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Abstract (250 words) 13 

Parkinson’s disease (PD) etiology is associated with aggregation and accumulation of α-synuclein (α-14 

syn) proteins in midbrain dopaminergic neurons. Emerging evidence suggests that in certain subtypes of 15 

PD, α-syn aggregates originate in the gut and subsequently spread to the brain. However, the 16 

mechanisms that instigate α-syn aggregation in the gut have remained elusive. In the brain, the 17 

aggregation of α-syn is induced by oxidized dopamine. Such a mechanism has not been explored in the 18 

gastrointestinal (GI) tract, a niche harboring 46% of the body’s dopamine reservoirs. Here, we report that 19 

gut bacteria Enterobacteriaceae induce α-syn aggregation. More specifically, our in vitro data indicate 20 

that respiration of nitrate by Escherichia coli K-12 yields nitrite, a potent oxidizing agent that creates an 21 

oxidizing redox potential in the bacterial environment. In these conditions, Fe2+ was oxidized to Fe3+, 22 

enabling formation of dopamine-derived quinones and α-syn aggregates. Exposing nitrite, but not nitrate, 23 

to enteroendocrine STC-1 cells induced aggregation of α-syn that is natively expressed in these cells, 24 

which line the intestinal tract. Finally, we examined the in vivo relevance of bacterial nitrate respiration to 25 

the formation of α-syn aggregates using Caenorhabditis elegans models of PD. We discovered that 26 

nematodes exposed to nitrate-reducing E. coli K-12 displayed significantly enhanced neurodegeneration 27 
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as compared to an E. coli K-12 mutant that could not respire nitrate. This neurodegenerative effect was 28 

absent when α-syn was mutated to prevent interactions with dopamine-derived quinones. Taken 29 

together, our findings indicate that gut bacterial nitrate reduction may be critical to initiating intestinal α-30 

syn aggregation. 31 

 32 

 33 
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INTRODUCTION 50 

Although Parkinson’s disease (PD) has long been thought to originate in the brain, accumulating 51 

evidence indicates that some PD subtypes originate in the gastrointestinal (GI) tract.1,2 PD is 52 

characterized by motor impairment that arises when α-synuclein (α-syn) protein aggregates accumulate 53 

in dopaminergic neurons of the substantia nigra, the brain site of motor control;3 however, α-syn 54 

expression is not limited to the brain. α-syn is also expressed within the mucosa of the intestinal wall by 55 

enteroendocrine cells (EECs)4 as well as by enteric neurons that innervate the GI tract.5 At least eight 56 

years prior to onset of motor symptoms in people with idiopathic PD, α-syn aggregates accumulate in GI 57 

tissue.6 These protein aggregates may subsequently propagate, putatively in a prion-like fashion, from 58 

the intestine to the brain via the vagus nerve that connects these organs.7,8 While there is evidence that 59 

intestinal α-syn aggregates foreshadow neurodegeneration in the brain, the molecular-level mechanisms 60 

responsible for intestinal α-syn aggregation have remained poorly understood.  61 

Several lines of evidence suggest a microbial component in the development of α-syn aggregates 62 

and progression of PD. The gut microbiota is distinct in people with PD as compared to non-diseased 63 

controls.9–13 This dysbiosis is often characterized by an enrichment of the facultative anaerobic 64 

Enterobacteriaceae bacterial family whose abundance in the gut positively correlates with the severity of 65 

motor dysfunction in people with PD.9,14–16 Although it remains controversial whether gut microbiota 66 

dysbiosis is a cause or a consequence of PD pathogenesis, studies using mouse models implicate the 67 

gut microbiome in the etiology of this disorder. In germ-free mice overexpressing α-syn, GI-tract 68 

colonization using fecal samples from people with PD exacerbated motor deficits and brain pathology as 69 

compared to colonization using fecal samples from non-diseased controls.17 Additionally, induction of 70 

intestinal inflammation that is commonly associated with blooms in Enterobacteriaceae (DSS-induced 71 

colitis)18,19 resulted in accumulation of α-syn in GI tracts followed by the pathogenic buildup of this protein 72 

in the brains of α-syn-overexpressing mice.20,21 73 

To identify specific gut bacterial biochemical processes that induce α-syn aggregation in the GI 74 

tract, we sought clues in characterized mechanisms of α-syn aggregation in the brain. In brain 75 

dopaminergic neurons, iron and dopamine can form a toxic pair that leads to aggregation of neural α-syn 76 
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(Figure 1). Aging-related accumulation of iron in dopaminergic neurons causes oxidative stress that 77 

results in labile cytosolic ferrous iron (Fe2+) being oxidized to ferric iron (Fe3+).22 Cytoplasmic dopamine 78 

that is abundant in dopaminergic neurons can be readily oxidized by Fe3+ to highly reactive ortho-79 

quinones.23 Dopamine-derived quinones interact with neural α-syn to cause misfolding that results in 80 

toxic α-syn oligomers.24  81 

Like in the brain, the GI tract harbors dopamine and iron as well as expresses α-syn. Of the body’s 82 

dopamine pool, 46% is contained in the GI tract,25 and the gut microbiota is responsible for elevating the 83 

dopamine concentration in intestinal tissue.26 Iron, which can mediate dopamine oxidation, is present in 84 

high concentrations in the intestinal lumen (up to 25 mM), and increased dietary iron increases iron levels 85 

in intestinal cells.27 Although the oxidation state of labile cytosolic iron is predominantly Fe2+ in the non-86 

