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Abstract: Desulfovibrio, resident gut sulfate-reducing bacteria (SRB), are found to overgrow in diseases
such as inflammatory bowel disease and Parkinson’s disease. They activate a pro-inflammatory re-
sponse, suggesting that Desulfovibrio may play a causal role in inflammation. Class I phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) signaling pathway regulates key events in the inflammatory
response to infection. Dysfunctional PI3K/Akt signaling is linked to numerous diseases. Bacterial-
induced PI3K/Akt pathway may be activated downstream of toll-like receptor (TLR) signaling. Here,
we tested the hypothesis that Desulfovibrio vulgaris (DSV) may induce tumor necrosis factor alpha
(TNF-α) and inducible nitric oxide synthase (iNOS) expression via PI3K/Akt in a TLR 2-dependent
manner. RAW 264.7 macrophages were infected with DSV, and protein expression of p-Akt, p-p70S6K,
p-NF-κB, p-IkB, TNF-α, and iNOS was measured. We found that DSV induced these proteins in a
time-dependent manner. Heat-killed and live DSV, but not bacterial culture supernatant or a probiotic
Lactobacillus plantarum, significantly caused PI3K/AKT/TNF/iNOS activation. LY294002, a PI3K/Akt
signaling inhibitor, and TL2-C29, a TLR 2 antagonist, inhibited DSV-induced PI3K/AKT pathway.
Thus, DSV induces pro-inflammatory TNF-α and iNOS via PI3K/Akt pathway in a TLR 2-dependent
manner. Taken together, our study identifies a novel mechanism by which SRB such as Desulfovibrio
may trigger inflammation in diseases associated with SRB overgrowth.

Keywords: Desulfovibrio vulgaris (DSV); inducible nitric oxide synthase (iNOS); phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) (PI3K/AKT); toll-like receptor 2 (TLR 2); tumor necrosis
factor-α (TNF-α)

1. Introduction

Sulfate-reducing bacteria (SRB) belonging to the genus Desulfovibrio are gram-negative
motile anaerobic bacteria that are present as minor members of the gut bacterial community
in humans [1,2]. These hydrogen sulfide (H2S)-producing bacteria exhibit characteristics of
a pathobiont that overgrows in the setting of gut microbial dysbiosis such as that observed
in diseases including inflammatory bowel disease (IBD), cancer, metabolic syndrome, and
neurodegenerative diseases [2,3]. We and others have shown that Desulfovibrio activates
inflammatory responses such as production of pro-inflammatory cytokines IL-1β, IL-6,
IL-8, [4,5] and nitric oxide (NO) [6]. Whether Desulfovibrio mediates its pro-inflammatory
effects via PI3K/Akt, a major signal transduction pathway critical in orchestrating immune
responses, remains unknown. The Class I phosphoinositide 3-kinase (PI3K)/protein kinase
B (Akt)/(PI3K/Akt) pathway regulates several key events in the inflammatory response to
infection. Inhibitors of the PI3K/Akt pathway have been shown to reduce the severity of
inflammation in various experimental models [7,8].
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Class I PI3K are heterodimers consisting of a regulatory p85 subunit and a catalytic
p110 subunit and are further subdivided into Class IA and IB PI3K [9,10]. Upon activation,
PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate (PI (4,5) P2) to form phos-
phatidylinositol 3,4,5-trisphosphate (PI (3,4,5) P3, usually referred to as PIP3) [11]. PIP3 in
turn recruits and binds to the pleckstrin homology (PH) domain of Akt. Akt is activated by
Phosphoinositide-Dependent Kinase 1 (PDK1) and PDK2 (mTORC2) at Thr308 and Ser473,
respectively [12,13]. Once activated, Akt further orchestrates many downstream processes
such as cell proliferation, metabolism, and inflammatory responses, depending upon extra-
cellular stimuli and cell type [12,14]. PI3K/Akt signaling is initiated by binding of receptors
such as receptor tyrosine kinases (RTKs), G-coupled protein receptors (GPCR) [10,15] and
can also be activated by pathogen-associated molecular patterns (PAMPs) receptors such as
Toll-like receptors (TLRs) TLR 2, TLR4, and TLR5 [16,17]. Among these TLRs, TLR4 is acti-
vated mainly by bacterial LPS, while TLR5 is activated by flagella [18]. TLR 2, on the other
hand, is activated in conjunction with TLR1 or TLR6 by forming heterodimers with these
TLRs, which recognize triacylated lipopeptides by TLR 2-TLR1 and diacylated lipopeptide
by TLR 2-TLR6 complex [19]. Together these receptor complexes bind a plethora of ligands
such as lipoteichoic acid (LTA), lipopeptides, peptidoglycan, zymosan, and other PAMPs
from bacteria, fungi, parasites, and viruses [20,21].

In this study, we tested whether Desulfovibrio spp. vulgaris (DSV) activates the
PI3K/Akt pathway and its downstream effectors leading to pro-inflammatory TNF-α
and iNOS production. As TLR may activate proinflammatory cytokines in macrophages
downstream of the PI3K/Akt pathway in response to bacteria or their products, we also
investigated whether DSV-induced PI3K/Akt/TNF/iNOS pathway was dependent on
TLR signaling.

2. Materials and Methods
2.1. Cell Culture and Treatments

RAW 264.7 murine macrophage-like cells (ATCC, Manassas, VA, USA; TIB-71™) were
grown in DMEM (Thermo Fisher Scientific, Waltham, MA, USA; 21063-029) + 10% FBS
(Thermo Fisher; 26140-079). Cells were grown at 37 ◦C in a humidified incubator with 5%
CO2. Prior to the day of infection, 8 × 105 cells were plated in a 6-well plate. The following
day, cells were infected with DSV at a multiplicity of infection of 20 (MOI 20) for various
times. For drug treatments, cells were incubated with LY294002, a PI3K inhibitor (Cell
Signaling Technology, Danvers, MA, USA; 9901) at 10 or 50 µm for 2 h followed by DSV
infection for 30 min or 4 h. For TL2-C29 treatment, a TLR 2 antagonist (Invivogen, Waltham,
MA, USA; inh-c29), cells were incubated with the inhibitor at 200 µm for 3 h followed by
infection with DSV for 4 h.

2.2. Bacteria

Desulfovibrio vulgaris Hildenborough (ATCC; 29579™) was grown anaerobically for
24 h. in Hungate tubes containing Postgate’s organic liquid medium. Media composition:
10.56 mM Na2SO4, 13.29 mM MgSO4, 4.12 mM L-Cysteine, 0.4% sodium lactate (60%
syrup), 0.4% yeast extract, and 0.5% tryptone. Cultures were grown for ~24 h in 5 mL
aliquots at 37 ◦C. Lactobacillus plantarum (ATCC; 8014 ™) was grown in Lactobacilli MRS
Broth (BD288130) in a 37 ◦C incubator for ~24 h in 10 mL medium. Bacteria were counted
using a Quantom Tx cell counter (Logos Biosystems, Anyang, Republic of Korea).

2.3. Western Blotting

Cells were lysed in Lysis buffer (Thermo Fisher Scientific: #87787) containing protease
and phosphatase inhibitors (Thermo Fisher Scientific: #1861281) for 20 min on ice. Lysates
were centrifuged at 12,000 rpm for 5 min at 4 ◦C and supernatants were collected. For
analysis of secreted TNF-α, cell culture supernatant was precipitated using 9 volumes of
chilled ethanol and incubated overnight at −20 ◦C. The next day, samples were centrifuged
at 12,000 rpm for 15 min at 4 ◦C. Pellets were air-dried and resuspended in PBS. Protein
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concentration in the samples was determined with Bradford reagent (Bio-Rad Laboratories,
Hercules, CA, USA; 5000205). Fifty µg of protein samples were run on SDS-PAGE (4–20%
tris-glycine; Thermo Fisher Scientific XP04200BOX) and transferred to nitrocellulose mem-
branes (Bio-Rad; 1620112). Membranes were blocked in 5% milk in PBS (Thermo Fisher;
10010-023) with 0.1% Tween 20 (Sigma, St. Louis, MO, USA; P1379) for 30 min followed
by overnight incubation in primary antibodies in a cold room. All antibodies except iNOS
were purchased from Cell Signaling Technology: Actin (4970), p-AktS473(4060), p-Akt
T308(13038), Akt (9272), p-P70S6K (9205), P70S6K (2708), TNF-α (11948), p-NFκBp65 (3033),
and NFκB p65 (4764). iNOS antibody was purchased from Abcam (ab178945). Antibodies
were diluted as recommended by the manufacturer. The following day, blots were washed
with PBS-T and incubated with secondary antibodies (Cell Signaling Technology: #7074)
at room temperature for 1 h (dilution of 1:1000–2000) and developed using enhanced
chemiluminescence HRP signal (Thermo Fisher Scientific: 32106, 34577, 37075).

2.4. Statistical Analysis

All graphs were generated using Graph Pad Prism 9.4.1. Data are plotted as Mean ± SEM
relative to control. Each experiment was conducted at least three independent times. For
Western blot analysis, within each independent experiment, three biological replicates were
combined to represent one treatment group. For data analysis, comparison between two
groups was made using a two-tailed t-test. One-way ANOVA with a post-hoc Dunnett’s
multiple comparison test was used for comparing the difference between three or more
groups. p values < 0.05 were considered significant.

