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PARKINSON'S DISEASE

LRRK2 regulates production of reactive oxygen species 
in cell and animal models of Parkinson’s disease
Matthew T. Keeney1,2,3, Emily M. Rocha1,2, Eric K. Hoffman1,2, Kyle Farmer1,2, Roberto Di Maio1,2, 
Julie Weir1,2, Weston G. Wagner1,2, Xiaoping Hu1,2, Courtney L. Clark1,2, Sandra L. Castro1,2,  
Abigail Scheirer1,2, Marco Fazzari3, Briana R. De Miranda1,4, Sean A. Pintchovski5,  
William D. Shrader5, Patrick J. Pagano3,6, Teresa G. Hastings1,2, J. Timothy Greenamyre1,2*

Oxidative stress has long been implicated in Parkinson’s disease (PD) pathogenesis, although the sources and reg-
ulation of reactive oxygen species (ROS) production are poorly defined. Pathogenic mutations in the gene encod-
ing leucine-rich repeat kinase 2 (LRRK2) are associated with increased kinase activity and a greater risk of PD. The 
substrates and downstream consequences of elevated LRRK2 kinase activity are still being elucidated, but overex-
pression of mutant LRRK2 has been associated with oxidative stress, and antioxidants reportedly mitigate LRRK2 
toxicity. Here, using CRISPR-Cas9 gene-edited HEK293 cells, RAW264.7 macrophages, rat primary ventral midbrain 
cultures, and PD patient–derived lymphoblastoid cells, we found that elevated LRRK2 kinase activity was associ-
ated with increased ROS production and lipid peroxidation and that this was blocked by inhibitors of either LRRK2 
kinase or NADPH oxidase 2 (NOX2). Oxidative stress induced by the pesticide rotenone was ameliorated by LRRK2 
kinase inhibition and was absent in cells devoid of LRRK2. In a rat model of PD induced by rotenone, a LRRK2 ki-
nase inhibitor prevented the lipid peroxidation and NOX2 activation normally seen in nigral dopaminergic neu-
rons in this model. Mechanistically, LRRK2 kinase activity was shown to regulate phosphorylation of serine-345 in 
the p47phox subunit of NOX2. This, in turn, led to translocation of p47phox from the cytosol to the membrane-
associated gp91phox (NOX2) subunit, activation of the NOX2 enzyme complex, and production of ROS. Thus, LRRK2 
kinase activity may drive cellular ROS production in PD through the regulation of NOX2 activity.

INTRODUCTION
Parkinson’s disease (PD) is a common neurodegenerative disease 
that results in motor impairment, autonomic dysfunction, and cog-
nitive deficits (1). Pathologically it is characterized, in part, by the 
selective loss of dopaminergic neurons in the substantia nigra (1). 
PD is a multifactorial disease that manifests from the complex inter-
play between aging, genetics, and the environment, and the mecha-
nisms that lead to neurodegeneration are multifaceted and have yet 
to be fully elucidated. Longstanding evidence implicates oxidative 
stress–induced damage as a major contributor to PD pathogenesis 
(2). Specifically, in the substantia nigra of PD postmortem human 
brain tissue, there are increased amounts of the lipid peroxidation 
product 4-hydroxynonenal (4-HNE) (3) and protein carbonyls (4) 
and diminished amounts of reduced glutathione (5), a cellular de-
fense system to combat excessive reactive oxygen species (ROS). 
Consequences of excessive ROS production and accumulation of 
lipid peroxidation products include protein damage and dysfunc-
tion, organelle failure and, ultimately, cell death. However, the key 
sources of ROS that lead to oxidative damage in PD have yet to be 
defined unambiguously.

The two major sources of ROS in most cells are mitochondria 
and reduced form of nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase 2 (NOX2). Mitochondrial dysfunction has been 
linked to PD, and there are many reports of deficient complex I 
activity in patients with PD compared with controls (6). One conse-
quence of dysfunctional complex I is the formation of cellular ROS 
(7). Increased mitochondrial ROS can lead to activation of NOX2, 
the major enzymatic source of superoxide anion, in a process called 
ROS-induced ROS production (8). The active NOX2 complex re-
sides at cellular membranes and is made up of the transmembrane 
proteins NOX2 (previously gp91phox) and p22phox and its associated 
components: the “organizer” subunit p47phox, p40phox, p67phox, and 
Rac1 (9). Before its activation, p47phox, p40phox, and p67phox exist in 
a latent, bound trimeric form. Upon p47phox phosphorylation, the 
trimer forms a complex with Rac1, which then translocates to the 
membrane, where it interacts with NOX2 and p22phox to generate 
superoxide anion (10, 11); p47phox phosphorylation and transloca-
tion to the membrane are accurate indicators of enzyme assembly 
and activation. We have recently shown that NOX2 activity is elevated 
in dopamine neurons and microglia in idiopathic PD (iPD) post-
mortem human brain tissue (12), which suggests that aberrant 
NOX2 activity may contribute to the oxidative damage observed in 
PD. Despite this knowledge, the regulation of mitochondrially de-
rived and NOX2-derived ROS, as well as their relative contributions 
to PD pathogenesis, remains to be defined.

Mutations in the leucine rich-repeat kinase 2 (LRRK2) gene 
increase the risk of developing PD and are associated with a toxic gain 
of function, that is, elevated LRRK2 kinase activity (13–16). Ac-
cumulating evidence indicates that nonmutated wild-type (WT) 
LRRK2 kinase activity is enhanced in iPD (13, 17–20); however, 
the mechanisms by which LRRK2 kinase activity contributes to 
PD remain unclear. LRRK2 kinase inhibition has been shown to 
provide neuroprotection in multiple in vivo PD animal models 
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(21–23). Overexpression of pathogenic mutant forms of LRRK2 has 
been associated with enhanced oxidative stress, and antioxidants 
reportedly mitigate LRRK2-associated toxicity (24, 25). Thus, LRRK2 
kinase activity may somehow regulate ROS production and oxidative 
damage, which, in turn, may contribute to LRRK2-associated toxicity. 
To date, however, most investigations in this regard have used 
overexpression systems and mutant LRRK2, so it remains unclear 
whether endogenous mutant LRRK2 or aberrantly stimulated endog-
enous WT LRRK2 might regulate cellular ROS.

Here, we provide evidence that LRRK2 kinase activity is a critical 
regulator of ROS production and oxidative damage in several cellu-
lar models of PD. Moreover, we propose a potential mechanism 
by which endogenous mutant LRRK2 and stimulated WT LRRK2 
kinase activity may lead to ROS production and lipid peroxidation.

RESULTS
Endogenous LRRK2 kinase activity regulates 
ROS production
Overexpression of pathogenic mutant forms of LRRK2 has been 
associated with increased production of ROS. To determine whether 
endogenous LRRK2 has an effect on ROS production, we first as-
sessed baseline cytoplasmic superoxide production using dihydro-
ethidium (DHE) in human embryonic kidney 293 (HEK293) cells 
expressing WT LRRK2. We then compared cytoplasmic superoxide 
production in CRISPR-Cas9 gene-edited, kinase-activating mutant 
G2019S LRRK2 (LRRK2GS/GS) HEK293 cells and in LRRK2 null 
(LRRK2−/−) HEK293 cells. At baseline, the DHE signal in LRRK2GS/GS 
cells was elevated in comparison with WT cells [P < 0.0005; two-
way analysis of variance (ANOVA) with Tukey correction] (Fig. 1, A 
and B). The selective LRRK2 kinase inhibitor, PF360, blocked ROS 
production in LRRK2GS/GS cells, suggesting that ROS generation in 
these cells was dependent on LRRK2 kinase activity (P < 0.005; two-
way ANOVA with Tukey correction) (Fig. 1, A and B).

