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ARTICLE INFO ABSTRACT
Keywords: Aims: Mitochondrial dysfunction is implicated in several diseases, including neurological disorders such as
Mitochondrial uncoupling Parkinson’s disease. However, there is uncertainty about which of the many mechanisms by which mitochondrial

Dopaminergic neurodegeneration
Adverse outcome pathway
Redox tone

Caenorhabditis elegans

function can be disrupted may lead to neurodegeneration. Pentachlorophenol (PCP) is an organic pollutant re-
ported to cause mitochondrial dysfunction including oxidative stress and mitochondrial uncoupling. We inves-
tigated the effects of PCP exposure in Caenorhabditis elegans, including effects on mitochondria and dopaminergic
neurons. We hypothesized that mild mitochondrial uncoupling by PCP would impair bioenergetics while
decreasing oxidative stress, and therefore would not cause dopaminergic neurodegeneration.

Results: A 48-hour developmental exposure to PCP causing mild growth delay (~10 % decrease in growth during
48 h, covering all larval stages) reduced whole-organism ATP content > 50 %, and spare respiratory capacity ~
30 %. Proton leak was also markedly increased. These findings suggest a main toxic mechanism of mitochondrial
uncoupling rather than oxidative stress, which was further supported by a concomitant shift toward a more
reduced cellular redox state measured at the whole organism level. However, exposure to PCP did not cause
dopaminergic neurodegeneration, nor did it sensitize animals to a neurotoxic challenge with 6-hydroxydop-
amine. Whole-organism uptake and PCP metabolism measurements revealed low overall uptake of PCP in our
experimental conditions (50 pM PCP in the liquid exposure medium resulted in organismal concentrations of <
0.25 pM), and no measurable production of the oxidative metabolites tetra-1,4-benzoquinone and tetrachloro-p-
hydroquinone.

Innovation: This study provides new insights into the mechanistic interplay between mitochondrial uncoupling,
oxidative stress, and neurodegeneration in C. elegans. These findings support the premise of mild uncoupling-
mediated neuroprotection, but are inconsistent with proposed broad “mitochondrial dysfunction”-mediated
neurodegeneration models, and highlight the utility of the C. elegans model for studying mitochondrial and
neurotoxicity.

Conclusions: Developmental exposure to pentachlorophenol causes gross toxicological effects (growth delay and
arrest) at high levels. At a lower level of exposure, still causing mild growth delay, we observed mitochondrial
dysfunction including uncoupling and decreased ATP levels. However, this was associated with a more-reduced
cellular redox tone and did not exacerbate dopaminergic neurotoxicity of 6-hydroxydopamine, instead trending
toward protection. These findings may be informative of efforts to define nuanced mitochondrial dysfunction-
related adverse outcome pathways that will differ depending on the form of initial mitochondrial toxicity.
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Introduction

Mitochondrial dysfunction is associated with numerous human pa-
thologies, including myopathies, cancer, and neurodegenerative dis-
eases including Parkinson’s disease. Parkinson’s disease is characterized
by a progressive loss of dopaminergic neurons, and has both familial
(~15 %, usually early-onset) and sporadic (~85 %, usually late-onset)
cases (Samii et al. 2004). Many familial Parkinson’s disease genes are
involved in mitochondrial quality control, and environmental contrib-
utors are largely mitochondrial toxicants including pesticides such as
rotenone and paraquat (Borsche et al. 2021). However, mitochondrial
toxicity from different chemicals can take distinct forms, such as alter-
ations to oxidative phosphorylation, cellular redox state, mitochondrial
membrane potential, ATP levels, DNA homeostasis, lipid metabolism,
and the tricarboxylic acid cycle (Dreier et al. 2019; Hallinger et al. 2020;
Lehman-McKeeman 2019; Meyer et al. 2018; Yang et al. 2021). Despite
a clear link between mitochondrial dysfunction and Parkinson’s disease,
it is unclear which particular mechanism(s) of mitochondrial dysfunction
specifically drive cell death in dopaminergic neurons (Delp et al. 2021).
This mechanistic detail is important to understand, because screening
efforts demonstrate that a large number of chemicals appear to cause
some form of mitochondrial dysfunction (Attene-Ramos et al. 2013;
Datta et al. 2016; Will and Dykens 2014; Wills 2017). Therefore, un-
derstanding which specific mitochondrial mechanisms may lead to
dopaminergic degeneration and Parkinson’s disease will allow more
focused investigation of chemical contributors. Some proposed adverse
outcome pathways (AOPs; conceptual tools describing sequential cause-
effect relationships between an initial toxicant-cellular target interac-
tion and ultimate disease outcomes) (Edwards et al. 2016) link specific
mechanisms of mitochondrial toxicity, such as Complex I inhibition
(Terron et al. 2018), to dopaminergic neurodegeneration. Others instead
propose that the broad category of “mitochondrial dysfunction” leads to
dopaminergic neurodegeneration (Cao et al. 2018). We have argued that
it is unlikely that all forms of mitochondrial dysfunction have the same
effect on dopaminergic neurodegeneration (Dreier et al. 2019), because
the downstream outcomes of different forms of mitochondrial dysfunc-
tion vary. In particular, as described below, there is theoretical reason to
hypothesize that mild mitochondrial uncoupling may be protective in
some cases. However, empirical evidence for chemical uncoupling-
mediated protection is limited, and this idea is not universally accepted.