3. Results
3.1. DSV Induced Activation of PI3K/Akt/TNF/iNOS

We first tested whether DSV induced PI3K/Akt/TNF and iNOS activation in a time-
dependent manner. RAW 264.7 cells were treated with DSV (MOI 20) for various time
periods from 5 min to 240 min (Figure 1). Our previous studies have shown that DSV
induces optimal effects at MOI 20 [4,22]. Thus, in this study, we used this MOI for all
infections. We found that DSV induced phosphorylation of Akt at both Thr 308 and Ser
473 positions (Figure 1A–C) that are activated by PDK1 and PDK2, respectively [23,24], as
early as 5 min. Values were significantly higher when compared to control at 5 min post-
infection for p-Akt S473 (DSV: 18.33 ± 3.45; Control: 1.00, p < 0.05, Figure 1B) and p-Akt
T308 (DSV: 42.35 ± 12.30; Control: 1.00, p < 0.001, Figure 1C). Levels of p-Akt dropped
over time but the trend showed consistently higher levels when compared to control
levels. Next, we measured p-IκB and p-Nuclear factor-κB (NFκB) as PI3K/Akt regulates
phosphorylation of IκB and transcriptional activity of NFκB [25,26]. We found a significant
increase in phospho-IκB levels at 15 min post infection (DSV: 35.41 ± 14.38 vs. Control:
1.00, p < 0.05, Figure 1A,D) as well as in phosphorylation of NFκB p65 subunit at 15 and
30 min (DSV 15 min: 12.47 ± 4.97; DSV 30 min: 13.86± 1.130 vs. Control: 1.00, p < 0.05,
Figure 1A,E) compared to control. Induction of TNF-α occurred as early as 30 min and
significantly peaked by 120 min and remained high at 240 min (DSV 2 h: 39.51 ± 10.47; DSV
4 h: 37.92 ± 9.01; Control: 1.00, p < 0.01, Figure 1A,F). On the other hand, induction of iNOS
was observed only at 4 h (DSV 4 h: 68.20 ± 19.19; Control: 1.00, p < 0.001, Figure 1A,G).
Thus, DSV induced components of PI3K/Akt pathway and downstream activation of
TNF-α and iNOS in a time-dependent manner.
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Figure 1. DSV induced activation of PI3K/Akt/TNF pathway in a time-dependent manner. (A) RAW 

264.7 cells (8 × 105) were infected with DSV at MOI 20 for 5, 15, 30, 120, or 240 min. Cells were lysed 
Figure 1. DSV induced activation of PI3K/Akt/TNF pathway in a time-dependent manner. (A) RAW
264.7 cells (8 × 105) were infected with DSV at MOI 20 for 5, 15, 30, 120, or 240 min. Cells were lysed
and protein lysate was prepared. Fifty µg of protein lysate was separated on SDS-PAGE and analyzed
for the expression of p-Akt, total Akt, TNF-α, iNOS, p-IκB, total IκB, p-NFκB p65, and total p65 NFκB
by Western blotting. Original blots were cut at different molecular weights to enable probing of as
many proteins as possible in the same blot. Actin was used as a loading control. (B–G) Quantification
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of Western blots. Blots were quantified with Fiji ImageJ by analyzing the ratio of protein of inter-
est/Actin. For phosphorylated proteins, the ratio of phosphorylated/total protein was calculated.
Data represent Mean ± SEM from at least three independent experiments. Values were normalized to
control. One-way ANOVA was used to determine the statistical significance. Values were compared
to control, with a post-hoc Dunnett’s test. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Live and Heat-Killed DSV, but Not Bacterial Culture, Supernatant Significantly Induced
PI3K/Akt/TNF/iNOS Pathway

Next, we compared the effects of live DSV with heat-killed DSV and with the culture
supernatant of DSV on PI3K/Akt/TNF/iNOS pathway (Figure 2). For generating heat-
killed bacteria (HK), DSV were autoclaved and an equal volume of bacteria was added to
the cells as live DSV. In the case of culture supernatant (Sup), 1 mL bacterial culture was
centrifuged to pellet the bacteria. Sup was further passed through a 0.2 µ filter to remove
any remaining bacteria. Sixty µL of sup, equivalent to the volume of resuspended bacteria
at MOI 20, was applied to the cells. We found that HK bacteria were equally efficient in
inducing p-Akt compared to live bacteria (Live DSV: 8.79 ± 1.15 vs. HK: 10.12 ± 0.91,
p > 0.05). However, levels of p-Akt were significantly lower in cells treated with Sup in
comparison to live DSV (Live DSV: 8.79 ± 1.15; Sup: 4.99 ± 0.33; p < 0.05, Figure 2A,B).
This trend was reflected in TNF-α expression where HK induced a comparable amount
of the protein when compared to DSV but much lower induction of TNF-α by Sup (Live
DSV: 54.37 ± 18.62; HK: 59.10 ± 7.28; p > 0.05; Sup: 9.29 ± 5.41, p < 0.01 compared to DSV,
Figure 2A,C). Similarly, HK bacteria induced iNOS levels comparable to DSV but in cells
treated with culture sup, much lower levels of iNOS were induced (DSV: 22.37 ± 3.44;
HK: 20.16 ± 3.54; p > 0.05 compared to DSV; Sup: 5.51 ± 2.62, p < 0.01 compared to DSV,
Figure 2D). These results suggest that a structural component(s) of DSV rather than the
metabolically active DSV is responsible for inducing PI3K/Akt/TNF/iNOS pathway in
macrophages. The structural component(s) responsible for these effects of DSV may be an
integral part of the bacteria or may be secreted in lower levels, based on our findings with
milder effects of Sup when compared to live and HK bacteria.
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(MOI 20) or bacterial culture supernatant (Sup) for 240 min (4 h). Cells were lysed and protein lysate
prepared. Fifty µg of protein lysate was separated on SDS-PAGE and analyzed for p-Akt, total Akt,
TNF-α, and iNOS by Western blotting. Actin was used as a loading control. (B–D) Quantification of
Western blots. Blots were quantified with Fiji ImageJ by analyzing the ratio of protein of interest/Actin.
For phosphorylated Akt, the ratio of p-Akt/total Akt was calculated. Data represent Mean ± SEM
from at least three independent experiments. Values were normalized to control. One-way ANOVA
was used to determine the statistical significance. Values were compared to live DSV. * p < 0.05, ns
(non-significant).

3.3. Comparison of Effects of DSV and Lactobacillus plantarum on PI3K/Akt/TNF/ iNOS Activation

Next, we tested whether probiotic bacteria L. plantarum induced PI3K/Akt/TNF/iNOS
pathway and compared its effects with those of DSV. Cells were treated with L. plantarum
(Lacto) for 4 h at MOI 20 (Figure 3). As expected, DSV caused a significant increase in p-Akt
when compared to control (DSV: 31.75 ± 6.54; Control: 1.00, p < 0.05). Interestingly, Lacto
also induced p-Akt but the effects were milder than DSV and the levels were found to be
statistically insignificant compared to control (Lacto: 24.37 ± 12.50; Control: 1.00, p > 0.05,
Figure 3A,B). We also found that Lacto caused an increase in TNF-α albeit to a much lesser
extent than DSV (DSV: 101.5 ± 20.63; Control 1.00, p < 0.001) and these effects were also
insignificant when compared to control (Lacto: 22.65 ± 9.187 vs. Control: 1.00, p > 0.05,
Figure 3A,C). Lacto failed to significantly induce iNOS expression (Lacto: 3.153 ± 0.9706;
Control: 1.00, p > 0.05, Figure 3A,D) whereas DSV caused a drastic increase in iNOS
compared to Control (DSV: 45.45 ± 16.27; Control: 1.00, p < 0.05). These findings suggest
that these two bacteria diversify in eliciting cellular immune response downstream of
PI3K/Akt and cells may generate different responses to a probiotic Lacto when compared to
an opportunistic pathobiont DSV. These findings also support the notion that PI3K/Akt can
be activated by both beneficial and harmful bacteria and the outcome may be determined
by the type of bacteria and by host cells.
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lysate prepared. Fifty µg of protein lysate was separated on SDS-PAGE and analyzed for p-Akt, total
Akt, TNF-α, and iNOS by Western blotting. Lanes were spliced in the original blot and combined.
Actin was used as a loading control. (B–D) Quantification of Western blots. Blots were quantified
with ImageJ by analyzing the ratio of protein of interest/Actin. For phosphorylated Akt, the ratio
of p-Akt/total Akt was calculated. Data represent Mean ± SEM from at least three independent
experiments. Values were normalized and compared to Control. One-way ANOVA was used to
determine the statistical significance. * p < 0.05, *** p < 0.001, ns (non-significant).