Rotenone is a mitochondrial complex I inhibitor that has been 
used to model aspects of PD in vitro and in vivo (7). Binding of rote-
none to complex I can cause upstream leak of electrons from the 
electron transfer chain, and these electrons can react with molecular 
oxygen to form ROS. Downstream consequences of ROS include 
oxidative damage to proteins, especially cysteine residues and mem-
brane lipid peroxidation. In WT HEK293 cells, rotenone elicited an 
increase in ROS (DHE signal) compared with vehicle (P < 0.0001; 
two-way ANOVA with Tukey correction) (Fig. 1, A and B), which 
was prevented by cotreatment with PF360 (Fig. 1, A and B). Rotenone 
did not cause ROS production in LRRK2−/− cells (P = 0.99; two-way 
ANOVA with Tukey correction) (Fig. 1, A and B).

Because LRRK2 plays a role in immune cell function, we as-
sessed whether LRRK2 also regulates ROS production in RAW264.7 
cells, a mouse macrophage cell line. As a prerequisite, we first dem-
onstrated that rotenone treatment of the macrophages increased the 
kinase activity of the endogenous LRRK2 contained in these cells. 
Using a proximity ligation (PL) assay that detects phosphorylation 
status of the autophosphorylation site pSer1292 (PL pSer1292–LRRK2), 
we showed that rotenone increased endogenous WT LRRK2 ki-
nase activity in RAW264.7 macrophages (P < 0.0001; two-way 
ANOVA with Tukey correction) (fig. S1). Congruent results were 
obtained using the orthogonal approach of Western blotting of the 
phosphorylation state of the LRRK2 substrate, Rab10. Rotenone 
treatment led to an increase in pThr73-Rab10 signal compared with 

vehicle-treated RAW264.7 cells (P < 0.005 one-way ANOVA with 
Tukey correction) (fig. S1). Treatment with PF360 prevented the 
rotenone-induced increases in both the PL pSer1292–LRRK2 and 
pThr73-Rab10 signals (fig. S1). Having demonstrated that rotenone 
activates WT LRRK2 kinase in RAW264.7 macrophages, we next 
found that rotenone increased the macrophage DHE signal relative 
to vehicle (P < 0.0005; two-way ANOVA with Tukey correction), 
an effect that was prevented by PF360 (P < 0.0001; two-way ANOVA 
with Tukey correction) (Fig. 1, A and C). Rotenone did not in-
crease ROS in LRRK2−/− RAW264.7 macrophages (P = 0.8622; 
two-way ANOVA with Tukey correction) (Fig. 1, A and C), consis-
tent with our results in LRRK2−/− HEK293 cells. We also assessed 
whether rotenone induced DHE signals in cultured rat midbrain 
dopaminergic [tyrosine hydroxylase positive (TH+)] and nondopa-
minergic (TH−) neurons. Compared with vehicle, rotenone treatment 
led to an increase in DHE signal preferentially in dopaminergic 
neurons (P < 0.001; two-way ANOVA with Tukey correction) 
(Fig. 1, D and E). The rotenone-induced DHE signal was prevented in 
the presence of PF360 (P < 0.005; two-way ANOVA with Tukey 
correction) (Fig. 1, D and E).

We next investigated whether LRRK2 kinase activity–induced 
ROS production was relevant in patient-derived lymphoblastoid cell 
lines. Relative to healthy control cells, baseline DHE signal was 
elevated in lymphoblastoid cell lines derived from patients with iPD 
and patients harboring a LRRK2 G2019S mutation (P < 0.001 for 
both iPD and G2019S cell lines compared with healthy controls; 
two-way ANOVA with Tukey correction) (Fig. 1, F and G). The 
elevated DHE signal in lymphoblastoid cell lines from patients with iPD 
and G2019S mutation carriers was reduced to healthy control values 
by treatment with either PF360 or a structurally dissimilar LRRK2 
kinase inhibitor, MLi2 (P < 0.001 for both inhibitors compared with 
vehicle in iPD and G2019S; two-way ANOVA with Tukey correc-
tion) (Fig. 1, F and G).

As a final demonstration that rotenone-induced ROS production 
requires LRRK2 kinase activity, WT LRRK2 was overexpressed by 
transient transfection in LRRK2−/− HEK293 cells. Under these 
conditions, rotenone-induced DHE signal was only observed in 
those cells that expressed LRRK2 and not in untransfected cells in 
the same microscopic field that did not express LRRK2 (P < 0.0005; 
two-way ANOVA with Tukey correction) (Fig. 2, A and B). More-
over, treatment of transfected cells with PF360 blocked the “rescued” 
rotenone-induced ROS response associated with LRRK2 expression 
(Fig. 2C). Thus, multiple genetic and pharmacological approaches 
indicate that LRRK2 kinase activity is required for both rotenone-
induced and PD-associated ROS production.

Sustained ROS production and oxidative damage can lead to the 
accumulation of the lipid peroxidation product 4-HNE. To assess 
4-HNE, we used 4-HNE immunofluorescence in cells and tissue 
sections. Control experiments confirmed that the 4-HNE immuno-
fluorescent signal was linearly proportional to the concentration of 
exogenous 4-HNE added to the cell cultures (R2 = 0.89) (fig. S2). 
Consistent with an increase in ROS production at baseline in 
LRRK2GS/GS HEK293 cells, we observed an accumulation of 4-HNE 
in LRRK2GS/GS compared with WT HEK293 cells (P < 0.05; two-
way ANOVA with Tukey correction) (Fig. 3, A and B), which was 
prevented by PF360 (P < 0.05; two-way ANOVA with Tukey correc-
tion) (Fig. 3, A and B). Treatment with rotenone caused an increase 
in 4-HNE in WT HEK293 cells (P < 0.05 compared with vehicle; 
two-way ANOVA with Tukey correction) and RAW264.7 macrophages 
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Fig. 1. LRRK2 kinase activity drives ROS production. (A) ROS production was assessed by DHE fluorescence (red). LRRK2GS/GS-mutant HEK293 cells had an elevated 
baseline cytosolic DHE signal compared with LRRK2WT/WT cells, which was prevented by treatment with the LRRK2 inhibitor PF360 (1 μM). In WT HEK293 cells or RAW264.7 
macrophages, sublethal rotenone (50 nM) treatment increased the DHE signal compared with vehicle. This result was not observed in cells cotreated with PF360 or in 
LRRK2−/− cells. (B) Quantification of normalized DHE signal. Each symbol represents the normalized average DHE signal measured from 100 to 150 cells per treatment 
group per experiment. n = 3 independent experiments. Statistical testing by two-way ANOVA with post hoc Tukey correction; **P < 0.005, ***P < 0.0005, and 
****P < 0.0001; ns, not significant. (C) Quantification of normalized DHE signal from WT RAW264.7 cells. DHE measurements are from 100 to 150 cells per treatment group 
per experiment. n = 3 independent experiments. Two-way ANOVA with post hoc Tukey correction; ***P < 0.0005 and ****P < 0.0001; ns, not significant. (D) Shown is DHE 
fluorescence (red) in tyrosine hydroxylase (TH; blue) and MAP2 (gray) neurons in rat ventral midbrain primary cultures. Rotenone increased the DHE signal in TH+ neurons, 
and this was prevented by PF360 treatment. (E) Quantification of normalized DHE in TH+/MAP2+ and non-TH+/MAP2+ neurons. DHE signals were normalized to non-TH+ 
neurons treated with vehicle. Symbols represent normalized average DHE signals measured from 20 to 100 neurons per treatment group per culture. n = 3 independent 
cultures. Statistical testing by two-way ANOVA with post hoc Tukey correction; **P < 0.05 and ***P < 0.005. (F) DHE signals in lymphoblastoid cell lines derived from 
healthy controls, G2019S mutation carriers, and patients with iPD. The increased DHE signals in G2019S and iPD lymphoblastoid cell lines were reduced to healthy control 
values by both PF360 and MLi2 LRRK2 inhibitors. (G) Quantification of normalized DHE signals. Each symbol represents an individual donor cell line. DHE signals were 
taken from 90 to 120 cells per line; four donor lines per group. Statistical testing by two-way ANOVA with post hoc Tukey correction; ****P < 0.0001.
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(P < 0.0001 compared with vehicle; two-way ANOVA with Tukey 
correction), which was prevented with PF360; however, rotenone 
failed to further increase 4-HNE in LRRK2GS/GS cells. Consistent 
with our previous ROS data, rotenone did not cause an increase in 
4-HNE in LRRK2−/− HEK293 cells (P = 0.99 compared to vehicle; 
two-way ANOVA with Tukey correction) or in LRRK2−/− RAW264.7 
macrophages (P = 0.99 compared to vehicle; two-way ANOVA with 
Tukey correction) (Fig. 3, A to C).

