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Abstract

The association between exposure to smokeless tobacco products (STP) and oral diseases is 

partially due to the physiological and pathological changes in the composition of the oral 

microbiome and its metabolic profile. However, it is not clear how STPs affect the physiology and 

ecology of oral microbiota. A UPLC/QTof-MS-based metabolomics study was employed to 

analyze metabolic alterations in oral bacterium, Capnocytophaga sputigena as a result of 

smokeless tobacco exposure and to assess the capability of the bacterium to metabolize nicotine. 

Pathway analysis of the metabolome profiles indicated that smokeless tobacco extracts caused 

oxidative stress in the bacterium. The metabolomics data also showed that the argininenitric oxide 

pathway was perturbed by the smokeless tobacco treatment. Results also showed that LC/MS was 

useful in identifying STP constituents and additives, including caffeine and many flavoring 

compounds. No significant changes in levels of nicotine and its major metabolites were found 

when C. sputigena was cultured in a nutrient rich medium, although hydroxylnicotine and cotinine 

N-oxide were detected in the bacterial metabolites suggesting that nicotine metabolism might be 

present as a minor degradation pathway in the bacterium. Study results provide new insights 

regarding the physiological and toxicological effects of smokeless tobacco on oral bacterium C. 
sputigena and associated oral health as well as measuring the ability of the oral bacterium to 

metabolize nicotine.
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1. Introduction

Since the 1940s (Pindborg, 1947), it has been recognized that smoking and smokeless 

tobacco are associated with oral diseases (e.g., periodontal disease) in addition to their well-

known impact on other diseases such as cancer and cardiovascular diseases (Wald and 

Hackshaw, 1996; Siddiqi et al., 2015; Piano et al., 2010). Furthermore, it has been reported 

that smokeless tobacco users have a high prevalence of gingival recession (25–30% of users) 

and mucosal lesions (50–60% of users), both of which are localized to the tobacco 

placement site (Robertson et al., 1990; Greer and Poulson, 1983). The effects of smokeless 

tobacco products on oral diseases are partly due to the disruption of normal oral microbiota 

community (Winn, 2001; Meurman and Bascones-Martinez, 2011). Physiological changes in 

bacteria induced by various stresses can cause loss of cell function and viability of the 

organisms and result in unbalance of the microbiota and changed in metabolites levels. 

(Manas and Mackey, 2004; Kapil et al., 2013). For example, extensive studies (Celermajer et 

al., 1992; Widlansky et al., 2003; Zeiher et al., 1995) in human have pointed that vascular 

dysfunction induced by smoking is initiated by reduced NO production in oral neutrophils 

and/or oral bacteria. However, more detailed physiological and toxicological effect of 

smokeless tobacco on oral microbiota metabolism is still unclear.

Hundreds of trillions of microbes inhabit the human body. On the one hand, these microbes 

developed a symbiotic relationship with their host that plays an important role in the host’s 

physiology and pathology (Thompson-Chagoyan et al., 2007; Sokol et al., 2006). These 

microbial communities can be highly influenced by alterations in the host diet (Turnbaugh et 

al., 2006; Turnbaugh et al., 2008), antibiotic use, (Swann et al., 2011; Yap et al., 2008; Sun 

et al., 2013) and other lifestyle factors including travel and tobacco or alcohol use (David et 

al., 2014). While some researchers have reported no significant microbial species differences 

between smokers and non-smokers, conflicting results have also been observed (van 

Winkelhoff et al., 2001; Kamma et al., 1999; Brandsch, 2006). Van Winkelhoff et al. (van 

Winkelhoff et al., 2001) analyzed subgingival microbial flora profiles and reported that 

smokers without periodontitis have a higher prevalence of Prevotella intermedia/nigrescens 
compared with non-smokers with periodontitis; following periodontitis treatment, smokers 

have a higher prevalence of Bacteroides forsythus, Peptostreptococcus micros, and 

Campylobacter rectus compared with non-smokers. A separate research group (Kamma et 

al., 1999) also reported that smokers have different oral microbial profiles and a greater 

quantity of bacteria compared to non-smokers. While several bacterial species residing in 

plants and soils can degrade nicotine, the main alkaloid contained in tobacco (Brandsch, 

2006), it is not clear whether oral microbiota can metabolize nicotine and its derivatives. For 

the present study, a liquid chromatography/mass spectrometry (LC/MS)-based metabolomics 

approach was employed to evaluate the toxicological and physiological effects of smokeless 

tobacco on one species of oral bacteria metabolism and function as well as to evaluate 

nicotine metabolism by oral microbiota.