3.4. LY294002 Inhibited DSV-Induced Activation of PI3K/Akt/TNF Pathway

LY294002 (LY) is a well-known inhibitor of class I PI3K pathway [27]. To investigate
whether DSV induced classical PI3K/Akt pathway that was responsible for upregulat-
ing proinflammatory TNF-α and iNOS proteins, we pre-treated the cells with LY (10 or
50 µM) for 2 h before DSV challenge for 4 h (Figure 4). We found that LY inhibited DSV-
induced Akt phosphorylation (DSV: 4.88 ± 1.31; DSV + LY10: 0.52 ± 0.11; DSV + LY50:
0.40 ± 0.09, p < 0.05 compared to DSV, Figure 4A,B). P70S6K is another effector that is acti-
vated downstream of PI3K/Akt via phosphorylation by mTOR complex 1 (mTORC1) [28].
LY inhibited DSV-induced p-P70S6K levels (DSV: 1.96 ± 0.20; DSV + LY10: 0.081 ± 0.026;
DSV + LY50: 0.088 ± 0.029, p < 0.0001 compared to DSV, Figure 4A,C). We found that
cellular TNF-α expression was elevated in the presence of DSV and LY significantly in-
hibited this effect (DSV: 37.01 ± 4.28; DSV + LY10: 13.42 ± 2.13, p < 0.01; DSV + LY50:
6.044 ± 2.139, p < 0.001 compared to DSV, Figure 4A,D). LY also inhibited DSV-induced
iNOS expression (DSV: 23.54 ± 5.39; DSV + LY10: 5.45 ± 0.17, p < 0.05; DSV + LY50:
2.28 ± 0.58, p < 0.01, Figure 4A,E). Similarly, levels of DSV-induced secreted TNF-α were
inhibited by LY (DSV: 18.73 ± 6.21; DSV + LY10: 1.45 ± 0.24; DSV + LY50: 1.34 ± 0.57,
p < 0.05 compared to DSV, Figure 4F,G). Next, we checked whether LY inhibited DSV-
induced activation of NFκB by measuring the expression of phospho-P65 subunit of NFκB
(Figure 4H,I). DSV treatment caused a significant increase in p-p65 when compared to
Control (DSV: 3.54 ± 0.59; Control: 1.00, p < 0.05). However, prior treatment of cells with
LY prevented these effects of DSV (DSV + LY50: 1.91 ± 0.54; Control: 1.00, p > 0.05). These
results suggest that DSV induced classical PI3K/Akt pathway that was responsible for the
downstream induction of proinflammatory TNF-α as well as iNOS.

3.5. Activation of PI3K/Akt Pathway by DSV Was Dependent on TLR 2 Signaling

The PI3K/Akt pathway is activated downstream of receptors such as tyrosine kinase
(RTK) and G-protein-coupled receptors, and also by Toll-Like Receptors (TLRs), often
observed in cases of infections with various bacteria [29]. Thus, we treated the cells with dif-
ferent TLR antagonists to test the involvement of TLR 2, TLR 4 or TLR 5 in DSV-mediated ac-
tivation of PI3K/Akt pathway. We found that neither TLR4 antagonist TLR-IN-C34 [30,31]
nor TLR5 antagonist TH1020 [32] had any discernible effect on DSV-induced PI3K/Akt
signaling. However, pretreatment of cells with TLR 2 inhibitor, TLR-C29 (C29) significantly
inhibited DSV-induced effects (Figure 5). We found that DSV-induced phosphorylation of
AKT was inhibited by C29 (DSV: 3.18 ± 0.30; DSV + C29: 1.58 ± 0.29, p < 0.05, Figure 5A,B).
Similarly, expression of p-P70S6K, an effector downstream of Akt, was also upregulated by
DSV and was significantly inhibited by C29 (DSV: 11.48 ± 3.05; DSV + C29: 2.39 ± 0.69,
p < 0.05, Figure 5A,C). Levels of cellular TNF-α protein were also upregulated by DSV
and inhibited in the presence of C29 (DSV: 24.67 ± 2.51; DSV + C29: 8.57 ± 2.81, p < 0.05,
Figure 5A,D). Additionally, DSV-induced iNOS protein expression was significantly inhib-
ited by C29 (DSV: 30.25 ± 6.82; DSV + C29: 2.32 ± 1.48, p < 0.05, Figure 5A,E). Levels of
DSV-induced secreted TNF-α were also significantly inhibited by C29 (DSV: 38.09 ± 5.188;
DSV + C29: 1.103 ± 0.03408, p < 0.01, Figure 5F,G). As PI3K/Akt is classically activated
by a vast number of stimuli through receptor tyrosine kinases (RTKs), we tested whether
DSV-induced PI3K/Akt/TNF/iNOS pathway was dependent on RTK-mediated signaling
by using tryphostin AS1478 as an antagonist to EGFR signaling, a common RTK. We did
not observe inhibition of the DSV-induced PI3K/Akt activation by tryphostin, suggesting
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that this RTK was not involved in DSV-mediated effects. Whether other RTKs are activated
in response to DSV remains to be determined. Taken together, our results suggest that DSV
specifically engages TLR 2 to mediate its pro-inflammatory effects via PI3K/Akt pathway.
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Figure 4. LY294002 inhibited DSV-induced activation of PI3K/Akt/TNF pathway. (A) RAW
264.7 cells were treated with LY at either 10 or 50 µM for 2 h before infection with DSV for 4 h.
Cells were lysed and protein lysate prepared. Fifty µg of protein lysate was separated on SDS-PAGE
and analyzed for p-Akt, total Akt, p-P70S6K, P70S6K, TNF-α, and iNOS, by Western blotting. Actin
was used as a loading control. (B–E) Quantification of Western blots. (F) Post-infection, cell culture
supernatant was collected and proteins were precipitated using ethanol precipitation. Proteins were
resuspended in PBS and 50 µg was loaded on SDS-PAGE. Secreted TNF-α (s-TNF-α) was detected
using anti-TNF-α antibody. Actin was used as a loading control. (G) Quantification of s-TNF-α.
(H) Cells were pretreated with or without LY 50 µM followed by infection with DSV for 30 min
and protein samples were analyzed for p-p65 NFκB and total NFκB. (I) Blots were quantified with
ImageJ by analyzing the ratio of p-NFκB/NFκB. Values were normalized and compared to control.
Data represent Mean ± SEM from at least three independent experiments. One-way ANOVA was
used to determine the statistical significance, with a post-hoc Dunnett’s test. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, ns (non-significant).
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Figure 5. Activation of PI3K/Akt pathway by DSV was dependent on TLR 2 signaling (A) RAW
264.7 cells were treated with TLR 2 signaling inhibitor C29 at 200 µM for 3 h before infection with
DSV for 4 h. Cells were lysed and protein lysate prepared. Fifty µg of protein lysate was separated
on SDS-PAGE and analyzed for p-Akt, total Akt, p-P70S6K, P70S6K TNF-α, and iNOS by Western
blotting. Actin was used as a loading control. (B–E) Quantification of Western blots. (F) Post-infection,
cell culture supernatant was collected and proteins were precipitated using ethanol precipitation.
Proteins were resuspended in PBS and 50 µg was loaded on SDS-PAGE. Secreted TNF-α (s-TNF-α)
was detected using anti-TNF-α antibody. (G) Blots were quantified with ImageJ by analyzing the
ratio of protein of interest/Actin. For phosphorylated proteins, the ratio of phosphorylated/total
protein was calculated. Data represent Mean ± SEM from at least three independent experiments.
Values were normalized to control. A two-tailed t-test was used to compare DSV and DSV + C29.
* p < 0.05, ** p < 0.01.
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4. Discussion

Desulfovibrio are SRB that are present as minor members of the resident gut bacterial
community and are mainly recognized for their production of hydrogen sulfide (H2S) as
a byproduct of their metabolism. An increase in Desulfovibrio density has been reported
in many diseases including IBD, metabolic syndrome, cancer, autism, and Parkinson’s
disease [2]. While the mechanisms underlying such associations remain largely unknown,
few studies have suggested the causal role of Desulfovibrio in the pathogenesis of these
diseases using various in vivo and in vitro models [2]. As such, our laboratory has previ-
ously identified various cellular pathways that are affected by Desulfovibrio spp. vulgaris
such as increased intestinal barrier permeability, decreased lysozyme production (a crucial
anti-microbial protein), and increased pro-inflammatory Notch signaling pathway [4,22,33],
effects that could contribute to disease development. In this study, we uncover yet another
layer of Desulfovibrio function that may be responsible for pathogenesis of diseases and
which may also act in concert with other known DSV-induced pathways to contribute
to disease development. We found that Desulfovibrio vulgaris (DSV) induced protein ex-
pression of pro-inflammatory TNF-α and iNOS. While activation of immune response by
bacteria is an important cellular defense mechanism to eliminate pathogens, uncontrolled
immune response is harmful and can lead to inflammation that underlies many acute and
chronic diseases such as IBD and sepsis. It is possible that Desulfovibrio overgrowth, as
seen in conditions such as IBD, may actually play a causal role in the development of
inflammatory diseases by activating a proinflammatory immune response.

We found that DSV-induced TNF-α and iNOS expression was dependent on PI3K/Akt
pathway as inhibition of PI3K by LY294002 abrogated these effects. PI3K/Akt pathway
is a major signal transduction pathway involved in many fundamental cellular processes
such as differentiation, survival, apoptosis, transcription, translation, proliferation, as well as
immune responses. PI3K/Akt cascade is activated by vast environmental stimuli via several
cell surface receptors and which orchestrate a plethora of downstream pathways via diverse
effector molecules. Dysfunction of this pathway has been linked to many diseases such as
metabolic diseases, cancer, neurodegenerative diseases, vascular diseases, infections, and
inflammatory diseases [10,34]. While it is involved in activating a pro-inflammatory response
in some infections [35], in others it may play a protective anti-inflammatory role [36,37]. Thus,
the role of PI3K/Akt in infection and inflammation is multifaceted and diverse.

