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Abstract 21 

Gastrointestinal illnesses are one of the most common comorbidities reported in patients with 22 

neurodevelopmental diseases, including autism spectrum disorders (ASD). Gut dysbiosis, 23 

overgrowth of C. difficile in the gut, and gut microbiota-associated alterations in central 24 

neurotransmission have been implicated in ASD, where the dopaminergic axis plays an 25 

important role in the disease pathogenesis. Human C. difficile strains produce a significant 26 

amount of the toxic metabolite p-cresol, an inhibitor of dopamine beta-hydroxylase (DBH), 27 

which catalyzes the conversion of dopamine (DA) to norepinephrine (NE). p-cresol is known to 28 

precipitate and exacerbate autistic behavior in rodents by increasing DA levels and altering DA 29 

receptor sensitivity in brain regions relevant to ASD. Therefore, we hypothesized that C. difficile 30 

infection dysregulates dopaminergic metabolism in the brain by increasing p-cresol levels in the 31 

gut and circulation and by inhibiting DBH,  ultimately leading to elevated DA in the brain. For 32 

testing this hypothesis, we induced antibiotic-associated C. difficile in mice and determined the 33 

gut and serum p-cresol levels, serum DBH activity, and dopamine and its metabolite levels in 34 

different brain regions relevant to ASD. The results showed that C. difficile infection causes 35 

significant alterations in the dopaminergic axis in mice (p < 0.05). In addition, significantly 36 

increased circulating p-cresol levels and reduced DBH activity was observed in C. difficile 37 

infected animals (p < 0.05). Therefore, the results from this study suggest a potential link 38 

between C. difficile infection and alterations in the dopaminergic axis implicated in the 39 

precipitation and aggravation of ASD. 40 

Keywords: C. difficile, gut-brain axis, p-cresol, dysbiosis 41 

  42 
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Introduction 43 

 Although the involvement of the gut-brain axis is increasingly implicated in the 44 

precipitation and manifestation of neurodevelopmental disorders such as autism, mechanistic 45 

evidence that directly connects gut bacteria, bacterial metabolites, and neuronal dysregulation is 46 

sparse.1, 2 Disruption of the normal gut microbiota is known to cause an overgrowth of 47 

unfavorable bacterial communities that increase toxic metabolites in the gut.3 Several of these 48 

metabolites are known to have an impact on neurotransmission and brain functions, underscoring 49 

the importance of the gut-brain axis in health and disease.4 50 

 p-cresol is a toxic phenolic compound produced by bacterial fermentation of protein in 51 

the human large intestine.5 p-cresol is readily absorbed into the bloodstream and secreted in 52 

urine.6, 7 Moreover, it is already known that patients with autism spectrum disorders (ASD) often 53 

have a significantly higher urine p-cresol level, which is considered a biomarker for this disease 54 

complex.8-10 A recent study demonstrated that intravenous p-cresol injection aggravates autistic 55 

behaviors in a murine genetic model of ASD by dysregulating dopaminergic axis.11 Another 56 

study revealed ASD-like behavior in rats intraperitoneally administered with p-cresol.12 Similar 57 

results with dysregulation in dopaminergic neurotransmission were demonstrated following oral 58 

p-cresol administration in non-mutant mice.13 Therefore, p-cresol mediated alterations in the 59 

dopaminergic pathway appear to be associated with the pathophysiology of ASD.  60 

 p-cresol is a potent inhibitor of the enzyme dopamine beta-hydroxylase (DBH) that 61 

converts dopamine (DA) to norepinephrine (NE).14-16 Thus, inhibition of DBH increases the 62 

concentration of DA in the central nervous system. Notably, a low maternal serum level of DBH 63 

and mutations in the DBH genes have been associated with autism in children.17, 18 Additionally, 64 

increased urinary and cerebrospinal fluid levels of homovanillic acid, a DA metabolite, have 65 
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been reported in autistic patients.19-21 Moreover, an elevated brain DA level, mutations in the DA 66 

transporter protein, altered sensitivity of DA receptors, and impaired striatal dopaminergic 67 

neurotransmission are observed in autistic patients and animal models of ASD.22-25 In addition, 68 

DA receptor antagonists are found to reduce autistic symptoms in patients.25, 26 69 

 Gut dysbiosis induced by prolonged antibiotic therapy is the most common cause of C. 70 

difficile overgrowth and associated diarrhea in infants and adults.27, 28 Human C. difficile strains 71 

produce a significant amount of p-cresol, unlike most other gut bacteria.29-31 C. difficile produces 72 

10 to 1000 times more p-cresol than other known p-cresol producing bacteria in the gut.5, 32 As 73 

mentioned above, recent studies demonstrated p-cresol induced autistic behavior in mice by 74 

altering the dopaminergic axis.11, 13 What remains unknown is the p-cresol mediated functional 75 

consequence of C. difficile infection on the dopaminergic neurotransmission from a gut-brain 76 

axis standpoint. Moreover, the involvement of possible mediators such as DBH that directly 77 

connects gut microbial p-cresol to DA dysmetabolism need to be demonstrated. Thus, the current 78 

work investigates the effect of antibiotic-induced C. difficile infection and consequent in vivo 79 

production of p-cresol on the DA metabolism in the brain.  80 

Results 81 

C. difficile UK1 produces a significant amount of p-cresol in vitro 82 

 To determine the p-cresol producing ability of the human hypervirulent C. difficile strain 83 

(UK1), we performed a p-HPA-p-cresol conversion assay. For this experiment, we quantified 84 

total p-cresol and its substrate para-hydroxyphenyl acetic acid (p-HPA) concentrations at 85 

different time points in C. difficile UK1 cultures by high-performance liquid chromatography 86 

(HPLC) in vitro. Our results indicated that C. difficile UK1 completely metabolized p-HPA to p-87 
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cresol in brain heart infusion (BHI) media by 24h of incubation in anaerobic conditions (Figure 88 

