
          Cell J, Vol 23, No 5, October 2021 516

Original Article

Toll-Like Receptor 4: A Macrophage Cell Surface Receptor Is 
Activated by Trimethylamine-N-Oxide 

Mohammad Saeed Hakhamaneshi, Ph.D.1, Alina Abdolahi, M.Sc.2, Zakaria Vahabzadeh, Ph.D.1, 3*,
 Mohammad Abdi, Ph.D.4, Pedram Andalibi, M.D.1

1. Department of Biochemistry, Faculty of Medicine, Kurdistan University of Medical Sciences, Sanandaj, Iran
2. Department of Molecular Medicine and Genetics, Faculty of Medicine, Kurdistan University of Medical Sciences, Sanandaj, Iran

3. Liver and Digestive Research Center, Research Institute for Health Development, Kurdistan University of Medical Sciences, Sanandaj, Iran
4. Cellular and Molecular Research Centre, Research Institute for Health Development, Kurdistan University of Medical Sciences, 

Sanandaj, Iran

*Corresponding Address: P.O.Box: 6617713446, Department of Biochemistry, Faculty of Medicine, Kurdistan University of 
Medical Sciences, Sanandaj, Iran

Email: zakariav@yahoo.com
 

Received: 25/October/2020, Accepted: 03/February2021
Abstract
Objective: Trimethylamine-N-Oxide (TMAO) is considered as a risk factor for atherosclerosis which further leads to 
inflammation during atherosclerosis. The exact mechanism(s) by which TMAO induces the inflammatory reactions 
remains to be determined. TMAO can cause the endoplasmic reticulum (ER) stress that triggers activation of Toll-Like 
Receptors (TLRs). In macrophages, this process stimulates the production of proinflammatory cytokines. This study 
designed to evaluate the expression level of TLR4 in TMAO-treated macrophages. 

Materials and Methods: In this experimental study, different concentrations of TMAO (37.5, 75, 150, and 300 μM) 
were exposed to murine macrophage (J774A.1 cell line) for 8, 18, 24, and 48 hours. The cells were also treated with 2.5 
mM of 4-phenyl butyric acid as well as 2µg/ml of tunicamycin respectively as negative and positive controls for inducing 
ER-stress. We measured the viability of treated cells by the MTT test. Besides, the expression levels of TLR4 gene 
and protein were evaluated using western blotting and reverse transcription- quantitative polymerase chain reaction 
(RT-qPCR) analysis. One-Way ANOVA was used for statistical analysis.

Results: No cell death was observed in treated cells. The cells treated with 150 and 300 μM doses of TMAO for 24 
hours showed a significant elevation in the protein and/or mRNA levels of TLR4 when compared to normal control or 
tunicamycin-treated cells.   

Conclusion: Our results may in part elucidate the mechanism by which TMAO induces the macrophage inflammatory 
reactions in response to the induction of ER stress, similar to what happens during atherosclerosis. It also provides 
documentation to support the direct contribution of TLR4 in TMAO-induced inflammation.
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Introduction
Trimethylamine N-Oxide (TMAO) is a common metabolite 

in humans and other species (1) mainly produced from the 
oxidation of Trimethylamine (TMA) by hepatic flavin-
containing monooxygenase 3 (FMO3) (2). The bacterial flora 
of gastrointestinal tract converts choline, phosphatidylcholine, 
and carnitine to TMA, known as TMA/FMO3/TMAO 
metaorganismal pathway. Recently, TMAO has been 
extensively reconsidered for its role in development of several 
diseases including atherosclerosis and other cardiovascular 
diseases, non-alcoholic fatty liver (3), Alzheimer (4), type 
2 diabetes mellitus (5), chronic kidney disease (6), insulin 
resistance (7), and gastrointestinal cancers (8). 

