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Abstract   

The majority of bacterial infections during neutropenia following high-dose chemotherapy or 

stem cell transplantation are caused by coagulase-negative staphylococci, a large number are 

due to viridans streptococci. Despite considerable progress in the understanding of the AhR-

mediated regulation of immune responses, the role of AhR in bacterial infections has not been 

clearly demonstrated. In the study presented here, we sought to determine whether the aryl 

hydrocarbon receptor (AhR) would protect mice from infection with viridans streptococci. AhR 

enhances the inflammatory response to viridans streptococci stimuli. Specifically, neutrophil 

numbers and levels of inflammatory cytokines are often increased in mice treated with viridans 

streptococci. Furthermore, AhR activation through the IL-17RA is required for protection against 

viridans streptococcal infection. Taken together, we concluded that AhR plays an important role 

in optimal innate immunoprotection against microbial infection through the down-regulation of 

immune response. 
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Introduction 

There is considerable evidence that signaling through the aryl hydrocarbon receptor (AHR) 

alters the course of adaptive immune responses in a manner that can be protective or 

detrimental. Adaptive immune responses underlie host protection from pathogens, but when 

improperly controlled they contribute to numerous diseases [1].  

The AHR’s remarkable capacity to modulate T cell responses has been demonstrated in 

autoimmune diseases1–5, allergic inflammation [2] , and inflammatory bowel diseases [3]. Yet, 

these reports also suggest that different AHR ligands may bias adaptive immune responses in 

opposite directions, and that exposure to the same ligand can worsen or improve pathology in 

different disease models [4].  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR5
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While these issues remain to be resolved, the ability of the AHR to modulate T cell differentiation 

and T cell-dependent immune responses has generated enthusiasm about targeting 

therapeutic agents at the AHR in order to modulate the progression of a large spectrum of 

immune-mediated diseases [5]. 

Yet, there is another aspect of AHR immunobiology that has direct bearing on the potential 

success of new strategies to use AHR ligands as treatment modalities: the impact on host 

responses to infection. Several reports demonstrate the importance of AHR in sensing 

microbes, including pathogenic and commensal bacteria, mycobacteria, and fungi [6]. 

Epidemiological studies show strong correlations between exposure to anthropogenically-

derived AHR ligands from the environment and increased incidence and severity of respiratory 

infections, most notably viral infections [7].  

These observations have been extended with animal studies, showing that AHR modulates 

cell-mediated and humoral immune responses to infection, and subsequently disease outcome 

[8]. A limitation of current information about AHR effects on adaptive immune responses during 

infection is that much of this evidence stems from studies conducted when AHR is activated 

using the high affinity binding environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), which is resistant to metabolism. This raises questions about whether other 

compounds that bind AHR will similarly dampen key host protective adaptive immune 

responses to infection [9]. 

We report here a side-by-side comparison of the in vivo consequences of treatment with four 

different agonists on the adaptive immune response to infection with influenza A virus (IAV). To 

represent AHR binding compounds from different sources, we used 2,3,7,8-tetrachlorodibenzo-

p-dioxin (TCDD), 3,3′,4,4′,5-pentachlorobiphenyl-126 (PCB126), 2-(1H-Indol-3-ylcarbonyl)-4-

thiazolecarboxylic acid methyl ester (ITE), and 6-formylindolo(3,2-b)carbazole (FICZ). TCDD is 

the prototype and best characterized AHR ligand [10].  

PCB126 is an abundant environmental contaminant with documented human exposure, yet its 

effects on the immune system remain understudied [11]. ITE represents pharmaceutical agents 

because of its potent AHR agonist activity in vitro and in vivo25–27, FICZ is a degradation 

product of tryptophan, and represents a naturally derived AHR ligand [12]. Infection with IAV 

elicits a vigorous adaptive immune response that involves virus-specific CD8+ cytotoxic T 

lymphocytes (CTL), conventional and regulatory CD4+ T cells, and virus-specific 

antibodies32,33. The overall magnitude of the adaptive response to IAV generally predicts the 

outcome following infection32,34,35. Using these four compounds, we compared CD8+ T cell, 

CD4+ T cell, and antibody responses to mild acute primary IAV infection.  