1). This data confirms the p-cresol producing capability of human hypervirulent C. difficile strain 89 

suggesting that this bacterium could increase the gut p-cresol concentrations in C. difficile 90 

infected host. 91 

Antibiotic induced C. difficile infection increases gut p-cresol concentration 92 

 Further, we performed a C. difficile challenge study to quantitate in vivo C. difficile p-93 

cresol production in mice gut. For this study, 3-week-old C57BL/6 mice were administered with 94 

an oral antibiotic cocktail followed by an intraperitoneal clindamycin injection for inducing gut 95 

dysbiosis. Gut dysbiosis is required for C. difficile colonization in mice as in humans.33, 34  Mice 96 

were then challenged with 104 C. difficile UK1 spores (Figure 2A). From the previous 97 

experiments conducted by the authors and other investigators, it is known that 104 C. difficile 98 

UK1 spores induces clinical CDI with less mortality in mice compared to high dose (106 to 107 
99 

spores) challenge, simulating chronic persistent CDI in humans. Diarrhea or wet tail were 100 

noticed in all C. difficile challenged mice on 2-day post-inoculation. Histopathologic 101 

examination of the colonic sections revealed no significant lesions in the colon of the control and 102 

antibiotic-control (Abx) groups (Figure 2B). As expected, the colon of the mice challenged with 103 

104 C. difficile UK1 (C.Diff) exhibited significant pathologic changes in the mucosal epithelium, 104 

as evidenced by necrosis, moderate neutrophilic inflammatory infiltrates in the lamina propria 105 

and submucosa and marked submucosal edema, contributing to a significantly increased 106 

cumulative colitis score (Figure 2B & 2C). In addition, the total cecal p-cresol level (free and 107 

bound) on 2-day post challenge was determined using HPLC method (Figure 2D).35 A 108 

significant increase in total cecal p-cresol concentration was observed in mice challenged with C. 109 

difficile (C. Diff) compared to controls (p < 0.05). An increasing trend in the cecal p-cresol, 110 
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although not statistically significant was observed in antibiotic Abx group compared to control 111 

(Figure 2D). Thus, the data indicate that clinical C. difficile infection significantly increases gut 112 

p-cresol levels in infected mice. 113 

C. difficile infection increases serum p-cresol and reduces serum DBH activity 114 

 Since p-cresol produced in the intestine is readily absorbed into the blood stream, we 115 

investigated the changes in the serum p-cresol levels in C. difficile challenged and control 116 

groups. Previous studies demonstrated that p -cresol is a neurotoxin that can cross the blood 117 

brain barrier, impair neurotransmission, and induce behavioral abnormalities.12 In addition, p-118 

cresol is a potent inhibitor of  DBH enzyme.14-16 It is also known that the serum DBH is 119 

predominantly contributed by the brain tissue, and hence the serum DBH activity meaningfully 120 

reflects the brain DBH activity.36, 37 Therefore, we quantitate serum p-cresol levels in C. difficile 121 

challenged and control mice. Further we performed a DBH activity assay to determine whether 122 

C. difficile induced changes in the circulating p-cresol alters the activity of this enzyme, which 123 

may have an impact on brain DA to norepinephrine conversion. As expected, a significant 124 

increase in total serum p-cresol concentration was observed in mice challenged with C. difficile 125 

(C. Diff) compared to controls (p < 0.05). Minor increases in the serum p-cresol (not significant) 126 

were observed in Abx group compared to control (Figure 3A). Most importantly, a significant 127 

reduction in the serum DBH activity (p < 0.05) was observed in C. difficile challenged mice as 128 

indicated by a lower peak area under the UHPLC spectrum compared to controls (Figure 3B). 129 

Thus, the result from this set of experiments demonstrates a significant increase in serum p-130 

cresol and diminished DBH activity in C. difficile infected mice. 131 

Antibiotics induced C. difficile infection increased DA and its metabolite levels in striatum 132 

and prefrontal cortex 133 
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 Increased gut and serum concentrations of p-cresol has been demonstrated to cause 134 

altered DA levels in brain, which has been implicated in neurological disorders including 135 

autism.11-13 Two major dopaminergic pathways in brain significant to ASD include 136 

mesocorticolimbic (MCL) circuit, and the nigrostriatal (NS) circuit.38, 39 Substantia nigra and 137 

ventral tegmental area are the two major DA producing areas in the brain. Neurons from the 138 

substantia nigra project to the dorsal striatum, forming the nigrostriatal (NS) circuit, which is 139 

associated with the motor aspects of goal-directed behavior. Ventral tegmental area projects to 140 

the prefrontal cortex and the ventral striatum forming the mesocorticolimbic (MCL) circuit, 141 

which is involved in reward and motivation-related behavior. Dysregulation of the 142 

mesocorticolimbic circuit leads to social deficits, and malfunction of the nigrostriatal circuit 143 

leads to stereotyped behaviors seen in ASD.39 Striatum is a critical area that receive projections 144 

from both systems; and therefore, DA and its metabolite concentrations were examined in the 145 

striatum in response to antibiotic treatment and C. difficile infection.  146 

 The results from the neurochemical analysis for striatal (STR) catecholamines (Figure 4) 147 

showed a significantly increased DA concentration in C. difficile challenged (C.Diff) group 148 

compared to the untreated control (p < 0.05). However, concentrations of DA metabolic products 149 