Nowadays, TMAO is certainly known as a new risk factor 
for atherosclerosis (2, 9). Atherosclerosis is a multifactorial 
and gradual disease that is also known as an inflammatory 
disorder. Macrophages are one of the main cells involved 
in the inflammation. The role of inflammation has been 
identified in all stages of diseases including onset, progression 

and the rupture of atherosclerotic plaques. Risk factors for 
atherosclerosis can lead to inflammation or exacerbation 
of symptoms from the beginning of life. Various risk 
factors for atherosclerosis including both biochemical and 
environmental stressor are associated with atherosclerosis 
pathology through a common fundamental mechanism. 
They all cause endoplasmic reticulum (ER) stress which 
in turn disrupts the proper folding of newly synthesized 
proteins (10). Aggregation of misfolded proteins starts the 
Unfolded Protein Response (UPR) pathway. UPR increases 
the expression of heat shock proteins (HSPs) to correct or 
degrade the misfolded protein (11). Prolonged stimulation 
of HSPs, as a danger signal, induces humoral and cellular 
immune responses and exacerbates inflammation of various 
vascular cells including macrophages (12).  HSPs  bind to 
toll like receptors (including TLR4) to stimulate production 
of  inflammatory cytokines (13). TMAO has a potential to 
induce ER stress and activation of UPR pathway (14). It 
also induces the inflammatory reactions in macrophages (2, 
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15). Furthermore, TMA/FMO3/TMAO pathway has been 
documented to induce the inflammatory reactions in other 
cells (15-17). The detailed mechanism by which TMAO 
induces the inflammatory reactions in macrophages is still 
unclear. 

TLRs are known as cell surface receptors that is highly 
expressed in macrophages, T and B lymphocytes, and other 
cells. These molecules recognize the pathogen-associated 
microbial patterns (PAMPs) presented by microbial pathogens, 
and/or danger-associated molecular patterns (DAMPs) which 
have been released from dead cells. TLRs are known as a part 
of our innate immune system and their activation stimulates the 
expression of proinflammatory cytokines which consequently 
triggers the inflammatory reactions as well as other metabolic 
regulations (18-20). TLR4 is a member of this big family 
that can initiate a signaling pathway resulting in production 
of pro-inflammatory cytokines (19). Considering the role of 
TMAO in activation of ER stress-induced inflammation of 
macrophages as well as the possible contribution of TLR4 in 
this pathway, this study was designed to evaluate the amount 
of TLR4 in macrophages treated with different concentrations 
of TMAO.

Material and Methods
Cell culture 

This experimental study was approved by Kurdistan 
University of Medical Sciences under a project number 
of IR.MUK.REC.1395.90. J774A.1 cell line which is a 
murine macrophage cell was purchased from Pasture 
Institute (Tehran, Iran). Cells were cultured in high 
glucose DMEM containing 10% fetal bovine serum, 
1% penicillin-streptomycin and 4 mM L-glutamine (all 
from Sigma-Aldrich, USA). Cells were maintained in a 
cell culture incubator with sufficient humidity, at 37˚C 
temperature and 5% CO2.  Cells were treated in three 
separate replicates with different concentrations of 
TMAO including 37.5, 75, 150, and 300 µM for 8, 18, 24, 
and 48 hours. Another group of cells were treated with 
4-phenyl butyric acid (4-PBA) at 2.5 mM concentration 
for 8 hours as negative control for suppressing ER stress. 
To provide a positive group for inducing ER stress, 
the same numbers of macrophages were treated with 
tunicamycin with a concentration of 2 µg/ml for 18 hours. 
Macrophages which did not receive any treatment were 
used as normal control group. MTT assay was applied to 
check the viability of the studied groups.

MTT Test
MTT test was performed as previously described (14, 21). 

Briefly, in a 96-well plate, approximately 5,000 cells were 
seeded in each well. Different concentrations of TMAO, 
4-PBA, or tunicamycin were then added to the wells in six 
replications for each group. Subsequently, each well was 
incubated with 20 ul of 3-(4, 5-Dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide solution for 3.5 hours. 
Formation of crystals was then confirmed by microscopic 
assessment and then each well was incubated with 100 μl of 

MTT solvent for 4 hours at room temperature in the dark. A 
microplate reader instrument (Synergy HTX, BioTek, USA) 
was used to measure the absorbance of each well at 570 nm. 
Corrected absorbance was used to calculate the viability of 
treated and untreated cells using the following equation: % 
cell viability=(mean of sample absorbance /mean of control 
absorbance)×100  