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5789012/#CR35
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Methods and Material  

Mice and bacteria 

C57BL/6 wild-type (WT) mice. AhR KO mice (C57BL/6 background) have been described 

previously [13]. All the mice were maintained under specific pathogen-free conditions. LM was 

cultured in brain–heart infusion (BHI) broth with 50 μg/ml streptomycin. Heat-killed LM (HKLM) 

was prepared by incubation of mid-log bacteria at 80°C for 3h followed by three washes with 

sterile PBS.  

In vivo experiments 

Six-week-old AhR KO mice and littermate WT mice were infected i.p. with the indicated dose 

of LM. Organs and peritoneal macrophages were lysed/homogenized with lysis buffer solution 

(sterile water containing 0.2% Triton X-100). Organ/cell lysates were diluted ad libitum and 

plated onto BHI agar plates containing 50 μg/ml streptomycin. After incubation at 37°C, the 

colony-forming unit (CFU) per organ or macrophages were counted. 

Cytokine and AIM ELISA 

The cells were infected with the indicated dose of LM for 24h. Mouse IL-6, TNF-α and IL-10 

from either the supernatant or the serum were measured by ELISA, according to the 

manufacturer’s instructions (R&D Systems). Mouse AIM from the supernatant was measured 

by ELISA, according to the manufacturer’s instructions (CycLex). 

Western blot analysis 

Peritoneal macrophages and RAW cells were infected with the indicated dose of LM for the 

indicated times. Cells were lysed with a lysis buffer [1% NP-40, 20mM Tris-HCl (pH 7.5), 

150mM NaCl, 10mM Na2VO4, 0.5mM dithiothreitol, 1/100 protease inhibitor cocktail] and then 

subjected to SDS–PAGE. Whole cell lysates were analyzed with western blotting using anti-

AhR (BIOMOL International) or anti-cleaved Caspase-3 (Cell Signaling). 

Luciferase assay 

RAW cells were transfected with 1 μg of the reporter plasmid and, in cotransfection 

experiments, with 0.1 μg of pRL-TK for use as an internal control reporter. Cells were infected 

with LM at a multiplicity of infection (MOI) of 1 for 12h and lysed with luciferase lysis reagent 

(Promega). Luciferase activity was determined with a commercial Dual-Luciferase reporter 

assay system (Promega) according to the manufacturer’s instructions. Relative light units of 

Firefly luciferase activity were normalized with Renilla luciferase activity. 

Cell death assays 
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Peritoneal macrophages and RAW cells were infected with the indicated dose of LM for 24h. 

For the lactate dehydrogenase (LDH) release assay, culture supernatant was collected after 

infection and cell death was quantified using a cytotoxicity detection kit according to the 

manufacturer’s instructions (Roche). For the cell imaging assay, cells were stained with a 

LIVE/DEAD Cell Imaging kit, according to the manufacturer’s instructions (Molecular Probes) 

and imaged on Keyence BZ-9000 to determine whether they were live (green) or dead (red). 

Using an MEBCYTO Apoptosis Kit (MBL), cells were washed in PBS and re-suspended in 100 

μl of binding buffer.  

Cells were then incubated with 10 μl of annexin V-FITC for 15min at room temperature in the 

dark, followed by the addition of 400 μl of binding buffer and analysis using a BD FACSCanto 

II. For the cytotoxicity assay, cells were seeded 24h before the assay in 96-well plates at a 

density of 2×105 cells per well. Cells were treated with the indicated dose of pyocyanin in the 

presence or absence of AIM. After treatment for 24h, cell viability was assessed with a Cell 

Counting Kit (Dojin Laboratories, Kumamoto, Japan). 