diseased GI tract,28 conditions of oxidative stress increase the concentration of Fe3+, which could oxidize 87 

dopamine as depicted in Figure 1. With the convergence of concentrated dopamine and iron in the 88 

intestinal epithelium as well as the expression of α-syn by intestinal EECs and enteric neurons, α-syn 89 

aggregation is poised to occur in the GI tract. We sought to identify gut bacterial biochemical processes 90 

that supply the oxidant capable of inducing iron-mediated dopamine oxidation and subsequent α-syn 91 

aggregation. 92 

Although changes in redox potential that induce oxidative stress in the GI tract are typically 93 

associated with host metabolic processes,29–33 gut bacteria also modulate the redox potential of their 94 

environment.34 Here, we describe that the ability of Escherichia coli (a prototypic gut bacterium of the 95 

Enterobacteriaceae bacterial family18) to create an environment with an oxidizing redox potential is a 96 

stimulus that provokes iron and dopamine to cause α-syn aggregation. We identify that nitrite, which is 97 

an oxidant generated during Enterobacteriaceae nitrate dissimilatory metabolism,18,35,36 stimulates a 98 

cascade of oxidation reactions that results in α-syn aggregation and neurodegeneration. Our results from 99 

in vitro experiments with both bacterial cultures and α-syn-expressing intestinal epithelial cells as well as 100 

in vivo experiments using a Caenorhabditis elegans model of PD suggest a novel molecular mechanism 101 

by which the gut microbiota may influence PD pathogenesis. 102 

 103 
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RESULTS 104 

E. coli nitrate respiration creates an environment of oxidizing redox potential. 105 

Given the positive correlation between PD severity and the abundance of Enterobacteriaceae in 106 

the gut microbiotas of people with PD,9 we sought to determine whether metabolic capabilities of this 107 

bacterial family are implicated in the pathogenic aggregation of α-syn. We were particularly intrigued by 108 

Enterobacteriaceae’s ability to perform anaerobic nitrate respiration, which results in production of an 109 

oxidant, nitrite.18,37,38 We hypothesized that an oxidizing redox potential would be created by nitrate-110 

respiring Enterobacteriaceae and, thereby, stimulate shifts in the relative abundance of labile iron from 111 

being mainly Fe2+ (which putatively predominates in the reducing conditions of the gut microbiota39) to 112 

Fe3+ (which could subsequently oxidize dopamine and induce α-syn misfolding and aggregation). 113 

To test our hypothesis, we anaerobically cultured Escherichia coli K-12 to enable two types of 114 

metabolism: fermentation and respiration. Fermentation conditions were created by culturing E. coli K-115 

12 in a minimal-nutrient medium supplemented with Fe2+ (500 µM) as well as glucose (20 mM) as the 116 

sole carbon source but without nitrate (media referred to as mM9−NO3). Conditions for nitrate respiration 117 

were generated by supplementing the same medium with nitrate (50 mM; media referred to as mM9+NO3). 118 

As shown in Figure 2a, supplementation with nitrate afforded a 1.6-fold increase in bacterial growth after 119 

12 hours of incubation as measured by optical density of cultures at 600 nm (OD600). These findings are 120 

consistent with reported in vivo findings: due to nitrate respiration being more energetically lucrative than 121 

fermentative metabolism,40 a higher concentration of intestinal nitrate enables a bloom in 122 

Enterobacteriaceae abundance in the gut microbiota.18 123 

In E. coli K-12 cultures, we also evaluated fluctuations in redox potential as a function of bacterial 124 

metabolism. A reducing redox potential (relative to sterile controls) was observed when bacteria was 125 

cultured in mM9−NO3 (Figure 2b). The progressively more reducing redox potential observed over the 126 

course of exponential bacterial growth is characteristic of fermentative metabolism that yields hydrogen, 127 

a reducing agent.41 In contrast, bacteria cultured in mM9+NO3 demonstrated a steadily increasing oxidizing 128 

redox potential (relative to sterile controls) over 18 hours of incubation, reaching a maximum value of 129 

308.17±7.62 mV (Figure 2b). Notably, increases in oxidative redox potential mirrored accumulation of 130 
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nitrite in culture media (Figure 2c). Further supporting nitrite’s role as a redox-active metabolite, we 131 

observed that supplementation of sodium nitrite to sterile mM9 medium (mM9+NO2) afforded increases in 132 

redox potential in a concentration dependent manner (Figure S1). In contrast, uninoculated sterile media 133 

supplemented with sodium nitrate (mM9+NO3) showed no significant variation in the redox potential of the 134 

solution. These findings support the notion that bacterial nitrate respiration can shift the redox potential 135 

of the environment to being more oxidizing through the production of nitrite. 136 

We next assessed whether the oxidizing redox potential afforded by nitrate-respiring conditions 137 

could shift the balance of iron speciation from favoring Fe2+ to favoring Fe3+. E. coli K-12 was cultured in 138 

mM9−NO3 or mM9+NO3 media, and the relative abundance of Fe2+ and Fe3+ was measured using the 139 

ferrozine assay.42 Under fermentation conditions that afforded a reducing redox potential (mM9−NO3), Fe2+ 140 

was the predominant iron species (Figure 2d). Conversely, in culture conditions for bacterial nitrate 141 

respiration (mM9+NO3), the oxidizing redox potential that corresponded to production of nitrite drove iron 142 

oxidation such that Fe3+ became the dominant oxidation state of iron (Figure 2e). Taken together, these 143 

findings demonstrate that the presence of nitrate enhances E. coli K-12 growth as well as creates an 144 

oxidizing redox potential that corresponds to nitrite production and that results in the predominance of 145 