3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) did not significantly 150 

differ from that of control animals. Similarly, no significant difference was observed in the NE 151 

concentration in the striatum of C. difficile challenged mice compared to the negative control. In 152 

contrast, the DA concentrations were unaltered or slightly reduced in the antibiotic control group 153 

compared to the untreated control. In contrast, the significantly lower DOPAC and HVA 154 

concentrations (p < 0.05) were observed in antibiotic control group compared to negative 155 
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control. No statistically significant difference was observed in the NE levels in antibiotic control 156 

group compared to negative control, although a decreasing trend was noted. 157 

 A comparable similar trend was observed in the monoamine concentrations in the pre-158 

frontal cortex (Figure 5). An increasing trend in DA and  DOPAC concentrations and a 159 

statistically significant (p < 0.05) increase in HVA in C. difficile challenged mice compared to 160 

both negative and antibiotic control groups. More interestingly, although statistically not 161 

significant, a decreasing trend of NE concentration was observed in C. difficile challenged group 162 

compared to both control groups.  163 

Both antibiotic treatment and antibiotic induced C. difficile infection decreased NE levels in 164 

hippocampus 165 

 In contrast to the striatal and prefrontal cortex, the neurochemical profile of 166 

catecholamines in the hippocampus revealed significant reduction of the DA degradation product 167 

DOPAC (p<0.05), accompanied with statistically nonsignificant but a decreasing trend in DA 168 

concentration compared to control (Figure 6). More interestingly, the NE levels in both 169 

antibiotic control groups and C. difficile challenged group were significantly reduced in the 170 

hippocampus (p < 0.05 and p < 0.001 respectively). This result suggests hippocampal DA release 171 

in response to C. difficile infection is distinctively different compared to striatum and prefrontal 172 

cortex, where dopaminergic circuits predominate.  173 

Antibiotic treatment, and antibiotic induced C. difficile infection differentially altered DA 174 

levels in substantia nigra  175 

 Substantia nigra is one of the major locations where neuronal DA is synthesized to be 176 

released in brain areas such as striatum and prefrontal cortex through dopaminergic projections. 177 
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Although not statistically significant, a decreasing trend in concentrations of DA and its 178 

degradation products were observed in the substantia nigra of C. difficile challenged mice 179 

compared to negative control (Figure 7). In contrast, the concentrations of DA and DOPAC 180 

were significantly reduced in C. difficile challenged mice compared to antibiotic control group (p 181 

< 0.05). The same trend was also observed in HVA concentration. Moreover, the NE levels did 182 

not differ significantly across the treatment groups. The result suggests a reduced DA synthesis 183 

in substantia nigra in C. difficile infected animals but not in antibiotic (alone) treated animals 184 

compared to control.  185 

Discussion 186 

 Gastrointestinal disorders are one of the most common comorbidities reported in patients 187 

with ASD.40-42 Of particular note, gut dysbiosis, overgrowth of C. difficile in the gut, and gut 188 

microbiota-associated alterations in central neurotransmission have been implicated in ASD, 189 

where the dopaminergic axis plays an important role in the disease pathogenesis.43 In addition, a 190 

significant association has been demonstrated between antibiotic therapy and resultant alterations 191 

in the gut microbiome (gut dysbiosis)-which predispose C. difficile overgrowth in gut in early 192 

infancy contributing to ASD in children, although causation has not been proven.44 At this point, 193 

a specific underlying mechanism that connects gut dysbiosis to ASD-associated changes in the 194 

brain has not been identified.  195 

 In children and adults with ASD, gastrointestinal symptoms are a common problem 196 

associated with dysbiosis and a higher incidence of C. difficile colonization45, 46. The severity of 197 

ASD has been strongly correlated with gastrointestinal symptoms in autistic individuals46. 198 

Strikingly, fecal microbiome therapy (FMT), a radical treatment strategy against C. difficile 199 

infection in humans, is also found to be effective in mitigating ASD symptoms in both adults and 200 
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children47. Additionally, transplantation of the fecal microbiome from ASD patients induced 201 

autism-like behavior in mice48. Nonetheless, vancomycin, a primary line of antibiotics used to 202 

treat C. difficile infection in humans, reduces autistic symptoms in affected individuals49. In 203 

contrast, fluoroquinolones, a group of antibiotic that predispose C. difficile infection in humans, 204 

aggravate ASD symptoms in autistic patients49. Thus, it appears that the factors associated with 205 

the predisposition, manifestation, and suppression of autistic symptoms coincide with that of C. 206 

difficile infection in affected individuals. Therefore, we hypothesized that gut-dysbiosis and 207 

dysbiosis induced C. difficile overgrowth and subsequent production of p-cresol dysregulate the 208 

dopaminergic axis in the brain, which may have implications in neurodevelopmental disorders 209 

such as ASD. 210 

 As expected, the in vitro p-cresol production experiment showed that C. difficile UK1 211 

strain efficiently converts the substrate p-HPA to p-cresol (Figure 1). Production of a very high 212 

amount of p-cresol is an unusual property of C. difficile among other gut bacteria.50 C. difficile 213 

ferments tyrosine and its metabolites such as p-HPA to synthesize p-cresol in gut. p-cresol is a 214 

bacteriostatic compound that affect the membrane integrity of Gram-negative bacteria, which 215 

provides a competitive advantage to C. difficile over gut bacteria, including Escherichia and 216 

Bacteroides thetaiotaomicron.51 Similarly, the results from our infection trial indicated a 217 

significant increase in p-cresol concentration in the cecal contents of C. difficile infected mice 218 

compared to controls (p < 0.05) (Figure 2D). It is known that p-cresol is readily absorbed into 219 

the bloodstream, as indicated by a significant increase in serum p-cresol levels in C. difficile 220 

infected animals compared to controls (p < 0.05). Although not statistically significant, an 221 

increased cecal p-cresol was observed in antibiotic control. Previous reports including our 222 

studies have already established that the antibiotic treatment (oral antibiotic cocktail and 223 
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intraperitoneal clindamycin in this case) causes significant dysbiosis in mice gut, causing 224 

overgrowth of unfavorable bacterial communities that produce toxic metabolites, including p-225 

cresol.52 As expected, a similar trend was also observed in serum p-cresol levels of antibiotic 226 

control mice. These observations indicate that antibiotic-induced C. difficile infection increases 227 

serum levels of p-cresol, which may have significant extraintestinal, organ specific or systemic 228 

effects in the infected patient. Since p-cresol can cross the blood-brain barrier, it is reasonable to 229 

expect an impact on the structural and functional homeostasis of the central nervous system.  230 