2,3,4,5,6-Pentacholophenol (PCP) is a chlorine-substituted phenol
that was introduced in the 1930’s as an industrial molluscicide, herbi-
cide, and disinfectant (IUPAC 1981; ATSDR 2022). Prior to limitations
that were imposed in the mid 1980's in the United States and many other
parts of the world (it is included in the Stockholm Convention), PCP was
one of the most widely used wood preservation chemicals with as much
as 50,000 metric tons being produced in 1981 (IUPAC 1981; ATSDR
2022). Entry of PCP to the environment has occurred through industrial
waste disposal and dissipation from treated materials, causing contam-
ination of water, air, and soil. PCP use has decreased in the United States
and many other parts of the world, and PCP is susceptible to degradation
from UV light and slow biotic metabolism in organisms and in the
environment. However, its use remains significant in some parts of the
world (Huo et al. 2022; World Health Organization, 1987), it is classified
as a persistent organic pollutant indicating a high likelihood for
persistence, and indeed urinary PCP is still regularly detected in the
United States (Morgan et al. 2015; Morgan 2015; National Bio-
monitoring Program, 2017) and German (Schmied-Tobies et al. 2021)
populations. Thus, PCP remains a concern in the environment even in
countries where its use has been significantly restricted. Further
underscoring this is its continued inclusion in the United States’ Agency
for Toxic Substances Disease Registry Substance Priority List that ranks
pollutant importance based on environmental occurrence and potential
health threats. PCP is #54 in the most recent, 2019 List (ATSDR, 2017).
Reported non-acute effects include chloracne in workers who were
occupationally exposed (Hryhorczuk et al. 1998), cancers (Cui et al.
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2017), and gestational diabetes (Huo et al. 2022); additional health ef-
fects have been reviewed by the United States Environmental Protection
Agency (U.S. EPA., 2010).

Perhaps more importantly, PCP is also structurally and functionally
related to many other environmental pollutants, and thus its toxico-
logical mechanisms may be translatable to other similarly structured
chemicals. Chemical mitochondrial uncouplers uncouple proton
pumping from ATP production, typically by dissipating the proton
gradient in an unproductive fashion. This dissipation is often accom-
plished by shuttling protons downgradient across the inner mitochon-
dria membrane, into the matrix. Chemicals that uncouple share the
ability to gain and lose a proton, with pKa values that allow them to
accept a proton in the intermembrane space and release it into the
matrix, and are lipophilic enough (even when ionized, often via charge
delocalization across aromatic rings) to diffuse across the inner mem-
brane (Song and Villeneuve 2021). In addition to these general chemical
characteristics, researchers have had some success in identifying tox-
icophores that identify uncouplers, informing in silico screening (Enoch
etal. 2018; Naven et al. 2013); reviewed in (Song and Villeneuve 2021).
The general (chemical-agnostic) action of chemical uncoupling has also
been proposed as an initiating event in an AOP resulting in growth in-
hibition (Song and Villeneuve 2021). Development of AOPs for un-
couplers will be useful; follow-up of screening efforts for mitochondrial
toxicants are identifying a substantial number of those mitotoxicants as
uncoupling agents (Hallinger et al. 2020; Wills et al. 2015; Xia et al.
2018).

There are two main mechanisms by which PCP exerts its toxicity.
First is the direct effect of dissipation of the proton gradient of the
mitochondrial membrane (Demine et al. 2019; Weinbach 1957). ATP
synthesis is driven by the electrochemical potential of this proton
gradient; therefore, a leaky membrane wastes energy used to initially
drive the protons across the membrane and limits the efficiency of ATP
production. In extreme cases, ATP synthase may even work in reverse,
consuming ATP to pump protons out of the matrix and maintain mem-
brane potential. Sustained and/or high-concentration exposure to PCP
can lead to reactive oxygen species (ROS) production and cell death (Xia
et al. 2018). However, there is evidence that mild uncoupling can lead to
decreases in mitochondrial membrane potential and the overall state of
reduction of the electron transport chain, reducing mitochondrial pro-
duction of ROS (Brand et al. 2004; Miwa and Brand 2003), and thus be
protective or beneficial under some circumstances. However, the idea of
protection from mild uncoupling has been best supported in the context
of endogenous uncoupling proteins, and is not uncontroversial (Shaba-
lina and Nedergaard 2011). To our knowledge, potential protective ef-
fects have not been tested with PCP.

The second mechanism in PCP toxicity is redox cycling, resulting in
the generation of ROS, by downstream metabolites of PCP (ATSDR
2022). Metabolism of PCP via cytochrome P450 enzymes produces
tetrachloro-p-hydroquinone (TCHQ) and tetrachloro-1,4-benzoquinone
(TCBQ) compounds through a series of quinone intermediates (Tsai
et al. 2001). TCBQ exposure caused glutathione depletion (Fraser et al.
2019) and oxidative DNA damage (Dahlhaus et al. 1996) in cell culture,
and glutathione depletion and induction of antioxidant genes in mouse
liver (Xu et al. 2014a). Prolonged exposures to ROS can cause neuro-
degeneration, aging, carcinogenesis, and many other harmful effects (Di
Meo et al. 2016).

In this study, we examined toxicity of pentachlorophenol and its
metabolite TCBQ using the model organism Caenorhabditis elegans. We
hypothesized that mild mitochondrial uncoupling by PCP would impair
bioenergetics while decreasing ROS, and therefore would not cause
dopaminergic neurodegeneration. To test this hypothesis, we first
exposed developing C. elegans larvae to varying concentrations of PCP in
order to identify the lowest observed adverse effect level (LOAEL) for
growth. Then, using that concentration, we tested the ability of PCP to
cause mitochondrial dysfunction and dopaminergic neurodegeneration.
Finally, we tested the ability of the worms to generate the major
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metabolite of PCP, TCBQ. Together, our data provides evidence that
mild mitochondrial uncoupling caused by PCP does not drive dopami-
nergic neurodegeneration.