Fe3+ over Fe2+ in culture media. 146 

 147 

E. coli nitrate respiration initiates a cascade of oxidation reactions that lead to α-syn aggregation. 148 

Next, we sought to determine whether bacterial nitrate respiration could incite the cascade of 149 

oxidation reactions that are implicated in dopamine-dependent α-syn aggregation in cerebral 150 

dopaminergic neurons but that remain unexplored in the GI tract: Fe3+-mediated dopamine oxidation that 151 

forms ortho-quinones43–45 that cause α-syn to misfold and, subsequently, aggregate.23,24 To this end, we 152 

again anaerobically cultured E. coli K-12 until stationary phase (14 hours) in either mM9+NO3 or mM9-NO3 153 

but with the addition of α-syn monomer (20 µM) as well as dopamine (500 µM; mM9+NO3,+DA or 154 

mM9−NO3,+DA, respectively) or its vehicle (mM9+NO3,−DA or mM9−NO3,−DA, respectively). As before, bacteria 155 

cultured in nitrate-respiring conditions reduced nitrate to nitrite (Figure 3a). Accumulation of nitrite 156 

corresponded to an oxidizing redox potential (Figure 3b) and a shift in iron speciation so that the relative 157 
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abundance of Fe3+ increased in comparison to cultures without nitrate supplementation (Figure 3c). 158 

Culture conditions in which nitrite was produced and dopamine was also present resulted in lower relative 159 

abundance of Fe3+ as compared to conditions without dopamine. This finding is putatively a reflection of 160 

dopamine oxidation being coupled to reduction of Fe3+, thereby increasing the relative abundance of Fe2+. 161 

Correspondingly, we were not able to measure redox potential in culture conditions that contained 162 

dopamine, as redox potential did not stabilize under these conditions. 163 

In cultures containing dopamine, we observed formation of a dark pigment, which is characteristic 164 

of quinones (Figure 3d).46 Redox-cycling stain nitroblue tetrazolium (NBT), which specifically stains 165 

quinones,47 enabled detection of quinones in dot blots of nitrate-reducing bacterial cultures (Figure 3e 166 

and Figure S2). Contrastingly, and as depicted in Figure 3d, no dark pigment was observed in dopamine-167 

supplemented fermentative culture conditions (mM9−NO3,+DA) wherein Fe3+ relative abundance was 168 

significantly less than in respiration culture conditions (mM9+NO3,+DA); correspondingly, no quinones were 169 

detected by NBT stain (Figure 3e; positive control shown in Figure S2). In the absence of dopamine 170 

supplementation to culture media, quinones were neither detected in nitrate-reducing nor in fermenting 171 

bacterial cultures. These data indicate that dopamine supplementation is necessary for quinone formation 172 

and that dopamine-dependent quinone formation occurs in the oxidizing conditions created upon 173 

bacterial reduction of nitrate. 174 

Strikingly, dopamine-dependent quinone formation coincided with α-syn aggregation. Evaluation 175 

of α-syn aggregation was conducted by dot blot, immunostaining α-syn aggregates on membranes 176 

spotted with culture media (Figure 3f; positive control shown in Figure S3). Significantly greater amounts 177 

of α-syn aggregates formed in nitrate-reducing conditions as compared to fermentative conditions—but 178 

only when dopamine was present (Figure 3g and Figure S3). In the absence of dopamine, a culture 179 

environment of oxidizing redox potential (mM9+NO3,−DA; Figure 3b) was not sufficient to induce α-syn 180 

aggregation (Figure 3g and Figure S3). 181 

We next used a genetic knockout of nitrate respiration to further clarify the roles of nitrate and 182 

nitrite in initiating α-syn aggregation. First, we targeted a molybdenum cofactor (MoaA) that is 183 

incorporated in the active site of nitrate reductases and is essential for this enzyme to reduce nitrate to 184 
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nitrite.48  MoaA was deleted from E. coli K-12 wild-type to create the isogenic mutant E. coli K-12 ΔmoaA. 185 

Culturing E. coli K-12 ΔmoaA in mM9+NO3 media did not afford the growth advantage that was obtained 186 

when, upon culturing in the same media, E. coli K-12 wild-type performed nitrate reduction (Figure S4). 187 

Moreover, E. coli K-12 ΔmoaA did not produce redox-active nitrite (Figure 3a), indicating that nitrate 188 

reduction was, indeed, inhibited by genetic deletion of moaA; likewise, a significantly less oxidizing redox 189 

potential was observed as compared to cultures of the wild-type strain cultured in mM9+NO3 media (Figure 190 

3b). The less oxidizing redox potential of E. coli K-12 ΔmoaA cultures corresponded to significant 191 

reductions in the relative abundance of Fe3+ when E. coli K-12 ΔmoaA was cultured in either mM9+NO3,−DA 192 

or mM9+NO3,+DA as compared to analogous cultures of E. coli K-12 wild-type (Figure 3c). Without the ability 193 

of E. coli K-12 ΔmoaA to reduce nitrate and increase the oxidizing redox potential of the culture media, 194 

neither dopamine oxidation nor α-syn aggregation occurred (Figures 3e, 3f, 3g; Figures S2 and S3). 195 

