (Illumina, San Diego, CA).
Samples were submitted to BGI @ CHOP Sequencing Core Facility
at the Children’s Hospital of Philadelphia Research Institute for
Next Generation Sequencing (RNAseq) analysis on an Illumina
HiSeq 2000 instrument. On average, over 60 million reads were
obtained from each RNAseq library and nearly 60% of the
reads were uniquely mapped to known human genes. Samples
were processed and transcriptome analyses were performed,
as previously described (19). Paired-end RNAseq reads were
aligned to the GRCh38 reference genome and transcriptome
using the STAR program. Processed data of all samples met basic
quality requirements. RNAseq data were submitted in MIAMI
compliant format to Gene Expression Omnibus (GEO GSE119723).
Curated RNAseq data are also available for interrogation at the
AWSomics website: http://awsomics.org/project/mito1/.

Viability, brain death and neuromuscular assessment
in rotenone-induced RC complex I and sodium
azide-induced RC complex IV-deficient D. rerio
(zebrafish)

All protocols and methods were performed in accordance with
CHOP IACUC number 18-001154 regulations for care and use of D.
rerio at the Children’s Hospital of Philadelphia Research Institute.
Embryos and larvae were maintained at 28◦C throughout the

http://
awsomics.org/project/mito1/
http://awsomics.org/project/mito1/
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duration of experiments. Adult zebrafish (AB strain) were set
pairwise in undivided mating tanks, with resulting embryos col-
lected and sorted on 0 days post-fertilization (0 dpf) and placed
in embryo water (E3) in a 28◦C incubator overnight. On 1 dpf,
embryos were sorted to remove non-viable embryos, sanitized
with sodium hypochlorite and treated with pronase by standard
methods to promote uniform hatching. On 2 dpf, pronase was
removed and larvae were placed in E3 with phenylthiourea (PTU)
at 0.03 μg/l for all experiments to prevent larval pigment forma-
tion. Unless otherwise specified, all reagents were obtained from
Sigma-Aldrich (St Louis, MO, USA). For the rotenone-induced RC
complex I inhibition model, AB strain zebrafish larvae were pre-
treated with 100 μm cysteamine bitartrate at 5 dpf. Rotenone
stock solutions (1 mm) were prepared in DMSO. Cysteamine
bitartrate stock solutions (100 mm) were prepared in E3 with
10 mm Tris, pH 7.2. Zebrafish were co-exposed to cysteamine
bitartrate and 125 nm rotenone for ∼4 h on 7 dpf in 10 mm Tris,
pH 7.2 and 0.1% DMSO, and larvae were scored for toxic effects.
For the sodium azide-induced RC complex IV inhibition model,
AB strain zebrafish were pre-treated as larvae at 5 dpf with 0 or
100 μm cysteamine bitartrate in E3 with PTU at 0.03 μg/l, 10 mm
Tris and 0.1% DMSO. At 6 dpf, these zebrafish larvae were co-
treated with the potent RC complex IV inhibitor sodium azide
(75–125 μm) in E3 with PTU at 0.03 μg/l, 10 mm Tris and 0.1%
DMSO. After 16–18 h of sodium azide exposure either with or
without cysteamine bitartrate pre-treatment, larvae were scored
on 7 dpf for toxic effects.

For both models, viability was scored by presence or absence
of a gray brain phenotype, representing brain death (33). Tap
and touch response were scored as previously described (33),
where the larvae with gray brains were unresponsive to stimuli
such as tapping the culture dish or directly touching the larvae
with a probe. While slow heartbeats were observed in some fish
with gray brains, none recovered normal swimming activity or
neuromuscular behavioral responses and were therefore scored
as non-surviving. After scoring, surviving fish were euthanized
by immersion in ice water. Statistical analysis was undertaken
of at least three independent biological replicates per condition
using Student’s t-test using GraphPad Prism 7.04.

Supplementary Material
Supplementary Material is available at HMG online.
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