 The enzymatic assay performed on the serum samples of C. difficile infected and control 231 

mice (Figure 3B) demonstrated a significant reduction in the DBH activity coinciding with the 232 

increased serum p-cresol levels. Brain is the primary source of the serum levels of DBH, and 233 

either serum or plasma DBH activity has been considered as one of the reliable measures of brain 234 

DBH activity 36, 37. It has been already known that p-cresol is a potent inhibitor of this enzyme. 235 

DBH catalyzes the conversion of DA to NE in dopaminergic and noradrenergic neurons, and 236 

inhibition of DBH can increase the DA levels in the neurons and synapses with a concurrent 237 

reduction in the NE levels.14-16 The neurochemical profile of striatum and prefrontal cortex of the 238 

C. difficile challenged mice showed increased DA levels and a lower NE levels in these brain 239 

areas, suggesting that these alterations could be solely or partially a result of p-cresol mediated 240 

inhibition of DBH enzyme. However, further investigations are required to rule out the 241 

possibilities of reduced expression of DBH genes, and other pathways that affect 242 

neurotransmitter release in response to C. difficile infection. 243 

 The most notable observation made in this study is the increased DA in the striatum and 244 

pre-frontal cortex with unchanged or decreased NE levels in mice with C. difficile infection 245 

(increased DA to NE ratio). These observations corroborate with a recently published study 246 
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which demonstrated increased DA levels in striatum and associated ASD like behavior in mice 247 

intravenously administered with p-cresol.11 DA release in striatum and prefrontal cortex is 248 

generally associated with reward response, motivation, pleasure, and addiction.53 In contrast, an 249 

increase in DA levels in these brain regions in response to persistent painful condition (dysbiosis 250 

and CDI associated typhlocolitis in this case) is unusual, as pain is a significant factor to be 251 

considered in a C. difficile infection study. Generally, DA is considered as anti-nociceptive and 252 

persistent pain is often associated with a decreased DA levels in brain as opposed to acute pain 253 

such as a pin prick.54-57 Therefore, a significantly increased DA and its degradation products 254 

observed in the striatum and pre-frontal cortex could be potentially attributed to a pathway that 255 

directly alters DA metabolism such as p-cresol mediated inhibition of DBH. Increased DA (or its 256 

degradation products) to norepinephrine ratio as seen in both striatum and pre-frontal cortex of 257 

the C. difficile infected mice has been implicated in disorders of DBH activity such as low DBH 258 

levels mutations in DBH coding genes.37 Therefore, C. difficile cresol mediated inhibition of 259 

DBH could be a potential reason for this phenomenon.  260 

 In contrast, the hippocampal neurochemical profile was unaltered or decreasing trend of 261 

DA and DA degradation products in C. difficile infected animals. Similar results have also been 262 

reported in a recent study, where the mice were administered intravenous p-cresol.11 This may 263 

suggest the dominance of pain and memory related and non-dopaminergic pathways in the 264 

hippocampus in response to C. difficile infection or high serum p-cresol. Interestingly, a 265 

significant decrease in NE is noticed in hippocampus, suggesting a reduced production of the NE 266 

in the nor-adrenergic neurons projecting to hippocampus58, presumably due to p-cresol mediated 267 

inhibition of DBH. In addition, we examined the catecholamine profile in the one of the two 268 

major dopamine producing areas in the brain that projects to the striatum, i.e., substantia nigra. In 269 
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addition to an unaltered NE level, the concentrations of DA, DOPAC and HVA appears to 270 

follow a decreasing trend suggesting  a potential feedback inhibition of DA production in 271 

response to accumulation of DA in striatum59. This is also in line with the hypothesis of altered 272 

DA to NE conversion in the brain in response C. difficile p-cresol mediated inhibition of DBH. 273 

 The result from this study shows that C. difficile infection induces an increase in serum p-274 

cresol, along with a concurrent increase in DA levels in the striatum, which has direct 275 

implications in the pathogenesis and aggravation of ASD-like behavior in autistic patients. A 276 

recent study by Pasucci et al demonstrated that intravenous p-cresol injection aggravates autistic 277 

behaviors in BTBR mice, a murine genetic model of ASD.11 Similar results are also 278 

demonstrated following oral p-cresol administration in non-mutant mice by Bermudaz-Martin et 279 

al 13. In Pasucci’s study, a single short-term intravenous p-cresol administration aggravated 280 

autistic behavior in mice, and most notably, increased the striatal DA levels. Interestingly, the 281 

serum p-cresol assay results and striatal neurochemical profile from C. difficile infected mice 282 

corroborates with Pasucci et al’s observation. This study also suggested potential involvement of 283 

p-cresol mediated DBH enzyme inhibition to explain this observation. Similarly, Bermudaz-284 

Martin et al’s reported impaired DA neurons excitability and precipitation of autistic behavior in 285 

C57BL/6 mice continuously administered with oral p-cresol in drinking water. In contrast, 286 

Bermudaz-Martin et al attributed p-cresol mediated behavioral and neuronal alterations to 287 

remodeling of gut microbiota (gut dysbiosis) mediated by p-cresol, by demonstrating similar 288 

changes in mice transplanted with fecal material from p-cresol administered animals. However, 289 