Taken together, these data indicate that the presence of nitrate, alone, does not induce α-syn 196 

aggregation; instead, we have demonstrated that bacteria that produce nitrite can transform an innocuous 197 

trio—Fe2+, dopamine, and α-syn monomers—into one that generates toxic α-syn aggregates. 198 

 199 

Tungstate inhibits α-syn aggregation induced by bacterial nitrate reduction. 200 

After identifying the instigating role of bacterial reduction of nitrate to nitrite in α-syn aggregation, 201 

we were curious about whether α-syn aggregation could be mitigated by chemically inhibiting bacterial 202 

nitrate respiration. To this end, we turned to tungstate, a chemical analog of molybdate that renders 203 

Enterobacteriaceae nitrate reductases inactive.19 We evaluated the effect of sodium tungstate (0.5–100 204 

mM) on E. coli K-12 (wild-type and ΔmoaA) cultured until stationary phase (14 hours) in mM9+NO3 media 205 

supplemented with α-syn monomer (20 µM) and with or without dopamine (Figure S5). For E. coli K-12 206 

wild-type cultures, a dose-response relationship was observed: increasing concentrations of sodium 207 

tungstate resulted in decreasing production of nitrite (Figure 4a). 208 

In accordance with our findings that bacterial reduction of nitrate to nitrite creates a more oxidizing 209 

redox potential, progressive inhibition of this process using increasing concentrations of sodium tungstate 210 

supplemented to cultures of E. coli K-12 wild-type (in the absence of dopamine) correlated with 211 
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decreasing oxidizing redox potentials of cultures (Figure 4b). As the redox potential of E. coli K-12 wild-212 

type cultures decreased with increasing concentrations of tungstate, the relative abundance of Fe3+ also 213 

decreased in cultures with dopamine (Figure 4c) and without dopamine (Figure 4d). Tungstate (0.5–50 214 

mM) inhibition of nitrate reduction by E. coli K-12 wild-type corresponded with decreased visible 215 

pigmentation of cultures (Figure 4e) and NBT-stained quinone (Figure 4f and Figure S2) as well as 216 

decreased formation of α-syn aggregates (Figures 4g and 4h; Figure S3). Although increasing tungstate 217 

concentrations from 0.5 mM to 100 mM resulted in significantly decreased nitrite level, relative redox 218 

potential, Fe3+ relative abundance, and α-syn aggregation, supplying E. coli K-12 wild-type cultures with 219 

up to 100 mM of tungstate did not ameliorate the effects of nitrite reduction to the extent that was 220 

observed upon genetic deletion of moaA. With 100 mM tungstate, nitrite concentration, Fe3+ relative 221 

abundance, and α-syn aggregates remained significantly greater in cultures of E. coli K-12 wild-type as 222 

compared with E. coli K-12 ΔmoaA. Taken together, these results indicate that tungstate is a means to 223 

chemically limit (but not fully prevent) generation of the oxidizing environment created by E. coli nitrate 224 

reduction and, thereby, inhibit the cascade of oxidation reactions that lead to α-syn aggregation. 225 

 226 

Redox-active nitrite induces α-syn aggregation in specialized gut epithelial cells. 227 

We next set out to examine the relevance of our proposed bacteria-induced α-syn aggregation 228 

mechanism to the mammalian gut. In the GI tract, α-syn is expressed by specialized epithelial cells called 229 

enteroendocrine cells (EECs);4 the dopamine metabolic pathway is also expressed by these cells.49 EECs 230 

are chemosensory cells at the interface between gut luminal contents and the nervous system. While the 231 

apical side of these cells is in direct contact with the gut microbiome and its metabolites, a cellular 232 

projection (called a neuropod) on the basolateral surface of EECs forms synapses with enteric neurons, 233 

including those of the vagus nerve.50 Thus, EECs have been proposed as a potential site where 234 

environmental factors, including bacterial metabolites, could initiate α-syn misfolding and the prion-like 235 

cascade leading to PD.4,51 236 

Owing to gut epithelial cells absorbing nitrite through passive diffusion,52 we hypothesized that 237 

this redox-active metabolite that is produced in the gut lumen by nitrate-respiring bacteria18,19 could 238 
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induce aggregation of α-syn that is present in the cytoplasm of EECs.4 To test our hypothesis, we used 239 

murine STC-1 cells, an accepted model cell line for elucidating properties of native EECs.53 STC-1 cells 240 

were incubated with nitrate or nitrite (0.5–50 mM), and α-syn aggregation was analyzed via 241 

immunofluorescent staining using an antibody for α-syn fibrils (Figure 5a). STC-1 cells treated with 0.5 242 

mM nitrate as compared to untreated cells showed no significant difference in amounts of α-syn 243 

aggregates (Figure 5b). In contrast, treatment with nitrite significantly induced α-syn aggregation in a 244 

concentration dependent manner, with 0.5 mM, 5 mM, and 50 mM nitrite resulting in 5.0-, 9.3-, and 10.8-245 

fold increases in aggregation, respectively, as compared to untreated cells (Figure 5b). Additionally, at 246 

each concentration tested, aggregation was significantly elevated in nitrite- versus nitrate-treated cells. 247 

Taken together, these results not only provide strong evidence for our proposed model that nitrite induces 248 

α-syn aggregation within intestinal cells expressing this protein, but these findings also emphasize the 249 

importance of bacterial reduction of nitrate to nitrite to incite this pathogenic process. 250 

