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Inflammatory and deleterious
role of gut microbiota-derived
trimethylamine on colon cells
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1Gene Regulation Laboratory, National Institute of Immunology, New Delhi, India, 2Department of
Zoology, Maharshi Dayanand University, Rohtak, India, 3Department of Gastroenterology and Human
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Trimethylamine (TMA) is produced by the intestinal microbiota as a by-product of

metabolism of dietary precursors. TMA has been implicated in various chronic

health conditions. However, the effect of TMA in the colon and the underlying

mechanism was not clear. In this study, TMA exhibited toxic effects in vitro as well

as in vivo. TMA-induced oxidative stress causes DNA damage, and compromised

cell membrane integrity leading to the release of LDH outside the cells which

ultimately leads to cell death. Besides, TMA also exhibited pronounced increase in

cell cycle arrest at G2/M phase in both HCT116 and HT29 cell lines. TMA was found

to be genotoxic and cytotoxic as the TMA concentration increased from 0.15 mM.

A decreased ATP intracellular content was observed after 24 h, 48 h, and 72 h

treatment in a time and dose-dependent manner. For in vivo research, TMA (100

mM, i.p. and intra-rectal) once a week for 12 weeks caused significant changes in

cellular morphology of colon and rectum epithelium as assessed by H & E staining.

TMA also significantly increased the infiltration of inflammatory cells in the colon

and rectal epithelium indicating the severity of inflammation. In addition, TMA

caused extensive mucosal damage and distortion in the epithelium, decrease in

length of small intestine compared to control mice. In conclusion, these results

highlight the detrimental effects of TMA in the colon and rectal epithelium.

KEYWORDS
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Introduction

The digestion of dietary components such as choline, carnitine, and betaine by gut

microbiota leads to the production of trimethylamine (TMA), an amine compound (1). The

anaerobic conversion of dietary sources to TMA occurs mostly in the caecum and colon.

Notably, Gammaproteobacteria, Betaproteobacteria, Firmicutes, and Actinobacteria can

synthesize TMA (2, 3). Mostly, TMA gets passively diffuses into blood circulation through

the enterocyte membrane. TMA is transported to the liver where it is converted into

Trimethylamine-N-Oxide (TMAO) by hepatic FMO1 and FMO3 enzymes (4–6). TMAO is
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subsequently excreted through urine. The ratio of excreted TMA:

TMAO is 3:95 and 95% of TMA gets oxidized and excreted. The

reported amount of TMA in the fecal sample of healthy volunteers is

approximately 0.146-0.5 mmol/g (7, 8). Only 4% of TMA is excreted

in feces (3, 9). Another study denies the excretion of TMA in feces

which may be due to the sensitivity of the detection method (10).

Therefore, the level of TMA in feces seems lacunae in understanding

its role. The level of TMA in the body depends on the dietary intake of

choline and carnitine (11, 12). An increase in choline-rich diet intake

elevates blood TMA and TMAO concentration (13). Therefore, the

amount of TMA produced is directly proportional to the precursor

and activity of bacteria catalyzing TMA formation. In a urinary

metabolomics study of colorectal cancer patients and healthy

controls, TMAO was listed as a metabolite that can be selected as a

marker to discriminate between colorectal cancer (CRC) patients and

healthy individuals (14).

Various studies assessing the role of TMAO reported divergent

results depending upon the cell line used but the role of TMA has

never been evaluated despite having proven toxic effects. The toxicity

and deleterious effects of TMA were first evaluated in 1885 (15–17).

Increased level of TMA in the body in fish odor syndrome causes fish-

like odor in the body (18). Studies show diversity in terms of

concentration of TMA in the urine of healthy individuals, ranging

from an average of few mM to 50 mM due to variations in food habits

and the sensitivity of instrument used for measurement (19, 20).

Some studies reported even lesser concentration of TMA in body fluid

(21, 22). However, only a few studies have reported TMA abundance

in body fluids such as serum, and plasma in cardiovascular disease but

there is a paucity of evidence in colorectal cancer (16, 23, 24). These

findings suggest that the TMA is more detrimental in comparison to

TMAO. Few facts suggest that TMA is more toxic than TMAO and

should have drawn the attention of researchers earlier. First, the liver

detoxifies the human body from harmful molecules and in the course, it

oxidizes TMA to TMAO suggesting that TMA is more toxic than

TMAO. Second, TMAO is a well-known osmolyte that stabilizes

protein structure in marine animals (25). Third, TMA has a strong

unpleasant odor which is an alarm of toxic food (26). Therefore, this

study reports the effect of TMA on adenocarcinoma cell lines (HCT116

and HT29) and mice model. Our research found the acute and long-

term effects of TMA on both cell lines with an emphasis on cytotoxic

and genotoxic effects. Whereas, the effect of TMA in mice, assessed in

terms of histology scores, shows a severe inflammation has been caused

by TMA in both the colon and rectum. Additionally, the link between

these cellular parameters is also discussed.
Methods

Cell culture and proliferation

The human adenocarcinoma cell lines HCT116 (colorectal

carcinoma, ATCC ® CCL-247) was purchased from ATCC, and

HT29 (colorectal adenocarcinoma, ATCC ® HTB-38) was borrowed

from another lab in the same institute. The HT29 cell line was revived

within 15 days of receiving it from ATCC and HT29 cell line was

authenticated by the lab from which we received it. Cells were grown in

Dulbecco’s modified Eagle’s medium-F12 nutrient mixture (DMEM-
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F12; Gibco) supplemented with 10% heat-inactivated fetal bovine