Pasucci’s results indirectly nullify this theory by demonstrating similar behavioral and 290 

neurochemical alterations in short term, intravenous administration of p-cresol in BTBR, which 291 

entirely bypassing the involvement of gut and minimal room for dysbiosis or microbial 292 
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remodeling. Thus, an alternate but direct mechanistic pathway, such as inhibition of DBH, as 293 

proposed by Pasucci et al and our current study could be a plausible explanation for p-cresol 294 

induced alterations in dopaminergic neurotransmission. p-cresol producing bacteria such as C. 295 

difficile are extremely resistant to high gut cresol levels, and cresol inhibits the growth of Gram-296 

negative bacteria providing a selective advantage for p-cresol producing bacteria to overgrow.50, 
297 

51 This may result in further enhanced p-cresol production in gut, and p-cresol mediated 298 

neurologic alterations in mice transplanted with such gut content, which more reasonably 299 

explains Bermudaz-Martin’s observation. Regardless, Bermudaz-Martin’s experiment 300 

compliments Pasucci’s study in several ways such that, more prolonged nature of p-cresol 301 

administration in their study resulted in DA receptor insensitivity. It has been already known that 302 

prolonged high DA levels and increased dopaminergic stimulation cause DA receptor 303 

insensitivity in post synaptic neurons60, 61, supporting the results described in the current study 304 

and Pasucci’s report. Thus, the published studies, together with our current observations suggest 305 

a potential direct link between C. difficile infection, gut and serum p-cresol levels, DBH activity, 306 

alterations in dopaminergic activity in brain that have direct implications in the pathogenesis of 307 

ASD. Therefore, the results from this study suggest a potential link between antibiotic induced 308 

C. difficile infection, bacterial p-cresol production, reduced DBH activity, and altered 309 

dopaminergic axis, supporting the previous reports of p-cresol mediated ASD-like behavioral 310 

alterations in rodents. 311 

 Autism spectrum disorder is a group of heterogenous neurodevelopmental anomalies, 312 

where genetic, and environmental factors play complex roles, most of which are poorly 313 

understood. Our current study adds to the growing evidence of ‘dopamine hypothesis of ASD’, 314 

which is at the same time, can be considered as a major limitation of this investigation. Although 315 
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dopaminergic system appears to be pivotal in the manifestation of classic autistic behavioral 316 

anomalies i.e., social deficits and stereotypic behavior, several other neurotransmitters and 317 

molecular pathways contributes to the pathogenesis of ASD. Another limitation of this study is 318 

that  p-cresol may not be the only neurotoxic compound produced during dysbiosis and C. 319 

difficile infection in humans, and there could be several other unknown pathways implicated in 320 

reduced DBH activity and altered catecholamine metabolism in the brain. However, this study 321 

provides a logical association between gut dysbiosis, a known gut microbial toxin (p-cresol), and 322 

a potential mechanistic pathway of deregulated neurotransmission relevant to ASD. However, 323 

the scope of microbial mediated dopaminergic neurotransmission may not be restricted to ASD 324 

alone, but also applicable to other neurologic disorders such as Parkinson’s disease, where the 325 

dopaminergic neuronal pathology is implicated. For example, C. difficile has been recently 326 

shown to be associated with an increased short-term Parkinson’s risk, re-enforcing this concept.62 327 

 In summary, the current study demonstrated that antibiotic induced C. difficile infection 328 

causes significant alterations in the dopaminergic axis in mice. In addition, C. difficile infection 329 

significantly increased circulating p-cresol levels and reduce DBH activity in infected animals. 330 

Thus, the published studies, together with our current observations suggest a potential direct link 331 

between C. difficile infection, gut and serum p-cresol levels, DBH activity, alterations in 332 

dopaminergic activity in brain that have direct implications in the pathogenesis of ASD. 333 

However, follow up mechanistic, and behavioral studies are required to definitively confirm this 334 

hypothesis. 335 

Materials and methods 336 

Bacterial culture, media, and in vitro p-cresol production assay  337 
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 The human epidemic C. difficile strain, UK1 (ribotype 027), was used in this study. C. 338 

difficile was cultured on two pre-reduced media: 1) BHI broth supplemented with yeast, 2) BHI 339 

broth supplemented with yeast and p-HPA, in anaerobic condition (0% oxygen, 5% hydrogen, 340 

5% CO2, and 90% nitrogen at 37°C) and incubated in an anaerobic workstation (AS-580, 341 

Anaerobe Systems, Morgan Hill, CA, USA). Primary C. difficile cultures were grown on BHI 342 

broth for 13 hours and then were diluted 1/100 into pre-equilibrated media with and without 343 

0.3% p-HPA. After 24 hours, culture supernatant was collected after centrifugation at 5,000 x g 344 

at 4°C for 15 minutes, followed by filter sterilization. Supernatants were immediately aliquoted 345 

and saved at − 80 °C until analysis. All experiments were run in triplicates using pre-reduced 346 

media in an anaerobic environment, with every experiment being repeated twice. p-cresol and p-347 

HPA concentrations in the culture supernatant were estimated using HPLC method as per 348 

standard protocol.51 349 

Mouse model for antibiotic-induced C. difficile infection 350 

  All animal experiments were performed as  per the protocols approved by ISU 351 

Institutional Animal Care and Use Committee (IACUC-20-091). Fifty-four C57BL/6 mice (3 to 352 

4 weeks old) with an equal male-female ratio were purchased and housed in groups of 2 per cage 353 

with sterile food, water, and bedding. Mice were randomly assigned to each of the three groups: 354 

Control, antibiotic control (Abx), and antibiotic induced C. difficile infection  (C. Diff) groups. 355 

After 4 days of acclimatization, a mixture of antibiotics and an intraperitoneal injection of 356 

clindamycin was administered to Abx and C. Diff groups, and the C. Diff group mice were orally 357 

gavaged with 1.4 x 104 C. difficile spores.34
 The animals were euthanized at approximately 48 358 

hours post-inoculation, and the cecal contents and intestinal tissue samples, serum, and brain 359 

sections were collected for further processing.  360 
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Histopathology 361 

