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Abstract

Repeated systemic administration of the mitochondrial complex I inhibitor rotenone produces a 

rodent model of Parkinson disease (PD). Mechanisms of relatively selective rotenone-induced 

damage to nigrostriatal dopaminergic neurons remain incompletely understood. According to the 

“catecholaldehyde hypothesis,” buildup of the autotoxic dopamine metabolite 3,4-

dihydroxyphenylacetaldehyde (DOPAL) contributes to PD pathogenesis. Vesicular uptake 

blockade increases DOPAL levels, and DOPAL is detoxified mainly by aldehyde dehydrogenase 

(ALDH). We tested whether rotenone interferes with vesicular uptake and intracellular ALDH 

activity. Endogenous and F-labeled catechols were measured in PC12 cells incubated with 

rotenone (0-1000 nM, 180 minutes), without or with F-dopamine (2 μM) to track vesicular uptake 

and catecholamine metabolism. Rotenone dose-dependently increased DOPAL, F-DOPAL, and 

3,4-dihydroxyphenylethanol (DOPET) levels while decreasing dopamine and 3,4-

dihydroxyphenylacetic acid (DOPAC) levels and the ratio of dopamine to the sum of its 

deaminated metabolites. In test tubes, rotenone did not affect conversion of DOPAL to DOPAC 

by ALDH when NAD+ was supplied, whereas the direct-acting ALDH inhibitor benomyl 

markedly increased DOPAL and decreased DOPAC concentrations in the reaction mixtures. We 

propose that rotenone builds up intracellular DOPAL by decreasing ALDH activity and 

attenuating vesicular sequestration of cytoplasmic catecholamines. The results provide a novel 

mechanism for selective rotenone-induced toxicity in dopaminergic neurons.
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INTRODUCTION

Parkinson disease (PD) is characterized by drastic depletion of the catecholamine, dopamine 

(DA), in the putamen (Kish et al. 1988), neuronal loss in the mesencephalic substantia nigra 

(Halliday et al. 1990), and Lewy bodies (Lees et al. 2008), which contain abundant alpha-

synuclein (Spillantini et al. 1997). Increasing epidemiologic evidence points to a 

contribution of exposure to pesticides in the pathogenesis of PD (Fitzmaurice et al. 2014), 

including the mitochondrial complex I inhibitor, rotenone (Tanner et al. 2011). Repeated 

systemic administration of rotenone to rodents evokes neurobehavioral abnormalities 

resembling those in PD, accompanied by striatal DA depletion, nigral neuronal loss, and 

alpha-synuclein deposition (Sherer et al. 2003, Betarbet et al. 2000).

Systemically injected rotenone is selectively toxic to the nigrostriatal DA system (Ferrante 

et al. 1997). Since rotenone readily traverses cell membranes and inhibits mitochondrial 

complex I in all cells, the question arises as to how systemic rotenone administration results 

in relatively specific nigrostriatal damage. This study explored a potential answer—an 

injurious interaction between rotenone and products of oxidation of DA in dopaminergic 

cells (Wu & Johnson 2011, Sai et al. 2008, Liu et al. 2005, Dukes et al. 2005).

Cytoplasmic DA within neurons undergoes oxidative deamination catalyzed by monoamine 

oxidase-A (MAO-A, EC 1.4.3.4) to form the catecholaldehyde, 3,4-

dihydroxyphenylacetaldehyde (DOPAL, Figure 1). DOPAL is cytotoxic, both when 

administered exogenously (Panneton et al. 2010, Burke et al. 2003) and when produced 

intracellularly (Goldstein et al. 2012), at least partly via protein cross-linking and oxidation 

to harmful quinones (Anderson et al. 2011). DOPAL also potently oligomerizes alpha-

synuclein (Burke et al. 2008, Jinsmaa et al. 2014), and alpha-synuclein oligomers are 

thought to be pathogenic in PD (Kazantsev & Kolchinsky 2008).