In addition to our findings with D. vulgaris as a mediator of inflammatory response,
other species of Desulfovibrio such as D. piger, D. desulfuricans, or D. fairfieldensis have also
been shown to induce inflammatory outcomes [2].

In the context of resident gut bacteria, pathobionts such as Fusobacterium nucleatum
which are implicated in disease development in IBD, esophageal cancer, and colorectal
cancer [38,39], have also been found to activate PI3K/Akt pathway [40,41]. In contrast,
another gut bacterium Akkermansia muciniphila secretes threonyl-tRNA synthetase which
elicits anti-inflammatory effects such as IL-10 production in a TLR 2/PI3K/Akt pathway-
dependent manner [42]. However, the opposite effects of the same bacteria are seen in
a study where Akkermansia muciniphila and its metabolites butyric acid and deoxycholic
acid inhibited PI3K/Akt pathway to protect against the harmful effects of Campylobacter
jejuni [43]. Triggering of PI3K/Akt pathway is also observed in the case of probiotics. In
this study, we found that infection of RAW 264.7 macrophages with L. plantarum induced
PI3K/Akt expression, but only mildly induced TNF-α and iNOS activation was negligible
in the presence of these bacteria when compared to DSV. Our findings are partly in accord
with other reports showing that L. plantarum induced M1 type phenotype in macrophages
via TLR 2/NFκB signaling, and increased bactericidal activities against Salmonella by
activating TLR 2/NF-kB signaling pathway [44]. Similarly, Lactobacillus rhamnosus can
induce M1 phenotype in macrophages to produce cytokines such as IL-1β, IL-10, and TNF-
α in a TLR-2/MyD88/MAPK dependent manner as a way to defend against pathogens [45].
Thus, it is possible that probiotics may elicit a “healthy” immune response that is important
in combating pathogens as seen in these cases. On the other hand, the probiotic Lactobacillus
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paracasei induces M2 phenotype that is associated with an anti-inflammatory response [46].
Thus, these overall disparate outcomes of PI3K/Akt activation may be dictated by the
strain of the bacteria, their metabolic products, type of host cell, cell surface receptors, and
the overall disease context.

PI3K/Akt signaling has been vastly studied in the context of metabolism and differ-
entiation downstream of growth factor receptors such as PDGF receptor (PDGFR) and
epidermal growth factor receptor (EGFR), insulin-like growth factor receptor (IGFR), and
insulin receptor (INSR), RAS, and G-protein coupled receptor, depending upon specific
isoforms [10]. However, PI3K/Akt pathway is also known to be activated in a toll-like
receptor manner [47,48]. Toll-like receptors (TLRs) are transmembrane receptors that recog-
nize a variety of pathogen-associated molecular patterns (PAMPs) [20,49,50] and are central
players in innate immune responses against various bacterial and viral agents [51,52]. TLRs
other than TLR3 are known to activate NFκB signaling and inflammatory cytokine produc-
tion in a MyD88-dependent manner [53]. Studies have shown that p85 subunit of PI3K
binds to the cytosolic domain of TLR 2 that contains PI3K binding motif (YXXM) [16,54,55].
TLRs activate PI3K/Akt pathway and further orchestrate downstream effects that are
dictated by the type of stimuli [16,17,47,55], Engagement of TLR 2, 4, and 5 with bacterial
components leads to pro- or anti-inflammatory responses [56]. Data support the role of LPS
from gram-negative bacteria in mediating these effects [57,58]. Similarly, TLR5 is activated
by bacterial flagella and activates pro-inflammatory PI3K/Akt pathway [59,60]. While
DSV expresses LPS, a major TLR4 ligand [61], we did not see inhibition of DSV-induced
PI3K/Akt/TNF/iNOS activation in the presence of TLR4 antagonist. This is in agreement
with our previous study where inhibition of TLR 4 also failed to prevent DSV-induced
pro-inflammatory Notch signaling pathway [4], suggesting that TLR4 is not involved in the
inflammatory immune response elicited by DSV. Additionally, we failed to see inhibition
of this pathway in the presence of TLR5 antagonist that inhibits TLR5 activation by flag-
ella [62], suggesting that DSV flagella were not involved in TLR activation downstream of
DSV. Moreover, we did not see inhibition of DSV effects by an EGFR inhibitor suggesting
that this receptor is not involved. However, it does not rule out involvement of other RTKs
that may be triggered by DSV. Further studies are needed to investigate whether other
RTKs are involved in this process.

In contrast to TLR4 and TLR5, we observed a significant inhibition of DSV-mediated
activation of PI3K/Akt/TNF/iNOS pathway in the presence of C29, a potent antagonist of
TLR 2/1 and TLR 2/6 signaling [63] that has been shown to prevent TNF-α production by
bacteriocin [64]. While TLR 2 is mostly known to be activated in response to gram-positive
bacteria, there are reports of TLR 2 activation in response to gram-negative bacteria such
as Porphyromonas gingivalis [65,66] Treponema pallidum [35], and Vibrio cholerae [67]. Which
component of DSV induces TLR 2 signaling remains to be determined. Some studies have
highlighted the role of hydrogen sulfide in activating TLR signaling [68]. Interestingly, a
decreased level of H2S and Desulfovibrio spp. in the colon/feces was found in TLR 2−/−

mice while it increased in TLR4−/− mice, suggesting an intimate link between SRB and TLR
2 in vivo [69]. Moreover, higher expression of TLR 2 has been found in IBD patients [70,71].
Additionally, higher levels of fecal H2S are observed in IBD patients [72]. These studies
suggest a link between SRB, H2S, and TLR 2 signaling. Whether or not H2S produced by
DSV activates this pathway remains to be tested. Further, dissecting whether DSV involves
TLR1/2 or TLR 2/6 complex signaling may shed light on the nature of the ligand in DSV
that activates the TLR 2 PI3K/Akt/TNF/iNOS signaling pathway.

Induction of TNF-α and iNOS by DSV is physiologically relevant as high levels
of these proinflammatory mediators and their downstream products such as reactive
nitrogen species are seen in inflammatory diseases such as IBD [73,74]. In fact, anti-TNF-α
antibodies are considered as therapeutic avenues for managing IBD since TNF-α is the
main inflammatory mediator in these diseases [75,76]. TNF-α can further activate NFκB
and proinflammatory PI3K/Akt pathway [77,78]. Thus, production and secretion of TNF-α
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by DSV-infected cells can initiate a PI3K/Akt cascade in uninfected cells further amplifying
the inflammatory events.

Our discovery of DSV-induced iNOS expression supports previous findings where
DSV induced nitrite production in RAW 264.7 cells [6]. The role of iNOS in inflammation is
dichotomous, being both harmful and beneficial to the host [79]. iNOS activation in immune
cells occurs in response to infections, leading to increased production of nitric oxide (NO)
that is responsible for killing and limiting the infectious agents [80]. However, accumulation
of iNOS and NO as seen in IBD may have opposite effects, leading to chronic inflammation
in these diseases. As iNOS is capable of producing NO over days [73,81], in the setting
of Desulfovibrio bloom in inflammatory conditions with dysfunctional immune response,
this may lead to chronic accumulation of NO production which can further exacerbate
inflammation. Moreover, TNF-α treatment itself can lead to increased production of
reactive nitrogen intermediates [82,83]. DSV bloom is also observed in neurodegenerative
diseases such as Parkinson’s disease. Gut microbes communicate with the brain via the
gut–brain axis, and gut microbial dysbiosis, which leads to leaky gut and inflammation,
has been recognized as the basis of development of neurodegenerative diseases [84,85].
As neuroinflammation mediated by the PI3K/akt pathway in neuronal immune cells
such as microglia is an underlying pathological mechanism of disease development [86],
our findings of DSV-induced inflammatory PI3K/Akt pathway in immune cells raises an
important question whether the same mechanism is responsible for neuroinflammation
that underlies PD in response to DSV. It will be interesting to study whether and how DSV
contributes to neuroinflammation. As such, the inflammatory as well as protective role
of PI3K/Akt in PD has been demonstrated in various experimental conditions where the
role of PI3K/Akt as a potential therapeutic target is discussed [87–89]. Whether or not
PI3K/Akt pathway induced by DSV in immune cells contributes in neuro-inflammation
and further disease progression remains to be discovered. In addition, it is shown that IBD
presents a risk factor for developing PD [90,91]. Moreover, several studies have identified
gut bacteria or their bacterial products that may trigger inflammation in the gut as an early
onset of PD [92]. Thus, the mechanism of how DSV-induced proinflammatory PI3K/Akt
pathway may contribute to diseases of gut-brain axis such as PD remains a subject of future
research. Taken together, results from our study suggest that production of TNF-α and
iNOS in response to DSV may be responsible in part for inflammation in diseases such as
IBD where Desulfovibrio overgrow. Figure 6 summarizes our findings in this study.
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Figure 6. Schematic representation of activation of PI3K/Akt pathway by DSV. DSV activates TLR
2 signaling which is inhibited by C29 (TL2-C29). TLR 2-mediated intracellular signaling occurs via
formation of heterodimers of TLR 2 with TLR 1 or TLR 6 (TLR 1/6) that allows recognition of diverse
sets of pathogen-associated patterns. TLR 2 activation further leads to the activation of PI3K/Akt as
indicated by phosphorylation of Akt at Thr308 and Ser473 positions which is required for a complete
activation of Akt. This step is inhibited by PI3K inhibitor LY294002. Once activated, Akt further
induces transcription factor NFκB. Upon activation, NFκB induces expression of proinflammatory
TNF-α and iNOS.