Materials and Methods
Strains

The strains used in this study were N2 (Bristol wild-type strain) and
JV2 (jrIs2 [rpl-17p::Grx1-roGFP2]), which were obtained from the
Caenorhabditis Genetics Center, and BY200 (vtIs1[dat-1p::GFP]), which
was a generous gift from Michael Aschner (Albert Einstein College of
Medicine, Bronx, NY). BY200 and JV2 strains were back-crossed into the
N2 wild-type strain at least 4 times.

C. elegans culture and PCP/TCBQ exposures

Populations of C. elegans were maintained on K-agar plates seeded
with OP50 E. coli at 20 °C. Synchronized populations of nematodes were
obtained by hypochlorite/NaOH treatment of gravid adults in order to
isolate the eggs (Lewis and Fleming 1995). Embryos were allowed to
hatch for between 14 and 16 h in K + medium, previously referred to as
“complete K-medium” (Boyd et al. 2009). L1 larvae were then counted
and transferred into exposure wells containing food (E. coli) and the
chemical exposure. During exposure, a UV-sensitive strain of E. coli,
UVRA, was treated with UV radiation before use as the food source in
order to limit bacterial metabolism of the chemicals of interest (Meyer
et al. 2010). After a 48 h exposure, the worms reached the L4 stage, and
the various measurements were made.

Growth assays

Following a 48 h exposure of N2 wild-type worms to PCP, the size of
animals in each dosing group was determined using the Copas Biosorter
instrument, as previously described (Maurer et al. 2015). The Copas
Biosorter measures worm size using time of flight (TOF), which corre-
lates with the length of the worm. TOF data were plotted as a function of
PCP concentration in order to determine the LOAEL.

ATP concentrations

ATP levels were measured using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega G7572), and normalized to protein content
determined by the Pierce bicinchoninic acid assay (Thermo Scientific,
Rockford, IL) (Palikaras and Tavernarakis 2016). Briefly, worms were
collected and frozen down immediately at —80 °C. At the time of anal-
ysis, worm samples were boiled and spun down to remove debris. Ali-
quots of the worm extractions were used for ATP quantification and total
protein determination. ATP content was normalized to total protein.

Seahorse respiration assays

Following a 48 h exposure to PCP at the minimally-growth-inhibiting
concentration of 50 uM, worms were loaded into a Seahorse XFe24
microplate at a density of 75 worms/well, as described in our published
protocol (Luz et al. 2015). The worms were then subjected to a modified
version of the “mitochondrial stress test”. Briefly, basal OCR measure-
ments are taken before injection of either 25 uM (final) carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP, a mitochondrial uncou-
pler) to measure maximal respiration, or 20 uM N,N-dicyclohex-
ylcarbodiimide (DCCD, an ATP synthase inhibitor), to determine ATP-
linked respiration. After injection of either FCCP or DCCD, 14 mea-
surements were taken before a final injection of 10 mM sodium azide to
completely inhibit mitochondrial respiration and determine the non-
mitochondrial OCR. Final parameters calculated include Basal Mito-
chondrial OCR (Basal OCR - non-mitochondrial OCR), Spare Capacity
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(also referred to as Reserve Capacity, Maximal OCR - Basal OCR), ATP-
linked Respiration (Basal OCR — DCCD-inhibited OCR), and Proton Leak
(DCCD-inhibited OCR — non-mitochondrial OCR). Seahorse experiments
included 5 wells per treatment group and at least 3 experimental
replicates.

Measurement of redox status with roGFP2-Grx1 sensor

The JV2 strain expressing cytosolic roGFP2-Grx1 in all somatic cells
was used to estimate redox status. This sensor changes its structure and
fluorescence properties according to the formation or absence of disul-
fide bridges, and is a proxy for reduced/oxidized glutathione in the cell.
JV2 worms were exposed to PCP for 48 h, and then loaded into a 96-well
black plate for fluorescence readings. Each well (n = 8 wells for both the
control and exposed groups) contained 100 worms in 200 uL of K-me-
dium. Eight additional wells were loaded with unexposed controls and
treated with 1 % H305 as a positive control. The plate was incubated at
room temperature for 15 min before loading into the plate reader (BMG
Labtech FluoSTAR Omega, Cary, NC). Fluorescence values were
measured at excitation wavelengths of 400 and 490 nm with a common
emission wavelength of 510 nm. Unitless ratios were calculated as
fluorescence at 400 nm excitation divided by fluorescence at 490 nm
excitation. Increases in this ratio reflect a relative increase in oxidation
(Albrecht et al. 2011b).

Dopaminergic neurodegeneration measurements

After exposure to PCP or the vehicle control for 48 h, worms were
rinsed three times with K-medium and then divided into three groups.
One group (K + control) was immediately placed on K-agar plates
seeded with OP50 bacteria without further treatment. The second group
(AA control) was exposed to 5 mM ascorbic acid, the vehicle control for
6-hydroxydopamine, for one hour. Ascorbic acid protects 6-hydroxydop-
amine (6-OHDA) from oxidative degradation during the duration of the
exposure. The final group (6-OHDA) was exposed to 25 mM 6-OHDA in
5 mM ascorbic acid for one hour. After the acute one-hour exposure, AA-
and 6-OHDA-exposed worms were rinsed three times with K-medium
and placed on K-agar plates seeded with OP50 bacteria.