Studies reported by Lamensdorf and colleagues provided the first evidence of a link between 

DOPAL and rotenone-induced cytotoxicity (Lamensdorf et al. 2000a). In PC12 cells, 

rotenone increased endogenous DOPAL content, and blockade of DOPAL production 

attenuated rotenone-evoked cell death (Lamensdorf et al. 2000b); however, the mechanisms 

by which rotenone builds up endogenous DOPAL were not examined. Elucidating these 

mechanisms was the main purpose of the present study.

In general, there are two determinants of DOPAL levels—net leakage of DA from vesicles 

into the cytoplasm, where the DA is deaminated to form DOPAL, and decreased metabolism 

of DOPAL by aldehyde dehydrogenase (ALDH, Figure 1A). There is evidence suggesting 

that rotenone both interferes with the type 2 vesicular monoamine transporter (VMAT2) and 

attenuates ALDH activity. In cultured human neuroblastoma cells, rotenone inhibits 

VMAT2 and redistributes DA from the vesicles into the cytoplasm (Watabe & Nakaki 2008, 
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Watabe & Nakaki 2007). This shift would be expected to increase availability of DA as a 

precursor for DOPAL production. Via blockade of mitochondrial complex I and thereby of 

NAD+ generation, rotenone could decrease intracellular ALDH activity indirectly, because 

NAD+ is a required co-factor for ALDH (Figure 1B). Decreased NAD+ availability is 

thought to be the mechanism by which rotenone interferes with metabolism of the aldehyde 

lipid peroxidation product, trans-4-hydroxy-2-nonenal (Leiphon & Picklo 2007, Meyer et al. 

2004).

Simultaneous measurements of levels of catechols provide means to assess specific aspects 

of the synthesis and disposition of catecholamines, including vesicular sequestration of 

cytoplasmic dopamine and metabolism of DOPAL by ALDH. Given that essentially all of 

intracellular DA is within the vesicles, that vesicular uptake offsets substantial passive 

leakage of vesicular cytoplasmic catecholamines, and that the main alternative fate of 

cytoplasmic DA besides vesicular uptake is enzymatic deamination by monoamine oxidase, 

if rotenone inhibited vesicular uptake then cellular DA content would decrease, the sum of 

its deaminated metabolites would increase and the ratio of DA:(DOPAC+DOPAL+DOPET) 

would decrease (Goldstein et al. 2012). Since NE is synthesized within the vesicles, 

decreased vesicular sequestration also would be expected to decrease NE content (Taylor et 

al. 2014) and increase the ratio of the cytoplasmic metabolite 3,4-dihydroxyphenylglycol 

(DHPG) to NE (Goldstein et al. 2014b). If vesicular uptake were inhibited by rotenone, then 

upon incubation of the cells with F-DA, cell contents of F-DA would be decreased, in a 

manner similar to that produced by the classic VMAT inhibitor reserpine (Goldstein et al. 

2012).

As shown in Figure 1, since ALDH converts DOPAL to DOPAC, if rotenone inhibited 

ALDH, then DOPAC levels would be decreased, DOPAL levels would be increased, and the 

ratio of DOPAC:DOPAL would be decreased substantially (Goldstein et al. 2013), both in 

cells and medium. Another approach for evaluating ALDH activity is based on incubation of 

the cells with F-labeled DA, which allows tracking of catecholamine metabolism. Upon 

incubation with F-labeled DA, FDOPAC:F-DOPAL ratios would be decreased if ALDH 

activity were decreased. Because of decreased metabolism of DOPAL to DOPAC, levels of 

the alternative DOPAL metabolite via aldose reductase (Figure 1), 3,4-

dihydroxyphenylethanol (DOPET) would be expected to increase, assuming no concurrent 

inhibition of aldehyde/aldose reductase (Goldstein et al. 2012).

Although studying PC12 cells offers advantages in that the cells synthesize, store, and 

metabolize catecholamines and contain endogenous DOPAL, a disadvantage is that if 

rotenone affected multiple steps concurrently (e.g., simultaneously decreased cellular uptake 

of catecholamines from the medium, vesicular uptake of catecholamines from the 

cytoplasm, and ALDH activity), this would complicate interpretation of the neurochemical 

results. To evaluate specifically whether rotenone inhibits intracellular ALDH, we therefore 

also studied cultured human glioblastoma cells, as these cells do not store catecholamines in 

vesicles but do express ALDH (Casida et al. 2014). The human genome contains 19 ALDH 

genes, and we did not find published information on relative expression rates of these genes 

in rat PC12 cells or human glioblastoma cells. If rotenone inhibited intracellular ALDH, 

then during incubation of glioblastoma cells with DOPAL, cellular contents of DOPAC 
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would decrease as a function of the concentration of rotenone added to the medium. We 

compared rotenone with benomyl, which is known to inhibit ALDH directly (Fitzmaurice et 

al. 2013), in terms of the extents of decline in glioblastoma cellular DOPAC content and the 

DOPAC:DOPAL ratio.