serum (FBS; Gibco) and 100 I.U./ml penicillin and 100 µg/ml

streptomycin (Sigma-Aldrich; Merck KGaA, Germany). Cells were

allowed to grow at 37°C under 5% CO2 in a humified incubator.

Cells were cultured in a 96-well plate, 6-well plate with or without TMA

freshly prepared in PBS. The culture medium was changed every 24 h.

For cell proliferation, cells were treated with different concentrations of

TMA from 0.15 mM to 10 mM and controls were without TMA for 24,

48, and 72 h of the incubation period. After treatment cells were

recovered using 0.1% trypsin-EDTA. All experiments were performed

with cells in the logarithmic phase of growth. The bacterial metabolite,

TMA, was purchased from Sigma-Aldrich; Germany.
Cell viability

To check the cytotoxic potential of bacterial metabolite,

commercially available TMA, on epithelial cell line HCT116 and

HT29, Thiazolyl Blue Tetrazolium Bromide dye was used. 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) is a

colorimetric assay in which mitochondrial succinate dehydrogenase

enzyme converts yellow dye into purple formazan crystals. Cell

viability is directly proportional to the intensity of the purple color.

Briefly, 3000/well HCT116 and HT29 cells were seeded in 96 well

plate. After 24 h of incubation, cells were treated with different

concentrations from 0.15 mM to 10 mM of TMA in triplicates for

24 h, 48 h, and 72 h. After incubation, 20 µl MTT dye (5mg/ml) was

added to each well and the plate was incubated for 3 hours. Finally,

100 µl of dimethyl sulfoxide (DMSO) was added to dissolve formazan

crystals and absorbance was recorded at 570 nm using a Multiskan

sky microplate spectrophotometer (Thermo scientific) (27).

Untreated cells were taken as control. To calculate % cell viability,

the absorbance of untreated cells was noted as 100% viable cells.
Luciferase assay for ATP determination

Cell viability was also estimated by quantitation of ATP which is an

indicator of metabolically active cells. Cellular ATP quantification was

performed by CellTiter-Glo® Assay kit as per the manufacturer’s

instructions. The CellTiter-Glo® Assay is ideal and accurate for cell

viability measurement as it involves a single reagent and is designed for

multiwell plate formats and bypasses removal of medium, cell washing,

or multiple pipetting steps. Briefly, 5000 cells per well were seeded in

96-well plate for overnight incubation at 37°C. After incubation period,

cells were treated with different concentrations of TMA from 0.15 mM

to 10 mM for 24 h, 48 h, and 72 h. Thereafter, 100 µl reagent was added

to each well and incubated for 10min in dark for signal stabilization.

Luminescence was measured at 510 nm using ClarioStar plate reader

(BMG Labtech, Ortenberg, Germany). Untreated cells were taken as

control. The ATP content of control was considered as 100%.
Lactate dehydrogenase assay

The lactate to pyruvate process is catalyzed by the LDH enzyme,

which is found in the cytosol. When plasma membrane integrity is
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1101429
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jalandra et al. 10.3389/fimmu.2022.1101429
disrupted, LDH is released into the supernatant, enabling a

tetrazolium salt to be converted into a red formazan product. Cell

membrane integrity was analyzed using an LDH assay kit according

to manufa cturer’s instructions. Cells were seeded into 96-well plate

and treated with TMA at 3 different concentrations (2.5 mM, 5 mM,

and 10 mM) for 48 h. TMA has no effect below 2.5 mM concentration

(data not shown). To estimate the amount of LDH released from cells,

100 µl of supernatant from each well was transferred to a fresh 96-well

plate and 100 µl of assay reagent was added followed by 30 min

incubation at 37°C. Finally, 20 µl 1N HCl was added as a stop solution.

Background absorbance was recorded at 690 nm and subtracted from

absorbance recorded at 490 nm (ClarioStar plate reader, BMG Labtech,

Ortenberg, Germany). Cells treated with 0.1% triton-100 were

considered as positive control or maximum LDH release. Untreated

cells were considered as negative control. LDH release from cells was

determined using the following formula. 100 × experimental LDH

release (OD490)/maximum LDH release (OD490).
Evaluation of cellular apoptosis

The apoptotic potential of TMA metabolite on cell lines was

analyzed by using Annexin V-fluorescein isothiocyanate (FITC)/

propidium iodide (PI) double staining kit (ab14085; Abcam, USA).