Metabolomic profiling is an emerging powerful technology to measure the metabolic 

response of living systems to pathophysiological stimuli and genetic modification 

(Nicholson et al., 1999). Recently (Sun et al., 2013), both LC/MS- and nuclear magnetic 

resonance (NMR)-based metabolomics were employed to understand host-microbial 
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interactions through evaluating the effects of penicillin on the gut microbiota and the host at 

metabolite levels. Results indicated that gut microbiota play important roles in the regulation 

of host metabolism and xenobiotic detoxification mechanism. In a separate study (Wikoff et 

al., 2009), metabolomics analysis showed that gut microbiota-related metabolites (produced 

by or derived from the gut microbiota) were observed only in conventional mice but were 

not present in germ-free mice, suggesting a significant interaction between bacteria and host 

metabolism. A few NMR-based metabolomics studies (Swann et al., 2011; Yap et al., 2008; 

Martin et al., 2007) found strong interaction between the gut microbiota and host 

metabolism. However the interactions at metabolic levels between exposure to STPs and the 

oral microbiota and its potential impact on host oral health have rarely been assessed.

Capnocytophaga sputigena is an opportunistic pathogen responsible for periodontal 

infections. It is usually isolated from periodontal pockets, apical and periodontal abscesses 

where other periodontal bacterial species are found (Murad et al., 2014). In our previous 

work, we studied the effects of STPs on 38 human oral bacteria in terms of cell growth and 

viability. Results showed that C. sputigena was one of several oral bacterial species whose 

growth rates were not significantly affected by STPs (unpublished data). The aim of the 

present study was to examine the metabolic response of a member of the oral microbiota to 

smokeless tobacco extract, and to examine the alterations in nicotine and nicotine 

metabolism by this oral bacterium. The data and method developed from the study could be 

used as a tool to compare the toxicity between different smokeless tobacco products (i.e., by 

comparing the difference in metabolome profiles of oral bacteria after being treated with 

different brands of smokeless tobacco products). An LC/MS-based metabolomics approach 

was employed to analyze metabolic alterations in cells of C. sputigena and the bacterial 

culture medium.

2. Materials and methods

2.1. Chemicals

Optima LC/MS grade acetonitrile and water were purchased from Thermo Fisher Scientific 

(Pittsburgh, PA). Formic acid, leucine-enkephalin, imidazole, pentadecafluorooctanoic acid, 

L-tryptophan, and all MS standards were obtained from Sigma-Aldrich Corporation (St. 

Louis, MO). Ten tins of a popular brand of moisture snuff (wintergreen) smokeless tobacco 

were purchased from local store in Little Rock, Arkansas. This brand of smokeless tobacco 

is one of the top 10 smokeless tobacco brands (http://www.thetoptens.com/smokeless-

tobacco-brands/) and has moderate nicotine content. The samples of the smokeless tobacco 

were stored at −20 °C. The study was conducted between April and December 2014.

2.2. Bacterial culture and treatment

C. sputigena ATCC 33612 was purchased from the American Type Culture Collection. One 

single colony of C. sputigena was inoculated into 10 mL brain-heart infusion (BHI) broth 

(autoclaved for 15 min at 121 °C and 15 psi) and grown at 37 °C overnight in an anaerobic 

chamber and used as a seed culture. The seed culture was inoculated (10% v/v) into BHI 

broth that contained 50 mg/mL smokeless tobacco aqueous extracts (STAE, T2) or ddH2O 

control vehicle (C) and then grown at 37 °C for 48 h in an anaerobic chamber. The number 
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of bacteria in the culture media was counted by flow cytometry. Bacterial culture grown 

without STAE for 48 h and then treated with STAE for 2 min was used as the T1 sample. 

Bacterial cells were centrifuged down at 16,060 ×g for 10 min.