To test whether rotenone inhibits ALDH indirectly, via rotenone's effects on complex-1 and 

consequently decreased availability of the essential co-factor NAD+, we conducted a test-

tube study in which we measured DOPAC production following incubation DOPAL with 

ALDH2, NAD, and a range of concentrations of rotenone or benomyl.

MATERIALS AND METHODS

Institutional approval of the research reported here was obtained from the Division of 

Intramural Research of the NINDS.

Materials

Rat pheochromocytoma PC12 cells and human glioblastoma cells were from the American 

Type Culture Collection (ATCC, Manassas, VA; PC12 cells catalog no. CRL-1721, 

glioblastoma cells catalog no. HTB-15). The cell culture media, F12K and DMEM, were 

from Gibco Life Technologies (Grand Islands, NY); tolcapone (to block catechol-O-

methyltransferase) from Orion Pharma (Espoo, Finland); and dopamine, norepinephrine, 

DOPAC, DOPET, and DHPG from Sigma. 6F-Dopamine was obtained in solution (about 

1.35 mM) from the NIH PET Department after having passed quality control for i.v. 

administration to humans. DOPAL standard was synthesized in the laboratory of and 

provided by Dr. Kenneth L. Kirk (NIDDK).

PC12 and Glioblastoma Cell Cultures

PC12 cells were kept frozen in liquid nitrogen until passaged for experiments. The 

experiments reported here involved non-adherent, non-differentiated cells. Non-adherent 

PC12 cells were grown in F12K medium with 15% horse serum and 2.5% fetal bovine 

serum. The cells were incubated at 37 ©C in an atmosphere of 5% carbon dioxide. Media 

were changed several times per week and cells passaged once per week.

At 24 hours prior to plating for experiments, the cells were centrifuged, and media was 

replaced with media containing 10 μM tolcapone and 40 ng/ml epidermal growth factor 

(EGF). Since PC12 cells express catechol-O-methyltransferase (EC 2.1.1.6), whereas 

dopaminergic neurons do not, the cells in this study were always pre-incubated for 24 hours 

in medium containing the catechol-O-methyltransferase inhibitor, tolcapone. After the 24 

hours, the cells were collected, suspended in the same media, counted, and the suspensions 

diluted with medium to provide 500,000 cells/mL.

Human glioblastoma cells were cultured in DMEM medium containing 10% fetal bovine 

serum, and 24 hours prior to experiments the cells were transferred into wells (500,000 cells/

well) containing 10 mM tolcapone. Experiments began after 24 hours of incubation with 

tolcapone-containing medium (“baseline”).
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Rotenone and F-Dopamine Incubation

For dose-response experiments in PC12 cells, effects of rotenone on levels of endogenous 

and F-labeled catechols in cells and medium were examined after 24 hours of incubation 

with tolcapone. Into 3 wells, 6.0 μL (final concentration 0.6% vol:vol) of dimethylsulfoxide 

vehicle was added. In another 3 wells, dimethylsulfoxide vehicle was added along with F-

DA (final concentration 2 μM). In a total of 12 other wells, dimethylsulfoxide vehicle 

containing rotenone (1, 10, 100, and 1000 nM, 3 wells at each concentration) was added, 

along with F-DA. For all 18 wells, at 180 minutes the cells and medium were separated and 

frozen until assayed for endogenous and F-catechols, as described below.