We next assessed whether rotenone induced 4-HNE accumula-
tion in rat midbrain dopaminergic (TH+) and nondopaminergic 
(TH−) neurons. Congruent with our DHE results, rotenone treat-
ment led to an accumulation of 4-HNE only in dopaminergic 
neurons, not in nondopaminergic neurons, (P < 0.0001; two-way 
ANOVA with Tukey correction) (Fig. 3, D and E), and cotreatment 
with PF360 blocked the rotenone-induced 4-HNE accumulation 
(P < 0.0001; two-way ANOVA with Tukey correction) (Fig. 3, D 
and E). Similar to our DHE findings in the patient-derived lympho-
blastoid cell lines (Fig. 1, F and G), there was elevated 4-HNE in 
lymphoblastoid cell lines derived from G2019S mutation carriers 
and patients with iPD compared with those of healthy controls 

(P < 0.0001; two-way ANOVA with Tukey correction) (Fig. 3, F and 
G). LRRK2 inhibition by either PF360 or MLi2 effectively reduced 
the elevated 4-HNE signal in lymphoblastoid cell lines derived from 
G2019S mutation carriers and patients with iPD to healthy control 
values (P < 0.0001; two-way ANOVA with Tukey correction) (Fig. 3, 
F and G). Together, these results indicate that endogenous mutant 
and aberrant WT LRRK2 kinase activity regulates ROS production 
and lipid peroxidation in vitro in HEK293 cells, RAW264.7 macro-
phages, rat nigral dopaminergic neurons, and patient-derived lym-
phoblastoid cell lines.

LRRK2 inhibition prevents lipid peroxidation and 
neurodegeneration in a rat model of PD
Next, to evaluate the in vivo relevance of these findings, we used a rat 
model of PD. As described previously (23), middle-aged rats were 
treated with rotenone, with or without concomitant cotreatment with 
the brain-permeant LRRK2 kinase inhibitor PF360 (5 mg/kg BID) for 
7 to 10 days until they reached a behavioral end point, at which time 
they were euthanized for analysis. In rotenone-treated animals, there 
was a marked increase in LRRK2 kinase activity (PL pS1292–LRRK2 

Fig. 2. LRRK2 expression restores rotenone-induced ROS production in LRRK2−/− cells. (A) ROS production was assessed by DHE fluorescence (red) in LRRK2−/− 
HEK293 cells that were mock transfected and treated with vehicle or rotenone (top two rows). ROS production was assessed by DHE fluorescence (red) in LRRK2−/− HEK293 
cells transfected with WT LRRK2 and treated with vehicle or rotenone (bottom two rows). Note that in the LRRK2−/− mock-transfected cells, rotenone did not elicit a DHE 
signal. In contrast, in the LRRK2−/− cells transfected with WT LRRK2, there was a rotenone-induced DHE signal that was absent in adjacent untransfected cells that did not 
express LRRK2 (asterisks). (B) Rotenone elicited an increase in DHE signal in LRRK2WT/WT HEK293 cells compared with vehicle. (C) Quantification of normalized DHE signals. 
Note that blue bars represent WT HEK293 cells, and other bars represent LRRK2−/− cells that were either mock transfected (green) or were transfected with WT LRRK2 and 
were either LRRK2+ (purple) or LRRK2− (gray). Only cells expressing WT LRRK2 had a DHE response to rotenone; PF360 blocked the rotenone response in LRRK2-expressing 
cells. Each symbol represents the normalized average DHE signal measured from 100 to 150 cells per treatment group per experiment. n = 3 independent experiments. 
Statistical testing by two-way ANOVA with post hoc Tukey correction; ***P < 0.0005; ns, not significant.
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Fig. 3. LRRK2 kinase activity-dependent lipid peroxidation. (A) Immunofluorescence staining for 4-HNE (green), a marker of lipid peroxidation, in HEK293 cells and 
RAW264.7 macrophages. Under basal conditions, there was elevated 4-HNE signal in LRRK2GS/GS HEK293 cells that was reduced by PF360 treatment. In WT HEK293 cells 
and RAW264.7 macrophages, rotenone increased 4-HNE signals. PF360 or genetic knockout of LRRK2 prevented the rotenone-induced increase in 4-HNE signals. 
(B) Quantification of 4-HNE signals in HEK293 cells. Symbols represent mean signal taken from 100 to 150 cells per treatment group per experiment. n = 3 independent 
experiments. Statistical testing by two-way ANOVA with post hoc Tukey correction; *P < 0.05; ns, not significant. (C) Quantification of 4-HNE in RAW264.7 macrophages. 
Each symbol represents mean values obtained from 100 to 150 cells per treatment group per experiment. n = 3 independent experiments. ****P < 0.0001; ns, not sig-
nificant. (D) Immunofluorescent staining for 4-HNE (red) in TH+ (blue) and MAP2+ (gray) neurons in primary cultures of rat ventral midbrain. Rotenone increased the 4-HNE 
signal only in TH+ neurons, and this was prevented by PF360 treatment. (E) Quantification of 4-HNE in TH+/MAP2+ and non-TH+/MAP2+ neurons. Symbols represent mean 
4-HNE signals from 20 to 100 neurons per treatment group per culture. n = 4 independent cultures. ****P < 0.0001. (F) 4-HNE signals in lymphoblastoid cell lines derived 
from healthy controls, G2019S mutation carriers, and patients with iPD. The increased 4-HNE signals in G2019S and iPD lymphoblastoid cell lines were reduced to healthy 
control values by either PF360 or Mli2. (G) Quantification of 4-HNE. Each symbol represents an individual donor cell line. 4-HNE signals were taken from 90 to 120 cells per 
line; four donor lines per group. Statistical testing by two-way ANOVA with post hoc Tukey correction; ****P < 0.0001.
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signal) in substantia nigra dopaminergic neurons (P < 0.0001; one-
way ANOVA with Tukey correction) (fig. S3). Concomitant treat-
ment with PF360 blocked the increase in LRRK2 kinase activity (fig. 
S3). To assess rotenone-induced oxidative damage, we evaluated the 
accumulation of 4-HNE. Rotenone treatment increased 4-HNE in 
nigral dopaminergic neurons compared with nigral dopaminergic 
neurons from vehicle-treated rats (P < 0.005; one-way ANOVA with 
Tukey correction) (Fig. 4, A and B). PF360 cotreatment prevented 
rotenone-induced 4-HNE accumulation (P < 0.005; one-way ANOVA 
with Tukey correction) (Fig. 4, A and B). Histopathological analysis 
revealed that rotenone alone caused a significant loss in TH+ and 
Nissl-positive nigral dopaminergic neurons (P < 0.005; one-way 
ANOVA with Tukey correction), and cotreatment with PF360 pre-
vented this loss of dopaminergic neurons (Fig. 4, C and D). These 
results are consistent with the in vitro results, suggesting that oxi-
dative damage (lipid peroxidation) may be regulated by LRRK2 
kinase activity.