2.3. Sample preparation

Cell pellets (~1010 cells) were collected after centrifugation and suspended in 200 μL ice-

cold water. A 120 μL aliquot of the cell suspension was transferred into a tube containing 

450 μL methanol, vortexed, and then kept at 4 °C for 15 min. The bacterial cells were lysed 

with 0.1 mm silica spheres by PRECELLYS® 24 homogenizer (Bertin Co., Rockville, MD) 

at 6800 rpm for 30 s (2×). After centrifugation, the supernatant was then transferred into a 

clean tube and evaporated to dryness using a SpeedVac concentrator (Thermo Scientific, 

Waltham, MA). The samples were reconstituted in 200 μL 95:5 water/acetonitrile, vortexed 

for 2 min, and kept at 4 °C for 20 min. The resulting solution was then centrifuged at 16,060 

×g for 12 min at 4 °C. The supernatant was transferred to autosampler vials for LC/MS 

analysis.

Media (100 μL aliquot) was mixed with 300 μL methanol, incubated at −20 °C for 20 min, 

and then centrifuged at 16,060 ×g for 12 min at 4 ° C to precipitate proteins. The supernatant 

(300 μL) was then transferred to clean tubes and evaporated to dryness using the SpeedVac 

concentrator. The samples were reconstituted in 200 μL 95:5 water/acetonitrile, vortexed for 

2 min, and kept at 4 °C for 20 min. The resulting solution was then centrifuged at 16,060 ×g 
for 12 min at 4 °C. The supernatant was transferred to autosampler vials for LC/MS 

analysis.

2.4. Open metabolic profiling

A 3 μL aliquot of cell or media supernatant after methanol precipitation was introduced into 

a Waters Acquity ultra performance liquid chromatography (UPLC)/QTof system (Waters, 

Milford, MA) equipped with a Waters bridged ethyl hybrid (BEH) C8 column with a 

dimension of 2.1 mm × 10 cm and 1.7 μm particle size. The column was held at 40 °C. The 

UPLC mobile phase consisted of 0.1% formic acid in water (solution A) and 0.1% formic 

acid in acetonitrile (solution B). While maintaining a constant flow rate of 0.4 mL/min, the 

metabolites were eluted using gradients of 2–80% solution B from 0 to 15 min, and 80–98% 

solution B from 15 to 17 min. The final gradient composition was held constant for 2 min, 

followed by a return to 2% solution B at 19.1 min.

Mass spectrometric data were collected with a Waters QTof Premier mass spectrometer 

(Waters, Milford, MA) operated in positive and negative ionization electrospray modes (Sun 

et al., 2010; Sun et al., 2009). Briefly, MSE analysis was performed on a QTof mass 

spectrometer set up with 5 eV for low collision energy and 20–30 eV for ramp collision 

energy. Full scan mode from m/z 100 to 900 and from 0 to 22 min was used for data 

acquisition.

A quality control (QC) sample composed of 40 common chemicals for LC/MS open 

profiling, was evaluated after every 10 sample runs. UPLC/QTof-MS spectra of pooled 

bacterial cells or pooled media were acquired from every 10 sample runs for pooled bacterial 

cells or pooled media to monitor analytical equipment variability.
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Raw UPLC/MS data were analyzed using Micromass MarkerLynx XS Application Version 

4.1 (Waters, Milford, MA) with extended statistical tools (Sun et al., 2010; Sun et al., 2009). 

The aligned data from MarkerLynx analysis for QTof-MS data were filtered using the pooled 

QC samples based on the following criteria: i) ions with a relative standard deviation (RSD) 

<30% in the pooled QC samples were included; and ii) ions present in ≥70% of QC samples 

were included. The resulting data set was further normalized based on the cell counts; the 

normalized data were then analyzed by unsupervised Principal Component Analysis (PCA) 

and supervised partial least squares discriminant analysis (PLS-DA). The identity of 

compounds was based on the combined information of accurate mass measurement, 

fragmentation mass spectra, and compared data from a free online database (www.hmdb.ca). 

Some compounds were confirmed by authentic standards.

2.5. Statistics

In the metabolome analyses, the values in the treated groups and the respective control group 

were compared. The data were analyzed by Student’s t-test (MS EXCEL). A value of p < 

0.05 was considered statistically significant.