For time-response measurements, the medium was removed at 10, 20, 30, 60, 120, and 180 

minutes after addition of rotenone in dimethylsulfoxide (final concentration 100 nM, N=7 

observations at each time point). The medium was centrifuged, the supernatant removed, 

and the sedimented cells taken up in 400 μL of a 20:80 mixture of 40 mM phosphoric acid 

and 200 mM acetic acid. The separated medium and the disrupted cell solutions were frozen 

until assayed for catechol contents, as described below.

Human Glioblastoma Cells

To confirm an inhibitory effect of rotenone on ALDH activity, we conducted an experiment 

in human cultured glioblastoma cells, in which rotenone (1, 10, 100, 1000 nM) was co-

incubated with DOPAL (3 μM) for 180 minutes (3 wells at each rotenone concentration, 

total 12 wells). For comparison with rotenone, benomyl was added to 12 other wells (3 wells 

each at 1, 10, 100, and 1000 nM). DOPAL alone was added to 3 other wells, for a total of 27 

wells in the experiment.

Direct ALDH Inhibition

To compare rotenone with benomyl in terms of direct ALDH inhibition when NAD+ was 

available, we conducted a test tube experiment. DOPAL (10 μM) in 100 mM Tris-HCl 

buffer (pH 7.4) was incubated with human recombinant ALDH2 (from Sigma-Aldrich, lot 

numbers 9B136332 and 9H226332, enzyme activity >0.012-0.024 U/mL., 1 mM NAD+, and 

rotenone or benomyl at 0.01, 0.1, 1, 10 μM (2 observations at each concentration) for 2 

hours at 37 °C. The chosen amount of ALDH2 for the reaction was based on a preliminary 

experiment in which 50-60% of DOPAL was converted into DOPAC. The reaction was 

stopped by adding a 1:10 dilution of a 20:80 mixture of 40 mM phosphoric acid and 200 

mM acetic acid. The reaction mixtures were frozen and stored at -80 °C until assayed for 

catechol contents.

Catechol Assays

Endogenous and F-labeled catechols were assayed by liquid chromatography with 

electrochemical detection after batch alumina extraction (Holmes et al. 1994, Goldstein et 

al. 2012). The analyses were done on matching liquid chromatographic/electrochemical 

detection systems. Each chromatographic system included a Waters model 515 pump and 

717 Plus refrigerated autosampler (Waters, Inc., Milford, MA). The mobile phase recipe 

was: 1 L Type I water, 13.8 g NaH2PO4, 50 mg EDTA, 59 mg octanesulfonic acid, 
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acetonitrile approximately 2.5%, pH approximately 3.2 (acetonitrile and pH adjusted to 

optimize chromatographic separations). The column was a Thomson BioAdvantage Basic 

C18 5 μM 250 x 4.6 mm (part no. BA400-046250 (Thomson Instrument Co., Clear Brook, 

VA). The post-column electrochemical detector system included an ESA (now Thermo) 

Coulochem III controller and a series of a Conditioning Cell (part no. 70-6088) and then an 

Analytical Cell (part no. 70-5561). The Conditioning Cell electrode potential was set at 

+350 mV, and the Analytical Cell electrodes were set at +150 mV and -350 mV.

Cell contents of catechols were assayed from 100-200 μL aliquots of the 400 μL of disrupted 

cells. Concentrations of endogenous and F-labeled catechols were expressed in units of 

nmol/L. Cell counts were measured using a Cellometer device (Nexcelom Bioscience, 

Lawrence, MA).

Data Analysis and Statistics

Neurochemical data were displayed using KaleidaGraph 4.01 (Synergy Software, Reading, 

PA). Dose-response data were analyzed by independent means t-tests comparing the 0 nM 

vs. 1000 nM concentrations. A p value less than 0.05 defined statistical significance.

RESULTS

As illustrated in Figure 2, the liquid chromatographic-electrochemical method used in this 

study successfully baseline-resolved 8 endogenous catechols, the internal standard, F-DA, F-

DOPAC, and F-NE simultaneously. Because of the wide range of catechol concentrations in 

cells and medium, from 0.08 nmol/L (cellular DHPG) to more than 10,000 nmol/L (cellular 

DA), for each sample multiple volumes were assayed and alumina eluates injected, and each 

chromatographic run lasted a relatively long time (typically 2 hours). Of note, the DOPAL 

peak stood out from others in being short, broad, and often irregular, which is a 

characteristic feature of this aldehyde (Goldstein et al. 2012).