NADPH oxidase 2 is the major source of ROS regulated by 
LRRK2 kinase activity
To investigate how LRRK2 activity leads to ROS production, we first 
examined mitochondrial ROS production using the mitochondrial 
superoxide indicator mtSOX–deep red. At baseline, we observed 
elevated mtSOX signal in LRRK2GS/GS compared with WT HEK293 

cells (P < 0.0001; two-way ANOVA with Tukey correction) (Fig. 5, A 
and B, and fig. S4, A and B), which was reduced by treatment 
with PF360 (P < 0.0001; two-way ANOVA with Tukey correction) 
(Fig. 5, A and B) or the mitochondrial ROS scavenger mitoTEMPO 
(P < 0.005; two-way ANOVA with Tukey correction) (fig. S4, A and 
B). The mtSOX signal was reduced by mitoTEMPO, indicating that 
the mtSOX signal was specific for mitochondria. The mitochondrial 
ROS signal was blocked by PF360, confirming that it was dependent 
on LRRK2 kinase activity. To ensure this finding was a result of 
increased LRRK2 kinase activity and not an undefined G2019S 
mutation effect, we generated CRISPR-Cas9 gene-edited HEK293 
cells that harbored another LRRK2 kinase–activating mutation, 
R1441G (LRRK2RG/RG). Congruent with our earlier findings, com-
pared with WT HEK293 cells, LRRK2RG/RG HEK293 cells had an 
elevated basal mtSOX signal, like the LRRK2GS/GS cells (P < 0.001; 
two-way ANOVA with Tukey correction) (fig. S4, C and D). Treat-
ment with the LRRK2 inhibitor MLi2 reduced the mtSOX signal in 
both LRRK2RG/RG cells (P < 0.01; two-way ANOVA with Tukey 
correction) and LRRK2GS/GS cells (P < 0.0005; two-way ANOVA 
with Tukey correction) down to WT values (fig. S4, C and D).

In addition to mitochondria, NOX2 is a major source of cellular 
ROS production, and we have previously reported that there is en-
hanced NOX2 activity in nigral dopaminergic neurons and microg-
lia derived from patients with iPD (12). Moreover, rotenone-induced 

Fig. 4. LRRK2 kinase inhibition prevents lipid 
peroxidation and neurodegeneration in a rat 
model of PD. (A) Immunofluorescence staining 
for 4-HNE (red) in TH+ dopaminergic neurons 
(blue) in the substantia nigra of rats treated with 
rotenone in the presence or absence of PF360. 
Rotenone treatment caused an increase in 4-HNE 
in TH+ dopaminergic neurons, and cotreatment 
with PF360 prevented the rotenone-induced 4-
HNE accumulation. (B) Quantification of 4-HNE 
fluorescence intensity per TH+ neuron. Each 
symbol represents mean 4-HNE signal per ani-
mal. Statistical testing by two-way ANOVA with 
post hoc Tukey correction. **P < 0.005. (C) Rep-
resentative images of TH staining (green) of 
substantia nigra dopaminergic neurons of rats 
treated with rotenone with or without cotreat-
ment with PF360. (D) Stereological counts of 
nigral dopaminergic neurons. Each symbol repre-
sents an individual animal. Statistical testing by 
two-way ANOVA with post hoc Tukey correction. 
**P < 0.005.
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ROS production is markedly amplified by the activation of NOX2. 
Here, using a validated PL assay for NOX2 activity (PL p47phox–
NOX2), we detected an increase in NOX2 activity in LRRK2GS/GS 
HEK293 cells compared with WT HEK293 cells (P < 0.01; two-way 
ANOVA with Tukey correction) (Fig. 5, C and D). The peptide 
NOX2 assembly inhibitor (26, 27), NOX2ds-tat, blocked the PL 
p47phox–NOX2 signal, confirming specificity and source of the PL 
signal in the LRRK2GS/GS HEK293 cells (P < 0.01; two-way ANOVA 
with Tukey correction) (Fig. 5, C and D). Increased mitochondrial 
ROS can lead to NOX2 activation in a process called ROS-induced 
ROS production. Unexpectedly, however, mitoTEMPO did not 
diminish the NOX2 PL signal in LRRK2GS/GS HEK293 cells (P = 0.95; 
two-way ANOVA with Tukey correction), whereas PF360 completely 
suppressed the NOX2 signal (P < 0.01; two-way ANOVA with 
Tukey correction) (Fig. 5, C and D). Control experiments showed 
that neither NOX2ds-tat nor mitoTEMPO inhibited G2019S-driven 
LRRK2 kinase activity (fig. S5). Together, these results indicate that 
LRRK2 kinase activity may regulate NOX2 activation.

To determine whether mitochondria or NOX2 was the predomi-
nant source of ROS in the presence of kinase-active LRRK2, we sought 
to define the interventions that would block the baseline LRRK2GS/GS 

-dependent DHE signal. LRRK2GS/GS HEK293 cells were treated 
with NOX2ds-tat, mitoTEMPO, a scrambled version of NOX2ds-
tat (Scrm-NOX2ds-tat), or the thiol antioxidant N-acetylcysteine. 
Whereas neither the scrambled peptide nor mitoTEMPO had any 
effect, NOX2ds-tat reduced the DHE signal in LRRK2GS/GS HEK293 
cells (P < 0.0001 compared to LRRK2GS/GS vehicle; two-way ANOVA 
with Tukey correction) (Fig. 6, A to D), suggesting that the G2019S 
mutation–driven increase in DHE signal was because of NOX2 activa-
tion. N-acetylcysteine also dampened the DHE signal in LRRK2GS/GS 
HEK293 cells, presumably by quenching the NOX2-generated ROS 
(P < 0.0001; two-way ANOVA with Tukey correction) (Fig. 6, A to D). To 
confirm these findings using an alternate approach, we measured a down-
stream consequence of excessive ROS production, 4-HNE accumulation, 
under similar experimental conditions and found that only NOX2ds-tat 
reduced the baseline 4-HNE accumulation in LRRK2GS/GS HEK293 cells 
(P < 0.0001; two-way ANOVA with Tukey correction) (fig. S6).

Next, we sought to explore whether NOX2 was also the predom-
inant ROS source in RAW264.7 macrophages. First, we examined 
rotenone-induced NOX2 activity via PL p47phox–NOX2. Rotenone 
treatment increased the NOX2 signal in WT RAW264.7 macrophages 
(P < 0.0001; two-way ANOVA with Tukey correction) (fig. S7, A and 

Fig. 5. LRRK2 kinase activity promotes mitochondrial ROS production and NOX2 activation. (A) Mitochondrial ROS production was measured using mtSOX in 
LRRK2WT/WT and LRRK2GS/GS HEK293 cells. LRRK2GS/GS HEK293 cells had a stronger mtSOX signal compared with LRRK2WT/WT under basal conditions. Treatment with PF360 
decreased the elevated mtSOX signal in LRRK2GS/GS cells. (B) Quantification of normalized mtSOX signals. Each symbol represents the normalized mtSOX signal from 100 
to 150 cells per treatment group for each independent experiment. n = 3 independent experiments. Statistical testing by two-way ANOVA with post hoc Tukey correction. 
****P < 0.0001; ns, not significant. (C) NOX2 activity assessed by the PL assay, PL p47phox–NOX2 (red dots), in LRRK2WT/WT and LRRK2GS/GS HEK293 cells. Compared with 
LRRK2WT/WT cells, there was an increased PL p47phox–NOX2 signal in LRRK2GS/GS cells. Treatment with the NOX2 inhibitor NOX2ds-tat (10 μM) or PF360 (1 μM) decreased PL 
p47phox–NOX2 signal in LRRK2GS/GS cells. The mitochondrial ROS scavenger mitoTEMPO (25 nM) did not prevent the elevated PL p47phox–NOX2 signal in LRRK2GS/GS cells. 
(D) Quantification of PL p47phox–NOX2. Each symbol represents the average number of PL p47phox–NOX2 red dots per cell (as defined by DAPI staining, blue) obtained 
from 100 to 150 cells per treatment group per independent experiment. n = 3 independent experiments. Statistical testing by two-way ANOVA with post hoc Tukey 
correction. **P < 0.01; ns, not significant.
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B). Rotenone-induced NOX2 activation was prevented by cotreat-
ment with PF360 and was absent in LRRK2−/− RAW264.7 cells (fig. S7, 
A and B). Rotenone treatment led to an increase in DHE signal in 
WT RAW264.7 macrophages (P < 0.0005; two-way ANOVA with 
Tukey correction), which was blocked by cotreatment with NOX2ds-tat 
(Fig. 6, E and F). Furthermore, neither mitoTEMPO nor Scrm-
NOX2ds-tat prevented the increase in rotenone-induced DHE sig-
nal (Fig. 6, E and F). In control experiments, we confirmed that the 
increase in NOX2-derived ROS was not due to changes in NOX2 

protein expression: Rotenone, PF360, and LRRK2 knockout had no 
effect on NOX2 and p47phox protein expression (fig. S7, C to F).