3. Results

The growth of C. sputigena in BHI was not significantly changed in the presence of 50 

mg/mL STAE (~2 × 108 cells/mL). Bacterial cultures with no STAE (C) were used as 

controls, while bacterial cultures mixed with STAE for 2 min followed by immediate cell 

harvest (T1) were used to account for rapid physical absorption of STAE onto the cell walls 

or membrane as well as to evaluate the cell response to sudden STAE exposure. T2 are 

bacterial cultures containing 50 mg/mL smokeless tobacco aqueous extracts grown at 37 °C 

for 48 h in an anaerobic chamber. No significant changes in cell counts were observed after 

48 h incubation with STAE (T2) compared with the corresponding controls. By comparing 

T1 and T2 samples, the concentration changes in nicotine and its metabolites would be only 

due to metabolism by oral bacteria.

LC/QTof-MS-based metabolomics was employed to analyze the endogenous metabolome in 

cells and exogenous compounds from STAE treatment in total (i.e., both cells and media), 

whereas the samples from cells and media were analyzed independently. Fig. 1 shows the 

scores plot of the PLS-DA model generated from the UPLC/QTof-MS analysis of cell 

extract in positive (Fig. 1A) and negative (Fig. 1B) ionization modes. For both scores plots, 

the two tobacco treated groups (T1 and T2) were well separated from the control group (C) 

along t (Pindborg, 1947), while the T2 group was clearly separated from the T1 group along 

t (Wald and Hackshaw, 1996). The measured intensity, experimental and theoretical m/z, and 

formulas of metabolites, which were responsible for group separations, are summarized in 

Tables 1 & 2. To evaluate bacterial cell function, we compared normalized metabolite levels 

between STAE treatment and controls in the cells. The detected mass accuracy of all 

metabolites (Tables 1 & 2) was <6 ppm except for 4-hydroxy-4-(3-pyridyl)-butanoic acid, 

which was >10 ppm. Metabolites were identified based on mass accuracy and fragment mass 

spectrum. The identities of some metabolites were further validated with chemical standards. 

For endogenous metabolites in cells, almost all of the detected metabolites were 
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significantly changed in the T1 (except for adenine, sebacic acid, and pantothenic acid) and 

T2 groups (except for phenylalanine, tryptophan, tyrosine and leucine) compared with the C 

group. These findings indicate that the metabolome of the bacteria was changed even for the 

short (2 min) incubation period with STAE.

3.1. Changes in nicotine and nicotine-related compounds

Exogenous nicotine and its metabolites were analyzed for total changes (i.e., sum of the 

intensity of a compound in cells and media) to examine the nicotine metabolism changes by 

C. sputigena. Total intensity levels (mean ± STD) of nicotine and its eight major metabolites 

and their percentages are listed in Table 1. The percentage of individual metabolite was 

calculated based on the metabolite intensity divided by the sum of intensities of all nine 

metabolites (i.e., percentage (%) of nicotine = Intensity of nicotine/Σ[Intensity of all nine 

metabolites] × 100). This percentage only provides a semi-quantitative estimate of nicotine 

metabolism changes based on the assumption that all of the nicotine metabolites have the 

same ionization efficiency (which is frequently not the case). However, a semi-quantitative 

analysis of nicotine metabolism changes can be used to estimate the role of bacterial cells in 

nicotine metabolism. Since the half-life in humans is about 2 h for nicotine and about 12 h 

for cotinine, it is reasonable to use nicotine and its eight metabolites in T1 at 2 min as a 

baseline to account for rapid physical absorption of STAE onto the cell walls or membranes. 

The total levels of all detected nicotine metabolites were significantly different between 

treatment and control groups; 2′-hydroxynicotine and cotinine N-oxide significantly 

increased by 0.05% and 0.22%, respectively, and nornicotine decreased in the T2 group by 

0.37% compared with T1 at 2 min. Table 1 also shows that anatabine, a minor alkaloid, was 

significantly decreased in the T2 group compared to the T1 group. The findings indicate that 

the bacterial cells might not influence the major nicotine metabolism pathway but might be 

involved in the minor nicotine metabolism pathway. Fig. 2 depicts the major and minor 

nicotine metabolism pathways in humans. Fig. 2 shows intensity and percentage changes in 

nicotine and its eight metabolites in control, T1 and T2 groups. It must be noted that N-

nitrosonornicotine (NNN), a tobacco specific nitrosamine, was also detected; however, the 

detection signal is below the lower limit of quantitation (LLOQ).