After 24 h of recovery in a 20 °C incubator, worms were picked to a 2
% agarose pad on glass slides and immobilized in 10 mM sodium azide.
The GFP-labeled dopaminergic neurons were then imaged using a
Keyence BZ-X700 All-in-One Fluorescent Microscope. Z-stacks were
obtained in the EGFP channel with a 1 pym step size (30-40 images per
stack) at 400x magnification, focusing on the four cephalic neurons in
the head of the worm. Z-stacks were then cropped to a single worm and
converted to a maximum Z-projection in ImageJ. Neuron damage was
scored visually as described (Bijwadia et al. 2021), blinded to treatment,
using the freely available scoring software we recently developed,
Blinder (Cothren et al. 2018).

Uptake and metabolism quantifications

For uptake measurements, PCP exposures were carried out for 48 h
as in other measurements. For each individual replicate, 600 worms
were exposed to 50 uM PCP for 48 h. Following exposure, the liquid
exposure was transferred to 15 mL centrifuge tubes and the worms were
pelleted at 600xg. The supernatant was removed and saved for analysis.
The worms were washed a total of 3 times as quickly as possible by
adding 10 mL K-medium and centrifuging at 600xg. Following the last
spin, the liquid was removed and the worm pellet was flash-frozen in
liquid nitrogen. Frozen worm pellets were then allowed to warm to
ambient lab temperature and spiked with internal standard (**Cg-PCP,
200 pL of 2 pg/mL solution, Cambridge Isotope Laboratories, Cam-
bridge, MA). Pellets were extracted in hexane (400 mL) via sonication
for 15 min, two times, and combined. Dosing medium (0.9 mL and 0.1
mL of concentrated sulfuric acid) was spiked with internal standard
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(13C6-PCP, 200 pL of 2 pg/mL solution) extracted via liquid/liquid
extraction with hexane (400 pL, two times). Extracts were analyzed by
GCMS using an Agilent 7890A gas chromatography system, 5975 mass
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1 L pulsed splitless injection at 200 °C at 11.45 psi on an HP5-MS 30 m
x 250 pm x 0.25 pm at a 1.3 mL/min ultra pure helium flow rate. Oven
temperature was held at 60 °C held for 1 min then ramped to 140 °C at

spectrometer, and 7693 auto sampler. Separation was completed using a 10 °C/min then ramped to 230 °C at 5 °C/min then ramped to 260 °C at
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Fig. 1. PCP causes growth delay at high concentrations, and decreases ATP and cellular oxidation at lower concentrations. Panel A, representative growth curve for
one biological replicate with increasing concentrations of PCP. For experiments, L1-stage larvae were incubated with PCP for 48 h in liquid culture in 96-well plates.
Following exposure, worms were loaded into a Copas Biosorter and Time of Flight (TOF) was measured as an indicator of worm length. Asterisks represent p <
0.0001 in one-way ANOVA with Bonferroni-corrected post-test compared to control. Panel B, compiled growth curve for three biological replicates in wild-type (N2)
and two biological replicates in the other strains used in this study, BY200 and JV2. A 2-way ANOVA analysis showed a significant effect of exposure concentration
(p < 0.0001), but not strain or interaction (p = 0.67 and 0.96, respectively). The 50 uM PCP dose used in all subsequent experiments is highlighted in green. Panel C,
uptake data for PCP with wild-type (N2) worms. For experiments, incubations were prepared of UV-inactivated E. coli + 50 uM PCP (first two bars, no worms
present), and E. coli + worms + 50 uM PCP. For incubations with worms, PCP was measured in the supernatant (External [PCP]) and in the lysed worm pellet after 3
brief washes with K-medium (Internal [PCP]). Panel D, ATP content in control and PCP-exposed worms. ATP content was determined using a luminescence-based
ATP kit (see Methods) in wild-type (N2) worms after a 48 h exposure to 50 uM PCP. Asterisks represent p < 0.001, student’s unpaired t-test, 9 biological replicates.
Panel E, normalized ratio of Grx1-roGFP2 fluorescence (JV2 strain) with excitation wavelengths of 400 nm / 470 nm after a 48 h exposure to 50 uM PCP or a 30 min
exposure to 3 % H,0, (positive control). Ratios were normalized to the vehicle control group. Shown are compiled data from > 3 biological replicates. Asterisks
represent *, p < 0.05, **, p < 0.01, one-way ANOVA with Bonferroni-corrected post testing for significance compared to the vehicle control.
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10 °C/min and held for 5 min. SIM parameters were as follows: 7 — 35
min: m/z 87.00, 147,00, 165.00, 166.00 172.00 247.00, 248.00, 265.00,
266.00 and 271.00.

Statistical methods

For growth experiments with multiple concentrations of PCP or
TCBQ, a one-way ANOVA was used with Bonferroni-corrected multiple
comparisons to determine significant differences in size at each con-
centration compared to the vehicle control. For analysis of growth in-
hibition across exposure concentrations and across nematode strains, we
used a 2-way ANOVA. The Seahorse analysis was performed using a
Student’s unpaired t-test. Pairwise analysis of the neurodegeneration
data was performed with a Chi-squared analysis and Bonferroni
correction for multiple comparisons. Error bars in all graphs represent
standard error of the mean.

Results
PCP disrupts mitochondrial function

To be able to determine the effects of PCP on mitochondria and
neurodegeneration in C. elegans without confounding effects of major
growth delay but at concentrations at which at least mild organismal
outcomes were observed, we first measured larval growth in the pres-
ence of varying exposure concentrations of PCP (Fig. 1A). We observed a
concentration-dependent decrease in growth, with the highest concen-
trations causing growth arrest at the L1 stage (reflected in the plateau at
~ 150 TOF). With this growth curve, we identified the lowest concen-
tration causing a growth delay (LOAEL) as 45 uM. Based on this result,
we chose 50 pM exposure concentrations for additional experiments.
Because this concentration had an effect on growth, we can be confident
that the negative results we observed (e.g., neurodegeneration) cannot
be attributed to such limited uptake that no biological effect was
observed. At the same time, because the growth effect was small, we can
be confident that growth differences were not enough to confound
measurements of mitochondrial function. We detected no difference in
sensitivity to PCP of the different strains used in this study (Fig. 1B).