Briefly, 1 × 105cells/ml were cultured in a 6-well plate for 24 h

incubation. Afterward, cells were treated with 3 concentrations of

TMA (2.5 mM, 5 mM, and 10 mM) for 48 h. Following the treatment

period, cells were harvested by trypsinzing and washed twice with

PBS. The pellet was resuspended in 500 µl binding buffer with 5 µl PI

and 5 µl Annexin V-FITC and kept in dark for 30min. Then, cells

were analyzed at 488 nm for apoptosis by flow cytometry (BD

Biosciences, FACS Verse, Germany). Cells without treatment were

considered as control.
Superoxide anion radical measurement

HCT116 and HT29 (1×105 cells/well in 6 well plate) cells were

treated with TMA. Cells treated with 5 mM and 10 mM TMA for 48 h

were harvested by trypsinization and washed with PBS followed by

labeling with 5µM dihydroethidium for 30 min in dark at 37°C.

Labeled cells were washed with PBS twice. Fluorescence emission of

oxidized DHE which corresponds to the amount of superoxide free

radicals was measured by flow cytometry (BD Biosciences, FACS

Verse, Germany). Untreated cells were considered as a negative

control whereas treatment with 250 µM menadione for 30 min

were used as a positive control (28).
Cellular imaging

For brightfield microscope observation, HCT116 cells grown in a

12-well plate (6 × 104/mL) were treated with 3 concentrations (2.5

mM, 5 mM, and 10 mM) of TMA for 24, 48, and 72 h. Untreated cells

were considered as control. At the end of the treatment, cells were

observed using a nikon microscope equipped with a 20x objective and

images were acquired with a digital camera and using the NIS-
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elements 3.0 software. No. of viable cells were calculated using

trypan blue exclusion assay.
Clonogenic assay

Clonogenic assay or colony formation assay was carried out to

determine the effectiveness of cytotoxicity caused by TMAmetabolite.

Cells were seeded in 6-well plate (1×105 cells/well) and incubated

overnight at 37°C in CO2 incubator. After incubation, cells were

treated with 3 different concentrations of TMA (2.5 mM, 5 mM, and

10 mM) for 48 h. After treatment 400, 800, and 1200 cells were

counted from each treatment and grown in a complete medium for 10

days to allow colony formation. Colonies were fixed with 6%

glutaraldehyde and stained with 0.5% crystal violet. Colonies with

more than 50 cells were counted. Colonies were counted using ImageJ

software. The number of colonies of treated cells was compared to

that of control samples, and clonogenic efficiency was expressed as the

percentage with respect to untreated cells (29).
Comet assay

DNA damage was calculated via comet assay also known as single-

cell gel electrophoresis under alkaline conditions (pH>13). Following

48 h treatment of HT29 cells with 3 different concentrations of TMA

(2.5 mM, 5mM, 10 mM) TMA for 48 h at 37°C, cells were resuspended

in cold PBS, mixed in 0.4% low melting agarose and spread on the

frosted glass slide. After the solidification for agarose, the slides were

placed in lysis and alkaline buffer for 1 h at 4°C containing 1% Triton X-

100, and dimethyl sulfoxide (DMSO), pH 10. Slides were washed with

neutralizing buffer for 5 min.Washed slides were kept in electrophoresis

buffer for 20 min to relax DNA and then subjected to electrophoresis

buffer at 4°C for 40min at an electric field strength of 24 V, 300 mA.

After electrophoresis, slides were washed with neutralizing buffer (pH

7.4) for 5 min. DNA was stained with EtBr at a concentration of 0.5mg/

ml for 5 min (30). For visualization of DNA damage, images were

captured under epifluorescent illumination on a Zeiss microscope.

Images were analyzed and the percentage of DNA in head, tail, and

tail movement was calculated using NIH ImageJ software.
Cell cycle distribution

The effect of TMA on cell cycle distribution was studied by

exposing both cell lines to 2.5 mM, 5 mM, and 10 mM TMA. Cells

exposed to TMA for 48 h were recovered by trypsinization and

untreated cells were considered as control. Cells were washed with

PBS twice and fixed in 70% ice-chilled ethanol and incubated

overnight at 4°C. Incubated cells were washed with cold PBS at 4°C

and treated with 35µl 0.1% triton-100 and 50 µl RNase A (10 µg) in

300µl propidium iodide (PI) staining solution followed by incubation

in dark for 30 min at 37°C. The staining of incorporated PI was

calculated on 10×103 cells with a flow cytometer (BD Biosciences,

FACS Verse, Germany) (31, 32). FlowJo v10 (FlowJo, LLC, Ashland,

OR, USA) was used for analysis and to quantify the percentage of cells

in G0/G1, S and G2/M phases of cell cycle (33).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1101429
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jalandra et al. 10.3389/fimmu.2022.1101429
Mice study

