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ARTICLE INFO ABSTRACT

Keywords: Mitochondrial dysfunction has been proposed as one of the pathobiological underpinnings in Parkinson’s disease.

Turmeric Environmental stressors, such as paraquat, induce mitochondrial dysfunction and promote reactive oxygen

PMltOChondnal function species production. Targeting oxidative stress pathways could prevent mitochondrial dysfunction and thereby
araquat

halt the neurodegeneration in Parkinson’s disease. Since curcumin is touted as an antioxidant and neuro-
protective agent, the aim of this study was to investigate if curcumin is a suitable therapy to target mitochondrial
dysfunction in Parkinson’s disease using a paraquat-toxicity induced model in fibroblasts from LRRK2-mutation
positive Parkinson’s disease individuals and healthy controls. The fibroblasts were exposed to five treatment
groups, (i) untreated, (ii) curcumin only, (iii) paraquat only, (iv) pre-curcumin group: with curcumin for 2hr
followed by paraquat for 24hr and (v) post-curcumin group: with paraquat for 24hr followed by curcumin for
2hr. Mitochondrial function was determined by measuring three parameters of mitochondrial respiration
(maximal respiration, ATP-associated respiration, and spare respiratory capacity) using the Seahorse XF®96
Extracellular Flux Analyzer. As expected, paraquat effectively disrupted mitochondrial function for all param-
eters. Pre-curcumin treatment improved maximal and ATP-associated respiration whereas, post-curcumin
treatment had no effect. These findings indicate that curcumin may be most beneficial as a pre-treatment
before toxin exposure, which has implications for its therapeutic use. These promising findings warrant future
studies testing different curcumin dosages, exposure times and curcumin formulations in larger sample sizes of
Parkinson’s disease and control participants.

Oxidative stress

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder with
extensive neuronal cell loss mainly in the substantia nigra, however, the
underlying cause is still unclear. Mitochondrial dysfunction has been
proposed as one of the possible pathobiological underpinnings in PD [1].
Brain samples of deceased PD patients and animal PD models showed
reduced activity of mitochondrial complex I and impaired mitochondrial
function [2,3]. Also, the PD-causing LRRK2 genetic mutations, G2019S
and R1441C, have been shown to play a role in the disproportionate

degradation of mitochondria, via mitophagy [4]. LRRK2 mutations are
one of the most common causes of familial PD worldwide, with an
estimated prevalence of three familial PD cases per 100 000 individuals
[5]. Furthermore, LRRK2 mutations are also observed in non-familial,
sporadic forms of PD which highlights the importance of utilizing
LRRK2 mutations to elucidate disease mechanisms for all types of PD.
Various environmental stressors have also been linked to increased risk
of PD. The well-known environmental stressor, 1-methyl-4-phenyl-1,2,
3,6-tetrahydropyridine (MPTP), leads to acute parkinsonian syndrome
and is known to disrupt mitochondrial complex I [6]. The herbicide
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paraquat, chemically similar to MPTP, has also caused PD-related
symptoms and neurodegeneration in animal and cellular models [7].
These environmental stressors are known to induce mitochondrial
dysfunction and promote production of reactive oxygen species [8],
implying a relationship between mitochondrial impairment and oxida-
tive stress. This relationship could be exploited by targeting oxidative
stress to prevent mitochondrial dysfunction and thereby halting or
slowing neurodegeneration in PD.

The polyphenol curcumin has been touted as an antioxidant and anti-
inflammatory agent [9]. A previous study by our group, using a
siRNA-mediated knock down PINK1 model of PD, showed that curcumin
protected against mitochondrial dysfunction and cell death [10]. The
antioxidant and cellular-protective effects of curcumin highlights it as a
suitable therapeutic candidate to target the mitochondrial dysfunction
observed in PD pathology. Therefore, the aim of this exploratory study
was to investigate the effect of curcumin on mitochondrial dysfunction
in a cellular model of PD, specifically within dermal fibroblasts derived
from LRRK2-mutation positive PD and healthy control participants.