We also examined whether LRRK2 regulated NOX2 activi-
ty in the in vivo rotenone rat model of PD (Fig. 4). Rotenone 
treatment led to a marked increase in NOX2 activity as assessed 
by PL p47phox–NOX2 in nigral dopaminergic neurons. This was 
prevented by coadministration of PF360 (Fig. 7, A and B), sug-
gesting that LRRK2 activity is upstream of NOX2 activation. To 
confirm the relevance of our findings, we sought to determine 

Fig. 6. NOX2 activity is the major source of ROS in the presence of kinase-active LRRK2. (A) Cellular ROS production was measured by DHE fluorescence in LRRK2WT/WT 
and LRRK2GS/GS HEK293 cells. Basal DHE signal was elevated in LRRK2GS/GS compared with LRRK2WT/WT HEK293 cells. Treatment of LRRK2GS/GS cells with NOX2ds-tat or 
250 μM N-acetylcysteine (NAC) reduced the DHE signal to WT values; however, treatment with a scrambled variant of NOX2ds-tat, Scrm-NOX2ds-tat, had no effect. 
(B) Quantification of normalized cellular DHE signal. DHE signal was measured in 100 to 150 cells per treatment group in each experiment. n = 3 independent experi-
ments. Statistical testing by two-way ANOVA with post hoc Tukey correction. ****P < 0.0001; ns, not significant. (C) The elevated basal DHE signal seen in LRRK2GS/GS 
HEK293 cells was unaffected by mitoTEMPO but was reduced to WT values by NAC. (D) Quantification of normalized DHE signal. Each symbol represents the mean normal-
ized signal taken from 100 to 150 cells per treatment group per independent experiment. n = 3 independent experiments. Statistical testing by two-way ANOVA with post 
hoc Tukey correction. ***P < 0.0005; ns, not significant. (E) Rotenone-induced ROS production in LRRK2WT/WT RAW264.7 macrophages. Rotenone treatment increased the 
DHE signal compared with vehicle, and this was prevented by cotreatment with NOX2ds-tat but not with Scrm-NOX2ds-tat or mitoTEMPO. (F) Quantification of normal-
ized DHE signal in LRRK2WT/WT RAW264.7 macrophages. Each symbol represents the normalized DHE signal taken from 100 to 150 cells per treatment group in each of 
three independent experiments. Statistical testing by two-way ANOVA with post hoc Tukey correction. ***P < 0.001.
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whether NOX2 activity was elevated in a LRRK2 kinase–de-
pendent manner in lymphoblastoid cell lines derived from 
G2019S mutation carriers and patients with iPD compared 
with healthy controls. Lymphoblastoid cell lines were treated with 
either NOX2ds-tat or PF360, and ROS production and NOX2 ac-
tivity were measured by multiplexed imaging of DHE and PL 
p47phox–NOX2. G2019S and iPD lymphoblastoid cell lines had 
elevated baseline DHE signals compared with healthy controls, 
and this was accompanied by strong PL p47phox–NOX2 signals 
in the same cells (Fig. 7, C to E). Treatment of lymphoblastoid 
cell lines with NOX2ds-tat resulted in a reduction down to 

healthy control values of both the PL p47phox–NOX2 and DHE 
signals in G2019S and iPD lymphoblastoid cell lines. PF360 
treatment also normalized both the elevated DHE and NOX2 sig-
nals seen in the G2019S and iPD lymphoblastoid cell lines (Fig. 7, 
C to E). These results could not be explained by changes in 
NOX2 or p47phox protein expression because there was a slight 
decrease in p47phox expression in iPD compared with healthy 
control lymphoblastoid cell lines and no other significant differ-
ences in protein expression (fig. S8), thereby supporting the notion 
that the increased ROS seen in G2019S and iPD lymphoblastoid 
cell lines was because of elevated NOX2 enzymatic assembly and 

Fig. 7. LRRK2 inhibition prevents NOX2 activa-
tion in the rotenone rat model of PD and in 
patient-derived cell lines. (A) NOX2 activity was 
assessed by the PL p47phox–NOX2 assay (red) in 
TH+ dopaminergic neurons (blue) in the substan-
tia nigra of rats treated with rotenone in the pres-
ence or absence of PF360. Rotenone treatment 
caused an increase in NOX2 activity in TH+ dopa-
minergic neurons, and cotreatment with PF360 
prevented the rotenone-induced increase in NOX2 
activity. (Far right panels) Shown are PL assay tis-
sue controls with either the NOX2 antibody or 
p47phox antibody omitted. For assay control 1, the 
rabbit probe was omitted, and for assay control 2, 
the mouse probe was omitted. (B) Quantification 
of NOX2 activity by PL p47phox–NOX2. Each sym-
bol represents the number of PL p47phox–NOX2 
red dots/TH+ neuron per animal. Statistical test-
ing by two-way ANOVA with post hoc Tukey 
correction. ***P < 0.0005 and ****P < 0.0001. 
(C) Multiplexed imaging of ROS production as-
sessed by DHE fluorescence (red) and NOX2 
activity assessed by the PL assay (gray dots) in 
lymphoblastoid cell lines from healthy controls, 
G2019S mutation carriers, and patients with 
iPD. There was a coordinated increase in both 
DHE signal and NOX2 activity (PL p47phox–NOX2 
signal) in G2019S and iPD lymphoblastoid cell 
lines compared with healthy controls. The elevated 
DHE signal and NOX2 activity were reduced by 
treatment with either NOX2ds-tat or PF360. 
(D) Quantification of normalized DHE signal in 
lymphoblastoid cell lines from healthy controls, 
G2019S mutation carriers, and patients with 
iPD. Each symbol represents an individual donor 
cell line. DHE fluorescence signals were taken 
from 90 to 120 cells per line; n = 4 donor cell lines 
per group. Statistical testing by two-way ANOVA 
with post hoc Tukey correction. ****P < 0.0001. 
(E) Quantification of NOX2 activity by PL p47phox–
NOX2. Each symbol represents the average num-
ber of PL p47phox–NOX2 gray dots per cell (as 
defined by DAPI staining, blue) obtained from an 
individual donor cell line. PL p47phox–NOX2 signal 
was measured in 90 to 120 cells per line; n = 4 
donor cell lines per group. Statistical testing by 
two-way ANOVA with post hoc Tukey correction. 
****P < 0.0001.
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activity, which, in turn, was regulated by mutant LRRK2 or ele-
vated WT LRRK2 kinase activity.