Other tobacco-containing compounds were also detected in STAE-treated samples but 

absent in the control samples (Table 2). These compounds include additives like caffeine and 

flavor compounds such as dimethylpyrazine, periandrin I, guaiacyl acetate, glycerol 

tributanoate, and monomenthyl succinate. Furthermore, three vitamins (ascorbic acid, 

riboflavin, and pantothenic acid) were only observed in the cell extracts after STAE 

treatment. However, it is not certain that these vitamins originated from STAE, since they 

were also detected in the media from the control groups. Nonetheless, the levels of the three 

detected vitamins in the treatment groups were all significantly higher than those in the 

controls for both cell and media extracts.

3.2. Changes in bacteria-related metabolites

The production of bacteria-related metabolites is mediated by bacterial cells and dependent 

on the presence of bacteria. Therefore, the changes in the bacteria-related metabolites can be 

indicators for the disturbance of bacterial function due to smokeless tobacco exposure. 
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Levels of four bacteria-related metabolites – leucinic acid, phenyllactic acid, heptaprenyl 

diphosphate and hydroxyphenylpyruvic acid sulfate (www.hmdb.ca) – were significantly 

decreased in cells after STAE treatment at 2 min and 48 h incubation (Fig. 3). Furthermore, 

levels of heptaprenyl diphosphate decreased significantly after 48 h incubation compared 

with the 2 min treatment.

3.3. Changes in oxidative stress-related metabolites

Fig. 4 shows the changes in metabolites involved in the oxidative stress pathway. These 

metabolites included glutathione (GSH), methionine, S-adenosylmethionine, oxidized 

glutathione, taurine, glutamate, and pyroglutamic acid. The first five metabolites (sulfur-

containing compounds) and glutamate were all significantly decreased in the STAE-treated 

samples compared to controls, while glutamate was significantly decreased in the T2 group 

compared to the T1 group at 2 min. Pyroglutamic acid, a product of GSH consumption, was 

significantly increased in T2 vs T1. These findings indicate that STAE treatment might cause 

oxidative stress on bacterial cells.

3.4. Changes in arginine pathway and other metabolites

Fig. 5 shows the changes in metabolites involved in the arginine pathway. Citrulline and NO 

are co-produced from arginine catalyzed by bacterial nitric oxide synthases (NOSs). 

Citrulline level was significantly decreased in the STAE treated samples at 2 min and 48 h, 

which indicated that NO production was likely reduced by STAE treatment. Levels of other 

amino acids including arginine, creatinine, aspartate, proline, and glutamate were all 

significantly decreased in both the T1 and T2 groups compared to the control; levels of 

arginine, aspartate, proline, and glutamate were also significantly decreased in the T2 group 

compared to the T1 group.

Changes in other endogenous metabolites – including three amino acids, three nucleic acids, 

two glucose-related metabolites, five short-to medium-chain fatty acids, one 

lysophosphatidylcholine, and three unknown compounds – were also detected (Table 2). 

Changes in glucose and fatty acid levels indicated that the energy pathway was disturbed by 

STAE treatment.

4. Discussion

Use of tobacco products, including smokeless tobacco, causes a broad spectrum of 

pathologies such as cancer, cardiovascular disease, and respiratory problems, and has been 

linked to oral disease (Wald and Hackshaw, 1996). Users place smokeless tobacco in contact 

with mucous membranes, where gingival recession and mucosal lesions often occur. 

Furthermore, these oral diseases have been attributed to alterations in the oral microbiota as 

a result of smokeless tobacco exposure, as well as viability and composition changes in the 

oral microbiota population (Kamma et al., 1999).

Nicotine (the principal tobacco alkaloid) is extensively metabolized by the liver cytochrome 

P450 system in mammalian species (Benowitz and Jacob, 1994). In humans (Benowitz et al., 

1994; Byrd et al., 1992), about 70–80% of nicotine is converted to cotinine and about 10–

15% of nicotine excretes as cotinine; the remainder excretes as nicotine N-oxide (NNO, 4–
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7%), nicotine glucuronide (3–5%), trans-3-hydroxycotinine (33–40%), cotinine glucuronide 

(12–17%, and trans-3-hydrocycotinine glucuronide (7–9%). Not surprisingly, the current 

study showed that the pathway of nicotine degradation is different in C. sputigena compared 

to mammalian species. Glucuronide conjugates of nicotine were not observed in this study. 