Western blotting
Total protein was extracted from 2.5×106 cells of each group 

(three replicates) using cold Radio-Immunoprecipitation 
Assay (RIPA) lysis buffer (Sigma-Aldrich, USA). A complete 
protease inhibitor cocktail (at final concentration of 1 μg/ml, 
Santa Cruz Biotechnology, California) and PMSF (Phenyl 
Methyl Sulfonyl Fluoride, at final concentration of 1 mM, 
Sigma-Aldrich, USA) was added to lysis buffer to inhibit any 
protease activity. Total protein concentration was measured 
using bicinchoninic acid (BCA) assay. For electrophoresis, 
100 μg of total protein was loaded on 12% polyacrylamide 
gel containing sodium dodecyl sulfate (SDS-PAGE). A semi-
dry blotting for 1.5 hours at 80 mA was applied to transfer the 
separated proteins to a preconditioned PVDF membrane (0.2 
µm, BIO-RAD, USA). To avoid a non-specific binding of 
antibodies, the protein-free sites of membranes were blocked 
by 5% skim milk. Specific primary antibodies against TLR4 
(ab13867, 1:2000, Abcam, USA), and GAPDH (NB300-
328, 1: 10000, Novus Biological, UK) were exposed to 
membranes for 60 minutes.  After three times washing with 
TBST solution, the membranes were incubated with the 
appropriate secondary antibody (HAF007, R&D, USA) for 
1 hour.  The chemiluminescence signals were then exposed 
to the X-ray film and visualized using developing and fixing 
solutions. The  density of each band was analyzed using 
Image J 1.48V software. In each sample, the relative amount 
of TLR4 protein was normalized to the GAPDH protein. 
Finally, the fold change was calculated for each group relative 
to the control group. 

Reverse transcription- quantitative polymerase chain 
reaction 

To extract total RNA, approximately 2.5×106 cells 
were applied according to manufacturer instruction (Jena 
Bioscience, Germany). The quality and quantity of the 
extracted RNA were assessed spectrophotometrically using 
a Picodrop-Take3 instrument (Synergy HTX, BioTek, USA). 
Genomic DNA was eliminated using DNase I treatment 
(Scientific Inc, USA). For cDNA synthesis, a PrimeScript™ 
RT reagent Kit (RR037A, Takara, Japan) was applied in one 
cycle of three-step reactions (step 1: 15 minutes at 37˚C, 
step 2: 5 seconds at 85˚C, step 3: 5 minutes at 4˚C) using an 
Eppendorf thermal cycler (Germany). Reverse transcription- 
quantitative polymerase chain reaction (RT-qPCR) analysis 
was performed by a SYBR GREEN kit (SYBR Premix Ex 
Taq II kit, Tli Plus, Takara, Japan) for quantification of TLR4 
(NM_010477) and GAPDH (NM_008084.2) using a Corbett 
RG-6000 machine (Australia). For this purpose, about 50 ng 
of cDNA and 0.5 μl of gene-specific primers (10 pmol/µl, 
Table 1) were used in 40 cycles of two-step reactions (step 1: 
5 seconds at 95˚C, step 2: 30 seconds at 60˚C). 
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The entity of RT-qPCR assay was controlled by analysis 
of melting curves and gel electrophoresis of related 
products. LinRegPCR software (version 2013.x) was 
used to calculate the mRNA levels of TLR4 and GAPDH 
(22). In each run, the relative amount of TLR4 mRNA was 
normalized to GAPDH mRNA. 

Statistical analysis 
The relative amounts (fold change) of protein and 

mRNA were provided as mean ± standard error of 
three replication of separate measurements (n=3). SPSS 
software, version 20 (IBM® SPSS Inc Chicago), was used 
for statistical analysis. To evaluate the mean difference 
between the groups, One-Way ANOVA was performed. 
Dunnett’s test was utilized as a post-hoc test to compare 
the mean values ​​of each group to the control group. 
P<0.05 was considered as statistically significant value.

Results 
To evaluate whether treatments of cells has any 

effects on cell viability, MTT assay was performed. The 

viabilities of treated and untreated cells were more than 
96% suggesting no treatment-dependent cell death had 
occurred in macrophages. Figures 1 to 4 show the western 
blotting bands and the relative amounts of TLR4 at protein 
and mRNA levels in groups treated with TMAO, PBA 
and TUN for different time intervals (8, 18, 24 and 48 
hours). One-Way ANOVA showed a significant difference 
in protein amount of TLR4 after 8 hours among TMAO-
treated cells (P<0.05). Post-hoc Dunnett’s test showed 
that only 150 μM of TMAO significantly increased the 
relative amount of TLR4 protein in comparison with 
tunicamycin treated cells (P=0.046, Fig.1B). 