2. Materials and methods
2.1. Participant recruitment and cell culture

Ethical clearance was obtained from the Health Research Ethics
Committee of Stellenbosch University, Cape Town, South Africa (2002/
C059). Skin samples were obtained from the upper arm, and dermal
fibroblasts derived, from three LRRK2-mutation positive PD participants
and six healthy control participants from Tygerberg Academic Hospital
and surrounding areas in Cape Town, South Africa (Table 1). LRRK2
mutation status was confirmed using Sanger sequencing for the het-
erozygous G2019S (N = 1) [11] and R1441C (N = 2) mutations (un-
published). Fibroblasts were cultured in DMEM growth media
containing 10% foetal bovine serum and 1% penicillin-streptomycin
(1000U/ml).

2.2. Curcumin and paraquat treatments

Curcumin treatment was investigated in the presence and absence of
the herbicide, paraquat, which is commonly used as a PD toxicity model.
Initially, curcumin and paraquat dosage curves were performed to
identify optimal concentrations for the study. The concentrations and

Table 1
Demographic information for the Parkinson’s disease and control participants
investigated in this study.

Genetic Disease Population Sex  Ageat Age at

Mutation Status Group Biopsy (yrs) Onset (yrs)

LRRK2 PD case 1 MA M 72 62
R1441C

LRRK2 PD case 2 White F 75 42
G2019s

LRRK2 PD case 3 MA F 70 61
R1441C

Wild type Control 1 MA F 67

Wwild type Control 2 Afrikaner M 75

Wild type Control 3 MA F 67

Wild type Control 4 White F 61

Wild type Control 5 MA M 77

Wild type Control 6 MA M 67

Age at biopsy refers to the age when a skin biopsy was performed to obtain the
dermal fibroblasts from the PD and control participants. Age at onset refers to
the age when PD was first diagnosed in the PD participant, by the neurologist.
Afrikaner population group represents individuals mainly from Dutch, German
and French ancestral origins. F: Female, LRRK2: Leucine Rich Repeat Kinase 2,
M: Male, MA: Mixed Ancestry (representing an admixture of African, European
and Asian ancestries unique to South Africa), PD: Parkinson’s disease, White:
Individuals of European ancestry, yrs: Years.
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incubation times for curcumin and paraquat were determined using the
cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The MTT reagent (10 mg/ml) was added to cells,
seeded at 7000 per well, and incubated for 3hr at 37 °C and 5% CO5.
Absorbance, and by inference, cell viability, was determined at 570 nm
using a spectrophotometer (BioTek Instruments Inc., USA). The final
curcumin concentration (1 pM) used in the treatment incubations was
determined as the optimal concentration with no decrease in viability,
whereas the final paraquat concentration (14 mM) was determined
where at least 50% viability was lost. Five treatment groups were
selected, namely: (i) untreated (contained DMSO solvent), (ii) 1 pM
curcumin for 2hr, (iii) 14 mM paraquat for 24hr, (iv) pre-curcumin with
1 pM curcumin for 2hr followed by 14 mM paraquat for 24hr and (v)
post-curcumin with 14 mM paraquat for 24hr followed by 1 pM curcu-
min for 2hr. These five treatments groups were used to determine the
effect of curcumin on a paraquat-exposed model of PD under these
various conditions.