Female FVB/J mice were purchased from the Jackson Laboratory,

United States. The 10 weeks old mice (20-22 g in weight) were

randomly divided into 2 experimental groups (TMA given

intraperitoneally, TMA given intrarectally) and 2 control groups

namely negative control and vehicle control (n = 5 per group). The

mice in the intrarectal group were given 50 µl of 100 mM TMA

intrarectally and mice in the intraperitoneal group were given 50 µl of

100 mM TMA by intraperitoneal injection. The mice in negative

control were not given any treatment whereas vehicle control mice

were administered intraperitoneally and intrarectally with 50 µl

physiological saline. All the experiments were conducted following

the ethical code and recommendation issued by the Institutional

Biosafety Committee (IBSC) of the National Institute of Immunology,

New Delhi.
Histology

All the mice were euthanized on day 60, dissected and their

resected caecum, colon, and rectum length were measured.

Histological processing was performed using the Haematoxylin

and Eosin staining procedure. To make a firm block, the colon

and rectum tissue samples were fixed in 10% neutral formal saline,

dehydrated in increasing grades of alcohol, cleaned in xylene,

immediately dipped into molten paraffin wax, and lastly

embedded in molten paraffin wax. The rotary microtome was then

used to slice the hard block enclosing the tissue into 3mm thick

sections. The slices were then transferred to a glass slide and stained

with hematoxylin and eosin stains. The slides were then examined

under a light microscope at ×100 and ×400 magnifications, and

images were taken at both magnifications and analyzed for cellular

infiltration, ulcers, or any change in cellular morphology. The

presence or lack of immune cell infiltration and mucosal presence

or absence were used to grade inflammation throughout the

colon using a -point scale (score 0 = no change, 1 = mild, 2 =

moderate, 3 = severe) (Table 1). An Olympus microscope was used

for microscopic investigation.
Data analysis

The results are expressed as mean value ( ± SEM). Statistical

analysis was performed using one-way ANOVA. Differences with P

value <0.05 were considered statistically significant.
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Results

Effect of TMA on cellular viability

Cells exposed to different concentrations of TMA (0.15 mM, 0.3

mM, 0.6 mM, 1.2 mM, 2.5 mM, 5 mM, and 10 mM) for 24 h, 48 h,

and 72 h showed decreased cell viability as shown in Figure 1A, B.

TMA inhibited cell viability in a time and dose-dependent manner

when compared with control. HCT116 and HT29 cells showed 30%

and 45% viability after 24 h exposure to 10 mM TMA respectively

whereas after 48 h and 72 h exposure significantly decreased cell

viability to approx. 25% and 9% respectively in response to 10 mM

TMA. Cell viability was compared with control (without treatment).

These results suggest a significant inhibitory effect of TMA in colon

carcinoma cells in a time and concentration-dependent manner.
Effect of TMA on cellular ATP content

TMA decreases cellular viability in both cell lines. To determine the

effect of TMA on intracellular ATP levels, we cultured HCT116 and

HT29 cell lines in the presence of different concentrations of TMA from

0.15mMto10mMfor24h, 48h, and72h.AsATPcontent is not a direct

measurement of cell viability but it reflects themetabolic activity of cells,

here we confirm that TMA slows down the cellular metabolism in both

cell lines. After 24 h exposure of TMA, decrease in ATP content was

observed from 0.15mMto 10mMTMAand aggravatedwith time. Cells

without TMA were considered as control and their viability was

considered 100%. Cell viability was decreased by TMA in a

concentration and time dependent manner (Figure 1C, D).
Effect of TMA on membrane integrity

In the TMA-exposed cells, the percentage of LDH release was

increased in a dose and time-dependent manner. TMA caused a non-

significant release of LDH from cells into the supernatant at

concentrations below 5 mM (data not shown). At 5 mM and 10

mM, both HCT116 and HT29 cells released a significant amount of

LDH in the supernatant (Figure 1E). After 48 hours of TMA

exposure, HCT116 exposed to 5 mM and 10 mM TMA released

approximately 60% and 80% of total LDH into the supernatant,

respectively. Whereas, in the HT29 cell line, 48 hours of exposure

caused around 80% of LDH release in 5 mM TMA and 100% of total

LDH release in 10 mM TMA. Hence, TMA exposure leads to

impaired membrane integrity in both cell lines, with 10 mM being
TABLE 1 Histological scoring table: parameters used to score inflammation on a scale from 0 to 3.