 251 

Nitrate-reducing bacteria provoke increased dopaminergic neurodegeneration in Caenorhabditis 252 

elegans.  253 

Having discovered that nitrate-reducing E. coli K-12 wild-type can initiate a cascade of reactions 254 

that results in α-syn aggregation in vitro, we next examined whether gut bacteria could modulate 255 

dopamine-dependent α-syn aggregation and neurodegeneration in vivo. For this investigation, we made 256 

use of the multiple features of Caenorhabditis elegans that position this organism as a valuable 257 

gnotobiotic model for discovery of molecular-level mechanisms governing the gut–brain axis.54 In 258 

particular, we selected transgenic C. elegans models of PD that have been used to elucidate dopamine’s 259 

role in the formation of toxic α-syn oligomers and in neurodegeneration.55,56 260 

First, we used C. elegans strain UA287 in which the six frontal dopaminergic neurons in this 261 

animal both express human α-syn A53T mutant and fluoresce by virtue of GFP, with expression of both 262 

proteins controlled by dopamine transporter promoter Pdat-1.55 Neurodegeneration in these nematodes is 263 

evidenced by decline of the fluorescent signal (indicating neuron death) as well as by changes in the 264 

morphology of neuritic processes and soma (indicating decline in neuronal activity).57,58 Previous studies 265 
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using these animals have demonstrated that dopamine as well as oxidative damage that results from 266 

aging55 or environmental factors59 are mediators of α-syn-dependent dopaminergic neurodegeneration; 267 

yet, the influence of host–microbe interactions on this pathogenic process has remained undetermined. 268 

To address this knowledge gap, C. elegans UA287 (n=15 hermaphroditic nematodes from each 269 

of three independent transgenic worm lines) were reared with a food source of either E. coli K-12 wild-270 

type or ΔmoaA aerobically cultured in mM9−NO3, both conditions that provided a baseline for 271 

neurodegeneration in the absence of bacterial nitrate reduction (Figure S6). Then, C. elegans UA287 272 

synchronized L4 larvae (48 hours post-hatching) were exposed, in anaerobic conditions, to E. coli K-12 273 

wild-type or ΔmoaA, respectively, that had been anaerobically cultured in mM9−NO3, mM9+NO3, or mM9 274 

supplemented with nitrite (mM9+NO2); after three hours, nematodes were returned to aerobic conditions, 275 

washed of bacterial treatments, and then resupplied with the respective food sources provided at baseline 276 

conditions. Following this acute exposure, neuronal decline was monitored using fluorescence 277 

microscopy every 48 hours until day 6 post-hatching, a time at which aging-independent 278 

neurodegeneration is typically observed.60 Next, dopaminergic neurodegeneration was assessed as 279 

previously reported55,58,61: nematodes were scored as having a neurodegenerative phenotype if any 280 

degenerative processes (e.g., a missing dendritic process, cell body loss, or a blebbing neuronal process) 281 

were observed. 282 

To assess the effect of hypoxia on neurodegeneration, one group of nematodes was maintained 283 

in aerobic conditions, reared on a food source of E. coli K-12 wild-type (aerobically cultured in mM9−NO3), 284 

and not subjected to the acute bacterial exposure protocol (i.e., untreated controls). At days 4 and 6 post-285 

hatching, 60±7% and 44±6%, respectively, of the untreated nematode population exhibited no 286 

dopaminergic neurodegeneration (Figures 6a and 6b). These observed rates of decline are consistent 287 

with previously reported rates of α-syn-dependent neurodegeneration observed in this C. elegans 288 

strain.55 Additionally, acute exposure of C. elegans UA287 to either E. coli K-12 wild-type or ΔmoaA 289 

cultured in mM9−NO3 resulted in no significant differences in dopaminergic neurodegeneration as 290 

compared to untreated controls at day 4 or day 6 (Figures 6a and 6b). These data indicate that hypoxic 291 

conditions that nematodes were subjected to during the acute bacterial exposure protocol does not, itself, 292 
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exacerbate neurodegeneration nor does bacterial genetic background, in the absence of nitrate, impact 293 

baseline levels of neurodegeneration. 294 

Neurodegeneration phenotypes significantly increased when C. elegans UA287 were acutely 295 

exposed to cultures of E. coli K-12 wild-type in mM9+NO3. By day 4 post-hatching, only 36±2% of worms 296 

exhibited normal neurons (Figure 6a), which further dropped to 24±4% by day 6 (Figure 6b). Nitrate, 297 

alone, did not aggravate neurodegeneration in C. elegans UA287, as nematodes exposed to cultures of 298 

E. coli K-12 ΔmoaA in mM9+NO3 displayed no significant difference in neurodegeneration as compared to 299 

untreated controls or to animals treated with E. coli K-12 ΔmoaA cultured in mM9−NO3. In contrast, treating 300 

nematodes with E. coli K-12 wild-type or ΔmoaA cultured with nitrite (mM9+NO2) resulted in significant 301 

neurodegeneration, which did not differ from levels observed upon treatment with cultures of E. coli K-12 302 

wild-type in mM9+NO3. As worms aged from day 4 to day 6, there were fewer worms without 303 

neurodegenerative phenotypes across every treatment group while the relative trends in 304 

neurodegeneration were maintained across both time points (Figures 6a and 6b). Taken together, these 305 

findings indicate that C. elegans UA287 exposed to nitrate-reducing E. coli K-12 does not merely induce 306 

dopaminergic neurodegeneration but also that a single acute exposure to the products of this bacterial 307 

metabolic pathway—nitrite—is enough to induce persistent and progressive neuronal decline. 308 