When cells were treated with TMAO for 18 hours, the 
relative amount of TLR4 protein was elevated. A dose 
of 37.5 μM TMAO significantly increased TLR4 protein 
amount when compared with normal control (P=0.020, 
Fig.2B). Besides, TMAO significantly increased the 
protein amount of TLR4 compared to tunicamycin treated 
cells at 37.5 and 75 μM concentrations (P<0.05, Fig.2B). 
However, TLR4 mRNA levels were not significantly 
different from control group (P> 0.05, Fig.2C).

Table 1: Characteristics of specific primers used for reverse transcription- quantitative polymerase chain reaction (RT-qPCR)

Genes Oligonucleotide sequences (5ˊ-3ˊ) PCR product size (bp)  Tm (˚C) Accession number

TLR4 F: ACCTGGCTGGTTTACACGTC 201 60 NM_010477

R: CTGCCAGAGACATTGCAGAA

GAPDH F: CCATCCGGGTTCCTATAAAT 198 54 NM_008084

R: AATCTCCACTTTGCCACTG

Fig.1: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell line) treated with TMAO and PBA (for 8 hours), and TUN (for 18 hours). A. Western 
blotting bands. B. Relative TLR4 protein levels. C. Relative TLR4 mRNA levels. Only 150 µM of TMAO significantly increased the protein levels of TLR4. Values 
are mean ± standard error of three or four separate measurements. P<0.05 were considered significant. #; P<0.05 in comparison with the tunicamycin 
group, TMAO; Trimethylamine-N-Oxide, PBA; 4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.

A

B C
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After 24 hours of incubation, 150 and 300 μM of TMAO 
significantly increased the relative amount of TLR4 at 
both protein and mRNA levels compared to CTR and/or 
TUN groups (P<0.05, Fig.3B, C).

TMAO-treated cells for 48 hours showed no significant 
difference in the relative amount of TLR4 at protein level 
compared to the control or tunicamycin treated cells 

(P>0.05, Fig.4B). Only 37.5 μM TMAO significantly 
increased the mRNA level of TLR4 when compared to the 
control (P=0.026, Fig.4C).

These findings suggest in macrophages the expression 
level of TLR4 changed in altered in a concentration 
and time-dependent manner when treated with TMAO 
(P<0.05, Figs.S1, 2, See Supplementary Online Information 
at celljournal.org). 

 

 

Fig.2: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell line) treated with TMAO and TUN (for 18 hours), and PBA (for 8 hours). A. Western 
blotting bands. B. Relative TLR4 levels. C. Relative TLR4 mRNA levels.  Only low concentrations of TMAO significantly increased the protein levels of TLR4. 
Values are mean ± standard error of three or four separate measurements. P<0.05 were considered significant. *; P<0.05 in comparison with control, ##; 
P<0.01 compared to the TUN group, TMAO; Trimethylamine-N-Oxide, PBA; 4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control. 

Fig.3: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell line) treated with TMAO (for 24 hours), PBA (for 8 hours), and TUN (for 18 hours). 
A. Western blotting bands. B. Relative TLR4 protein levels. C. Relative TLR4 mRNA levels. Only 150 and 300 µM of TMAO significantly increased protein 
or mRNA levels of TLR4. Values are mean ± standard error of three or four separate measurements. P<0.05 were considered significant. *; P<0.05, ***; 
P<0.001 in comparison with the control, ##, ###; P<0.05, P<0.01, and P<0.001 respectively in comparison with the TUN group, ††; P<0.01 in comparison 
with the PBA group, TMAO; Trimethylamine-N-Oxide, PBA; 4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.

A

B C

A

B C
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Fig.4: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell 
line) treated with TMAO (for 48 hours), PBA (for 8 hours), and TUN (for 
18 hours). A. Western blotting bands. B. Relative TLR4 protein levels. C. 
Relative TLR4 mRNA levels. Only 37.5 µM of TMAO significantly increased 
the mRNA levels of TLR4. Values are mean ± standard error of three or 
four separate measurements. P<0.05 were considered significant. *; 
P<0.05 in comparison with control, TMAO; Trimethylamine-N-Oxide, PBA; 
4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.

Discussion
Macrophages play a major role in inflammation under 

stress conditions similar to that in atherosclerosis. In 
the present study, we induced ER stress in the murine 
macrophages (J774A.1 cell line) using TMAO as has been 
described previously (14). Our results showed that TMAO 
can induce the expression of TLR4 in macrophages, at 
both protein and mRNA levels, in a concentration and 
time-dependent manner.