5. Conclusions

Our results identify a novel pathway by which SRB such as Desulfovibrio may induce
inflammatory events and may explain the mechanisms underlying the association between a
DSV bloom and inflammatory diseases. Our study also identifies novel targets that may be
helpful in developing therapeutic avenues to treat diseases associated with DSV overgrowth.
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AKT/PKB: protein kinase B; DSV: Desulfovibrio vulgaris; H2S: hydrogen sulfide; iNOS: inducible
nitric oxide synthase; IBD: inflammatory bowel disease; IL-1β: interleukin 1-beta; MOI: multiplicity
of infection; NFκB: Nuclear factor kappa B; PD: Parkinson’s disease; PAMP: pathogen-associated molec-
ular patterns; PI3K: Phosphoinositide 3-kinase; RTK: receptor tyrosine kinase; SRB: sulfate-reducing
bacteria; TLR 2: toll-like receptor 2; TNF-α: tumor necrosis factor-alpha.

References
1. Gibson, G.R.; Macfarlane, G.T.; Cummings, J.H. Occurrence of sulphate-reducing bacteria in human faeces and the relationship of

dissimilatory sulphate reduction to methanogenesis in the large gut. J. Appl. Bacteriol. 1988, 65, 103–111. [CrossRef]
2. Singh, S.B.; Carroll-Portillo, A.; Lin, H.C. Desulfovibrio in the Gut: The Enemy within? Microorganisms 2023, 11, 1772. [CrossRef]

[PubMed]
3. Dordevic, D.; Jancikova, S.; Vitezova, M.; Kushkevych, I. Hydrogen sulfide toxicity in the gut environment: Meta-analysis of

sulfate-reducing and lactic acid bacteria in inflammatory processes. J. Adv. Res. 2021, 27, 55–69. [CrossRef] [PubMed]
4. Singh, S.B.; Coffman, C.N.; Carroll-Portillo, A.; Varga, M.G.; Lin, H.C. Notch Signaling Pathway Is Activated by Sulfate Reducing

Bacteria. Front. Cell. Infect. Microbiol. 2021, 11, 695299. [CrossRef]
5. Dzierzewicz, Z.; Szczerba, J.; Lodowska, J.; Wolny, D.; Gruchlik, A.; Orchel, A.; Weglarz, L. The role of Desulfovibrio desulfuricans

lipopolysaccharides in modulation of periodontal inflammation through stimulation of human gingival fibroblasts. Arch. Oral
Biol. 2010, 55, 515–522. [CrossRef] [PubMed]

6. Figueiredo, M.C.; Lobo, S.A.; Sousa, S.H.; Pereira, F.P.; Wall, J.D.; Nobre, L.S.; Saraiva, L.M. Hybrid cluster proteins and flavodiiron
proteins afford protection to Desulfovibrio vulgaris upon macrophage infection. J. Bacteriol. 2013, 195, 2684–2690. [CrossRef]
[PubMed]

7. Abliz, A.; Deng, W.; Sun, R.; Guo, W.; Zhao, L.; Wang, W. Wortmannin, PI3K/Akt signaling pathway inhibitor, attenuates thyroid
injury associated with severe acute pancreatitis in rats. Int. J. Clin. Exp. Pathol. 2015, 8, 13821–13833.

8. Mehra, S.; Srinivasan, S.; Singh, S.; Zhou, Z.; Garrido, V.; Silva, I.C.; Totiger, T.M.; Dosch, A.R.; Dai, X.; Dawra, R.K.; et al. Urolithin
A attenuates severity of chronic pancreatitis associated with continued alcohol intake by inhibiting PI3K/AKT/mTOR signaling.
Am. J. Physiol. Gastrointest. Liver Physiol. 2022, 323, G375–G386. [CrossRef]

9. Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in cancer. Nat. Rev. Drug Discov.
2009, 8, 627–644. [CrossRef]

10. Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K Pathway in Human Disease. Cell
2017, 170, 605–635. [CrossRef]

11. Luo, J.; Field, S.J.; Lee, J.Y.; Engelman, J.A.; Cantley, L.C. The p85 regulatory subunit of phosphoinositide 3-kinase down-regulates
IRS-1 signaling via the formation of a sequestration complex. J. Cell Biol. 2005, 170, 455–464. [CrossRef] [PubMed]

12. Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381–405. [CrossRef]
13. Risso, G.; Blaustein, M.; Pozzi, B.; Mammi, P.; Srebrow, A. Akt/PKB: One kinase, many modifications. Biochem. J. 2015, 468,

203–214. [CrossRef] [PubMed]
14. Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 1261–1274. [CrossRef] [PubMed]
15. Rathinaswamy, M.K.; Burke, J.E. Class I phosphoinositide 3-kinase (PI3K) regulatory subunits and their roles in signaling and

disease. Adv. Biol. Regul. 2020, 75, 100657. [CrossRef]
16. Arbibe, L.; Mira, J.P.; Teusch, N.; Kline, L.; Guha, M.; Mackman, N.; Godowski, P.J.; Ulevitch, R.J.; Knaus, U.G. Toll-like receptor

2-mediated NF-kappa B activation requires a Rac1-dependent pathway. Nat. Immunol. 2000, 1, 533–540. [CrossRef] [PubMed]
17. Troutman, T.D.; Bazan, J.F.; Pasare, C. Toll-like receptors, signaling adapters and regulation of the pro-inflammatory response by

PI3K. Cell Cycle 2012, 11, 3559–3567. [CrossRef]
18. Vidya, M.K.; Kumar, V.G.; Sejian, V.; Bagath, M.; Krishnan, G.; Bhatta, R. Toll-like receptors: Significance, ligands, signaling

pathways, and functions in mammals. Int. Rev. Immunol. 2018, 37, 20–36. [CrossRef]
19. van Bergenhenegouwen, J.; Plantinga, T.S.; Joosten, L.A.; Netea, M.G.; Folkerts, G.; Kraneveld, A.D.; Garssen, J.; Vos, A.P. TLR 2 &

Co: A critical analysis of the complex interactions between TLR 2 and coreceptors. J. Leukoc. Biol. 2013, 94, 885–902. [CrossRef]
20. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like receptors. Nat. Immunol.

2010, 11, 373–384. [CrossRef]
21. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801. [CrossRef]
22. Singh, S.B.; Coffman, C.N.; Varga, M.G.; Carroll-Portillo, A.; Braun, C.A.; Lin, H.C. Intestinal Alkaline Phosphatase Prevents

Sulfate Reducing Bacteria-Induced Increased Tight Junction Permeability by Inhibiting Snail Pathway. Front. Cell. Infect. Microbiol.
2022, 12, 882498. [CrossRef] [PubMed]

23. Meier, R.; Hemmings, B.A. Regulation of protein kinase B. J. Recept. Signal Transduct. Res. 1999, 19, 121–128. [CrossRef]
24. Kandel, E.S.; Hay, N. The regulation and activities of the multifunctional serine/threonine kinase Akt/PKB. Exp. Cell Res. 1999,

253, 210–229. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1365-2672.1988.tb01498.x
https://doi.org/10.3390/microorganisms11071772
https://www.ncbi.nlm.nih.gov/pubmed/37512944
https://doi.org/10.1016/j.jare.2020.03.003
https://www.ncbi.nlm.nih.gov/pubmed/33318866
https://doi.org/10.3389/fcimb.2021.695299
https://doi.org/10.1016/j.archoralbio.2010.05.001
https://www.ncbi.nlm.nih.gov/pubmed/20593542
https://doi.org/10.1128/JB.00074-13
https://www.ncbi.nlm.nih.gov/pubmed/23564166
https://doi.org/10.1152/ajpgi.00159.2022
https://doi.org/10.1038/nrd2926
https://doi.org/10.1016/j.cell.2017.07.029
https://doi.org/10.1083/jcb.200503088
https://www.ncbi.nlm.nih.gov/pubmed/16043515
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.1042/BJ20150041
https://www.ncbi.nlm.nih.gov/pubmed/25997832
https://doi.org/10.1016/j.cell.2007.06.009
https://www.ncbi.nlm.nih.gov/pubmed/17604717
https://doi.org/10.1016/j.jbior.2019.100657
https://doi.org/10.1038/82797
https://www.ncbi.nlm.nih.gov/pubmed/11101877
https://doi.org/10.4161/cc.21572
https://doi.org/10.1080/08830185.2017.1380200
https://doi.org/10.1189/jlb.0113003
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.3389/fcimb.2022.882498
https://www.ncbi.nlm.nih.gov/pubmed/35694541
https://doi.org/10.3109/10799899909036639
https://doi.org/10.1006/excr.1999.4690
https://www.ncbi.nlm.nih.gov/pubmed/10579924


Microorganisms 2024, 12, 1833 15 of 17

25. Kane, L.P.; Shapiro, V.S.; Stokoe, D.; Weiss, A. Induction of NF-kappaB by the Akt/PKB kinase. Curr. Biol. 1999, 9, 601–604.
[CrossRef] [PubMed]

26. Romashkova, J.A.; Makarov, S.S. NF-kappaB is a target of AKT in anti-apoptotic PDGF signalling. Nature 1999, 401, 86–90.
[CrossRef]

27. Semba, S.; Itoh, N.; Ito, M.; Harada, M.; Yamakawa, M. The in vitro and in vivo effects of 2-(4-morpholinyl)-8-phenyl-chromone
(LY294002), a specific inhibitor of phosphatidylinositol 3′-kinase, in human colon cancer cells. Clin. Cancer Res. 2002, 8, 1957–1963.