We next performed uptake experiments using LC/MS to determine
the internal concentration of PCP, and observed that<1 % of PCP was
taken up by the worms (Fig. 1C). After the 48 h incubation with 50 pM
PCP, we measured ~ 10 pM PCP in the supernatant. We detected an
unidentified molecule with structural resemblance to PCP in the control
(no PCP) groups that contained worms that was absent in the controls
with no worms, suggesting it was produced by worms. The signal (un-
known molecule + PCP) was present at a similar level in control and
PCP-exposed worms. Additionally, in two of four replicates of internal
concentration, levels were below the limit of detection (0.018 uM,
shown as dashed line in Fig. 1C). Overall, these data suggest that uptake
is very low and the relevant internal concentrations after an external
exposure of 50 uM PCP are<0.25 uM. We note that our experimental
design did not allow us to ascertain how much of the low uptake was the
result of the toxicokinetic properties of C. elegans, versus extrinsic fac-
tors such as possible binding of the test compound to the plastic well
surfaces.

We then measured whole-worm ATP content after 48 h PCP exposure
(Fig. 1D). We observed a statistically significant ~ 50 % decrease in ATP
after PCP exposure, indicating that PCP was having a dramatic effect on
energy metabolism in the worms. We also measured whole-worm redox
status using the JV2 strain in which a cytosolic roGFP2-Grx1 sensor is
expressed ubiquitously in somatic cells (Fig. 1E). This sensor permits in
vivo estimation of the oxidized/reduced glutathione ratio via surface
residues mutated and replaced with cysteine in positions that can form
disulfide bonds (Back et al. 2012). The roGFP2-Grx1 fusion of gluta-
redoxin (Grx1) and roGFP2 (Albrecht et al. 2011a) allows the relative
amount of GSSG and GSH to be determined by measuring the
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fluorescence at 400 nm and 490 nm respectively (Dooley et al. 2004).
The ratio of fluorescence values for 400 nm/490 nm corresponds to the
GSSG/GSH ratio inside the organism. We found significantly decreased
oxidation (i.e., a more reduced state) in PCP-exposed worms, consistent
with mitochondrial uncoupling resulting in decreased production of
ROS.

To directly assess mitochondrial function, we then measured mito-
chondrial respiration in whole living worms after PCP exposure using
the mitochondrial stress test (Fig. 2A) performed on a Seahorse XFe24
extracellular flux analyzer. Using the mitochondrial stress test, we
observed no difference in basal OCR with PCP exposure (Fig. 2B).
Interestingly, despite the significant decrease in ATP content (Fig. 1C),
we observed no difference in ATP-linked OCR (Fig. 2C). However, we
did observe a significant ~ 30 % decrease in spare capacity, reflecting a
decrease in maximal respiration (Fig. 2D). We also observed a sub-
stantial increase in proton leak (Fig. 2E). Together, these findings are
consistent with mild mitochondrial uncoupling and indicate that at
concentrations that cause only mildly delayed growth in the worms, PCP
uncoupled mitochondria.

PCP does not cause neurodegeneration or exacerbate 60HDA-induced
dopaminergic neurodegeneration

Dopaminergic neurons are highly energetic and rely heavily on
mitochondria for ATP synthesis. This is one reason that dopaminergic
neurons are thought to be particularly sensitive to mitochondrial
toxicity (Surmeier 2018). Therefore, we wanted to test if PCP exposure,
which we knew was decreasing ATP concentrations in the worms, would
cause neurodegeneration on its own, or increase the dopaminergic
neurodegeneration induced by 6-hydroxydopamine (60HDA), a com-
mon Parkinson’s disease model utilized in our laboratory (Gonzalez-
Hunt et al. 2014; Hartman et al., 2019). To observe neurodegeneration,
we used the BY200 strain expressing GFP driven by the dat-1 (dopamine
transporter) promoter (Fig. 3A) to visualize the four CEP neurons in the
head of the worm. Each neuron is labeled by a bright cell body near the
pharynx, and a single dendrite extending to the nose of the animal.
Damage from neurotoxicants appears as bright spots, or “blebs”
(Fig. 3B), and absence of continuous fluorescence, or “breaks” (Fig. 3C).
In more severe damage, the entire dendrite or cell body may be missing.
Following a 48 h incubation with UV-inactivated E. coli and vehicle or
50 uM PCP, we divided worms into three groups. One group we left in
complete K-medium (Fig. 3D, “K+7), one group we exposed to the
60HDA stabilizer ascorbic acid (“AA”), and the third group we exposed
to 60HDA dissolved in ascorbic acid (“60HDA”). We observed no in-
crease in neurodegeneration with PCP alone (Fig. 3D, no significant
difference between K + groups in control and PCP-exposed worms). We
also found that regardless of PCP exposure, 60HDA caused neuro-
degeneration as reflected by an increase in the appearance of damage
such as blebs and breaks and complete loss of dendrites. However, when
compared to the control group, PCP-exposed worms were not more
sensitive to 60HDA. In fact, if anything, we saw the opposite: while not
reaching the < 0.05 level of statistical significance, the data trended
toward indicating protection (p = 0.073) from the damaging effects of
60HDA.