The trend of TLR4 changes in response to treatment 
time and concentration of TMAO was statistically 
significant, although it did not have a particular upward 
or downward direction. Cellular responses to ER stress 
are physiologically short term, adaptable and strongly 
dependent on the concentration and duration of treatment. 
The pattern of GRP78 changes in our previous studies 
also confirms this finding. GRP78 is known as the main 
marker of ER induction (14). The specific concentration 
and time for tunicamycin (2 µg/ml for 18 hours, as positive 
control) and 4-PBA (2.5 mM for 8 hours, as negative 

control) treatments used in this study, were based on our 
prior findings (23-26). 

In general, 24-hour treatments of TMAO led to 
significant elevations in expression of both TLR4 gene 
and protein. Where higher concentrations showed greater 
effects with shorter incubation times. Conversely, lower 
concentrations of TMAO had a greater effect when the 
treatment time was longer. Concentrations of 37.5, 75, 
and 150 μM caused a further increase in the 18- and 24-
hour treatments compared to control. 

As expected, the TLR4 mRNA pattern of changes is not 
fully consistent with its protein level. The stability and half-
life of mRNA is shorter and more variable than protein. 
Therefore, for a treatment to produce a significant effect 
on the protein level, the mRNA level must be changed 
to a greater extent. However, sometimes a single mRNA 
molecule is used several times for translation without 
the need for multiple productions of mRNA transcripts. 
Moreover, similar to cations TMAO has a potential to 
form an electrostatic bond with mRNA and stabilizes its 
tertiary structure in vitro. This effect may only occurs at 
certain concentrations of TMAO (27). 

Our work is the first experimental (in vitro) study that 
directly measured the effect of TMAO on the expression 
of TLR4 in macrophages. In this study we showed that 
TMAO directly induced the expression of TLR4. The 
enhancing effect of TMAO on the expression of TLR4 
has been demonstrated in cultured endothelial cells (28), 
cardiac fibroblast as well as in animal models (29). 

TMAO is known to correlate with the pathogenesis of 
different inflammatory diseases. where it plays a major role 
in the initiation or promotion of inflammation (3, 4, 6, 7, 8, 
15-17, 30-32) . TMAO stimulates the mitogen-activated 
protein kinase as well as nuclear factor-κB cascade to 
induce the inflammatory markers (15). Furthermore, our 
previous work has also revealed the promoting effect of 
TMAO on the expression of proinflammatory cytokines 
in human macrophages (33).

There are several mechanisms to elucidate the role 
of TMAO in the development of TLR4-mediated 
inflammation. TLRs are the major sensors that activate 
cellular inflammation (34). They recognize different 
endogenous and exogenous ligands to stimulate the 
production of proinflammatory cytokine (35). TMAO is 
an endogenous ligand that directly interacts with TLR4 to 
activate the inflammation, like what happens to oxidized-
low density lipoprotein (ox-LDL) (36). 

TMAO is also supposed to be correlated with 
inflammation of macrophages through an indirect 
activation of TLR4 mediated by HSPs. Our previous 
studies have shown that TMAO induces the expression 
of HSPs in murine macrophages (14, 21). Extracellular 
form of HSPs binds to TLR4 (13). This interaction in 
turn stimulates the production of reactive oxygen species 
(ROS) and cytokines (18, 37). 

A

B

C
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TMAO-dependent production of ROS during 
inflammation of vascular cells was also showed by Chen 
et al. (38). Cluster of differentiation 36 (CD36) is another 
cell surface receptor of macrophages that identifies the 
endogenous ligands produced during atherosclerosis. 
It may facilitates the TLR4 signaling pathway when 
interacts with endogenous ligands such as TMAO (39). 
Wang and his colleagues showed that TMAO increases 
the expression of CD36 in murine macrophages (2). The 
ability of TMAO to alter the expression of ATP-Binding 
Cassette Transporter A1 (ABCA1) as well as macrophage 
Scavenger Receptor A1 (SRA-1) cannot be ignored for 
the TMAO-dependent mechanism of inflammation (40). 

Conclusion
In macrophages TMAO treatment can induce changes 

in TLR4 protein and mRNA levels in a concentration and 
time-dependent pattern. The present study along with 
previous studies may in part elucidate the mechanism 
by which TMAO induces the macrophage inflammatory 
reactions in response to induction of ER stress such as what 
happens during atherosclerosis. From this perspective, 
our findings provide a documentation to support a direct 
contribution of TLR4 to pathogenesis of TMAO-induced 
macrophage inflammation. To confirm this conclusion, 
more detailed studies are needed to investigate the 
direct interaction of TMAO with TLR4 of macrophages. 
Bioinformatics studies such as investigation of docking 
and molecular dynamics for binding TMAO to TLR4, or 
using specific labeled isotopes and functional assays may 
be useful for this purpose. 