28. Artemenko, M.; Zhong, S.S.W.; To, S.K.Y.; Wong, A.S.T. p70 S6 kinase as a therapeutic target in cancers: More than just an mTOR
effector. Cancer Lett. 2022, 535, 215593. [CrossRef]

29. Fukao, T.; Koyasu, S. PI3K and negative regulation of TLR signaling. Trends Immunol. 2003, 24, 358–363. [CrossRef]
30. Zhang, S.S.; Liu, M.; Liu, D.N.; Yang, Y.L.; Du, G.H.; Wang, Y.H. TLR4-IN-C34 Inhibits Lipopolysaccharide-Stimulated Inflamma-

tory Responses via Downregulating TLR4/MyD88/NF-kappaB/NLRP3 Signaling Pathway and Reducing ROS Generation in
BV2 Cells. Inflammation 2022, 45, 838–850. [CrossRef]

31. Singh, S.B.; Carroll-Portillo, A.; Coffman, C.; Ritz, N.L.; Lin, H.C. Intestinal Alkaline Phosphatase Exerts Anti-Inflammatory
Effects Against Lipopolysaccharide by Inducing Autophagy. Sci. Rep. 2020, 10, 3107. [CrossRef] [PubMed]

32. Yan, L.; Liang, J.; Yao, C.; Wu, P.; Zeng, X.; Cheng, K.; Yin, H. Pyrimidine Triazole Thioether Derivatives as Toll-Like Receptor 5
(TLR5)/Flagellin Complex Inhibitors. ChemMedChem 2016, 11, 822–826. [CrossRef]

33. Singh, S.B.; Lin, H.C. Autophagy counters LPS-mediated suppression of lysozyme. Innate Immun. 2017, 23, 537–545. [CrossRef]
[PubMed]

34. Huang, J.; Chen, L.; Wu, J.; Ai, D.; Zhang, J.Q.; Chen, T.G.; Wang, L. Targeting the PI3K/AKT/mTOR Signaling Pathway in the
Treatment of Human Diseases: Current Status, Trends, and Solutions. J. Med. Chem. 2022, 65, 16033–16061. [CrossRef]

35. Zheng, X.Q.; Kong, X.Q.; He, Y.; Wang, Y.J.; Xie, L.; Liu, L.L.; Lin, L.R.; Yang, T.C. Treponema pallidum recombinant protein
Tp47 enhanced interleukin-6 secretion in human dermal fibroblasts through the toll-like receptor 2 via the p38, PI3K/Akt, and
NF-kappaB signalling pathways. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2023, 1870, 119540. [CrossRef]

36. Williams, D.L.; Ozment-Skelton, T.; Li, C. Modulation of the phosphoinositide 3-kinase signaling pathway alters host response to
sepsis, inflammation, and ischemia/reperfusion injury. Shock 2006, 25, 432–439. [CrossRef]

37. Ha, T.; Hua, F.; Liu, X.; Ma, J.; McMullen, J.R.; Shioi, T.; Izumo, S.; Kelley, J.; Gao, X.; Browder, W.; et al. Lipopolysaccharide-
induced myocardial protection against ischaemia/reperfusion injury is mediated through a PI3K/Akt-dependent mechanism.
Cardiovasc. Res. 2008, 78, 546–553. [CrossRef]

38. Strauss, J.; Kaplan, G.G.; Beck, P.L.; Rioux, K.; Panaccione, R.; Devinney, R.; Lynch, T.; Allen-Vercoe, E. Invasive potential of
gut mucosa-derived Fusobacterium nucleatum positively correlates with IBD status of the host. Inflamm. Bowel Dis. 2011, 17,
1971–1978. [CrossRef]

39. Villar-Ortega, P.; Exposito-Ruiz, M.; Gutierrez-Soto, M.; Ruiz-Cabello Jimenez, M.; Navarro-Mari, J.M.; Gutierrez-Fernandez, J.
The association between Fusobacterium nucleatum and cancer colorectal: A systematic review and meta-analysis. Enfermedades
Infecc. Microbiol. Clin. (Engl. Ed.) 2022, 40, 224–234. [CrossRef]

40. Duan, C.; Tang, X.; Wang, W.; Qian, W.; Fu, X.; Deng, X.; Zhou, S.; Han, C.; Hou, X. Lactobacillus rhamnosus attenuates intestinal
inflammation induced by Fusobacterium nucleatum infection by restoring the autophagic flux. Int. J. Mol. Med. 2021, 47, 125–136.
[CrossRef]

41. Lei, J.; Xu, F.; Deng, C.; Nie, X.; Zhong, L.; Wu, Z.; Li, J.; Wu, X.; He, S.; Chen, Y. Fusobacterium nucleatum promotes the early
occurrence of esophageal cancer through upregulation of IL-32/PRTN3 expression. Cancer Sci. 2023, 114, 2414–2428. [CrossRef]
[PubMed]

42. Kim, S.M.; Park, S.; Hwang, S.H.; Lee, E.Y.; Kim, J.H.; Lee, G.S.; Lee, G.; Chang, D.H.; Lee, J.G.; Hwang, J.; et al. Secreted
Akkermansia muciniphila threonyl-tRNA synthetase functions to monitor and modulate immune homeostasis. Cell Host Microbe
2023, 31, 1021–1037.e10. [CrossRef]

43. Jiang, L.; Yuan, C.; Ye, W.; Huang, Q.; Chen, Z.; Wu, W.; Qian, L. Akkermansia and its metabolites play key roles in the treatment
of campylobacteriosis in mice. Front. Immunol. 2022, 13, 1061627. [CrossRef] [PubMed]

44. Zhao, C.; Chen, H.; Liang, H.; Zhao, X.; Tang, W.; Wei, M.; Li, Y.; Zhang, J.; Yu, X.; Chen, G.; et al. Lactobacillus plantarum RS-09
Induces M1-Type Macrophage Immunity Against Salmonella Typhimurium Challenge via the TLR 2/NF-kappaB Signalling
Pathway. Front. Pharmacol. 2022, 13, 832245. [CrossRef]

45. Wang, B.; Wu, Y.; Liu, R.; Xu, H.; Mei, X.; Shang, Q.; Liu, S.; Yu, D.; Li, W. Lactobacillus rhamnosus GG promotes M1 polarization
in murine bone marrow-derived macrophages by activating TLR 2/MyD88/MAPK signaling pathway. Anim. Sci. J. 2020, 91,
e13439. [CrossRef]

46. Sohn, W.; Jun, D.W.; Lee, K.N.; Lee, H.L.; Lee, O.Y.; Choi, H.S.; Yoon, B.C. Lactobacillus paracasei Induces M2-Dominant Kupffer
Cell Polarization in a Mouse Model of Nonalcoholic Steatohepatitis. Dig. Dis. Sci. 2015, 60, 3340–3350. [CrossRef]

47. Ojaniemi, M.; Glumoff, V.; Harju, K.; Liljeroos, M.; Vuori, K.; Hallman, M. Phosphatidylinositol 3-kinase is involved in Toll-like
receptor 4-mediated cytokine expression in mouse macrophages. Eur. J. Immunol. 2003, 33, 597–605. [CrossRef] [PubMed]