Effects of PCP cannot be attributed to the redox-cycling metabolite TCBQ

Since PCP is metabolized in mammals to the redox-active metabolite
TCBQ, we wanted to test if this metabolite could be contributing to the
mitochondrial phenotypes observed in this study. To determine this, we
first tested if we could detect the metabolite after exposing worms to 50
uM PCP for 48 h. Our limit of detection for this analysis was 0.41 uM. We
could not detect any TCBQ in the worm pellet or the supernatant (data
not shown), suggesting that any product formation was less than our
limit of detection. We also exposed worms directly to TCBQ. We
measured uptake of TCBQ after a 48 h exposure to 50 uM TCBQ and
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Fig. 2. Exposure to PCP reduces spare respiratory capacity and increases proton leak in C. elegans. For experiments, L1-stage N2 (wild-type) worms were incubated
with 50 uM PCP and UV-inactivated E. coli for 48 h. Following exposure, worms were loaded into a Seahorse XFe24 plate at a density of approximately 75 worms per
well. Panel A, depiction of the concept of the mitochondrial stress test, indicating which portion of the measurements are used to calculate the parameters in panels B-
E. Note that although injection of DCCD (ATP synthase inhibitor) and FCCP (uncoupler) are shown as sequential injections, for C. elegans experiments we run these
inhibitors in separate wells as previously published (Luz et al. 2015). All measurements are normalized to the confirmed number of nematodes in each well (counted
after the conclusion of the flux measurements). Panel B, Basal OCR represents the baseline OCR - non-mitochondrial respiration (azide-inhibited OCR). Panel C, ATP-
linked OCR is calculated as the difference between baseline OCR and the DCCD-inhibited rate. Panel D, Spare capacity is calculated as the difference between
maximal FCCP-induced OCR and the baseline OCR. Panel E, proton leak is calculated as the difference between DCCD-inhibited OCR and the non-mitochondrial
azide-inhibited OCR. Data represent n = 5 wells per group per biological replicate and a total of three biological replicates (or six for basal OCR). *, p < 0.05,
** p < 0.01, student’s unpaired t-test.

found similar levels in the worm pellet and supernatant (Fig. 4A). These
levels were considerably lower than the original concentration, about 4
% of the starting concentration, suggesting either instability of TCBQ in
the incubation mixture or sticking to the exposure well surfaces. We then
tested growth inhibition of worms developmentally exposed to TCBQ for
48 h. We found that the worms were developmentally delayed beginning
at the 10 pM concentration and were growth arrested at 50 uM (Fig. 4B).
These results show that worms are more sensitive to growth inhibition
from TCBQ compared to PCP, as lower concentrations are required to
cause growth delay. Given that we did not detect any TCBQ in PCP-
exposed worms, we do not expect that TCBQ is contributing to the
phenotypes observed in this study. This is also supported by our

observation of a more-reduced redox state after PCP exposure, as
opposed to the more oxidized state that would be expected if the redox-
cycling metabolite were driving cellular effects.

Discussion

In this study, we demonstrate that PCP exposure causes growth delay
in C. elegans, and observe significant mitochondrial dysfunction even at
exposure levels that cause minimal growth delay. The observed toxicity
is consistent with uncoupling of mitochondria, characterized by de-
creases in organismal ATP levels, reduced spare respiratory capacity,
and increased proton leak. However, despite the deleterious impacts on
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Fig. 3. PCP exposure does not cause neurodegeneration or exacerbate 6-hydroxydopamine-induced neurodegeneration. For experiments, 48-h exposures were
carried out with 50 uM PCP and UV-inactivated E. coli. After exposure, worms were either plated immediately to K-agar plates to recover (K + group), or were
immediately exposed to 25 mM 6-hydroxydopamine (60HDA group), or its vehicle 5 mM ascorbic acid (AA group). The neurons were then visualized in the BY200
strain expressing GFP under the control of the dat-1 (dopamine transporter) promoter. We focused our analysis on the 4 cephalic neurons in the head, with bright cell
bodies near the pharynx and dendrites extending to the nose (Panel A, intact neurons). Damage was scored as the presence of bright inclusions or “blebs” (Panel B) or
“breaks” in the dendrite (Panel C). Panel D shows the compiled frequency of each score from 2 biological replicates and a total of 50 worms per group (200 neurons
per group). P-value shown is based on a Chi-squared analysis.
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Fig. 4. TCBQ is taken up into worms, but cannot explain the effects of PCP. Panel A, metabolism data for PCP. For experiments, incubations were prepared with
E. coli + N2 worms + 50 pM TCBQ. TCBQ was measured in the supernatant (External [TCBQ]) and in the lysed worm pellet after 3 brief washes with K-medium
(Internal [TCBQ]). Panel B, growth curve for increasing concentrations of TCBQ. For experiments, L1-stage N2 larvae were incubated with TCBQ and UV-inactivated
E. coli for 48 h in liquid culture in 6-well plates. Following exposure, worms (n > 40 per group) were placed on food-free K-agar plates and imaged using a ste-
reomicroscope equipped with a camera. The worm volume was then calculated using the ImageJ plugin WormSizer (Moore et al. 2013). Experiments were performed
in biological triplicate. **, p < 0.01, one-way ANOVA with Bonferroni-corrected multiple comparisons compared to control.