Score 0 1 2 3

Infiltration of
inflammatory cells

Rare inflammatory cells Increased number of
inflammatory cells

Confluence of
inflammatory cells

Transmural extension of inflammatory cell infiltrate

Severity of epithelial
damage

Absence of mucosal
damage

Lymphoepithelial lesions Mucosal ulceration Extensive mucosal damage and extension through deeper
structure of intestine wall

Cellular morphology Normal lining, no crypt
distortion

Mild crypt distortion Moderate crypt
distortion

Severe epithelial damage
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the most hazardous. LDH released from cells treated with 0.1% triton-

X100 was considered 100%. Cells with compromised cell membranes

cannot maintain the membrane potential necessary for metabolic

activity and are considered as dead. Therefore, LDH release is an

indirect measure of cellular cytotoxicity and TMA was found to be

cytotoxic to both cell lines.
Effect of TMA on apoptosis

Annexin V and PI labeled cells were checked for the apoptotic

effects of TMA by flow cytometry and data demonstrated that TMA

induces apoptosis in both cell lines. At doses below 2.5 mM, TMA

caused a non-significant increase in apoptosis (data not shown). PI

stains cells exclusively in late apoptosis or necrosis, whereas Annexin

V may be found in both early and late phases of apoptosis. Early

apoptotic cells (lower right quadrant) were stained for annexin V but

not for PI, whereas late apoptotic cells were positive for both annexin

V and PI (upper right quadrant). Apoptosis was analyzed by counting

both early and advanced apoptotic cells (Figure 2A, C). As shown in

Figure 2B, HCT116 cells were treated with three different doses of

TMA for 48 hours: 2.5 mM, 5 mM, and 10 mM, when compared to

the control (10%), the percentage of apoptosis rose to around 15%,

22%, and 47%, respectively. However, after the 48 hour exposure to

TMA, the proportion of apoptotic HT29 cells rose to about 11%, 17%,

and 24%, respectively, as compared to the control (8%) (Figure 2D).
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This data suggest that TMA increases apoptosis rate by inducing

cytotoxicity as discussed in above sections.
ROS production induced by TMA

TMA treated cells showed an increased production of superoxide as

detected by higher DHE fluorescence when compared to untreated cells

(Figure 2E, F). TMA causes 56 ± 9.66% and 86 ± 2.7% increase in ROS

production in 5 mM and 10 mM exposed HCT116 cells respectively.

Whereas, the HT29 cells showed 55 ± 9.3% and 73.2 ± 6.1% increase in

ROS production after 48 h of TMA exposure (Figure 2G). Superoxide

detection was not statistically significant for TMA concentrations less

than 5 mM. Increased ROS production is the hallmark of inflammation

which can lead to oxidative stress. Oxidative stress is a known threat to

DNAintegrity. In case of any genomic damage, cells try to repair through

DNA damage repair pathways but if the cell fails to repair it undergoes

apoptosis. The results are in correlation with comet assay, imaging, cell

viability and apoptosis results as at high concentrations of TMAsuch as 5

mMand 10mM, ROS cause DNA damage, and cells undergo apoptosis.
Cellular imaging

Under an inverted microscope, the TMA-induced morphological

alterations in HCT116 and HT29 cells were evaluated and found that
D

A B

EC

FIGURE 1

Assessment of cell viability of HCT116 and HT29 exposed with different concentration of TMA. Cytotoxicity of TMAwas evaluated by MTT assay (A. HCT116,
(B)HT29), luminescent assay (C. HCT116, D) HT29) and LDH assay (E). Cells were treated with or without different concentrations of TMA for 24 h, 48 h and
72 h. Cellular viability (A, B) and membrane integrity (E)were analyzed colorimetrically following treatment with TMA. Below 5mM TMA exposure, there is no
significant increase in LDH release compared to control group. Luminescence was measured for measuring ATP level (C, D). Untreated control is considered as
100%. Difference of average values between untreated and treated cells were tested using one way ANOVA. All tested subjects showed significant decrease in
viability at higher concentration of TMA while 10mM TMA at 72 h provedmost cytotoxic to cells. Significance was calculated in comparision to control. The
results (mean±SEM) were obtained from 3 independent experiments. Error bars represent standard error from three independent experiments. *indicates
significantly different values compared to control group (P<0.05)** indicates significantly different values compared to control group (P<0.001). ***indicates
significantly different values compared to control group (P<0.0001).
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cells at 2.5 mM, 5 mM, and 10 mM doses for 48 h displayed obvious

indications of morphological alterations, including rounding and

scathing of cells with disorganized cell layers, as compared to control

untreated cells (Figure 3A, B). Additionally, the cells got separated from

one another and floated freely in the media. All these changes induced

by TMA, such as losing shape, looking lobulated, rupture of plasma

membrane, changes in architecture are considered hallmark of death. A

decrease in no. of viable cells was found by trypan blue exlusion assay

(Figure 3C). The results of cellular imaging are in correlation with

cytotoxicity assays; MTT, ATP, and LDH assay.
Cytotoxic effect of TMA on colony
forming ability