48. Cao, Z.; Ren, D.; Ha, T.; Liu, L.; Wang, X.; Kalbfleisch, J.; Gao, X.; Kao, R.; Williams, D.; Li, C. CpG-ODN, the TLR9 agonist,
attenuates myocardial ischemia/reperfusion injury: Involving activation of PI3K/Akt signaling. Biochim. Biophys. Acta (BBA)-Mol.
Basis Dis. 2013, 1832, 96–104. [CrossRef]

https://doi.org/10.1016/S0960-9822(99)80265-6
https://www.ncbi.nlm.nih.gov/pubmed/10359702
https://doi.org/10.1038/43474
https://doi.org/10.1016/j.canlet.2022.215593
https://doi.org/10.1016/S1471-4906(03)00139-X
https://doi.org/10.1007/s10753-021-01588-8
https://doi.org/10.1038/s41598-020-59474-6
https://www.ncbi.nlm.nih.gov/pubmed/32080230
https://doi.org/10.1002/cmdc.201500471
https://doi.org/10.1177/1753425917721630
https://www.ncbi.nlm.nih.gov/pubmed/28770667
https://doi.org/10.1021/acs.jmedchem.2c01070
https://doi.org/10.1016/j.bbamcr.2023.119540
https://doi.org/10.1097/01.shk.0000209542.76305.55
https://doi.org/10.1093/cvr/cvn037
https://doi.org/10.1002/ibd.21606
https://doi.org/10.1016/j.eimc.2021.01.005
https://doi.org/10.3892/ijmm.2020.4780
https://doi.org/10.1111/cas.15787
https://www.ncbi.nlm.nih.gov/pubmed/36919771
https://doi.org/10.1016/j.chom.2023.05.007
https://doi.org/10.3389/fimmu.2022.1061627
https://www.ncbi.nlm.nih.gov/pubmed/36713373
https://doi.org/10.3389/fphar.2022.832245
https://doi.org/10.1111/asj.13439
https://doi.org/10.1007/s10620-015-3770-1
https://doi.org/10.1002/eji.200323376
https://www.ncbi.nlm.nih.gov/pubmed/12616480
https://doi.org/10.1016/j.bbadis.2012.08.008


Microorganisms 2024, 12, 1833 16 of 17

49. Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity. Nat. Immunol. 2001, 2,
675–680. [CrossRef]

50. Kanzler, H.; Barrat, F.J.; Hessel, E.M.; Coffman, R.L. Therapeutic targeting of innate immunity with Toll-like receptor agonists and
antagonists. Nat. Med. 2007, 13, 552–559. [CrossRef]

51. Vanhaesebroeck, B.; Guillermet-Guibert, J.; Graupera, M.; Bilanges, B. The emerging mechanisms of isoform-specific PI3K
signalling. Nat. Rev. Mol. Cell Biol. 2010, 11, 329–341. [CrossRef]

52. Bilanges, B.; Posor, Y.; Vanhaesebroeck, B. PI3K isoforms in cell signalling and vesicle trafficking. Nat. Rev. Mol. Cell Biol. 2019, 20,
515–534. [CrossRef] [PubMed]

53. O’Neill, L.A.; Bowie, A.G. The family of five: TIR-domain-containing adaptors in Toll-like receptor signalling. Nat. Rev. Immunol.
2007, 7, 353–364. [CrossRef] [PubMed]

54. Ha, T.; Hu, Y.; Liu, L.; Lu, C.; McMullen, J.R.; Kelley, J.; Kao, R.L.; Williams, D.L.; Gao, X.; Li, C. TLR 2 ligands induce
cardioprotection against ischaemia/reperfusion injury through a PI3K/Akt-dependent mechanism. Cardiovasc. Res. 2010, 87,
694–703. [CrossRef] [PubMed]

55. Santos-Sierra, S.; Deshmukh, S.D.; Kalnitski, J.; Kuenzi, P.; Wymann, M.P.; Golenbock, D.T.; Henneke, P. Mal connects TLR 2 to
PI3Kinase activation and phagocyte polarization. EMBO J. 2009, 28, 2018–2027. [CrossRef]

56. Weichhart, T.; Hengstschlager, M.; Linke, M. Regulation of innate immune cell function by mTOR. Nat. Rev. Immunol. 2015, 15,
599–614. [CrossRef]

57. Martin, M.; Schifferle, R.E.; Cuesta, N.; Vogel, S.N.; Katz, J.; Michalek, S.M. Role of the phosphatidylinositol 3 kinase-Akt pathway
in the regulation of IL-10 and IL-12 by Porphyromonas gingivalis lipopolysaccharide. J. Immunol. 2003, 171, 717–725. [CrossRef]

58. Saponaro, C.; Cianciulli, A.; Calvello, R.; Dragone, T.; Iacobazzi, F.; Panaro, M.A. The PI3K/Akt pathway is required for LPS
activation of microglial cells. Immunopharmacol. Immunotoxicol. 2012, 34, 858–865. [CrossRef]

59. Gewirtz, A.T.; Navas, T.A.; Lyons, S.; Godowski, P.J.; Madara, J.L. Cutting edge: Bacterial flagellin activates basolaterally
expressed TLR5 to induce epithelial proinflammatory gene expression. J. Immunol. 2001, 167, 1882–1885. [CrossRef]

60. Rhee, S.H.; Kim, H.; Moyer, M.P.; Pothoulakis, C. Role of MyD88 in phosphatidylinositol 3-kinase activation by flagellin/toll-like
receptor 5 engagement in colonic epithelial cells. J. Biol. Chem. 2006, 281, 18560–18568. [CrossRef]

61. Shimazu, R.; Akashi, S.; Ogata, H.; Nagai, Y.; Fukudome, K.; Miyake, K.; Kimoto, M. MD-2, a molecule that confers lipopolysac-
charide responsiveness on Toll-like receptor 4. J. Exp. Med. 1999, 189, 1777–1782. [CrossRef]

62. Hayashi, F.; Smith, K.D.; Ozinsky, A.; Hawn, T.R.; Yi, E.C.; Goodlett, D.R.; Eng, J.K.; Akira, S.; Underhill, D.M.; Aderem, A. The
innate immune response to bacterial flagellin is mediated by Toll-like receptor 5. Nature 2001, 410, 1099–1103. [CrossRef]

63. Mistry, P.; Laird, M.H.; Schwarz, R.S.; Greene, S.; Dyson, T.; Snyder, G.A.; Xiao, T.S.; Chauhan, J.; Fletcher, S.; Toshchakov, V.Y.;
et al. Inhibition of TLR 2 signaling by small molecule inhibitors targeting a pocket within the TLR 2 TIR domain. Proc. Natl. Acad.
Sci. USA 2015, 112, 5455–5460. [CrossRef]

64. Smialek-Bartyzel, J.; Bzowska, M.; Mezyk-Kopec, R.; Kwissa, M.; Mak, P. BacSp222 bacteriocin as a novel ligand for TLR 2/TLR6
heterodimer. Inflamm. Res. 2023, 72, 915–928. [CrossRef]

65. Pandi, K.; Angabo, S.; Gnanasekaran, J.; Makkawi, H.; Eli-Berchoer, L.; Glaser, F.; Nussbaum, G. Porphyromonas gingivalis
induction of TLR 2 association with Vinculin enables PI3K activation and immune evasion. PLoS Pathog. 2023, 19, e1011284.
[CrossRef] [PubMed]

66. Burns, E.; Bachrach, G.; Shapira, L.; Nussbaum, G. Cutting Edge: TLR 2 is required for the innate response to Porphyromonas
gingivalis: Activation leads to bacterial persistence and TLR 2 deficiency attenuates induced alveolar bone resorption. J. Immunol.
2006, 177, 8296–8300. [CrossRef] [PubMed]

67. Khan, J.; Sharma, P.K.; Mukhopadhaya, A. Vibrio cholerae porin OmpU mediates M1-polarization of macrophages/monocytes
via TLR1/TLR 2 activation. Immunobiology 2015, 220, 1199–1209. [CrossRef]

68. Tan, Z.; Shi, Y.; Yan, Y.; Liu, W.; Li, G.; Li, R. Impact of endogenous hydrogen sulfide on toll-like receptor pathway in renal
ischemia/reperfusion injury in rats. Ren. Fail. 2015, 37, 727–733. [CrossRef] [PubMed]

69. Grasa, L.; Abecia, L.; Pena-Cearra, A.; Robles, S.; Layunta, E.; Latorre, E.; Mesonero, J.E.; Forcen, R. TLR 2 and TLR4 interact with
sulfide system in the modulation of mouse colonic motility. Neurogastroenterol. Motil. 2019, 31, e13648. [CrossRef]

70. McMahon, L.A.; House, A.K.; Catchpole, B.; Elson-Riggins, J.; Riddle, A.; Smith, K.; Werling, D.; Burgener, I.A.; Allenspach, K.
Expression of Toll-like receptor 2 in duodenal biopsies from dogs with inflammatory bowel disease is associated with severity of
disease. Vet. Immunol. Immunopathol. 2010, 135, 158–163. [CrossRef]

71. Frolova, L.; Drastich, P.; Rossmann, P.; Klimesova, K.; Tlaskalova-Hogenova, H. Expression of Toll-like receptor 2 (TLR 2), TLR4,
and CD14 in biopsy samples of patients with inflammatory bowel diseases: Upregulated expression of TLR 2 in terminal ileum of
patients with ulcerative colitis. J. Histochem. Cytochem. 2008, 56, 267–274. [CrossRef]

72. Levine, J.; Ellis, C.J.; Furne, J.K.; Springfield, J.; Levitt, M.D. Fecal hydrogen sulfide production in ulcerative colitis. Am. J.
Gastroenterol. 1998, 93, 83–87. [CrossRef]

73. Kroncke, K.D.; Fehsel, K.; Kolb-Bachofen, V. Inducible nitric oxide synthase in human diseases. Clin. Exp. Immunol. 1998, 113,
147–156. [CrossRef]