The chromatographs in Figure 2 also demonstrate key findings from the study, that rotenone 

increases endogenous DOPAL and DOPET levels while decreasing endogenous DOPAC 

levels, a pattern that indicates decreased metabolism of DOPAL by ALDH.

Endogenous DA and Its Deaminated Metabolites

Rotenone incubation produced dose-related (Figure 3) and time-related (Figure 4) increases 

in cellular DOPAL content. DOPAL and DOPET contents increased, while DA and DOPAC 

decreased (Figure 3). At a rotenone concentration of 100 nM, cellular DOPAL, DOPET, and 

DOPAC contents increased progressively over 180 minutes (Figure 4). In the medium the 

same pattern of rotenone-induced neurochemical changes was found as in the cells (Figures 

2 and 5).

The ratio of DOPAC:DOPAL, a sensitive index of ALDH activity, decreased substantially 

as a function of the rotenone concentration, in both the cells and the medium (Figure 6). As 

expected if there were decreased ALDH activity without a decrease in aldehyde/aldose 

reductase activity, the ratio of DOPET:DOPAC increased in both the cells and the medium.
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The ratio of DA:(DOPAC+DOPAL+DOPET) provides an index of vesicular sequestration 

vs. oxidative deamination of cytoplasmic DA. At a rotenone concentration of 10 nM, the 

mean value for this index (11.1 ± 1.0) in the cells was decreased from that in cells not 

incubated with rotenone (18.5 ± 0.4, p=0.03). At higher rotenone concentrations, the mean 

value for this index was not decreased. In the medium, mean DA:(DOPAC+DOPAL

+DOPET) was decreased, between no rotenone and 10 nM (0.35 ± 0.05 vs. 0.09 ± 0.01, 

p=0.005), 100 nM (0.10 ± 0.01, p=0.006), and 1000 nM (0.11 ± 0.01, p=0.007).

Another neurochemical index of a vesicular sequestration-to-oxidative deamination shift is 

the ratio of DHPG:NE (Goldstein et al. 2014b). As shown in Figure 7, the mean value for 

DHPG:NE increased progressively as a function of rotenone concentrations, both in cells 

(Figure 7A) and in medium (Figure 7B).

F-Labeled Catechols

Rotenone dose-dependently decreased cell F-DA content (Figure 6A), which is affected by 

cellular uptake and vesicular storage. F-DOPAC levels decreased in both cells and medium 

(Figure 6B and 6C), while F-DOPAL in the medium increased progressively (Figure 6D). F-

DOPAL was not detected in the cells. The mean FDOPAC:F-DOPAL ratio in the medium 

decreased substantially as a function of rotenone concentrations (Figure 6E).

Cell and medium concentrations of both endogenous and F-labeled DOPAC seemed to 

change bi-phasically as a function of rotenone concentrations, with increases at 10 nM 

rotenone and decreases at 1000 nM rotenone (Figures 3D, 5D, 8B, and 8C).

Glial Cells

Incubation of glial cells with DOPAL and rotenone or benomyl dose-dependently decreased 

DOPAC levels (Figure 9A and 9B) and DOPAC:DOPAL ratios (Figures 9C and 9D).

Test-Tube Study

When DOPAL, NAD+, and rotenone at increasing concentrations were incubated in test 

tubes, the contents of DOPAL and DOPAC in the reaction mixtures changed by relatively 

little (N=2 at each concentration; Figure 10A). In contrast, incubation with benomyl 

markedly increased DOPAL and decreased DOPAC concentrations in the reaction mixtures, 

in a dose-related manner (Figure 10B). As expected, the DOPAC:DOPAL ratio changed by 

relatively little as a function of the rotenone concentrations while decreasing drastically as a 

function of the benomyl concentrations (Figure 10C and 10D).