In the present study, nicotine and its major metabolites, including cotinine, NNO, 

hydroxycotinine, 4-(3-pyridyl)-3-butenoic acid, and 4-hydroxy-4-(3-pyridyl)-butanoic acid, 

remained almost unchanged after STAE treatment for 48 h (Fig. 2). However, the significant 

increases in hydroxynicotine and cotinine N-oxide (CNO) indicated that the bacterial cells 

might have degraded nicotine to a small extent. Robert and Cole (Roberts and Cole, 1979) 

reported that the growth of Haemophilus influenzae, a Gram-negative bacterium, was 

stimulated by tobacco or nicotine in a phosphate-buffered saline agar with a nutrient-scarce 

condition from visual observation; this finding suggests that bacteria might use nicotine as a 

nutrient source when other nutrients are not sufficient. Our observation of unchanged levels 

of nicotine and its major metabolites supports that hypothesis that bacteria incubated in the 

rich culture media used in the present study did not utilize nicotine as a major energy source. 

Furthermore, significant decreases in nornicotine and anatabine and decreases in anabasine 

were observed after 48 h exposure to 50 mg STAE/mL. Besides, nicotine, these three 

compounds are the most abundant minor alkaloids present in tobacco. Consistent with our 

result, it has been reported that bacteria can degrade the minor alkaloids by oxidation during 

tobacco processing (Leete, 1983). Based on the above-mentioned discussion, C. sputigena 
did not metabolize nicotine except to a minor extent of degradation (0.05% for 

hydroxynicotine and 1.39% for CNO) under the current cultivation condition. However, this 

bacterium can degrade minor alkaloids including nornicotine, anatabine and anabasine to 

some extent (<30% after 48 h incubation with the bacterial cells).

To date, no other studies have evaluated the effects of smokeless tobacco on the oral 

microbiota at the metabolite level. Although the viability of C. sputigena was not changed 

by the STAE treatments, whether the health status of the bacterium was changed by the 

STAE treatments is not clear. In the present study, decreases in the bacteria-related 

metabolites, including levels of leucinic acid, phenylacetic acid, heptaprenyl diphosphate, 

and hydroxyphenylpyruvic acid sulfate, were observed after STAE treatments (Fig. 3). 

Wikoff et al. (Wikoff et al., 2009) reported that several organic acids containing phenyl 

groups (e.g. phenylacetic acid) and other bacteria-related compounds were observed only in 

conventional mice but not in germ-free animals. In our previous penicillin study (Sun et al., 

2013), time- and dose-dependent decreases in bacteria-related metabolites (including indole-

containing metabolites, organic acids containing phenyl groups, sulfate, and glucuronide 

conjugates) were observed in the penicillin-dosed rats, which indicated that the gut 

microbiota population was suppressed. Therefore, bacteria-related metabolite decreases in 

the present study indicated that bacterial functions might be significantly compromised by 

the STAE treatments even after only 2 min exposure.

Many compounds present in smokeless tobacco are oxidative stress-inducing compounds 

(e.g., oxygen, nitrogen radicals or non-radicals species, reactive carbonyl compounds) that 

can cause damage by binding biological macromolecules, resulting in collapsing cell 

structure or cell dysfunction (Pryor and Stone, 1993; Hoffmann et al., 2001; Colombo et al., 

2012). In the present study, the observation of decreases in glutamate and sulfur-containing 
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metabolites as well as increases in pyroglutamate indicated that STAE caused oxidative 

stress in C. sputigena (Fig. 4). GSH is an important antioxidant endogenous metabolite in 

bacteria, preventing impairment to critical cellular components by scavenging reactive 

oxygen species. The data from this in vitro study are consistent with a previous report 

(Bizon and Milnerowicz, 2012) that blood GSH levels were significantly decreased in 

smokers using ≥20 cigarettes per day. Reduced levels of glutathione and ascorbic acid and 

increased lipid peroxide were observed in adult male smokers (Banerjee et al., 1998). STAE 

treatments enhanced oxidative stress in the oral bacterial cells, which might further induce 

more physical damage (e.g., periodontitis).