2.3. Mitochondrial oxygen consumption

All fibroblasts were exposed to the five treatment groups, and
thereafter mitochondrial respiration experiments were performed using
the Seahorse XF°96 Extracellular Flux Analyzer (Seahorse Bioscience,
USA). The analyzer determines respiration by measuring the rate cells
are consuming oxygen, or the oxygen consumption rate (OCR), effec-
tively reporting on substrate-driven respiration of the mitochondrial
electron transfer system (ETS). Briefly, cells were seeded at 12 000 cells
per well and divided into the five treatment groups in a 96-well XF
Culture Plate. There were six replicates per treatment group for each
participant. In total, three experiments were performed across three
separate 96-well plates with one case and two controls included on each
plate. After treatment, media was replaced with XF assay media (1 mM
pyruvate, 10 mM glucose, 2 mM r-Glutamine, pH 7.4) and incubated for
1hr in a non-CO5 incubator. The OCR was measured across four condi-
tions: i) basal, ii) after the addition of a complex V inhibitor, oligomycin
(1 pM); iii) after the addition of FCCP (Carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone, an uncoupling agent and an
indication of electron transfer system capacity, 0.8 pM); and iv) after the
addition of complex I and complex III inhibitors, rotenone (1 pM) and
antimycin A (1 pM), respectively. The respiration measures (OCR, pmol/
min/arbitrary cell number) were normalized using the CyQuant Cell
Proliferation Assay Kit (Thermo Fisher Scientific, USA) and analyzed
using version 2.6 of the Seahorse Wave software. This assay uses these
four compounds (oligomycin, FCCP, rotenone and antimycin A) to
sequentially disrupt the ETS to assess key aspects of mitochondrial
respiration, including basal respiration, ATP production, proton leak,
maximal respiration, spare respiratory capacity and non-mitochondrial
respiration. Basal respiration is the oxygen consumed to produce the
energy required for basal cellular function, which results from ATP
production and proton leak in the mitochondria. ATP production is the
respiration that is dedicated to synthesizing ATP and is measured when
oligomycin inhibits ATP synthase in the ETS. Proton leak is the differ-
ence between ATP production and basal respiration. Maximal respira-
tion is the maximal oxygen consumed by the ETS and occurs when FCCP
disrupts the proton gradient and mitochondrial membrane potential,
allowing free flow of electrons and unregulated production of energy
(limited only by ADP levels). Spare respiratory capacity is the difference
between basal and maximal respiration. Non-mitochondrial respiration
is the (baseline) oxygen consumed by enzymes outside of the mito-
chondria, and is measured using rotenone and antimycin A which inhibit
complexes I and III, respectively, and ultimately shuts down the ETS and
energy production from the mitochondria. The parameters of mito-
chondrial respiration included in this analysis were maximal respiration,
ATP production and spare respiratory capacity. In terms of biological
importance, maximal respiration depicts the cell’s ability to meet a
physiological energy demand above that of basal conditions and reflects
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the overall metabolic activity of the mitochondria. ATP production re-
flects the capacity of the cell to synthesize ATP, the major source of
energy, to meet its physiological energy demands. Finally, spare respi-
ratory capacity indicates the cellular ‘fitness’ or ability of cells to rapidly
respond to changes in energy demands. An increase or no difference,
compared to the untreated group, in these respiration parameters indi-
cated an optimal mitochondrial metabolism, i.e. oxidative phosphory-
lation, and mitochondrial health. However, decreased respiration
indicated a dysfunction in mitochondrial metabolism and in turn,
compromised cellular health.

2.4. Statistical analyses

A total of nine participants were included in the statistical analyses
(PD, n = 3; Controls, n = 6). This PD to control ratio of 1:2 was selected
as using more controls ensured that findings are not confounded by
normal cellular function in healthy individuals, as well as being based on
previous studies on patient-derived fibroblasts [12]. Graphical repre-
sentation and descriptive summary analysis were performed using
GraphPad Prism 5 software (GraphPad Software, Inc.) and STATA sta-
tistical software, release 16 [13]. The mean mitochondrial respiration
values were reported across the five treatment groups for PD cases and
controls to compare whether (i) curcumin was “optimal for normal cell
function” (vs. untreated) (ii) paraquat was toxic (vs. untreated), and (iii)
curcumin pre- and post-treatments (vs. paraquat only) protected against
paraquat-induced toxicity.

3. Results
3.1. Only pre- and not post-curcumin had an effect on respiration

Due to the limited sample size, we report the findings as descriptive
data for the effect of curcumin treatment on respiration for each PD case
compared to its two matched controls (Table 2, Fig. 1).

3.2. PD case 1 and controls

For PD case 1 and its controls, the curcumin only treatment group,
when compared to the untreated group, showed no change for maximal
(Fig. 1: Row A) and ATP-associated respiration (Fig. 1: Row D),
(Table 2). Curcumin slightly increased spare respiratory respiration in
this PD case (Fig. 1: Row G). Paraquat reduced respiration, compared to
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the untreated, for maximal (Fig. 1: Row A), and ATP-associated respi-
ration (Fig. 1: Row D). The pre-curcumin treatment group showed
increased respiration, compared to paraquat only, for maximal respi-
ration (Fig. 1: Row A). However, no change was noted for ATP-
associated respiration (Fig. 1: Row D). Post-curcumin treatment did
not alter any of the three respiration measures, when compared to the
paraquat only group. For spare respiratory respiration, zero values were
obtained for the paraquat, pre-curcumin and post-curcumin treatment
groups (Fig. 1: Row G).