Acknowledgments 
This study was funded by the research vice-chancellor 

of the Kurdistan University of Medical Sciences. We 
also thank the head of Cellular and Molecular Research 
Centre of Kurdistan University of Medical Sciences for 
their valuable assistance. The authors have no conflicts 
of interest.

Authors’ Contributions
Z.V.; Supervised and designed the study and performed 

data collection, evaluation, statistical analysis, and 
drafting. M.A., M.S.H.; Contributed to the molecular 
experiments and RT-qPCR analysis. A.A.; Helped to 
perform the laboratory works of the blotting stages in 
the western blotting experiments. P.A.; Contributed to 
interpretation of the data and the conclusion. All authors 
performed editing and approving the final version of this 
manuscript for submission, also approved the final draft.

References
1.	 Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN. Living 

with water stress: evolution of osmolyte systems. Science. 1982; 
217(4566): 1214-1222.

2.	 Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et 
al. Gut flora metabolism of phosphatidylcholine promotes cardio-
vascular disease. Nature. 2011; 472(7341): 57-63.

3.	 Chen YM, Liu Y, Zhou RF, Chen XL, Wang C, Tan XY, et al. Asso-

ciations of gut-flora-dependent metabolite trimethylamine-N-oxide, 
betaine and choline with non-alcoholic fatty liver disease in adults. 
Sci Rep. 2016; 6: 19076.

4.	 Xu R,Wang Q. Towards understanding brain-gut-microbiome con-
nections in Alzheimer’s disease. BMC Syst Biol. 2016; 10 Suppl 
3: 63.

5.	 Croyal M, Saulnier PJ, Aguesse A, Gand E, Ragot S, Roussel R, 
et al. Plasma trimethylamine N-oxide and risk of cardiovascular 
events in patients with type 2 diabetes. J Clin Endocrinol Metab. 
2020; 105(7): 2371-2380.

6.	 Missailidis C, Hallqvist J, Qureshi AR, Barany P, Heimburger O, 
Lindholm B, et al. Serum trimethylamine-N-oxide is strongly related 
to renal function and predicts outcome in chronic kidney disease. 
PLoS One. 2016; 11(1): e0141738.

7.	 Delzenne NM, Cani PD. Gut microbiota and the pathogenesis of 
insulin resistance. Curr Diab Rep. 2011; 11(3): 154-159.

8.	 Oellgaard J, Winther SA, Hansen TS, Rossing P, von Scholten BJ. 
Trimethylamine N-oxide (TMAO) as a New potential therapeutic 
target for insulin resistance and cancer. Curr Pharm Des. 2017; 
23(25): 3699-3712.

9.	 Liu Y, Dai M. Trimethylamine N-oxide generated by the gut micro-
biota is associated with vascular inflammation: new insights into 
atherosclerosis. Mediators Inflamm. 2020; 2020: 4634172.

10.	 Weber C, Noels H. Atherosclerosis: current pathogenesis and ther-
apeutic options. Nat Med. 2011; 17(11): 1410-1422.

11.	 Malhotra JD, Kaufman RJ. The endoplasmic reticulum and the un-
folded protein response. Semin Cell Dev Biol. 2007; 18(6): 716-
731.

12.	 Zhou AX, Tabas I. The UPR in atherosclerosis. Semin Immuno-
pathol. 2013; 35(3): 321-332.

13.	 Shomali N, Hatamnezhad L S, Tarzi S, Tamjidifar R, Xu H, Shotor-
bani SS. Heat shock proteins regulating Toll-like receptors and the 
immune system could be a novel therapeutic target for melanoma. 
Curr Mol Med. 2021; 21(1): 15-24.

14.	  Mohammadi A, Gholamhoseyniannajar A, Yaghoobi MM, Jahani 
Y, Vahabzadeh Z. Expression levels of heat shock protein 60 and 
glucose-regulated protein 78 in response to trimethylamine-N-ox-
ide treatment in murine macrophage J774A.1 cell line. Cell Mol Biol 
(Noisy-le-grand). 2015; 61(4): 94-100.