Disruption in the arginine-NO pathway was also observed in the bacterial cells after STAE 

exposure (Fig. 5). NO, a powerful vasodilator with a half-life of a few seconds is 

biosynthesized endogenously from arginine by various NOSs in the bacterial cells. In 

mammalian species, NO is used by endothelium of blood vessels to relax the surrounding 

smooth muscles, resulting in increasing blood flow. In the present study, all of the detected 

metabolites involved in the arginine pathway showed a time-dependent decrease in T1 and 

T2 groups. Most importantly, citrulline, a co-product with NO from arginine, was 

significantly decreased in STAE-treated cells. This result suggests that NO production might 

be reduced by STAE treatments. Extensive studies (Celermajer et al., 1992; Widlansky et al., 

2003; Zeiher et al., 1995) in humans have consistently reported that smoking-induced 

vascular dysfunction is initiated by reduced NO production followed by cascade 

progression. In addition to the initiation of cardiovascular disease, NO is a potent bacterial 

compound. Its generation in oral neutrophils and/or oral bacteria is important for protecting 

hosts against invading microbes and tissue inflammation (Sato et al., 2008).

5. Conclusion

An LC/MS-based metabolomic approach was utilized to evaluate the dynamic relationship 

between smokeless tobacco exposure and the alteration of metabolism in the oral bacterium, 

C. sputigena. The absence of significant changes in the levels of nicotine and its major 

metabolites in the presence of this bacterium suggest that it does not degrade nicotine to a 

significant extent when cultured in nutrient-rich medium. Furthermore, LC/MS based 

metabolome profiling was proven to be a powerful tool to identify metabolomics changes in 

bacteria and presence of the additives and constituents in smokeless tobacco products. The 

detected additives included caffeine and multiple flavoring compounds. Finally, the 

physiology and toxicology effects of the smokeless tobacco on the oral bacterium were 

revealed by pathway analysis. Results showed that smokeless tobacco extracts caused 

oxidative stress in the bacterium. In addition, perturbation in the arginine-NO pathway 

indicated that smokeless tobacco could cause NO reduction. Further studies to screen more 

oral bacterial species and test various brands of smokeless tobacco products on the oral 

bacterial physiology and metabolism are warranted. Data provided here could be useful in 

assessing the relative toxicity of various smokeless tobacco products to the oral microbiome.
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Fig. 1. 
The scores plot from PLS-DA analysis of LC/MS data in positive (A) and negative (B) 

ionization modes from cell extracts after treatment with water (control) and 50 mg/mL 

STAE, incubated for 2 min or 48 h. Four and five replicates were included in controls and 

two STAE treated groups, respectively. Notes: C: control; T1: STAE treated for 2 min; T2: 

STAE treated for 48 h.
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Fig. 2. 
Observed total intensity and percentage changes in nicotine and its major metabolites 

involved in nicotine metabolism. Whereas, the major nicotine metabolism pathways in 

humans are shown in bold black arrow, while the minor pathways are in grey arrows. 

Changes in STAE treatment for 48 h are compared with STAE treatment for 2 min to 

account for physical absorption on the membrane and/or bacterial wall. *: p < 0.05, T2 vs 

C; ¥: p < 0.05, T1 vs T2. No significant changes were observed in total nicotine levels after 

48 h incubation with the oral bacteria compared with 2 min incubation.
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Fig. 3. 
Observed intensity changes in bacteria-related metabolites from cell extracts. Exampled 

metabolites include leucinic acid, phenyllactic acid, heptaprenyl diphosphate and 

hydroxyphenylpyruvic acid sulfate. *: p < 0.05, T2 vs C; ¥: p < 0.05, T2 vs T1; Δ: p < 0.05, 

T1 vs C. Significant changes were observed in all four metabolites in the treated groups 

compared with controls.
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Fig. 4. 
Observed intensity changes in metabolites mapped onto the glutathione pathway. *: p < 0.05, 

T2 vs C; ¥: p < 0.05, T2 vs T1; Δ: p < 0.05, T1 vs C. Significant decreases were observed in 

all sulfur-containing metabolites in the treated groups compared with controls.
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Fig. 5. 
Observed intensity changes in metabolites mapped onto the arginine metabolism pathway. *: 

p < 0.05, T2 vs C; ¥: p < 0.05, T2 vs T1; Δ: p < 0.05, T1 vs C. Significant decreases were 

observed in all detected metabolites in the treated groups compared with controls.
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