Endogenous LRRK2 interacts with p47phox and regulates 
its phosphorylation
The “organizing subunit” of NOX2, p47phox, must translocate from the 
cytosol to the membrane-associated NOX2 complex, in a phosphoryla-
tion-dependent fashion, to activate NOX2 activity and stimulate 
ROS production. Several phosphorylation sites on p47phox have 
been identified that are crucial for its translocation to the mem-
brane. We hypothesized that there might be a link between LRRK2 
kinase activity and p47phox phosphorylation. First, to test whether 
LRRK2 and p47phox interact with each other, we developed a PL 
assay that detected the interaction between total LRRK2 and total 
p47phox (PL LRRK2–p47phox) in RAW264.7 macrophages. Rotenone 
elicited a strong increase in PL LRRK2–p47phox signal compared 
with vehicle in WT RAW264.7 macrophages (P < 0.0001; two-way 
ANOVA with Tukey correction) (Fig. 8, A and B). Consistent with 
the PL LRRK2–p47phox results, we also found an increase in the 
subcellular colocalization of LRRK2 and p47phox in rotenone-treated 
RAW264.7 macrophages (fig. S9). To investigate whether this inter-
action was kinase dependent, cells were cotreated with a LRRK2 
kinase inhibitor. PF360 prevented the rotenone-induced PL LRRK2–
p47phox signal (P < 0.0001; two-way ANOVA with Tukey correction) 
(Fig. 8, A and B), suggesting that the interaction was dependent on 
LRRK2 kinase activity. In control experiments, we did not observe a 
PL LRRK2–p47phox signal in LRRK2−/− RAW264.7 macrophages 
(Fig. 8, A and B).

The Ser345 residue on p47phox, pSer345(p47phox), has been shown to 
be an important phosphorylation site for NOX2 activation (10, 28). 
Thus, we next assessed pSer345(p47phox) after treatment with rote-
none to determine whether LRRK2 kinase activity played a role in 
regulating its phosphorylation. We developed another PL assay to 
amplify the specific signal at pSer345(p47phox) (PL pSer345–total 
p47phox). We used a validated and specific anti-pSer345(p47phox) anti-
body paired with an antibody that recognizes total p47phox. This 
allowed for the signal of pSer345 to be detected only if it was in prox-
imity to p47phox, thereby filtering out any nonspecific pSer345 signal. 
Using this assay, we found an increase in the PL pSer345–total 
p47phox signal in WT RAW264.7 macrophages treated with rote-
none (P < 0.0001; two-way ANOVA with Tukey correction) (Fig. 8, 
C and D), which confirms previous findings from an independent 
group (29). Similarly, in rotenone-treated rats, there was an increase 
in the PL pSer345–total p47phox signal in nigral dopaminergic neu-
rons compared with vehicle (P < 0.05, two tailed unpaired t test with 
Welch’s correction) (fig. S10).

We sought to determine whether LRRK2 played a role in regulat-
ing rotenone-induced p47phox phosphorylation at Ser345. Intrigu-
ingly, cotreatment with PF360 blocked the effects of rotenone on 
Ser345(p47phox) phosphorylation (P < 0.0001; two-way ANOVA with 
Tukey correction) (Fig. 8, C and D). In rotenone-treated LRRK2−/− 
RAW264.7 macrophages, no PL pSer345–total p47phox signal was 
detected (Fig. 8, C and D), confirming both PF360’s specificity and a 
role for LRRK2 in regulating the phosphorylation of p47phox. Support-
ing this finding, immunofluorescent staining for pSer345(p47phox) 
revealed an increase in pSer345(p47phox) signal in WT RAW264.7 
macrophages treated with rotenone (P < 0.005; two-way ANOVA 
with Tukey correction) (fig. S11). In WT RAW264.7 macrophages 
cotreated with PF360 and rotenone, or in LRRK2−/− RAW264.7 

macrophages treated with rotenone, no increase in pSer345(p47phox) 
immunoreactivity was detected (fig. S11).

Ser345(p47phox) is located in a consensus mitogen-activated pro-
tein kinase (MAPK) motif, and two MAPKs, p38 and ERK1/2, have 
been shown to phosphorylate it (30). Therefore, we sought to deter-
mine whether pSer345(p47phox) was under the direct regulation of 
p38 or ERK1/2 kinase activity. We used the specific p38 and ERK1/2 
inhibitors, adezmapimod (31) and SCH772984 (32), respectively, 
each at saturating concentration. In contrast to PF360, which com-
pletely suppressed rotenone induced Ser345 phosphorylation, adez-
mapimod or SCH772984, alone or in combination, only partially 
blocked the effect of rotenone on pSer345(p47phox) in WT RAW264.7 
macrophages (Fig. 8, E and F).

DISCUSSION
Oxidative stress has long been implicated as a key contributor to PD 
pathogenesis (2); however, the sources and regulation of ROS have 
yet to be adequately defined. Whereas overexpression of mutant 
LRRK2 has been associated with oxidative stress (24, 25), the re-
sponsible mechanisms are unknown. Moreover, the biological func-
tions of LRRK2 and how the mutant and WT forms of the protein 
participate in the pathogenesis of PD are still being elucidated. Here, 
we used several in vitro cellular models (CRISPR-Cas9 gene-edited 
HEK293 cells, WT and LRRK2−/− RAW264.7 macrophages, prima-
ry rat nigral dopaminergic neurons), an in vivo rat model of PD, and 
patient-derived lymphoblastoid cell lines to show that endogenous 
LRRK2 kinase activity regulates the phosphorylation status of p47phox, 
which in turn controls NOX2 activity, ROS production, and oxida-
tive damage, including lipid peroxidation (fig. S12).

When investigating protein function or protein-protein interac-
tions, overexpression systems are commonly used. It is recognized, 
however, that overexpression can sometimes be associated with spu-
rious protein-protein interactions or other artifacts (33, 34). There-
fore, in the work presented here, we endeavored to study WT and 
mutant LRRK2 in an endogenous context and aimed to use orthogonal 
assays to support each conclusion. WT and mutant LRRK2 (G2019S 
and R1441G mutations) were studied in gene-edited HEK293 cells, 
and WT LRRK2 kinase activity was stimulated with rotenone. 
LRRK2 kinase activity was assessed both by PL assay, as described 
previously (18, 35), and by Western blotting of substrate (Rab10) 
phosphorylation. LRRK2 kinase dependence was assessed by genetic 
(knockout) and pharmacological (PF360 and MLi2) approaches. 
Cellular ROS production was measured using DHE and was corre-
lated with an independent measure of oxidative damage, lipid per-
oxidation, using 4-HNE staining.