mitochondrial function, we did not observe PCP-induced neuro-
degeneration in the dopaminergic cephalic neurons, nor did PCP exac-
erbate dopaminergic neurotoxicity of 6-hydroxydopamine. Together,
these findings contribute to a larger question about exactly what forms
of mitochondrial toxicity may drive selective degradation of

dopaminergic neurons, such as that observed in sporadic Parkinson’s
disease. Specifically, these results are inconsistent with a role for mito-
chondrial uncoupling or its downstream consequence of energetic (ATP)
depletion in driving neurodegeneration. This suggests that in the effort
to determine which of the many chemicals that cause mitochondrial
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toxicity (Attene-Ramos et al. 2015; Attene-Ramos et al. 2013; Meyer
et al. 2018; Meyer et al. 2013; Pereira et al. 2009; Wills et al. 2015) also
contribute to dopaminergic neurodegeneration, it may be possibly to
limit research effort to a subset of more specific forms of mitochondrial
dysfunction, rather than considering all mitotoxicants. Additional
research will be required to determine specifically which forms of
mitochondrial toxicity, and which downstream effects, drive dopami-
nergic neurodegeneration. Illustrating the degree to which the specific
form of mitochondrial dysfunction is critical, Delp et al. examined 21
different pesticides that inhibited Complex I, II, or III, and reported that
some inhibitors of Complex I and Complex III, but no Complex II in-
hibitors, were toxic to dopaminergic cells in culture (Delp et al. 2021).
Previous work by the same group (Delp et al. 2019) did not support a
specific neurotoxicity of mitochondrial uncouplers.

Our observation of dramatically reduced growth in the presence of
increasing concentrations of PCP fits with previous studies in other or-
ganisms. PCP causes growth delays in Saccharomyces cerevisiae, human
neuroblastoma cells, zebrafish embryos, and Helix aspersa (Ehrlich et al.
1987; Fraser et al. 2019; Gomot-De Vaufleury 2000; Xu et al. 2014b).
The growth delay we observed in our study suggests that PCP causes
similar developmental effects in C. elegans. Studies in Saccharomyces
cerevisiae suggest that these mechanisms may be targeting RNA pro-
duction and ribosome synthesis, either by PCP itself or via a downstream
metabolite (Ehrlich et al. 1987). If PCP exposure acts via analogous
pathways in the worm, it is possible that developing larvae may not be
producing adequate amounts of protein and are suffering growth delays
as a result. This observation is consistent with a recently-published AOP
for mitochondrial uncoupling leading to growth inhibition (Song and
Villeneuve 2021).

At a concentration causing minimal growth delay, PCP had dramatic
effects on energy metabolism, including a significant, >50 % reduction
in whole-worm ATP, and a ~ 30 % decrease in spare respiratory ca-
pacity. Interestingly, the reduction in ATP was not reflected in a change
in ATP-linked OCR. We would have anticipated that the loss of ATP
would drive a higher demand for ATP production through the ETC, and
therefore an increase in ATP-linked OCR. Uncoupling itself increases
OCR, as observed with the intentional high-concentration addition of
FCCP (Fig. 2A). The lack of increase may suggest that there was not
sufficient substrate available to increase ATP-linked OCR, or that dam-
age to the ETC prevented an increase in this rate. However, other aspects
of mitochondrial respiration were more dramatically impacted by PCP,
including spare capacity and proton leak.

Spare respiratory capacity, also known as respiratory reserve ca-
pacity, represents the amount that mitochondria are able to increase
respiration under conditions of higher demand (Brand and Nicholls
2011). Our observation that the spare capacity of the exposed worms
was reduced compared to the unexposed control worms indicates that
the exposed animals are operating closer to their maximum OCR than
the untreated worms. A reduced maximum OCR leads to a diminished
ability for the worms to respond to other stressors by increasing their
OCR.

Reduced spare capacity and increased proton leak are both consis-
tent with PCP mitochondrial membrane uncoupling. This fits with a
previous study in C. elegans demonstrating that uncouplers including
FCCP and PCP synergize with the mitochondrial toxicant (Complex IV
inhibitor) phosphine to enhance its toxicity (Valmas et al. 2008). Their
results support a mechanism in which the uncouplers’ synergistic effect
is mediated not through loss of ATP or changes to ROS, but rather
directly through the mitochondrial membrane potential collapse. Our
observation of a decreased roGFP glutathione ratio appears to be
consistent this mechanism. Increased proton leak resulting in a lower
mitochondrial membrane potential would cause a decrease in the
average state of reduction of the electron transport chain complexes and
therefore reduce electron leak to oxygen, which forms superoxide anion
(Brookes 2005; Miwa and Brand 2003; Shabalina and Nedergaard
2011). However, additional work would be required to prove that PCP-
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mediated decrease of state of reduction of the electron transport chain
was responsible for the less-oxidized redox tone and possible protection
against 60HDA, and alternative explanations exist. For example,
reduced mitochondrial membrane potential might reduce mitochondrial
uptake of 60HDA (to our knowledge, mechanisms of 60HDA mito-
chondria uptake are not known, but many molecules are taken up by
mitochondria in a membrane potential-dependent manner), or reduce
activity of monoamine oxidase (inhibiting monoamine oxidase protects
against 60HDA (Salonen et al. 1996)).

In contrast to our findings, some previous studies have reported
evidence of increased ROS or a more oxidized redox state after exposure
to PCP. In bivalves, increased antioxidant gene expression was observed
after exposure to 0.075-2 pM PCP (Xia et al. 2016). Similarly, rats fed
PCP at a concentration of 40 mg/kg had significantly increased urinary
8-epi-prostaglandin F2a and increased serum AST (Wang et al. 2001).
Another study in mice found increased 8-deoxyguanosine in liver nu-
clear DNA of PCP-fed mice, and found that PCP exacerbated
dimethylnitrosamine-induced hepatocellular carcinoma (Umemura
et al. 1999). However, these in vivo systems all included the capacity to
bioactivate PCP to its redox-active metabolites TCBQ/TCHQ. In an in
vitro system with limited metabolic capacity (splenocytes), another
group reported minimal ROS production in PCP-exposed cells but dra-
matic ROS with TCHQ, suggesting that the metabolite is responsible for
the oxidative stress (Chen et al. 2014). Our results with the biological
sensor Grx1-roGFP2 showing a more reduced environment after PCP
exposure, along with the lack of detection of TCBQ in PCP-exposed
worms, support the finding that PCP itself does not drive oxidative
stress, at least at relatively low, non-cytotoxic levels, and requires
metabolic activation in order to exert this toxicity. It is possible that high
levels of uncoupling could result in a more oxidative cellular environ-
ment by depleting reducing equivalents (NADPH) responsible for
maintaining the normal reduced:oxidized ratio of glutathione; by very
greatly accelerating electron flow, leading to an overall increase in
electron leakage, despite presumably decreasing the proportion of
electrons leaked; or by inducing general cellular toxicity.