HCT116 and HT29 cells can proliferate and form colonies. The

effect of TMA on the colony-forming ability of cells was evaluated by

performing clonogenic assay which helps in determining the degree of

inhibition of colony formation and offers insight into the potential

post-exposure behavior of cells. To elucidate the post exposure effect

of TMA, we exposed HCT116 and HT29 cells which are known to

form colonies with 5 different concentrations of TMA (2.5 mM, 5
Frontiers in Immunology 06
mM, and 10 mM) for 48 h and the no. of colonies formed were

plotted. As is evident from the representative images in Figures 4A, B,

TMA inhibited cell growth in a concentration-dependent manner

after exposure. Relative to control (considered as 100% colony

formation) both HCT116 and HT29 cells exposed with 2.5 mM, 5

mM, and 10 mM showed approximately 35%, 32%, and 21% colony

formation, respectively. Treatment of 10mM TMA led to most

significant decrease in the growth of cells. This demonstrates that

TMA is efficient in preventing colony formation and highlights its

potential effectiveness as a toxin. The result of clonogenic assay was in

correlation with other cytotoxicity measurement assays such as MTT

and LDH assay.
Genotoxic effect of TMA

Comet assay was used to measure DNA damage. Cells exposed to

TMA for 48 h exhibited significant DNA damage at concentrations of

more than 2.5 mM. The comet assay reveals DNA fragmentation in

both HCT116 and HT29 cell lines at 2.5 mM, 5 mM, and 10 mM. In

response to TMA, cells collected damaged DNA that migrated out of

the cell when an electric field was applied, which was qualitatively
D
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FIGURE 2

Detection of apoptosis and oxidative stress induced by superoxide radicals. Effect of TMA on HCT116 (A, E), HT29 (B, F) cells was checked by flow cytometry.
(A–C) are representative flow cytometric dot plot showing the percentage of viable cells (annexin V-FITC-, PI-), early apoptotic cells (annexin V-FITC+, PI-), late
apoptotic cells (annexin V-FITC+, PI+) and necrotic cells (annexin V-FITC-, PI+). Results are plotted as no. of apoptotic cells (annexin V-FITC+, PI-) which shows
significant increase in apoptosis with increase in concentration of TMA (B, D). Negative control cells were treated with solvent only. TMA induces production of
anion superoxide radical in both cell lines, (E). HCT116 and (F). HT29. HCT116 and HT29 cells were treated with 5 mM and 10mM TMA for 48 h. Difference of
average values between untreated and treated cells were tested using paired student’s t-test. Both cell lines showed significant increase in apoptosis and ROS
production particularly 10mM TMA provedmost toxic to cells. The exposure of TMA led to an increase in fluorescence intensity in both cell lines thereby,
shifting histogram towards right (G). The results (mean±SEM) were obtained from 3 independent experiments. *indicates significantly different values compared
to control group (P<0.05). ***indicates significantly different values compared to control group (P<0.0001).
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evaluated using the Image J software based on the intensity of the

comet tail produced. With the increase in concentration of TMA, the

% of DNA in head decreases from 74% (control) to 3% (10 mM

TMA), and % of DNA increases in tail from 25% (control) to 96% (10

mM TMA) whereas the tail movement increases from 6% (control) to

179% (10 mM TMA) (Figure 5). Significant DNA damage observed in

TMA exposed cells strengthens the finding obtained through cell

viability studies suggesting that DNA damage leads to cell death.
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G2-M phase cell cycle arrest by TMA

The alterations in cell cycle were examined to determine the

causes for the decrease in cell number following exposure to TMA.

After 48 hours of incubation with TMA, the G2 phase cell distribution

increased, but the S phase cell distribution did not alter significantly.

In general, programmed cell death is linked to cell cycle arrest. After

DNA replication, the cell enters the G2 phase, which is a time of
A

B

C

FIGURE 3

Bright field images of HCT116 (A) and HT29 (B) showing changes in cellular morphology, detachment from surface, decreased no. with increase in TMA
concentration and time of exposure. Decrease in cell viability was observed after exposure (C). ** indicates significant decrease in cell viability compared
to control group (P<0.001).
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protein synthesis and fast cell growth that prepares the cell for

mitosis. The G2 phase was halted, it affected cell division and, as a

result, hampered the entire life process for HCT116 and HT29 cells.

We can conclude that there was a statistically significant increase in

phase G2/M following the treatment with 5mM and 10mM TMA

from 17.76 ± 5.41 to 23.96 ± 5.08 in HCT116 and from 12.8 ± 1.74 to

23.1 ± 0.98 in HT29 cells (Figure 6). Both tested subjects showed

significant cell cycle arrest at G2/GM checkpoint of cell cycle while

most effective at 10mM TMA at 48 h. With the onset of these events,

the shape of the cells began to change from enlargement to spherical

transformation, and the vesicle structure began to expand.

Interestingly, the G2 phase was blocked, which had an impact on

the division of cells, thereby affecting the whole process of life for

HCT116 and HT29 cells. With the occurrence of these phenomena,

the shape of the cells to spherical transformation, vesicle structure

also began to increase leading to the death of cell. These results

suggest that TMA has a toxic effect against HCT116 and HT29 cells,

possibly via the halting cell cycle leading to induction of apoptosis.
TMA induces inflammation in mice

TMA reflects the deleterious effects as shown in the cell line study;

therefore, in vivo effect was studied in mice model. FVB/J mice were
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injected with TMA for 4 weeks. A series of signs of inflammation and/or

ulceration were monitored in all the mice groups. Additionally, the

weight, stool consistency, and rectal bleeding were monitored.