3.3. PD case 2 and controls

For PD case 2 and its controls, the curcumin only treatment group did
not differ from the untreated group, for maximal (Fig. 1: Row B) and
ATP-associated respiration in PD case 2 and controls (Fig. 1: Row E),
(Table 2). Curcumin slightly increased spare respiratory respiration in
the controls but not for the PD case (Fig. 1: Row H). Paraquat reduced
maximal (Fig. 1: Row B) and ATP-associated respiration (Fig. 1: Row E).
The pre-curcumin treatment, compared to paraquat, increased maximal
(Fig. 1: Row B) and ATP-associated respiration (Fig. 1: Row E). However,
the post-curcumin treatment showed no change in maximal (Fig. 1: Row
B) and ATP-associated respiration (Fig. 1: Row E), when compared to
paraquat. Similarly to PD case 1, zero values for spare respiratory
respiration were also obtained for the paraquat, pre-curcumin and post-
curcumin groups (Fig. 1: Row H).

3.4. PD case 3 and controls

For PD case 3 and its controls, the curcumin only treatment group,
when compared to untreated, increased maximal (Fig. 1: Row C) and
spare respiratory respiration (Fig. 1: Row I), (Table 2). However, no
change was observed for ATP-associated respiration (Fig. 1: Row F). The
paraquat only group reduced respiration for all three parameters (Fig. 1:
Rows C, F and I). The pre-curcumin treatment, compared to paraquat,
had no effect on respiration for all three parameters. Similarly, the post-
curcumin treatment did not differ from paraquat for all three respiration
parameters.

4. Discussion

In this exploratory study, we investigated the treatment effect of
curcumin in a paraquat-induced toxicity model of PD, in fibroblasts from

Table 2
Mitochondrial respiration values (mean) across the curcumin treatment groups for LRRK2-mutation positive Parkinson’s disease and unaffected control participants.
Respiration parameter Treatment PD case Control Control PD case Control Control PD case Control Control
group 1 1 2 2 3 4 3 5 6
Mean Mean Mean Mean Mean Mean Mean Mean Mean
Maximal respiration Untreated 2,81 3,64 1,56 3,47 2,05 3,11 0,78 1,20 1,32
Curcumin 3,00 3,10 1,96 2,63 2,41 2,57 0,85 1,80 2,11
Paraquat 0,44 0,22 0,12 0,29 0,26 0,66 0,24 0,09 0,67
Pre-curcumin 1,10 0,60 0,65 0,96 0,65 1,26 0,11 0,17 0,15
Post-curcumin 0,56 0,07 0,14 0,14 0,20 0,55 0,08 0,32 0,86
ATP-associated respiration Untreated 0,99 1,23 0,53 1,63 1,24 2,02 0,24 0,53 0,67
Curcumin 0,81 0,98 0,47 1,10 1,06 0,91 0,16 0,51 0,46
Paraquat 0,24 0,04 0,11 0,21 0,11 0,40 0,00 0,02 0,42
Pre-curcumin 0,86 0,32 0,42 0,79 0,43 0,81 0,09 0,15 0,18
Post-curcumin 0,39 0,10 0,08 0,11 0,19 0,33 0,10 0,08 0,64
Spare-respiratory capacity-associated Untreated 1,69 2,20 0,54 1,81 0,66 0,96 0,45 0,49 0,26
respiration Curcumin 2,10 2,01 0,95 1,44 1,28 1,56 0,67 0,93 1,29
Paraquat 0,00 0,00 0,00 0,00 0,00 0,00 0,11 0,16 0,00
Pre-curcumin® 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Post-curcumin® 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,23 0,00

Respiration data (oxygen consumption rates, pmol/min/AU) were represented as mean values for the five treatment groups between each of the LRRK2-mutant PD and
unaffected control participants. PD case 1 was compared to Controls 1 and 2; PD case 2 was compared to Controls 3 and 4; PD case 3 was compared to Controls 5 and 6.
2For spare respiratory capacity, the zero values for means of pre- and post-curcumin groups were possibly due to excess cellular energy depleted by the stressors,
paraquat and FCCP. ATP: Adenosine Triphosphate, FCCP: Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, PD: Parkinson’s disease.
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Fig. 1. Scatterplot profile of mitochondrial respiration
parameters (pmol/min/AU) across five treatment groups
in fibroblast cells derived from Parkinson’s disease and
control participants. The three respiration parameters
evaluated were maximal (A-C), ATP-associated (D-F)
and spare respiratory (G-I) respiration. The raw respi-
ration values (4-6 technical replicates) are indicated by
open circles for PD cases and closed circles for controls.
The respiration parameters were compared between a
mutation-positive PD case and their matched controls
(PD case 1 with controls 1 and 2; PD case 2 with controls
3 and 4; PD case 3 with controls 5 and 6). ATP: Aden-
osine Triphosphate, OCR: oxygen consumption rate, PD:
Parkinson’s disease.
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LRRK2-mutation positive PD and control participants. Mitochondrial
function was assessed in the form of mitochondrial respiration param-
eters, specifically maximal respiration, ATP production and spare res-
piratory capacity. In this study, a descriptive summary of the data on the
PD and control participants was reported (Fig. 1; Table 2).