RT–PCR and quantitative real-time PCR 

Total RNA was prepared using RNeasy (Qiagen), and cDNA was prepared as described in 

elsewhere [14-16]. Quantitative real-time PCR was performed using the primers in combination 

with SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) by a CFX384 real-time PCR 

detection system (Bio-Rad). The expression level of glyceraldehyde 3-phosphate 

dehydrogenase (G3PDH) was evaluated as an internal control. The specific primers for 

quantitative real-time PCR were as follows: p40phox, sense 5′-GCCGCTATCGCCAGTTCTAC-

3′ and anti-sense 5′-GCAGGCTCAGGAGGTTCTTC-3′; G3PDH, sense 5′-

AACTTTGGCATTGTGGAAGG-3′ and anti-sense 5′-GGATGCAGGGATGATGTTCT-3′. 

Statistical analysis 

Student’s t-test was used to analyze data for significant differences. Values of P < 0.05 were 

regarded as significant. 

Results 

AhR KO mice are highly susceptible to LM infection 

Although previously shown that AhR deficiency enhanced the bacterial burden, they did not 

investigate the mortality of AhR KO mice after LM infection [17]. To clearly demonstrate the role 

of AhR in host-protective responses in vivo, we first treated AhR KO mice and littermate WT 

mice with various doses of LM. All AhR KO mice died within 3 and 5 days of infection with 

5×105 and 1×105 CFU, respectively (Fig. 1A), which indicates that AhR KO mice are highly 

susceptible to LM infection compared with WT mice. Next, AhR KO and WT mice were i.p. 

infected with 1×105 CFU of LM, and the bacterial burdens in the spleen and liver were 

javascript:;


American Journal of BioMedicine 

                                                                                                                 AJBM 2015;3(2): 400–410 
     doi: 10.18081/2333-5106/015-02/400-410 

 

 

 
404 

measured after 2 days. LM counts in each organ of AhR KO mice were higher than those in 

WT mice (Fig. 1B). 

 

Figure 1. 

Enhanced mortality in AhR KO mice after LM infection. Six- to eight-week-old AhR KO mice and littermate 

WT mice were infected i.p. with 5×105 CFU, 1×105 CFU (A and B) or 1×106 CFU (C and D) of LM. (A) 

Lethality was observed over 8 days after LM treatment. Data are representative of three independent 

experiments. (B) Bacterial load in spleen and liver was determined at 2 days post-infection. Data are 

representative of three independent experiments (*P < 0.05). (C and D) WT mice and AhR KO mice were 

infected i.p. with 1×106 CFU of LM. FICZ (100 μg/kg) was injected i.p. daily. Lethality was observed over 

10 days after LM treatment with or without FICZ. Data are representative of three independent 

experiments. 

 

 

 

 

javascript:;


American Journal of BioMedicine 

                                                                                                                 AJBM 2015;3(2): 400–410 
     doi: 10.18081/2333-5106/015-02/400-410 

 

 

 
405 

 

AhR deficiency results in the hyperactivation of macrophages during LM infection in 

vitro 

AhR is induced by various stimuli in various types of immune cells [17]. To determine whether 

AhR is induced in macrophages infected with LM, peritoneal macrophages were challenged 

with LM, and AhR expression was measured by western blotting. AhR protein was induced in 

peritoneal macrophages infected with LM (Fig. 2A). Next, we examined the effect of AhR on 

the production of cytokines during LM infection. As shown in Fig. 2(B), IL-6 and TNF-α were 

induced after LM infection, and those levels were significantly higher in AhR KO peritoneal 

macrophages than in WT cells. In contrast, the production of anti-inflammatory cytokine IL-10 

was reduced in LM-infected AhR KO macrophages (Fig. 2C). 

 

Figure 2. 