74. Middleton, S.J.; Shorthouse, M.; Hunter, J.O. Increased nitric oxide synthesis in ulcerative colitis. Lancet 1993, 341, 465–466.
[CrossRef] [PubMed]

https://doi.org/10.1038/90609
https://doi.org/10.1038/nm1589
https://doi.org/10.1038/nrm2882
https://doi.org/10.1038/s41580-019-0129-z
https://www.ncbi.nlm.nih.gov/pubmed/31110302
https://doi.org/10.1038/nri2079
https://www.ncbi.nlm.nih.gov/pubmed/17457343
https://doi.org/10.1093/cvr/cvq116
https://www.ncbi.nlm.nih.gov/pubmed/20421349
https://doi.org/10.1038/emboj.2009.158
https://doi.org/10.1038/nri3901
https://doi.org/10.4049/jimmunol.171.2.717
https://doi.org/10.3109/08923973.2012.665461
https://doi.org/10.4049/jimmunol.167.4.1882
https://doi.org/10.1074/jbc.M513861200
https://doi.org/10.1084/jem.189.11.1777
https://doi.org/10.1038/35074106
https://doi.org/10.1073/pnas.1422576112
https://doi.org/10.1007/s00011-023-01721-3
https://doi.org/10.1371/journal.ppat.1011284
https://www.ncbi.nlm.nih.gov/pubmed/37023213
https://doi.org/10.4049/jimmunol.177.12.8296
https://www.ncbi.nlm.nih.gov/pubmed/17142724
https://doi.org/10.1016/j.imbio.2015.06.009
https://doi.org/10.3109/0886022X.2015.1012983
https://www.ncbi.nlm.nih.gov/pubmed/25697231
https://doi.org/10.1111/nmo.13648
https://doi.org/10.1016/j.vetimm.2009.11.012
https://doi.org/10.1369/jhc.7A7303.2007
https://doi.org/10.1111/j.1572-0241.1998.083_c.x
https://doi.org/10.1046/j.1365-2249.1998.00648.x
https://doi.org/10.1016/0140-6736(93)90211-X
https://www.ncbi.nlm.nih.gov/pubmed/8094492


Microorganisms 2024, 12, 1833 17 of 17

75. Billmeier, U.; Dieterich, W.; Neurath, M.F.; Atreya, R. Molecular mechanism of action of anti-tumor necrosis factor antibodies in
inflammatory bowel diseases. World J. Gastroenterol. 2016, 22, 9300–9313. [CrossRef]

76. Guo, M.; Wang, X. Pathological mechanism and targeted drugs of ulcerative colitis: A review. Medicine 2023, 102, e35020.
[CrossRef]

77. Ozes, O.N.; Mayo, L.D.; Gustin, J.A.; Pfeffer, S.R.; Pfeffer, L.M.; Donner, D.B. NF-kappaB activation by tumour necrosis factor
requires the Akt serine-threonine kinase. Nature 1999, 401, 82–85. [CrossRef]

78. Li, P.; Gan, Y.; Xu, Y.; Song, L.; Wang, L.; Ouyang, B.; Zhang, C.; Zhou, Q. The inflammatory cytokine TNF-alpha promotes the
premature senescence of rat nucleus pulposus cells via the PI3K/Akt signaling pathway. Sci. Rep. 2017, 7, 42938. [CrossRef]

79. Nathan, C. Inducible nitric oxide synthase: What difference does it make? J. Clin. Investig. 1997, 100, 2417–2423. [CrossRef]
[PubMed]

80. Andres, C.M.C.; Perez de la Lastra, J.M.; Juan, C.A.; Plou, F.J.; Perez-Lebena, E. The Role of Reactive Species on Innate Immunity.
Vaccines 2022, 10, 1735. [CrossRef] [PubMed]

81. Zamora, R.; Vodovotz, Y.; Billiar, T.R. Inducible nitric oxide synthase and inflammatory diseases. Mol. Med. 2000, 6, 347–373.
[CrossRef]

82. Denis, M. Tumor necrosis factor and granulocyte macrophage-colony stimulating factor stimulate human macrophages to restrict
growth of virulent Mycobacterium avium and to kill avirulent M. avium: Killing effector mechanism depends on the generation of
reactive nitrogen intermediates. J. Leukoc. Biol. 1991, 49, 380–387. [CrossRef] [PubMed]

83. Munoz-Fernandez, M.A.; Fernandez, M.A.; Fresno, M. Activation of human macrophages for the killing of intracellular Try-
panosoma cruzi by TNF-alpha and IFN-gamma through a nitric oxide-dependent mechanism. Immunol. Lett. 1992, 33, 35–40.
[CrossRef] [PubMed]

84. Carloni, S.; Rescigno, M. The gut-brain vascular axis in neuroinflammation. Semin. Immunol. 2023, 69, 101802. [CrossRef]
[PubMed]

85. Fan, H.X.; Sheng, S.; Zhang, F. New hope for Parkinson’s disease treatment: Targeting gut microbiota. CNS Neurosci. Ther. 2022,
28, 1675–1688. [CrossRef]

86. Yu, C.I.; Cheng, C.I.; Kang, Y.F.; Chang, P.C.; Lin, I.P.; Kuo, Y.H.; Jhou, A.J.; Lin, M.Y.; Chen, C.Y.; Lee, C.H. Hispidulin Inhibits
Neuroinflammation in Lipopolysaccharide-Activated BV2 Microglia and Attenuates the Activation of Akt, NF-kappaB, and
STAT3 Pathway. Neurotox. Res. 2020, 38, 163–174. [CrossRef] [PubMed]

87. Zhu, G.; Wang, X.; Wu, S.; Li, Q. Involvement of activation of PI3K/Akt pathway in the protective effects of puerarin against
MPP+-induced human neuroblastoma SH-SY5Y cell death. Neurochem. Int. 2012, 60, 400–408. [CrossRef]

88. Gao, Y.; Cui, M.; Zhong, S.; Feng, C.; Nwobodo, A.K.; Chen, B.; Song, Y.; Wang, Y. Dihydroartemisinin ameliorates LPS-induced
neuroinflammation by inhibiting the PI3K/AKT pathway. Metab. Brain Dis. 2020, 35, 661–672. [CrossRef]

89. Wang, K.; Zhang, B.; Tian, T.; Zhang, B.; Shi, G.; Zhang, C.; Li, G.; Huang, M. Taurine protects dopaminergic neurons in paraquat-
induced Parkinson’s disease mouse model through PI3K/Akt signaling pathways. Amino Acids 2022, 54, 1–11. [CrossRef]

90. Camacho-Soto, A.; Gross, A.; Searles Nielsen, S.; Dey, N.; Racette, B.A. Inflammatory bowel disease and risk of Parkinson’s
disease in Medicare beneficiaries. Park. Relat. Disord. 2018, 50, 23–28. [CrossRef]

91. Peter, I.; Dubinsky, M.; Bressman, S.; Park, A.; Lu, C.; Chen, N.; Wang, A. Anti-Tumor Necrosis Factor Therapy and Incidence of
Parkinson Disease among Patients with Inflammatory Bowel Disease. JAMA Neurol. 2018, 75, 939–946. [CrossRef]

92. Pajares, M.; Rojo, A.I.; Manda, G.; Bosca, L.; Cuadrado, A. Inflammation in Parkinson’s Disease: Mechanisms and Therapeutic
Implications. Cells 2020, 9, 1687. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3748/wjg.v22.i42.9300
https://doi.org/10.1097/MD.0000000000035020
https://doi.org/10.1038/43466
https://doi.org/10.1038/srep42938
https://doi.org/10.1172/JCI119782
https://www.ncbi.nlm.nih.gov/pubmed/9366554
https://doi.org/10.3390/vaccines10101735
https://www.ncbi.nlm.nih.gov/pubmed/36298601
https://doi.org/10.1007/BF03401781
https://doi.org/10.1002/jlb.49.4.380
https://www.ncbi.nlm.nih.gov/pubmed/1900522
https://doi.org/10.1016/0165-2478(92)90090-B
https://www.ncbi.nlm.nih.gov/pubmed/1330900
https://doi.org/10.1016/j.smim.2023.101802
https://www.ncbi.nlm.nih.gov/pubmed/37422929
https://doi.org/10.1111/cns.13916
https://doi.org/10.1007/s12640-020-00197-x
https://www.ncbi.nlm.nih.gov/pubmed/32222934
https://doi.org/10.1016/j.neuint.2012.01.003
https://doi.org/10.1007/s11011-020-00533-2
https://doi.org/10.1007/s00726-021-03104-6
https://doi.org/10.1016/j.parkreldis.2018.02.008
https://doi.org/10.1001/jamaneurol.2018.0605
https://doi.org/10.3390/cells9071687

	Introduction 
	Materials and Methods 
	Cell Culture and Treatments 
	Bacteria 
	Western Blotting 
	Statistical Analysis 

	Results 
	DSV Induced Activation of PI3K/Akt/TNF/iNOS 
	Live and Heat-Killed DSV, but Not Bacterial Culture, Supernatant Significantly Induced PI3K/Akt/TNF/iNOS Pathway 
	Comparison of Effects of DSV and Lactobacillus plantarum on PI3K/Akt/TNF/ iNOS Activation 
	LY294002 Inhibited DSV-Induced Activation of PI3K/Akt/TNF Pathway 
	Activation of PI3K/Akt Pathway by DSV Was Dependent on TLR 2 Signaling 

	Discussion 
	Conclusions 
	References