15.	 Seldin MM, Meng Y, Qi H, Zhu W, Wang Z, Hazen SL, et al. Tri-
methylamine N-oxide promotes vascular inflammation through 
signaling of mitogen-activated protein kinase and nuclear factor- 
κB. J Am Heart Assoc. 2016; 5(2): e002767.

16.	  Chistiakov DA, Bobryshev YV, Kozarov E, Sobenin IA, Orekhov 
AN. Role of gut microbiota in the modulation of atherosclerosis-
associated immune response. Front Microbiol. 2015; 6: 671.

17.	 Warrier M, Shih DM, Burrows AC, Ferguson D, Gromovsky AD, 
Brown AL, et al. The TMAO-Generating enzyme flavin monooxy-
genase 3 is a central regulator of cholesterol balance. Cell Rep. 
2015; 10(3): 326-338.

18.	 Falck-Hansen M, Kassiteridi C, Monaco C. Toll-like receptors in 
atherosclerosis. Int J Mol Sci. 2013; 14(7): 14008-14023.

19.	  Seneviratne AN, Sivagurunathan B, Monaco C. Toll-like recep-
tors and macrophage activation in atherosclerosis. Clin Chim Acta. 
2012; 413(1-2): 3-14.

20.	 Zhou Y, Little PJ, Downey L, Afroz R, Wu Y, Ta HT, et al. The role of 
toll-like receptors in atherothrombotic cardiovascular disease. ACS 
Pharmacol Transl Sci. 2020; 3(3): 457-471.

21.	 Mohammadi A, Vahabzadeh Z, Jamalzadeh S, Khalili T. Trimethyl-
amine-N-oxide, as a risk factor for atherosclerosis, induces stress 
in J774A.1 murine macrophages. Adv Med Sci. 2017; 63(1): 57-63.

22.	 Ruijter JM, Ramakers C, Hoogaars WMH, Karlen Y, Bakker O, van 
den Hoff MJB, et al. Amplification efficiency: linking baseline and 
bias in the analysis of quantitative PCR data. Nucleic Acids Res. 
2009; 37(6): e45.

23.	 Cawley K, Deegan S, Samali A, Gupta S. Assays for detecting the 
unfolded protein response. Methods Enzymol. 2011; 490: 31-51.

24.	 Kennedy D, Samali A, Jager R. Methods for studying ER stress 
and UPR markers in human cells. Methods Mol Biol. 2015; 1292: 
3-18.

25.	 Samali A, Fitzgerald U, Deegan S, Gupta S. Methods for moni-
toring endoplasmic reticulum stress and the unfolded protein re-
sponse. Int J Cell Biol. 2010; 2010: 830307.

26.	 Wiley JC, Meabon JS, Frankowski H, Smith EA, Schecterson LC, 
Bothwell M, et al. Phenylbutyric acid rescues endoplasmic reticu-
lum stress-induced suppression of APP proteolysis and prevents 
apoptosis in neuronal cells. PLoS One. 2010; 5(2): e9135.



          Cell J, Vol 23, No 5, October 2021 522

TLR4 in TMAO-Treated Macrophages

27.	 Denning EJ, Thirumalai D, MacKerell AD, Jr. Protonation of tri-
methylamine N-oxide (TMAO) is required for stabilization of RNA 
tertiary structure. Biophys Chem. 2013; 184: 8-16.

28.	 Singh GB, Zhang Y, Boini KM, Koka S. High mobility group Box 
1 mediates TMAO-induced endothelial dysfunction. Int J Mol Sci. 
2019; 20(14): 3570.

29.	 Li X, Geng J, Zhao J, Ni Q, Zhao C, Zheng Y, et al. Trimethylamine 
N-oxide exacerbates cardiac fibrosis via activating the NLRP3 in-
flammasome. Front Physiol. 2019; 10: 866.

30.	 Al-Obaide MAI, Singh R, Datta P, Rewers-Felkins KA, Salguero  
MV, Al-Obaidi I, et al. Gut microbiota-dependent trimethylamine-n-
oxide and serum biomarkers in patients with T2DM and advanced 
CKD. J Clin Med. 2017; 6(9): 86.

31.	 Gao X, Liu X, Xu J, Xue C, Xue Y, Wang Y. Dietary trimethylamine 
N-oxide exacerbates impaired glucose tolerance in mice fed a high 
fat diet. J Biosci Bioeng. 2014; 118(4): 476-481.