DISCUSSION

In this study, levels of endogenous and F-labeled catechols in cells and medium were used 

to examine potential mechanisms of rotenone-induced buildup of the cytotoxic DA 

metabolite DOPAL. As explained below, we obtained evidence in PC12 cells for rotenone-

induced decreases in both vesicular uptake of cytoplasmic catecholamines and metabolism 

of DOPAL by ALDH, the latter effect probably reflecting decreased NAD+ availability due 

to mitochondrial complex I inhibition by the pesticide. The combination of a vesicular 
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sequestration-to-oxidative deamination shift in the fate of cytoplasmic catecholamines and 

decreased ALDH activity produced by rotenone mimics the pattern of neurochemical 

abnormalities found in Parkinson disease (Goldstein et al. 2013, Goldstein et al. 2014b) and 

therefore provides support for the validity of the rotenone animal model (Sherer et al. 2003, 

Hoglinger et al. 2003).

Rotenone Increases DOPAL Production

Rotenone produced dose- and time-related increases in DOPAL contents in cells and 

medium. Increased cellular DOPAL contents were evident within 1 hour of incubation in 

medium containing 100 nM rotenone. These results replicated those reported previously 

(Lamensdorf et al. 2000a). Rotenone also increased medium FDOPAL content upon 

incubation of PC12 cells with F-DA.

Rotenone Inhibits Metabolism of DOPAL by ALDH

Multiple results from the present study indicate that rotenone inhibits intracellular ALDH 

activity. Rotenone decreased DOPAC levels while increasing DOPAL levels and decreased 

the ratio of DOPAC:DOPAL, a sensitive index of ALDH activity (Goldstein et al. 2013). 

Highly analogous results were obtained from medium F-DOPAC:F-DOPAL ratios during 

incubation of PC12 cells with rotenone and F-DA. Meanwhile, levels of DOPET, an 

alternative metabolite of DOPAL, increased markedly in cells and medium, and the 

DOPET:DOPAC ratio, an index of the shift from ALDH to aldehyde reductase in the 

metabolism of DOPAL, was substantially increased. Human glial cells do not possess 

storage vesicles, and thus this model enables assessment of rotenone effects on ALDH 

activity without the complicating aspect of concurrent effects on vesicular sequestration. 

When human glioblastoma cells were incubated with DOPAL, rotenone decreased cellular 

DOPAC content and DOPAC:DOPAL ratios, confirming the inhibitory effect of rotenone 

on intracellular ALDH activity.

A test-tube experiment showed that rotenone exerts little or no direct inhibitory effect on 

ALDH if NAD is added to the test tube. In contrast, benomyl, which directly inhibits 

ALDH, produced mirror image increases in DOPAL and decreases in DOPAC 

concentrations in the reaction mixture. Therefore, the results suggest that most of the 

decrease in ALDH activity exerted by rotenone in PC12 cells is mediated by decreased 

NAD+ availability, probably due to the well known interference by rotenone with 

mitochondrial complex I. Although the data from the test tube experiment show that 

rotenone does not inhibit ALDH importantly when NAD is supplied, we did not test in cells 

whether decreased NAD+ availability explains the decreased ALDH activity. Increased 

reactive oxygen species could be another—and not mutually exclusive—explanation.

A previous study reported a larger decrease in DOPAC content than in DA content after 

incubation of PC12 cells with rotenone (Dukes et al. 2005), a pattern consistent with 

decreased MAO or ALDH activity. The authors excluded decreased MAO activity, but, 

since DOPAL was not detected, they could not evaluate ALDH activity.
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In cellular and animal models of rotenone-induced Parkinsonism, ALDH2 activation is 

neuroprotective (Chiu et al. 2015). Relative efficiencies of ALDH isoforms in metabolizing 

DOPAL have not yet been reported. If the mechanism of decreased ALDH activity were 

NAD+ unavailability, then theoretically rotenone would decrease activity of all isoforms of 

ALDH.

Rotenone Inhibits Vesicular Storage

Vesicular uptake of cytoplasmic catecholamines is an energy-requiring process, and one 

might expect that rotenone would interfere with this process because of mitochondrial 

toxicity, which would decrease ATP availability. In PC12 cells vesicular uptake is mediated 

by the type 1 VMAT (Tao-Cheng & Eiden 1998), and in brain dopaminergic and 

sympathetic noradrenergic neurons vesicular uptake is mediated by the type 2 VMAT 

(Eiden & Weihe 2011). Rotenone inhibits expression of VMAT2 (Watabe & Nakaki 2008) 

and redistributes DA from vesicles to cytoplasm in human neuroblastoma SH-SY5Y cells 

(Watabe & Nakaki 2007). We predicted that the pattern of levels of catechols upon 

incubation of PC12 cells with rotenone would resemble that after incubation with reserpine, 

a classic inhibitor of vesicular uptake by both forms of VMAT (Goldstein et al. 2012).