 The cecum and colon tissues were fixed in 10% formalin and then embedded in paraffin. 362 

A 5μm thickness of tissue sections was made and stained with hematoxylin and eosin. A 363 

standardized scoring system was followed to assess CDI-associated histology injuries in 364 

intestinal tissues, and scores were evaluated across the groups based on epithelial damage, 365 

mucosal edema, and neutrophil infiltration.63 A board-certified pathologist (sample ID-blinded) 366 

performed microscopic analysis using an Olympus BX53 microscope (Olympus Optical 367 

Company, Tokyo, Japan). Scores were combined into a cumulative histologic score for each 368 

mouse ranging from 0 to 9.  369 

HPLC-ECD for tissue catecholamine analysis 370 

 Mouse brain regions including striatum, pre-frontal cortex, substantia nigra and 371 

hippocampus were micro-dissected with mouse brain matrix (ASI Instruments, RBM-1000S), 372 

preserved immediately in an antioxidant mixture containing 0.2 M perchloric acid, 0.1% 373 

NA2S2O5, 0.05% Na-EDTA, and isoproterenol (internal standard) as described previously and 374 

directly stored in dry ice.64 The samples were homogenized, sonicated, and filtered in 0.2-micron 375 

filter tubes. 20 µL samples were injected into High-Performance Liquid Chromatography – 376 

Electrochemical Detector (HPLC-ECD) with pump (Thermo-Scientific ISO-3100SD-BM), 377 

autosampler (Thermo-Scientific WPS-3000 TSL) and CoulArray 5600A-ECD detection system 378 

operated at 23 °C connected to Agilent Eclipse Plus (3.5 µm, 100A) C18 HPLC column 379 

(150x4.60 mm). Tissue neurochemical analytes were eluted in MD-TM MP mobile phase (cat. 380 

no. 701332, Thermo Fisher Scientific) under isocratic conditions at 0.6 ml/min for 21 min. DA 381 

(DA) and its major metabolites, Norepinephrine (N.E.), 3,4-dihydroxyphenylacetic acid 382 

(DOPAC), and homovanillic acid (HVA), were analyzed using CoulArray Data Station (v. 3.10) 383 
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and quantified using a standard curve. Tissue neurochemical concentrations were normalized 384 

using wet tissue weight (mg) and corrected using the internal standard extraction coefficient. 385 

Quantification p-cresol 386 

 Blood was collected by cardiac puncture. Serum was separated following clotting and 387 

centrifugation at 2500 ×g for 15 min. The collected serum was aliquoted as 40 µL into multiple 388 

microcentrifuge tubes and immediately temporarily stored in dry ice and further long-term 389 

storage at − 80 °C till analysis. The gut contents were collected and snap-frozen using liquid 390 

nitrogen and stored at − 80 °C until quantitative analysis via mass spectrometry. 391 

Reagents: 4-ethyl phenol, para cresol (pC), salicylic acid (S.A.) were purchased from Millipore-392 

Sigma, and para cresol sulfate (pCS) and para cresol glucuronide (pCG) were purchased from 393 

U.S. biological. All the solvents were LC-MS grade and purchased from Fisher Chemical unless 394 

otherwise mentioned. 395 

Instrumentation: Conjugated cresols were analyzed via an Agilent 6470 triple quadrupole (QQQ) 396 

mass spectrometer with electrospray ionization (ESI) equipped with an Agilent 1290 Infinity II 397 

UHPLC (Agilent Inc, MA, USA). Conjugated cresols were separated with the Agilent C18 398 

column (2.1 x 100 mm, 1.8 µm) at 40°C. The mobile phase consisted of A: 5mM ammonium 399 

acetate + 0.005% acetic acid and B: Acetonitrile with a 0.400 ml/min flow rate. The solvent 400 

gradient was maintained at 0 min, 0% B; 0–0.25 min, 0–100% B; 0.5–15 min, 100-0% B; 15–20 401 

min, with a 3-minute pre-equilibration. 402 

Quantification: analysis was performed in negative mode with the nozzle voltage set at 2000 V. 403 

Nitrogen was used as both nebulizer, desolvation, and sheath gas. The nebulizer pressure was set 404 

at 40 psi with a capillary voltage of 2500V. Desolvation gas was delivered at 12 L/min with 405 
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temperature was heated to 350°C. The sheath gas flow was 10 L/min at a temperature of 350°C. 406 

High-purity nitrogen was used as a collision gas for collision induced dissociation. Multiple 407 

reaction monitoring (MRM) was used to detect cresol conjugates, the precursor, product ions, 408 

and collision energies are as follows: pCG precursor m/z 283 product m/z 107, 18 eV; pCS 409 

precursor m/z 187 product m/z 107, 18 eV; S.A. precursor m/z 137 product m/z 93, 25 eV. 410 

Free p-cresol was analyzed with an Agilent 5975C quadrupole mass spectrometer equipped with 411 

7890A gas chromatograph. The capillary column used was HP-88 (60m x 0.25mm x 0.2µm). An 412 

injection volume of 2 μL was used with the inlet operating in splitless mode. The oven G.C. 413 

program used an initial temperature of 40°C for 1 min, then increased to 230°C at a 20°C/min 414 

rate, with a final hold of 7.5 min. Inlet and MSD transfer line temperatures were held at 250°C.  415 

Mass detection was conducted under standard settings with a mass detection range set to m/z 40–416 

600. Peak identification was performed using Qualitative Analysis (version 10.0) software and 417 

the NIST Mass Spectral Search Program (version 2.3) with the NIST17 and Wiley 11 GC-MS 418 

spectral library. Peak detection and integration were accomplished using Agilent MassHunter 419 

Quantitative Analysis (version 10.0) software to monitor m/z 107 and m/z 108. 420 