 309 

Interaction between dopamine and α-syn are critical determinants of whether nitrate-reducing 310 

bacteria induce dopaminergic neurodegeneration in C. elegans model of PD. 311 

Owing to data from our in vitro experiments that showed the necessity of dopamine to α-syn 312 

aggregation that was induced by bacterial nitrate reduction, we next sought to determine the significance 313 

of dopamine to this mechanism of neurodegeneration in vivo. To examine this mechanism, we used C. 314 

elegans strain UA288.62,63 This strain has the same genetic background as strain UA287, except that a 315 

mutated version of α-syn is encoded: five amino acids (residues 125–129) near the C-terminus of α-syn 316 

were mutated from Y125EMPS129 to F125AAFA129 [mutant referred to as A53T(125-9m)]. These five 317 

mutations prevent the interaction between dopamine quinones and the C-terminus of α-syn that leads to 318 

α-syn aggregate formation.62,63 319 
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When dopamine was prevented from interacting with α-syn, bacterial culture conditions that 320 

induced dopamine-dependent quinone formation and α-syn aggregation in vitro as well as 321 

neurodegenerative phenotypes in C. elegans UA287 had no impact on dopaminergic neurodegeneration 322 

in C. elegans UA288. Neither acute exposure of C. elegans UA288 to E. coli K-12 wild-type cultured in 323 

either mM9+NO3 or in mM9+NO2 nor E. coli K-12 ΔmoaA cultured in mM9+NO2 had any impact on 324 

neurodegeneration as compared to untreated nematodes at either day 4 (Figure 6c) or day 6 (Figure 6d). 325 

Mirroring findings from our in vitro experiments, these data indicate that nitrite, alone, is not sufficient to 326 

induce a neurodegenerative phenotype. Instead, nitrite drives dopamine-dependent α-syn aggregation 327 

as a mechanism of neurotoxicity in this C. elegans model of PD. 328 

 329 

DISCUSSION 330 

Here, we show that the ability of Enterobacteriaceae, specifically E. coli, to modulate the redox 331 

potential of a bacterium’s environment plays a critical role in inducing the formation of α-syn aggregates. 332 

Microbial metabolism has been previously demonstrated to influence the redox potential of the 333 

environment;34 however, gut bacterial metabolic pathways are typically associated with creating more 334 

reducing environments, while the generation of oxidizing environments is commonly linked to host 335 

processes.29–33,64 Our data suggest that bacteria performing nitrate dissimilatory metabolism can 336 

generate an oxidizing environment. When this metabolic process occurs, Enterobacteriaceae reduce 337 

nitrate, a relatively redox-inert by-product of the host inflammatory response,65 to nitrite, an oxidizing 338 

agent. 339 

Using E. coli K-12 wild-type cultures, we demonstrated that the presence of nitrate in the growth 340 

medium results in its reduction to nitrite as well as a generation of a redox environment that is more 341 

oxidizing as compared to the same cultures without nitrate. In contrast, nitrate supplied to bacteria with 342 

a nitrate respiration defect (i.e., E. coli K-12 ΔmoaA) or to sterile media neither resulted in nitrite 343 

production nor a more oxidizing redox potential. These data indicate that E. coli K-12 nitrate metabolism 344 

generates an oxidizing environment. Notably, we showed that the shift in redox potential that 345 

accompanies nitrite production was sufficient to alter the relative abundance of iron species so that Fe3+ 346 
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predominated over Fe2+ in cultures. This shift occurred in spite of anaerobic and reducing in vitro culture 347 

conditions similar to those of the GI tract that favor the prevalence of Fe2+ over Fe3+.39 Enterobacteriaceae 348 

nitrate respiration may be an underappreciated mechanism by which gut bacteria disrupt their 349 

environment’s relative abundance of Fe2+ and Fe3+ as well as the metabolic processes mediated by this 350 

redox-active metal. 351 

Iron has been implicated in PD onset due to the ability of Fe3+ to oxidize dopamine to ortho-352 

quinones that cause α-syn monomers to aggregate.24,66,67 Through in vitro experiments, we demonstrated 353 

that gut bacterial nitrate reduction can induce the cascade of oxidation reactions that ultimately results in 354 

dopamine-dependent α-syn aggregation. This is the first report elucidating a gut bacterial metabolic 355 

pathway that directly influences α-syn aggregation in vitro. If conserved in the mammalian GI tract, this 356 

biochemical pathway may be a novel target for intervention strategies to prevent α-syn aggregation in 357 

the gut. 358 

Due to tungstate’s inhibition of Enterobacteriaceae nitrate respiration,19 we sought to determine 359 

whether tungstate could be used to inhibit Enterobacteriaceae-induced α-syn aggregation. Tungstate 360 

exposure limited dopamine oxidation and α-syn aggregation in cultures of E. coli K-12 wild-type 361 

supplemented with nitrate. Additionally, tungstate treatment effectively lessened the oxidizing redox 362 

potential of the bacterial environment as well as increased the relative abundance of less-oxidizing Fe2+. 363 

Owing to the ability of oral tungstate treatment to effectively ameliorate murine colitis, which is 364 

exacerbated by gut bacterial nitrate respiration,19 the ability of tungstate to limit α-syn aggregation in vitro 365 

may have important therapeutic implications for limiting α-syn aggregation in the mammalian intestine. 366 