Reserpine treatment of PC12 cells results in marked, rapid depletion of cell DA content—by 

about 50% at 20 minutes and 90% at 180 minutes (Goldstein et al. 2012). In the present 

study, rotenone produced more modest but still significant decreases in cell DA content, in 

agreement with a previous report (Dukes et al. 2005). If there were a shift from vesicular 

uptake to oxidative deamination of cytoplasmic DA, then the ratio of DA to the sum of its 

deaminated metabolites—i.e., DA:(DOPAC+DOPET+DOPAL)—would be decreased, and 

this was the case in both cells and medium at a rotenone dose of 10 nM. Rotenone also 

increased the DHPG:NE ratio in both cells and medium, which would be consistent with a 

vesicular sequestration-oxidative deamination shift in the fate of endogenous NE (Goldstein 

et al. 2014b). Taken together, the results suggest that rotenone interferes with vesicular 

storage of cytoplasmic catecholamines.

Levels of DOPAC and F-DOPAC in cells and medium seemed to be related biphasically to 

rotenone concentrations. A decrease in vesicular uptake of cytoplasmic DA at low rotenone 

concentrations and a decrease in ALDH activity at high concentrations could explain the bi-

phasic concentration-response curves.

This study involved a few limitations. We did not identify the isoforms of ALDH expressed 

in the rat PC12 or human glioblastoma cell lines. Although the data from our test tube 

experiment showed that rotenone does not inhibit ALDH importantly when NAD+ is 

supplied, we did not test in cells whether decreased NAD+ availability explains the 

decreased ALDH activity. We also did not assess whether rotenone decreases the ratio of 

NAD+:NADH in the cytoplasm of either rat PC12 or human glioblastoma cells.

In summary, in this study we obtained evidence that rotenone decreases intracellular ALDH 

activity and attenuates vesicular storage of cytoplasmic catecholamines. This combination 

seems to account for the buildup of DOPAL. The present findings provide a mechanism for 
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how rotenone-induced cytotoxicity in dopaminergic cells reflects oxidative injury from 

altered DA metabolism (Sai et al. 2008).

Since DOPAL potently oligomerizes alpha-synuclein (Burke et al. 2008, Jinsmaa et al. 

2014), rotenone-induced DOPAL buildup might also account for production of cytoplasmic 

inclusions resembling Lewy bodies in dopaminergic neurons of rodents treated with 

systemic rotenone injections. DOPAL and alpha-synuclein may be nodes in a 

pathophysiologic nexus (Goldstein et al. 2014a) that interact complexly to threaten the 

integrity of nigrostriatal dopaminergic neurons.
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Abbreviations

ALDH aldehyde dehydrogenase

AR aldehyde/aldose reductase

DA dopamine

DHPG 3,4-dihydroxyphenylglycol

DOPAC 3,4-dihydroxyphenylacetic acid

6F-DOPAC 6F-dihydroxyphenylacetic acid

DOPAL 3,4-dihydroxyphenylacetaldehyde

6F-DOPAL 3,4-dihydroxyphenylacetaldehyde

6FDOPET 3,4-dihydroxyphenylethanol

MAO-A monoamine oxidase-A

NE norepinephrine

6F-NE 6F-norepinephrine

PD Parkinson disease

VMAT2 type 2 vesicular monoamine transporter
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Figure 1. Diagram of proposed mechanism for intracellular 3,4-dihydroxyphenylacetaldehyde 
(DOPAL) buildup
Several factors might affect DOPAL levels, including release and reuptake of endogenous 

dopamine (DA), effectively translocating DA from storage vesicles into the cytoplasm; 

tyrosine hydroxylase (TH), the rate-limiting enzyme in DA synthesis; aldehyde/aldose 

reductase (AR), aldehyde dehydrogenase (ALDH), cellular uptake of DA from the 

extracellular fluid and vesicular sequestration of cytoplasmic DA via the vesicular 

monoamine transporter (VMAT). Based on the present results, the main mechanism of 

rotenone-induced DOPAL buildup is decreased ALDH activity. This fits with rotenone 

inhibiting Complex I and thereby reducing the availability of NAD+, a required co-factor for 