Sample preparation for conjugated cresols: Extraction protocol was adapted from Y. Morinaga 421 

et al. and C. Shu et al. with modifications as described here. 6, 65 Conjugates cresol analysis was 422 

completed starting with 25-100µL sera samples or 150-500mg gut contents samples 423 

microcentrifuge tubes. Samples were kept on ice throughout the extraction. 4-ethyl phenol and 424 

salicylic acid were used as internal standards. These two were spiked into the samples as follows: 425 

4-ethyl phenol, 10 µL of 0.25mg/mL in ethyl acetate (2.5 µg); salicylic acid, 10µL of 426 

0.05mg/mL in 50% methanol (0.5 µg). Internal Standards spiked into 200 µL of 0.9% NaCl was 427 

used as a negative control. Three volumes (300µL/100mg-sample) of extraction solvent mixture 428 
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of acetonitrile and water (2:1 v/v) was mixed with the sample, and after a quick vortex, this was 429 

incubated on ice for 10 minutes. The samples were sonicated for 10 min followed by a 10 min 430 

vortex. The supernatant recovered after 7 min centrifugation at 13,000g. Pellets were saved in 431 

the freezer for free p-cresol extraction. 200 µL of the supernatant was filtered through spin filter 432 

(catalog # UFC30LG25, Merck Millipore). Samples with subjected to LC-MS/MS analysis,  5 433 

µL of which was directly injected into the LC-MS (QQQ).65 434 

Sample preparation for free para cresols: Free para cresols analysis was done with a 435 

continuation of the above extract for conjugate cresols. The supernatants were recombined with 436 

their respective pellets in the microcentrifuge tubes. Two volumes (200µL/100mg-sample) of 437 

0.9% NaCl were added to the mix, followed by the addition of a solvent mix of 1:1 hexane: ethyl 438 

acetate (200µL). The mixture was sonicated for 10 min. After 10 min vortex, this was 439 

centrifuged for 7 min to obtain the phase separation. The top layer, which contains free cresols, 440 

was carefully transferred into a GCMS vial.  441 

Preparation of calibration curves: Standards were made for conjugates in 2:1 acetonitrile:water 442 

0.1-0.0005 mg/mL, and for p-cresol in ethyl acetate 0.75-0.0015mg/mL. 10µL of these standards 443 

were added in to 200µL 0.9% NaCl. Internal standards were also added and extracted by 444 

following the extraction procedure same as for the samples.  445 

DBH activity assay  446 

 Chemicals and reagents: All assay chemicals were purchased from Millipore-Sigma 447 

unless otherwise stated. All solvents were LC-MS grade and purchased from Fisher Chemical.  448 

Sample preparation and DBH assay reaction: Serum samples (40 µl) were prepared and assayed 449 

as previously described by Punchaichira et al., 2018, with the addition of LC-MS quantification 450 
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as described below 66-68. Briefly, 40 μl of the serum sample was added to a cocktail of 1.0 mM 451 

Tyramine HCl, 10 mM Fumarate, 0.1 mg/ml Catalase, 4 mM Ascorbate, 2 μM Copper Sulphate, 452 

30 mM NEM and 1.0 mM pargyline in 125 mM sodium acetate pH 5.2. The mixture was 453 

incubated for 1 h at 37 °C followed by addition of 50 μl of 25 mM EDTA for stopping the 454 

reaction.  455 

Instrumentation: Equipment: Agilent Technologies 1100 Series HPLC system coupled to both a 456 

UV-Vis capable diode array detector (DAD) and an Agilent Technologies Mass Selective Trap 457 

SL detector equipped with a SphereClone 5 µm ODS(2) 80 A, L.C. Column 250 x 4.6 mm 458 

(Phenomenex) held at 40°C, and an electrospray ion source operated in positive mode. Running 459 

solvents consisted of A: 0.1% acetic acid in water and B: 0.1% acetic acid in acetonitrile. The 460 

flow rate was 0.700 mL/min with isocratic conditions of 35% B. The ion source drying gas was 461 

nitrogen which was set to flow at 12 mL/min at 350°C, the nebulizing gas was set to 30psi. The 462 

mass scan range was m/z 75-300 with a max accumulation time of 300 ms.  463 

Quantification of enzyme activity: To quantify DBH activity, 10µL of each prepared serum DBH 464 

assay sample was injected for LC-MS analysis. The amount of octopamine converted from 465 

tyramine was quantified by monitoring the MS/MS product ion m/z 119 fragmented from the 466 

[M+H]+ ion (m/z 154) of octopamine at 0.7 fragmentation amplitude. An octopamine standard 467 

curve was generated in assay buffer ranging from 0-2 nmoles-octopamine/sample. 468 

QuantiAnalysis for 6300 Series Ion Trap LC/MS Version 1.8 (Bruker Daltonik, Bremen, 469 

Germany) software was used to detect and integrate the LC-MS/MS peaks. Relative DBH 470 

activity in each treatment group was expressed as the UHPLC peak area. 471 

Statistical analysis 472 
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 Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, San 473 

Diego, CA) with p < 0.05 considered statistically significant. All results were expressed as means 474 

± standard errors of the means (SEM) unless otherwise indicated. The differences between the 475 

experimental groups were compared using the analysis of variance (ANOVA). The differences 476 

between the two groups were analyzed using an unpaired Student’s t-test or Mann-Whitney test.  477 

  478 
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 673 

Figure 1. C. difficile UK1 produces a significant amount of p-cresol in vitro: C. difficile was 674 

cultured anaerobically in supplemented brain heart infusion (BHIS) broth with the substrate 0.3 675 

% p-HPA, and the concentrations of p-HPA and newly formed  p-cresol in culture supernatant at 676 

different time points were quantified using HPLC analysis. C. difficile metabolized the substrate 677 

p-HPA within 24h.  678 

  679 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.22.465382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465382
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 

 