Compared to control, the TMA exposed mice showed significant

alteration in normal colon and rectum tissue. The mean body weight

of mice was not significantly affected when compared to negative and

vehicle control. Onday 60, an examination of the length and histology of

the experimentalmice’s colons and rectumwas performed.Macroscopic

examination of the intestine demonstrated that TMA administration

significantly reduced the length of the colon (Figures 7A–E). No

significant increase in spleen length was found among the negative,

vehicle and experimental groups (Figure 7F). Samples of large intestine

from animals were evaluated from hematoxylin/eosin (H&E)-stained

sections. Notably, H&E staining indicated a marked increase in

inflammatory cell infiltration in the both colon and rectum of TMA

group mice. However, the TMA-intrarectal group presented more

histological injury in the rectum, with lesser denudation and ulceration

of colon epithelial cells as compared to rectum. However, TMA, given

intraperitoneally, induces infiltration of immune cells more in the colon

region than rectum (Figure 8). The histological scores further confirmed

that intrarectal and intraperitoneal TMA administration might increase

the extent of ulceration and inflammation (Figure 9). The route of

administration of TMA determines the extent of inflammation in

intestine as TMA given by intraperitoneal (IP) route induced less
A

B

FIGURE 4

Clonogenic assay. TMA inhibits colony formation of (A)HCT116 and (B)HT29 cells. Evaluation of colony forming ability in HCT116 and HT29 cell line exposed to various
concentrations of TMA for 48 h. TMA inhibits the colony forming ability of HCT116 in a concentration dependentmanner. Results were plotted as no. of colonies formed
after 14 days (shown right to the colony images). Negative control cells were treatedwith cell culture water only. Difference of average values between untreated and
treated cells were tested using paired student’s t-test. All tested subjects showed significant decrease in viability while 10mMTMA provedmost cytotoxic to cells. The
results (mean±SEM) were obtained from 3 independent experiments. *indicates significantly different values compared to control group (P<0.05).
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inflammation than that of intrarectal administration.Thedifferencemay

be because more amount of TMA comes in direct contact to intestinal

epithelium in intrarectal administration.
Discussion

Present work on human adenocarcinoma cell lines, HCT116 and

HT29, and mice study show that acute as well as longer-term
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exposure to TMA affects proliferation, and morphological

characteristics of cells. Cell lines were tested with 10 different

concentrations of TMA for short (24 h) and longer-term (72 h)

exposure. Both cell lines were found to have decreased proliferation

rate in response to treatment with various concentrations of TMA

within 1 day and the effect worsen with increased time of exposure

such as decreased proliferation, cell cycle arrest, DNA damage leading

to cell death. Proliferation may be reduced as a result of an adaptive

response to diminished ATP production (34). Indeed, a reduction in
A

B

FIGURE 5

Comet assay. Comet assay was performed to evaluate genotoxicity induced by TMA. Cells were treated with different concentrations of TMA for 48 h. Representative
images at X200magnification shows that TMA causes DNA damage in dose dependentmanner as shown in (A)HCT116 cells treated with andwithout TMA and (B)
HT29 cells treated with andwithout TMA. 1, 2, 3, and 4 represent control, 2.5mM, 5mM and 10mM treatment respectively. DNA damagewas enumerated using the
OpenComet software tool in imageJ software (https://imagej.net/software/fiji/ ) as shown in (C)HCT116 and (D)HT29 respectively. Results were plotted as comet
parameters. Both cell lines showed significant DNA damage at 10mM TMA. The results (mean±SEM) were obtained from 3 independent experiments. *indicates
significantly different values compared to control group (P<0.05) **indicates significantly different values compared to control group (P<0.001).
D

A B

C

FIGURE 6

Effect of TMA on cell cycle progression. Evaluation of cell cycle HCT116 (A) and HT29 (B) cells were treated with various concentrations of TMA for 48 h.
Untreated cells were considered as negative control. (A) and (B) showed the quantification of cell cycle distribution. TMA induced cell cycle arrest. 1, 2, 3,
and 4 represent control, 1.25 mM, 5 mM and 10 mM treatment respectively. The distribution of various phase of HCT116 and HT29 cells are represented
in (C, D) Difference of average values between untreated and treated cells were tested using one-way ANOVA. The results (mean±SEM) were obtained
from 3 independent experiments. *indicates significantly different values compared to control group (P<0.05).
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ATP level is linked to cell death and is chosen as an indication. It is

also used as a proxy to indicate cellular metabolic activity (35).