Towards determining the significance of bacterial nitrate respiration to α-syn aggregation in the 367 

gut, we focused our efforts on EECs. EECs are emerging as a critical mediator of the gut–brain axis68,69 368 

and have been implicated in PD as a source of intestinal α-syn.4,51 Since EECs can form synapses with 369 

the enteric nervous system,68 it has been hypothesized that α-syn aggregates may spread from EECs to 370 

the brain via the vagus nerve;4,51 however, the precise molecular stimuli of α-syn aggregation in EECs 371 

have remained elusive. Owing to our findings that nitrite induces dopamine-dependent α-syn aggregation 372 

in vitro, we suspected that nitrite could induce the same process in EECs. Within EECs, nitrite exposure 373 
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(0.5–50 mM) afforded a dose-dependent increase in the amount of α-syn aggregation. Consistent with 374 

our in vitro experiments, the effect of nitrate (0.5 mM) on α-syn aggregation was no different than sham 375 

treatment. Notably, the concentration of nitrate in the mucus layer of the intestinal lumen is on the order 376 

of 0.5 mM,18 which supports the physiological relevance of our findings. We demonstrated that nitrite—377 

the product of gut bacterial Enterobacteriaceae nitrate respiration that occurs within the GI tract18,19—can 378 

induce α-syn aggregation in EECs, which line the GI lumen. 379 

Enterobacteriaceae is more abundant in people with PD as compared to non-diseased, age-380 

matched controls and is positively correlated with the severity of motor dysfunction;9 however, whether 381 

Enterobacteriaceae plays a causative role in PD has remained unknown. Findings from our in vitro 382 

experiments that demonstrated the capacity of nitrite to induce α-syn aggregation provided the foundation 383 

to test a causative role for bacterial nitrate respiration on α-syn-dependent neurodegeneration in vivo 384 

using a C. elegans model of PD. Our results demonstrated that acute exposure of nematodes to E. coli 385 

K-12 wild-type that reduced nitrate to nitrite caused significant acceleration of dopaminergic 386 

neurodegeneration as compared to either treatment with cultures of E. coli K-12 wild-type without nitrate 387 

or to no bacterial treatment. While genetic knockout of nitrate respiration (ΔmoaA) in E. coli K-12 388 

precluded this bacterium from inducing neurodegeneration, even in the presence of nitrate, exposing 389 

nematodes to the redox-active metabolic product of nitrate reduction, nitrite, recapitulated the 390 

dopaminergic neurodegenerative phenotype that was evoked by nitrate-reducing E coli K-12. In addition 391 

to the significance of nitrite, the neurodegenerative phenotype depended on the presence of α-syn’s C-392 

terminus residues (125–129) that interact with dopamine quinones to instigate α-syn aggregate 393 

formation.62,63 Mutation of these α-syn residues [A53T(125-9m)] to preclude interactions between α-syn 394 

and dopamine quinone abrogated neurodegeneration: neither exposure to nitrate-reducing bacteria nor 395 

nitrite could induce neurotoxicity beyond the levels observed in untreated controls. These findings 396 

suggest that acute exposure of C. elegans to the metabolic product of bacterial nitrate reduction induces 397 

the putative formation of dopamine-derived quinones that, upon interaction with the C-terminus of α-syn, 398 

causes neurotoxic α-syn aggregation. 399 

In summary, our data demonstrate that the gut microbiota, in particular E. coli (a prototypic 400 
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organism of the Enterobacteriaceae bacterial family18), is capable of inducing α-syn aggregation in vitro 401 

and α-syn-associated neurodegeneration in a C. elegans model of PD. Here, we identified a specific 402 

metabolic pathway, bacterial nitrate reduction, that can generate the oxidative environment that causes 403 

dopamine oxidation and subsequent α-syn aggregation. While dopamine oxidation has been identified 404 

as a crucial component of α-syn aggregation mechanisms in the brain,24,66,67 we have demonstrated that 405 

dopamine-dependent mechanisms of α-syn aggregation are also likely relevant in the gut. Our findings 406 

that nitrite induced α-syn aggregation in EECs provides strong motivation for examining these cells as a 407 

likely conduit of the gut–brain axis in PD. Future work will focus on the ability of α-syn aggregates to 408 

spread to the enteric nervous system following their formation in EECs. Finally, our studies of C. elegans 409 

models of PD provide supporting evidence for the in vivo relevance of gut bacteria nitrate reduction to α-410 

syn aggregation and neurodegeneration. If the cascade of reactions initiated by bacterial nitrate reduction 411 

and ending with α-syn aggregation is conserved in the mammalian gut, our findings position gut bacterial 412 

nitrate reduction as a novel target that may be leveraged for early intervention strategies to prevent 413 

intestinal α-syn aggregation and limit Parkinsonian neurodegeneration. 414 

 415 

MATERIALS AND METHODS 416 

Full details for all materials and methods are provided in the Supplementary Materials. 417 

 418 
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 662 

Figure 1. Upon oxidation of Fe2+ to Fe3+ in brain dopaminergic neurons, dopamine can be oxidized to 663 
ortho-quinones that cause α-syn to misfold and aggregate. 664 
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 678 