 680 

Figure 2. Antibiotic induced C. difficile infection increases gut p-cresol concentration: (A) 681 

Experimental outline: Three-four weeks old C57BL/6 mice  are treated with an oral antibiotic 682 

cocktail or PBS and an intraperitoneal clindamycin injection or PBS for inducing gut dysbiosis 683 

and then challenged with 104 C. difficile spores or PBS. Animals were euthanized, and cecal 684 

tissues were collected approximately two days post- C. difficile challenge; (B) Histologic lesions 685 

in different treatment groups: mice colons from each treatment group were processed and stained 686 

with hematoxylin and eosin. Minimal edema, minimal to absent neutrophilic infiltration, and no 687 

necrosis were observed in the colonic epithelium of the Control and Abx groups. Significant 688 

epithelial necrosis, mucosa, and submucosal neutrophilic infiltration and submucosal edema 689 

were observed in the colons of the C. Diff group; (C) Histopathology and colitis score:  690 

Histologic scores were assessed by a blinded pathologist across the groups based on epithelial 691 

damage, mucosal edema, and neutrophil infiltration. The scores are combined into a cumulative 692 
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histologic score for each mouse ranging from 0 to 9; (D) Gut p-cresol concentration: Total cecal 693 

p-cresol concentrations in control, antibiotic control (Abx), and C. difficile challenge (C. Diff) 694 

groups at 2-day post-inoculation, quantitated by HPLC method; **p< 0.01, *p < 0.05. 695 

  696 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.22.465382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465382
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

 

 697 

Figure 3. C. difficile infection increases serum p-cresol and reduces serum DBH enzyme 698 

activity: Three-four weeks old C57BL/6 mice  are treated with an oral antibiotic cocktail or PBS 699 

and an intraperitoneal clindamycin injection or PBS for inducing gut dysbiosis and then 700 

challenged with 104 C. difficile spores or PBS. (A) Serum p-cresol:  Sera were collected 2-day 701 

post-inoculation to quantify total serum p-cresol concentration in Control, antibiotic control 702 

(Abx), and C. difficile challenge (C. Diff) groups using the HPLC method. (B) Relative serum 703 

DBH activity: DBH enzyme activity in each treatment group was determined using an enzymatic 704 

assay coupled with UHPLC. The relative DBH activity was expressed as the peak area 705 

representing the tyramine octopamine transformation per hour in each treatment group. **p< 706 

0.01, *p < 0.05. 707 

  708 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.22.465382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465382
http://creativecommons.org/licenses/by-nc-nd/4.0/


36 

 

 709 

Figure 4. Antibiotic induced C. difficile infection increased striatal dopamine and its 710 

metabolite levels: Three-four weeks old C57BL/6 mice  are treated with an oral antibiotic 711 

cocktail or PBS and an intraperitoneal clindamycin injection or PBS for inducing gut dysbiosis 712 

and then challenged with 104 C. difficile spores or PBS. Striatal catecholamines- (A) dopamine 713 

(DA), (B) its metabolite 3, 4-dihydroxyphenylacetic acid (DOPAC), (C) homovanillic acid 714 

(HVA), and (D) norepinephrine (NE) levels in Control, antibiotic control (Abx), and C. difficile 715 
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challenge (C. Diff) groups at 2-day post-inoculation were quantitated by HPLC-ED method. *p < 716 

0.05  717 
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 718 

Figure 5. Antibiotic-induced C. difficile infection altered catecholamine levels in the 719 

prefrontal cortex: Three-four weeks old C57BL/6 mice  are treated with an oral antibiotic 720 

cocktail or PBS and an intraperitoneal clindamycin injection or PBS for inducing gut dysbiosis 721 

and then challenged with 104 C. difficile spores or PBS. Prefrontal Cortex (F.CTX)  722 

catecholamines- (A) dopamine (DA), (B) its metabolite 3,4-dihydroxyphenylacetic acid 723 

(DOPAC), (C) homovanillic acid (HVA), and (D) norepinephrine (NE) levels in Control, 724 
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antibiotic control (Abx), and C. difficile challenge (C. Diff) groups at 2-day post-inoculation 725 

were quantitated by HPLC-ED method. *p < 0.05. 726 

 727 
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Figure 6. Antibiotic treatment and antibiotic-induced C. difficile infection decreased NE levels 729 

in the hippocampus:  Three-four weeks old C57BL/6 mice  are treated with an oral antibiotic 730 

cocktail or PBS and an intraperitoneal clindamycin injection or PBS for inducing gut dysbiosis 731 

and then challenged with 104 C. difficile spores or PBS. Hippocampal catecholamines- (A) 732 

dopamine (DA), (B) its metabolite 3, 4-dihydroxyphenylacetic acid (DOPAC), and (C) 733 

norepinephrine (NE) levels in Control, antibiotic control (Abx), and C. difficile challenge (C. 734 

Diff) groups at 2-day post-inoculation were quantitated by HPLC-ED method. (HVA levels were 735 

below the detection limit in all groups) **p< 0.01, *p < 0.05. 736 
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Figure 7. Antibiotic treatment and antibiotic-induced C. difficile infection differentially 737 

altered DA levels in substantia nigra: Three-four weeks old C57BL/6 mice  are treated with an 738 

oral antibiotic cocktail or PBS and an intraperitoneal clindamycin injection or PBS for inducing 739 

gut dysbiosis and then challenged with 104 C. difficile spores or PBS. Substantia Nigra (SN) 740 

catecholamines- (A) dopamine (DA), (B) its metabolite 3,4-dihydroxyphenylacetic acid 741 

(DOPAC), (C) homovanillic acid (HVA), and (D) norepinephrine (NE) levels in Control, 742 

antibiotic control (Abx), and C. difficile challenge (C. Diff) groups at 2-day post-inoculation 743 

were quantitated by HPLC-ED method. *p < 0.05. 744 
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