However, accumulation of cells in G2/M phase was reported at an

exposure of high concentration of TMA which might be the

consequence of DNA damage leading to apoptosis. The G2/M

arrest gives the cell extra time to repair its DNA (36–38). Cell

undergoes apoptosis if DNA repair fails (39). Apoptosis is a

subsequent response to DNA damage that helps the organism

protect itself from a damaged cell. Our data show that there is
Frontiers in Immunology 10
dose-dependent induction of DNA damage by TMA in both cell

lines as reported by comet assay. Increased reactive oxygen species

production is also observed at higher exposure which is often

correlated with DNA damage. In point of fact, both cell lines

showed no sign of apoptosis when exposed to acute (<24 h) term at

a lower concentration of TMA. After 48 hours of treatment with

TMA, HCT116 and HT29 cells produced more anion superoxide,

demonstrating that there is a lag period for cellular response to the

treatment. Anion superoxide is formed primarily in the
FIGURE 7

Length of large intestine of mice of Negative control (A), Vehicle control (B), TMA given intraperitoneally (C) and TMA given intrarectally (D). Graph showing
the length of intestine and spleen in different groups (E, F) respectively. *p<0.05.
FIGURE 8

Micrographs of the colon (A-D) and histological score of all groups (E). H & E sections of colon from mice exposed to TMA intraperitoneally (C) and
intrarectally (D) or negative control (A) or vehicle control (B) are shown. Severe inflammation characterized by severe cellular infiltration persisted in the
colon of mice exposed to TMA intrarectally (D) compared to negative and vehicle control. Black star point to cellular infiltration, red star points to
damaged muscularis, yellow star points to increased lumen and red triangle points to distorted crypts. The histology scores for the inflammation of these
groups are summarized in (E). The histological score showed a significant increase in inflammation after TMA exposure. *p<0.05.
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mitochondrial complexes I and III during oxidative phosphorylation

in most eukaryotic cell types, especially when mitochondrial complex

activity is inhibited (40–46). Our data shows the dose-dependent

effect of TMA on cellular morphology which can be correlated with

typical morphological features of apoptosis such as shrinkage of cells

and membrane blebbing. Cells exposed to high concentrations of

TMA such as 5 mM and 10 mM have significantly decreased survival

rates which reflects the extent of damage to DNA and other

cellular organelles.

TMA has been suggested as a uremic toxin and correlated with

cardiovascular disease as well (16). Furthermore, the goal of our

research is to check if this bacterial metabolite is genotoxic to colonic

cells. Because those cells face the large intestine lumen, where TMA is

formed, they are likely the cells in the body that are most accessible to

this bacterial product. TMA appears to be a metabolic threat as well as

a genotoxic luminal bacterial metabolite targeting colonic epithelial

cells, based on our findings. With these considerations in mind, the

findings of this study suggest that when TMA is present in excess,

the colon epithelial layer is exposed to a luminal content defined by

the presence of toxic compounds, including TMA. Taking the results

into consideration, our study shows that TMA is both a genotoxic and

cytotoxic agent which can be a metabolic troublemaker in

human colonocytes.

Animal study has demonstrated the deleterious effects of TMA

in the intestine. In both colon and rectum, with the exposure of

TMA by both routes ( intrarectal and intraperitoneal) ,

inflammatory cells invasion and necrotic area increased. In the

intrarectal group, rectal region was more affected whereas, in the

intraperitoneal group, colon region was affected more with TMA.

When compared to negative and vehicle control mice groups, TMA

exposed groups had higher colonic and rectal epithelial damage as

characterized by neutrophil infiltration and increased histological

score. Therefore, TMA induces inflammation in mice was verified.
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As TMA is produced by gut microbiota, any alteration in gut

microbiota especially the enrichment of Gammaproteobacteria,

may lead to increased production of TMA in gut (47). The

increased exposure of gut epithelium to TMA may induce

inflammation which can lead to the condition known as oxidative

stress. As we showed in cell line experiments, prolonged oxidative

stress makes the DNA unstable leading to development of severe

intestinal disorders. The serosal abrasion, crypt distortion and

denudation indicate the deleterious effects of TMA. The

mechanisms involved in TMA induced inflammation are still not

resolved, nor how TMA regulates inflammation, influences

metabolism and other biological activities in large intestine.

Finally, our finding contributes to our understanding of the

impact of bacterial metabolites in vivo and in vitro. We show that

TMA decreases cell viability and ATP content of cells in acute

exposure. Additionally, it leads to compromised membrane

integrity, cell cycle arrest and apoptosis in chronic exposure. It

causes severe inflammation, damage to the epithelial lining of mice,

shortening the large intestine strengthening the view that TMA is

deleterious and might be a contributing factor in microbiota-

induced intestinal diseases. Future studies are needed to understand

the mechanistic pathway of TMA induced inflammation and how to

specifically modulate the microbiota to control the TMA production

and thus predict possible therapy with personalized strategies in

intestinal inflammation.
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FIGURE 9

Micrographs of the rectum (A-D) and histological score of all groups (E). H & E sections of rectum from mice exposed to TMA intraperitoneally (IP)
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these groups are summarized in (E). Black star points to cellular infiltration and black arrow represents crypt distortion in TMA exposed mice rectum. The
histological score showed a significant increase in inflammation after TMA exposure. *p<0.05.
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