When examining the individual treatment groups, paraquat consis-
tently reduced mitochondrial respiration for all three parameters. These
findings confirm that paraquat toxicity may disrupt mitochondrial
metabolic activity by preventing the cell from meeting its energy de-
mands and in turn compromising cellular health. This supports the
previous literature on paraquat effectively inducing mitochondrial
damage [14], and therefore provides further support for paraquat as a
model of mitochondrial dysfunction. In the absence of paraquat, cur-
cumin showed no change in maximal respiration and ATP-associated
respiration but improved spare respiratory capacity.

Interestingly, we found that in the presence of paraquat, the timing
of the insult (before or after curcumin treatment) had different effects on
the ability of curcumin to protect against mitochondrial dysfunction.
Pre-treating the cells with curcumin, before paraquat treatment,
improved maximal respiration and ATP-associated respiration. Howev-
er, this pre-curcumin treatment showed no effect on spare respiratory
capacity. In contrast, the post-treatment of curcumin, after paraquat
treatment, did not improve mitochondrial respiration across the three
parameters. It is possible that the mitochondrial and cellular damage
was too extensive as a result of the paraquat toxicity and therefore could
not be rescued by curcumin. The exact mechanism of action for paraquat
on mitochondrial function is still unclear with conflicting evidence for
its role as a mitochondrial complex I uncoupler [7]. Paraquat is thought
to interfere with mitochondrial redox cycling [15] and this mechanism
may be irreversible leading to cell death and thereby limiting the pro-
tective effect of curcumin in the post-treatment experiments, in our
study. Furthermore, since many studies only perform a pre-curcumin
treatment, we are unable to compare our findings to other published
studies, and therefore further studies to corroborate our observations are
warranted.

A limitation of the present study is the small sample size (n = 9)
which constrains the statistical power. Therefore, the findings reported
here should be interpreted with caution and is limited in the inferences
that can be made to a larger population. Recruitment of additional
LRRK2-mutation positive PD patients for this study was challenging
within the South African context as these mutations seem to be relatively
uncommon within this population with a frequency of 1.2%, as indi-
cated by our previous study [11]. Another limitation of our study was
that for spare respiratory capacity, the extensive metabolic damage
recorded respiration values as zero, for treatments including the para-
quat toxin, thereby indicating that the excess cellular energy was
depleted (Fig. 1: Rows G — I, Table 2). It is possible that the cells were
stressed beyond their residual energy capacity due to paraquat, in
addition to the electron transfer system uncoupler FCCP. Strengths of
this exploratory study include that this work was done on an ex-vivo
model from the unique South African admixed population from
sub-Saharan Africa. Also, to our knowledge, it is the first study to
investigate the effect of curcumin on mitochondrial respiration in a
human ex-vivo model of PD.

In conclusion, our study showed that using curcumin as a pre-
treatment had potential protective effects, which has implications for
its therapeutic usage. Although speculative, it appears likely that cur-
cumin would be most beneficial before PD symptoms or excessive
cellular damage has occurred and therefore may be useful as a dietary
supplement before the onset of disease. These promising findings war-
rant further studies in larger sample sizes of PD and control participants
and in carriers of other PD-causing mutations. Future studies should also
investigate the effect of different curcumin dosages, treatment exposure
times and formulations of curcumin (e.g. nanocurcumin) in patient-
derived cellular models and healthy controls. More research into
nutraceuticals, such as curcumin, are needed as a potential therapeutic
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agent that could be used in combination with existing/conventional
drug therapies to prevent or slow the progression of neurodegeneration
in PD and related disorders.
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