Figure 2. E. coli nitrate reduction generates an oxidant, nitrite, that creates an oxidizing redox potential 679 
in the bacterial environment and increases the relative abundance of Fe3+. E. coli K-12 was incubated in 680 
mineral media with nitrate (mM9+NO3) or without (mM9−NO3). (a) Growth was measured by optical density 681 
at 600 nm (OD600). (b) Oxidation-reduction potential (ORP) of bacterial cultures was measured, using an 682 
electrode, in culture media relative sterile media. (c) Nitrite was quantified in cultures supplied with nitrate 683 
using the Griess assay. (d–e) Iron speciation was measured using the ferrozine assay in bacterial cultures 684 
where (d) media lacked nitrate (mM9−NO3) or (e) media was supplemented with nitrate (mM9+NO3). n = 3 685 
biological replicates; bars denote means ± S.E.M. 686 
 687 
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 690 
 691 
Figure 3. E. coli nitrate respiration instigates dopamine-dependent quinone formation and α-syn 692 
aggregation. E. coli K-12 wild-type or ΔmoaA was cultured for 14 hours in mM9 media with α-syn 693 
monomer in the presence of nitrate (+NO3) or its absence (-NO3) and with dopamine (+DA) or without (-694 
DA). Quantification of (a) nitrite (using Griess assay), (b) oxidation-reduction potential (ORP) relative to 695 
sterile media (using redox electrode), and (c) labile Fe3+ and Fe2+ (using ferrozine assay). (d–f) 696 
Representative images of (d) bacterial cultures as well as (e) membranes stained quinone formation 697 
(using nitroblue tetrazolium (NBT) stain) or (f) dot blots stained for α-syn aggregate formation (using 698 
immunostaining with anti-fibril α-synuclein as the primary antibody). (g) Quantification of α-syn 699 
aggregates in dot blots. R.F.U.: relative fluorescence units. n = 3 biological replicates; bars denote means 700 
± S.E.M.; significance was determined using ordinary one-way ANOVA with Sidak’s multiple comparisons 701 
test; ****: P < 0.0001, ns: not significant. 702 
 703 
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 705 

Figure 4. Tungstate limits α-syn aggregation by inhibiting bacterial nitrate reduction, which reduces redox 706 
potential of the bacterial environment. E. coli K-12 wild-type or ΔmoaA was cultured for 14 hours in mM9 707 
media with α-syn monomer in the presence of nitrate (+NO3), with dopamine (+DA) or without (-DA), and 708 
with sodium tungstate (WO4

2-) at varying concentrations (0–100 mM). Quantification of (a) nitrite (using 709 
Griess assay), (b) oxidation-reduction potential (ORP) relative to sterile media (using redox electrode), 710 
and (c–d) labile Fe3+ and Fe2+ (using ferrozine assay) in cultures (c) with dopamine or (d) without 711 
dopamine. (e–g) Representative images of (e) bacterial cultures of E. coli K-12 wild-type incubated in 712 
mM9+NO3,+DA supplemented with tungstate (0–100 mM) as well as (f) membranes stained for quinone 713 
formation (using nitroblue tetrazolium (NBT) stain) or (g) dot blots stained for α-syn aggregate formation 714 
(using immunostaining with anti-fibril α-synuclein as the primary antibody). (h) Quantification of α-syn 715 
aggregates in dot blots. R.F.U.: relative fluorescence units. n = 3 biological replicates; bars denote means 716 
± S.E.M.; significance was determined using ordinary one-way ANOVA with Sidak’s multiple comparisons 717 
test; ****: P < 0.0001, ***: P < 0.0007, **: P < 0.0026, *: P = 0.0168, ns: not significant. 718 
 719 
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  722 

Figure 5. Nitrite, but not nitrate, induces α-syn aggregation in enteroendocrine STC-1 cells. α-syn 723 
aggregates per STC-1 cell upon incubation with nitrate (NO3

-) or nitrite (NO2
-) were (a) visualized 724 

(representative images) and (b) quantified using maximum intensity projections acquired by structured 725 
illumination microscopy (immunofluorescence staining of α-syn aggregates is in green; DAPI-stained cell 726 
nuclei are in blue). n = 20 cells; bars denote mean ± S.E.M.; significance determined by one-way ANOVA 727 
with Sidak’s multiple comparisons test; ****: P < 0.0001, ns: not significant. 728 
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 738 

 739 
Figure 6. E. coli K-12 nitrate reduction induces dopaminergic neurodegeneration in C. elegans models 740 
of PD. Assessment of dopaminergic neurodegenerative phenotypes in C. elegans (a–b) strain UA287 741 
(which expresses human α-syn A53T) and (c–d) strain UA288 (which expresses human α-syn A53T(125-742 
9m)) following acute (three-hour) exposure to E. coli K-12 wild-type or ΔmoaA cultured in mM9 media 743 
without nitrate (mM9−NO3) or mM9 media supplemented with nitrate (mM9+NO3) or nitrite (mM9+NO2). Acute 744 
bacterial exposure was performed under anaerobic conditions at 48 hours post-hatching. 745 
Neurodegenerative phenotypes were detected using fluorescence microscopy at (a,c) day 4 and (b,d) 746 
day 6 post-hatching. n = 45 nematodes; values are averages of 15 worms from each of three independent 747 
transgenic worm lines per genetic background; bars denote means ± S.E.M.; significance determined by 748 
one-way ANOVA with Sidak’s multiple comparisons test; *: P = 0.0102, **: P < 0.0039, ns: not significant. 749 
 750 
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