It is somewhat surprising that we do not observe any metabolic
activation of PCP by C. elegans. As we have recently reviewed (Hartman
etal. 2021), worms do have the capacity to metabolize many xenobiotics
and their genome encodes > 80 cytochrome P450 enzymes, more than
exist in most mammals. Although CYP1A enzyme activity is notably
absent in the genome (Harris et al. 2020), CYP3A4 activity is among the
few mammalian P450 activities that have been directly observed in
C. elegans (Harlow et al. 2018). It may be that CYP1A is more important
for the production of these metabolites, or that the production of TCBQ/
TCHQ was efficiently linked to further metabolism such as conjugation
and did not reach the levels needed to observe oxidative stress. How-
ever, since we did not observe any substrate (parent PCP) depletion in
the supernatant compared to controls lacking worms, it seems unlikely
that substantial metabolism of PCP occurred during these exposures.
The general observation of slow metabolism is in general in keeping
with minimal metabolism of PCP by other organisms (U.S. EPA., 2010).

We did not observe any dopaminergic neurodegeneration from PCP
exposure alone, and when worms were pre-treated with PCP before a
neurotoxic challenge with 6-hydroxydopamine, we observed no exac-
erbation. This fits with previous literature showing neuroprotection
from mitochondrial uncoupling through uncoupling proteins and small
molecule uncouplers such as DNP (Cho et al. 2017; Kishimoto et al.
2020; Lee et al. 2017; Mattiasson et al. 2003; Wu et al. 2011), reviewed
in (Geisler et al. 2017). There is also evidence of mild uncoupling being
protective in other contexts, such as metabolic disease (Goedeke et al.
2022). We hypothesize that a critical aspect of the uncoupling-induced
cellular protection is dose: under the right circumstances, mild uncou-
pling induces protection, while dramatic and prolonged uncoupling
drives toxicity. From the perspective of mechanistic toxicology and
development of adverse outcome pathways, additional work is required
to define the degree of mitochondrial uncoupling that should be defined
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as “mitochondrial dysfunction.” Furthermore, we note that it is not
entirely clear whether “protective” levels of uncoupling are exclusively
beneficial, since there are likely trade-offs (e.g., decreased energetic
efficiency) inherently present; these may manifest upon additional
challenge, as observed by Valmas et al. (2008). The negative impact of
those trade-offs are likely context-dependent (e.g., how limiting is en-
ergy availability) as well as concentration-dependent.

Finally, while we consider the principal value of this study to be to
further mechanistic understanding of how sub-lethal mitochondrial
uncoupling affects energetics, redox state, and neurodegeneration, it is
interesting to compare the internal tissue values of PCP that we
measured to those reported for human exposure. A 1989 publication
(Cline et al., 1989) reported an average blood level of 4 ug/dL PCP in the
general United States population, 42 pg/dL in residents of log homes
treated with PCP (and children’s levels were 1.8x the concentration
found in their parents), and averages of 8.3 to 5,760 pg/dL in blood of
workers using PCP or PCP-treated materials in different occupations.
Concentrations of roughly 1,600 ug/dL and above in blood were asso-
ciated with poisoning, hyperpyrexia, and death in five workers (Wood
et al., 1983). Based on these values, we might describe ~ 5 ng/dL as
“upper range of general population,” and ~ 50 ug/dL as “high expo-
sure,” blood levels. These correspond to ~ 0.2 and 2 uM blood con-
centrations, which are similar to or somewhat above the worm-internal
PCP concentrations we measured (~0.15 pM; Fig. 1). Most PCP in
human blood is expected to be bound to blood proteins, potentially
limiting tissue distribution (ATSDR 2022), and PCP is poorly metabo-
lized in people: ~85 % of ingested PCP is excreted unchanged (U.S.
EPA., 2010). However, PCP’s high lipophilicity and slow metabolism
suggest that it could accumulate to higher levels in certain tissues in the
context of chronic exposure. Data on relative tissue distribution in
people is limited (ATDSR, 2022), but one study of autopsied individuals
who had median concentrations of 2.3 pug/dL PCP in blood, found the
highest levels in liver (0.067 ug/g), kidneys (0.043 ug/g), brain (0.047
pg/g) (Grimm et al., 1981). Tissue distribution within the worms is
unknown.

Conclusions

In this study, we show that a developmental exposure to penta-
chlorophenol causes growth inhibition/arrest at high concentrations At
a lower concentration only mildly inhibiting growth, it drove mito-
chondrial uncoupling, reduced spare respiratory capacity, increased
proton leak, decreased organismal ATP, and caused a more-reduced
cellular environment, yet did not impact dopaminergic neuronal
morphology or exacerbate neurotoxicity from 6-hydroxydopamine.
Together, these findings support a major role for uncoupling in PCP
toxicity, do not support a major role for mild mitochondrial uncoupling
in dopaminergic neurodegeneration, and further define the utility of
C. elegans as a simple screening system for mechanistic studies of
mitochondrial toxicity and neurotoxicity.
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