We found that under basal conditions, cells expressing endoge-
nous LRRK2GS/GS had elevated ROS production and 4-HNE ac-
cumulation, both of which were LRRK2 kinase dependent. As a 
complex I inhibitor, rotenone is well known to cause ROS produc-
tion (7), and, as expected, when WT HEK293 cells or RAW264.7 
macrophages were stimulated with rotenone, there was enhanced 
ROS production and oxidative damage. Unexpectedly, however, 
treatment with a LRRK2 kinase inhibitor blocked rotenone-induced 
ROS and 4-HNE accumulation, and genetic knockout of LRRK2 
completely prevented rotenone-induced ROS production and oxi-
dative damage in multiple cell types, including macrophages. When 
LRRK2−/− cells were transfected with WT-LRRK2, only those cells 
that expressed WT LRRK2 were sensitive to rotenone, whereas 
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Fig. 8. Endogenous LRRK2 interacts with p47phox and regulates its phosphorylation in a kinase-dependent manner. (A) A PL assay was used to measure the interac-
tion of LRRK2 and p47phox (PL LRRK2–p47phox) in LRRK2WT/WT and LRRK2−/− RAW264.7 macrophages. Exposure of LRRK2WT/WT cells to rotenone caused a strong signal (red 
dots) relative to vehicle in this assay. The rotenone-induced PL LRRK2–p47phox signal was prevented by cotreatment with PF360 and was not observed in LRRK2−/− cells. 
(B) Quantification of PL LRRK2–p47phox signal. Each symbol represents the average number of PL LRRK2–p47phox red dots per cell (as defined by DAPI staining, blue) ob-
tained from 100 to 150 cells per treatment group for each independent experiment. n = 4 independent experiments. Statistical testing by two-way ANOVA with post hoc 
Tukey correction. ****P < 0.0001; ns, not significant. (C) Phosphorylation of p47phox at serine-345, pSer345(p47phox), was assessed using the PL assay in LRRK2WT/WT and 
LRRK2−/− RAW264.7 macrophages. Rotenone treatment led to an increase in pSer345(p47phox) in LRRK2WT/WT cells as measured by the pSer345–total p47phox signal (red 
dots). PF360 cotreatment prevented the rotenone-induced increase in pSer345(p47phox) signal, and the signal was absent in LRRK2−/− cells. (D) Quantification of the 
pSer345–total p47phox signal in RAW264.7 macrophages. Each symbol represents the average number of red dots per cell (as defined by DAPI staining, blue) obtained from 
100 to 150 cells per treatment group for each experiment. n  =  4 independent experiments. Statistical testing by two-way ANOVA with post hoc Tukey correction. 
****P < 0.0001; ns, not significant. (E) Rotenone-induced pSer345–total p47phox signal was assessed in the presence of PF360, the p38 kinase inhibitor adezmapimod 
(5 μM; ADZ), the ERK1/2 inhibitor SCH772984 (300 nM; SCH), or both kinase inhibitors in combination. Rotenone treatment elicited an increase in pSer345–total p47phox signal 
(red dots), which was abolished by PF360 cotreatment. In contrast to PF360, ADZ or SCH alone or in combination (ADZ + SCH) only partially reduced the rotenone-
induced pSer345–total p47phox signal. (F) Shown is quantitation of the pharmacological inhibition of the rotenone-induced increase in pSer345–total p47phox signal. Each 
symbol represents the average number of pSer345–total p47phox red dots per cell (as defined by DAPI staining, blue) obtained from 100 to 150 cells per treatment group 
for each experiment. n = 3 or 4 independent experiments. Statistical testing by two-way ANOVA with post hoc Tukey correction. ****P < 0.0001, ***P < 0.001, **P < 0.005, 
and *P < 0.05; ns, not significant.
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other cells in the same field that did not express LRRK2 exhibited no 
rotenone-induced ROS production. These results suggest a con-
served role for LRRK2 in regulating cellular ROS production. 
Our findings are consistent with a previous report that knockdown 
of endogenous LRRK2 in RAW264.7 macrophages attenuated 
interferon-γ–stimulated ROS production (36), although no mech-
anism was described. Similarly, a recent publication found that 
LRRK2 knockout was sufficient to prevent rotenone-induced ROS 
production; however, that study used a very high concentration of 
rotenone (50 μM compared with 50 nM herein), and no mechanism 
was advanced (37).

After defining a putative role for LRRK2 in regulating ROS 
production in HEK293 cells and RAW264.7 macrophages, we next 
investigated the relevance of our findings in a neuronal context us-
ing primary rat ventral midbrain cultures and an in vivo rat model. 
Treatment of primary cultures with rotenone caused accumulation 
of 4-HNE selectively in dopamine neurons, and this was prevented 
by cotreatment with a LRRK2 inhibitor. Similarly, in the in vivo 
rotenone rat model of PD (23), we found a marked loss of substantia 
nigra dopamine neurons and a buildup of 4-HNE in the remaining 
dopamine neurons in rotenone-treated animals. Both the lipid 
peroxidation and neurodegeneration of dopamine neurons were 
prevented by coadministration of a LRRK2 inhibitor, thereby con-
firming the in vivo and neuronal relevance of LRRK2-induced ROS 
production. Last, to examine whether LRRK2-induced ROS produc-
tion occurs in human PD, we used lymphoblastoid cell lines derived 
from healthy controls, LRRK2 G2019S mutation carriers, and indi-
viduals with iPD. Compared with healthy controls, lymphoblastoid 
cell lines derived from both the mutation carriers and patients with 
iPD had elevated ROS production and 4-HNE, which was blocked 
by two structurally dissimilar LRRK2 kinase inhibitors, PF360 and 
MLi2. Collectively, these findings implicate a role for endogenous 
aberrant LRRK2 kinase activity in the regulation of ROS production 
and oxidative stress.

To investigate how LRRK2 regulates ROS production, we exam-
ined the potential role of LRRK2 in modulating the major sources of 
ROS found in most cells: mitochondria and NOX2. The relative 
contribution and regulation of each source of ROS has yet to be 
elucidated. There are reports that G2019S LRRK2 kinase activity 
leads to mitochondrial dysfunction, lipid peroxidation, and mi-
tochondrial ROS production (38–41). We found that the LRRK2 
pathogenic mutations G2019S and R1441G, each of which is associated 
with increased kinase activity, caused enhanced mitochondrial ROS 
production, which could be inhibited by a LRRK2 kinase inhibitor 
or by mitoTEMPO, a mitochondrial ROS scavenger. The combined 
use of these cells expressing mutant LRRK2, which have elevated 
kinase activity at baseline (without rotenone stimulation), in con-
junction with a highly selective LRRK2 kinase inhibitor allowed us 
to conclude that it is LRRK2 kinase activity per se that is somehow 
responsible for the elevated mitochondrial ROS production.

LRRK2 kinase activity also regulates NOX2 activity. In G2019S 
mutant LRRK2 knockin cells, we found that under basal conditions, 
there was elevated NOX2 activity that was blocked by LRRK2 kinase 
inhibition but unaffected by scavenging mitochondrial ROS. This 
suggested that kinase-active LRRK2 plays a role in the activation of 
NOX2, independent of mitochondrial ROS production. Moreover, 
G2019S-associated or rotenone-induced ROS production and 4-
HNE accumulation in LRRK2GS/GS HEK293 cells or LRRK2WT/WT 
RAW264.7 macrophages were prevented by inhibition of NOX2 or 

LRRK2 but not by mitoTEMPO. In vivo results in a rat PD model 
also support the regulation of NOX2 by LRRK2. As previously 
reported, treatment of rats with rotenone activates NOX2 in dopa-
minergic neurons of the substantia nigra (12). Here, we showed that 
rotenone-induced NOX2 activation was prevented in animals coad-
ministered PF360. Moreover, we demonstrated elevated basal ROS 
production and NOX2 activity in G2019S and iPD patient–derived 
lymphoblastoid cell lines, compared with those from healthy con-
trols, both of which were normalized by either NOX2 or LRRK2 
inhibition. We propose from these results that NOX2 is the major 
source of cellular ROS and is regulated by LRRK2 kinase activity.

A key step in the assembly and activation of the membrane-
associated NOX2 complex is the phosphorylation of p47phox, a 
cytosolic protein sometimes called the organizing subunit of NOX2 
(10, 11). Several phosphorylation sites have been identified that are 
crucial for its translocation to the membrane-associated gp91phox 
(NOX2) subunit, which results in NOX2 enzyme activation and 
subsequent superoxide production (9, 11). Ser345 has been shown to 
be an important phosphorylation site for NOX2 activation, because 
site-directed mutagenesis experiments showed that when it was 
mutated to an alanine, stimulated NOX2 ROS production was pre-
vented (28, 30, 42). We found that rotenone treatment, which causes 
NOX2 activation, led to an interaction between LRRK2 and p47phox 
in LRRK2WT/WT RAW264.7 macrophages, which was prevented by 
LRRK2 kinase inhibition. Furthermore, rotenone treatment in-
duced an increase in phosphorylation of Ser345, consistent with a 
previous report (29). The rotenone-induced increase in Ser345 phos-
phorylation was blocked by LRRK2 inhibition and completely pre-
vented by LRRK2 knockout. ERK1/2 and p38 have been shown to 
play a role in the phosphorylation of p47phox at Ser345 (30), and there 
is evidence that rotenone activates the ERK1/2 and p38 pathways 
(29, 43). However, we found that inhibition of ERK1/2 and p38 
individually, or in combination, only partially reduced rotenone-
induced Ser345 phosphorylation; this was in contrast to LRRK2 
inhibition, which completely eliminated pSer345 signal. Together, 
these results show that LRRK2 associates with p47phox in a kinase-
dependent fashion and regulates its phosphorylation state, thereby 
regulating NOX2 activity and cellular ROS production. We note that 
there is precedent for a functional interaction between LRRK2 
and NOX2: Knockdown of p22phox, a component of the active 
NOX2 complex, reportedly prevented the recruitment of LRRK2 
to lysosomes (44).