ALDH. Abbreviations: DAV=vesicular dopamine; DOPAC=3,4-dihydroxyphenylacetic 

acid; DOPET=3,4-dihydroxyphenylethanol; MAO=monoamine oxidase.
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Figure 2. Chromatographs of (A) catechol standards, (B) medium catechols at a rotenone 
concentration of 0 nM, and (C) medium catechols at a rotenone concentrations of 1000 nM
Green arrows placed to emphasize increases in DOPAL and DOPET chromatographic peak 

heights and red arrow to emphasize decrease in DOPAC peak height.

Goldstein et al. Page 14

J Neurochem. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Rotenone effects on cell contents of DA and its deaminated metabolites in PC12 cells
(A) DA; (B) DOPAL; (C) DOPET; (D) DOPAC. Mean (±SEM) concentrations are 

expressed as functions of rotenone concentrations on log-log scales. DA content decreased 

slightly across rotenone doses, contents of the deaminated metabolites DOPAL and DOPET 

increased exponentially, and DOPAC content changed bi-phasically, decreasing at the 

higher rotenone concentrations.
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Figure 4. Rotenone (100 nM) effects on cell levels of catechols as a function of time of incubation
(A) DA; (B) NE; (C) DOPAL; (D) DOPAC; (E) DOPET; (F) DHPG. Whereas cell contents 

of DA and NE were little changed, contents of the deaminated metabolites DOPAL, 

DOPAC, DOPET, and DHPG all increased progressively.
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Figure 5. Rotenone effects on medium contents of DA and its deaminated metabolites
(A) DA; (B) DOPAL; (C) DOPET; (D) DOPAC. Mean (±SEM) concentrations are 

expressed as functions of rotenone concentrations on log-log scales. DA content decreased 

across rotenone doses, contents of the deaminated metabolites DOPAL and DOPET 

increased exponentially, and DOPAC content changed biphasically, decreasing at the higher 

rotenone concentrations.
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Figure 6. Rotenone effects on catechol ratios in PC12 cells
(A, C) DOPAC:DOPAL in cells and medium; (B, D) DOPET:DOPAC in cells and medium. 

DOPAC:DOPAL ratios decreased markedly, indicating decreased ALDH activity, and 

DOPET:DOPAC ratios increased markedly, indicating a shift from ALDH to aldehyde 

reductase in the intracellular metabolism of DOPAL.
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Figure 7. 
Rotenone effects on cell (A) and medium (B) DHPG:NE ratios.
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Figure 8. Rotenone effects on cell and medium contents of F-labeled compounds
(A) Cell F-DA, (B) Cell F-DOPAC, (C) Medium F-DOPAC, (D) Medium F-DOPAL, (E) 

Medium F-DOPAC:F-DOPAL. Rotenone decreased cell F-DA and F-DOPAC while 

increasing medium F-DOPAL and decreasing medium F-DOPAC:F-DOPAL.
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Figure 9. Comparison of rotenone (A, C) with benomyl (B, D) effects on DOPAC:DOPAL ratios 
in human glial cells
(A, B) Cells incubated with 1 μM DOPAL; (C, D) 3 μM DOPAL. Rotenone and benomyl 

both decreased DOPAC:DOPAL ratios. Without rotenone or benomyl, DOPAL at 3 μM was 

associated with a lower DOPAC:DOPAL than at 1 μM.
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Figure 10. Comparison of rotenone (red, A) with benomyl (blue, B) effects on DOPAL (circles) 
and DOPAC (squares) levels and DOPAC:DOPAL ratios (C) in test tubes after incubation with 
ALDH2 and NAD+

Benomyl potently inhibited conversion of DOPAL to DOPAC, whereas rotenone exerted 

only a mild effect.
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