32.	 Liu X, Liu H, Yuan C, Zhang Y, Wang W, Hu S, et al. Preoperative 
serum TMAO level is a new prognostic marker for colorectal can-
cer. Biomark Med. 2017; 11(5): 443-447.

33.	 Abdi M, Vahabzadeh Z, Ghanivash A, Farhadi L, Hakhamaneshi 
MS, Andalibi P. Investigation of the effect of trimethylamine-N-oxide 
on the proinflammatory cytokine genes expression in U937-derived 
macrophages. Scientific Journal of Kurdistan University of Medical 

Sciences. 2018; 23(3): 1-9.
34.	 Curtiss LK,Tobias PS. Emerging role of Toll-like receptors in ath-

erosclerosis. J Lipid Res. 2009; 50 Suppl(Suppl): S340-S345.
35.	 Cole JE, Georgiou E, Monaco C. The expression and functions 

of toll-like receptors in atherosclerosis. Mediators Inflamm. 2010; 
2010: 393946.

36.	 Beutler B. Inferences, questions and possibilities in Toll-like recep-
tor signalling. Nature. 2004; 430(6996): 257-263.

37.	 Xu Q. Role of heat shock proteins in atherosclerosis. Arterioscler 
Thromb Vasc Biol. 2002; 22(10): 1547-1559.

38.	 Chen ML, Zhu XH, Ran L, Lang HD, Yi L, Mi MT. Trimethylamine-
N-oxide induces vascular inflammation by activating the NLRP3 in-
flammasome through the SIRT3-SOD2-mtROS signaling pathway. 
J Am Heart Assoc. 2017; 6(9): e006347.

39.	  Curtiss LK,Tobias PS. The toll of toll-like receptors, especially 
toll-like receptor 2, on murine atherosclerosis. Curr Drug Targets. 
2007; 8(12): 1230-1238.

40.	 Mohammadi A, Gholamhoseynian Najar A, Yaghoobi MM, Jaha-
ni Y, Vahabzadeh Z. Trimethylamine-N-oxide treatment induces 
changes in the ATP-binding cassette transporter A1 and scavenger 
receptor A1 in murine macrophage J774A.1 cells. Inflammation. 
2016; 39(1): 393-404.


	_GoBack
	_Hlk76722800
	_Hlk76723311
	_Hlk76723676
	_Hlk58877271
	_Hlk55646732
	OLE_LINK1
	_Hlk58087333
	_GoBack
	OLE_LINK2
	_GoBack
	_ENREF_18
	_ENREF_23
	_ENREF_24
	_ENREF_35
	_ENREF_39
	_Hlk32700969
	_Hlk32701044
	_Hlk43070695
	_Hlk43070231
	_Hlk43071023
	_Hlk43069422
	_Hlk43070297
	_Hlk43070476
	_Hlk36298008
	_Hlk43069174
	_Hlk32701477
	_Hlk30099566
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_20
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_27
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_34
	_ENREF_35
	_ENREF_37
	OLE_LINK3
	_Hlk56525984
	_Hlk69424316
	_Hlk78817430
	_Hlk46848694
	OLE_LINK1
	OLE_LINK4
	OLE_LINK2
	_Hlk50365836
	_GoBack
	baep-author-id8
	baep-author-id9
	_GoBack
	_GoBack
	_ENREF_1
	_GoBack
	__Fieldmark__91_1691771884
	__Fieldmark__96_1900838841
	__Fieldmark__4284_521299453
	__Fieldmark__249_1929500568
	__Fieldmark__89_521299453
	__Fieldmark__165_1443550324
	__Fieldmark__166_1443550324
	__Fieldmark__181_1443550324
	__Fieldmark__195_1443550324
	__Fieldmark__219_1443550324
	__Fieldmark__293_1443550324
	__Fieldmark__9384_2003570299
	__Fieldmark__271_1900838841
	__Fieldmark__314_1691771884
	__Fieldmark__315_521299453
	__Fieldmark__658_1929500568
	__Fieldmark__390_1691771884
	__Fieldmark__337_1900838841
	__Fieldmark__9432_2003570299
	__Fieldmark__4642_521299453
	__Fieldmark__801_1929500568
	__Fieldmark__391_521299453
	__Fieldmark__853_1443550324
	__Fieldmark__842_1929500568
	__Fieldmark__414_521299453
	__Fieldmark__4668_521299453
	__Fieldmark__9445_2003570299
	__Fieldmark__354_1900838841
	__Fieldmark__411_1691771884
	__Fieldmark__874_1443550324