Our study has several limitations. We have not determined how 
elevated LRRK2 kinase activity increases mitochondrial ROS pro-
duction, but we note that our results are consistent with a recent 
report (45) implicating LRRK2 kinase activity in mtDNA damage. 
In addition, although we have provided evidence that LRRK2 asso-
ciates with and regulates the phosphorylation state of p47phox and 
hence NOX2 activity, we do not know whether p47phox is a direct 
substrate of LRRK2. Moreover, other than mitochondria, we have 
not yet determined the subcellular locations of LRRK2-induced 
ROS production. Last, given the importance of LRRK2 and NOX2 
in immune function, it will be important to investigate the role of 
LRRK2-induced ROS production in microglia.

In summary, we have delineated a role for LRRK2 kinase activity 
in the regulation of cellular ROS production and shown the patho-
genic relevance of LRRK2-induced ROS production in neurons and 
macrophages in vitro, in a rat model of PD and in patient-derived 
lymphoblastoid cell lines. The associated overactivation of NOX2 
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may directly increase the vulnerability of neurons (especially nigral 
dopamine neurons) and may exacerbate α-synuclein pathology or 
pathobiology (12, 18, 46). Last, given the strong lipid peroxidation 
induced by LRRK2 kinase activity, this work raises the possibility 
that oxidized lipidomic analyses (47, 48) might reveal a marker 
for therapeutic target engagement or efficacy of LRRK2 or NOX2 
inhibitors.

MATERIALS AND METHODS
Study design
This study was designed to explore the role LRRK2 kinase activity 
plays in regulating ROS production and oxidative damage. To this 
end, we used CRISPR-Cas9 gene-edited HEK293 cells, RAW264.7 
macrophages, primary cultures of rat ventral midbrain neurons, 
patient-derived lymphoblastoid cell lines, and an in vivo rotenone 
rat model of PD to explore whether elevated LRRK2 kinase activity 
controls ROS production and, if so, how this occurs. To enhance 
scientific rigor, we generally used orthogonal approaches to support 
each conclusion, and, in some cases, we used both specific pharma-
cological inhibitors and genetic knockout approaches to support key 
findings. Results were confirmed in patient-derived lymphoblastoid 
cell lines and in an in vivo rat model of PD. To ensure reproducibil-
ity, all in vitro experiments were replicated independently at least 
three times, typically by two or three investigators for each dataset. 
Investigators were not blinded during experimental setup or data 
acquisition. In vivo experiments were conducted using a single co-
hort of rats that were assigned randomly to treatment groups, and 
outcomes were analyzed by blinded assessors. No animals were ex-
cluded from analysis, and there were no statistical outliers.

Cell culture
HEK293 cells and RAW264.7 macrophages were cultured in DMEM/
F12 (Thermo Fisher Scientific) supplemented with 10% fetal bovine 
serum (FBS) and penicillin-streptomycin (pen-strep). Cells were 
maintained at 37°C and 5% CO2. CRISPR-Cas9 gene-edited HEK293 
cells were generated as previously described (18). LRRK2−/− (sc-
6004) and LRRK2WT/WT (parental) (sc-6003) RAW264.7 macro-
phages were obtained from American Type Culture Collection. Cell 
passage number did not exceed 20 for HEK293 cells or RAW264.7 
macrophages. Patient-derived lymphoblastoid cell lines were ob-
tained from the NINDS Coriell Biorepository through a material 
transfer agreement, and sample identification numbers may be 
found in table S1. Cells were maintained in RPMI medium Gluta-
MAX supplement (Thermo Fisher Scientific) with 15% FBS and 
pen-strep. Cells were plated on poly-d-lysine–coated coverslips in a 
24-well plate or 16-well Nunc Lab Tek chamber slides (Thermo Fisher 
Scientific) and attached by light centrifugation at 690g at room 
temperature. Cells were passaged every 3 days and did not exceed 20 
passages. Rat primary ventral midbrain neuronal cultures were 
maintained as previously described (12). Details for reagents used 
for cell treatments can be found in table S2.

Animals
All experiments using animals were approved by the Institutional 
Animal Care and Use Committee of the University of Pittsburgh. 
Male Lewis rats (8 to 9 months old) received a single daily intra-
peritoneal injection of rotenone (2.8 mg/kg) resuspended in 2% 
dimethyl sulfoxide (DMSO) and 98% miglyol 812 N as previously 

described (23,  49) with or without PF360 (5 mg/kg, oral gavage, 
twice daily) until they reached a behavioral end point (7 to 10 injec-
tions). Animals were euthanized using pentobarbital (0.3 mg/kg), 
followed by transcardial perfusion. Brains were removed and post-
fixed in 4% paraformaldehyde for 24 hours before placing them in 
30% sucrose. Free-floating sections (35 μm) were collected using a 
microtome and stored in cyroprotectant at −20°C until use.

PL assay
Cells
PL assay was performed in 16-well Nunc Lab Tek chamber slides 
(Thermo Fisher Scientific) using a NaveniFlex MR Kit (catalog no. 
NF.MR.100, Navinci). Cells were fixed, blocked/permeabilized, and 
incubated in primary antibody solution as previously described 
(35). After overnight primary antibody incubation, cells underwent 
three 10-min washes in phosphate-buffered saline (PBS). After 
washes, the proximity ligation assay was performed according to the 
manufacturer’s instructions (Navinci.se) with modifications out-
lined in (35), with the incubation steps taking place in a humidified 
incubator at 37°C with gentle agitation, taking care that samples did 
not dry out. For details of other products used, see (35).
Brain tissue
PL assay was performed in blocked and permeabilized brain tissue as 
previously described (35) using the NaveniFlex MR Kit (Navinci). Af-
ter overnight primary antibody incubation, tissue sections underwent 
three 10-min washes in PBS and then were mounted on glass slides 
(Thermo Fisher Scientific). See (35) for detailed description and video 
of mounting of tissue before PL assay. The PL assay was performed ac-
cording to the manufacturer’s instructions (Navinci.se) with modifica-
tions outlined in (35); incubation steps took place at 37°C ensuring 
that samples did not dry out. After completion of the PL assay, sections 
were covered with a glass coverslip with gelvatol mounting medium.

mitoSOX–deep red assay
mitoSOX–deep red (catalog no. MUT14-12) was purchased from 
Dojindo. Before each use, a vial of mitoSOX–deep red was briefly 
spun down and reconstituted in 10 μl of DMSO per the manufac-
turer’s instructions. Cells were plated on a 35-mm glass bottom dish 
coated with poly-d-lysine and treated with vehicle, PF360, MLi2, or 
mitoTEMPO (see table S1 for concentrations) for 24 hours in nor-
mal growth medium. The following day, the cells were incubated in 
2 ml of growth medium containing mitoSOX–deep red (1:1000 di-
lution) for 30 min at 37°C and 5% CO2. After incubation, cells were 
washed with Earle’s balanced salt solution (EBSS) two times. EBBS 
with 4′,6-diamidino-2-phenylindole (DAPI) was added to each 
35-mm plate and incubated for 5 min at 37°C and 5% CO2 followed 
by a wash with EBSS. Cells were then imaged on a Nikon Eclipse Ti2 
resonance scan spectral confocal microscope.

Statistical analysis
Sample sizes were estimated from our recent publications and pre-
liminary studies. In general, a sample size of three to six per group is 
sufficient to detect differences of 20% in the outcome variables to be 
used. Results are presented as mean ± SEM and were derived from 
three or four independent experiments. For comparisons of multiple 
experimental conditions, one-way or two-way ANOVA was used, 
and, if significant overall, post hoc corrections (with Tukey tests) for 
multiple comparisons were made. P values less than 0.05 were con-
sidered significant.
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