Enhanced pro-inflammatory responses in AhR-deficient macrophages after LM infection. (A) Peritoneal 

macrophages were infected with LM for 24h. The cells were lysed and subjected to immunoblotting 

analysis for the expression of AhR and tubulin. IB denotes immunoblot. (B and C) WT and AhR-deficient 

macrophages were infected with LM at an MOI of 1. Supernatant was collected 24h after infection and 

the production of IL-6, TNF-α (B) and IL-10 (C) was measured by ELISA. Data show means ± SEM (*P < 

0.05). (D) RAW/Neo and RAW/AhR cells were infected with LM at an MOI of 1. Supernatant was collected 

24h after infection and the production of IL-6 and TNF-α was measured by ELISA. Data show means ± 

SEM (**P < 0.005; ***P < 0.001). (E) RAW/Neo and RAW/AhR cells were transiently transfected with κB-

luciferase reporter plasmid. Six hours after transfection, cells were infected with LM for a further 12h. 

The luciferase assay and quantitation were performed as described in Methods.  
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Induction of AIM by AhR is critical for the inhibition of macrophage cell death in LM 

infection 

To demonstrate the biological basis by which AhR protects against macrophage cell death 

induced by LM infection, we investigated the potential targets for AhR that are known to play 

important roles in antiapoptotic function. It has previously been demonstrated that LXR-induced 

AIM expression is important for macrophage survival [8].  

To determine if AhR can control the expression of AIM during LM infection, we examined its 

expression in WT and AhR-deficient macrophages or RAW/Neo and RAW/AhR cells infected 

with LM. We found that AIM is robustly induced in AhR-expressing cells (Fig. 3A) and that the 

administration of AIM reduces LM-induced cell death in AhR KO macrophages (Fig. 3B). 

Similarly, AIM reduced LM-induced cell death in RAW/Neo cells (Fig. 3C). B-cell lymphoma 2 

(Bcl2) is known to be an antiapoptotic protein [15]. 

Therefore, we compared its expression level between WT and AhR KO macrophages after LM 

infection. In contrast to AIM expression, AhR had no effect on the expression of Bcl2 

 

 
Figure 3. 

AhR is required for the induction of AIM to prevent macrophage cell death induced by LM. (A) WT and 

AhR-deficient macrophages or RAW/Neo and RAW/AhR cells were infected with LM at an MOI of 1 and 

10 for 24h. Supernatant was collected and AIM production was measured by ELISA. Data show means ± 

SEM (**P < 0.005). (B) WT and AhR-deficient macrophages were infected with LM at an MOI of 10 (Cell 

Imaging) or 20 (LDH release) in the presence or absence of AIM. At 24-h post-infection, cells were stained 

with a LIVE/DEAD Cell Imaging kit and live (green) and dead (red) cells were discriminated. Supernatant 

was collected for measurement of cell death by quantifying LDH release. Data show means ± SEM (*P < 

0.05; **P < 0.005). (C) RAW/Neo and RAW/AhR cells were infected with LM at an MOI of 1 in the presence 

or absence of AIM for 24h.  
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Discussion 

here is growing interest in manipulating the AHR to modulate the function of immune system to 

alleviate the progression of immune-mediated diseases and treat cancer. However, it has long 

been known that some AHR ligands, such TCDD, are profoundly immunosuppressive. This 

raises concern that pursuing the AHR as a novel therapeutic target carries a risk of unintended 

adverse consequences, such as poorer ability to fight infection [18-22].  

Also, although in vitro systems provide a means to screen activity and compare AHR ligands’ 

effects at a cellular level, few studies have directly compared different AHR ligands on the 

same in vivo immune response. This makes it difficult to predict how AHR binding compounds 

will affect in vivo host responses to infection.  

Moreover, when AHR ligands have been used in vivo, several reports describe a mixture of 

divergent and similar immunomodulatory effects, and we expand this knowledge base [23-27]. 

We show that in vivo treatment with each of these compounds affected aspects of the adaptive 

immune response to IAV infection. Yet, differences in ligand metabolism and binding affinity 

influence the impact on specific lymphocyte subtypes and on aspects of the adaptive response 

to infection.  

This further supports that differences in the receptor, the ‘strength’ or duration of the signal, and 

events proximal to ligand-AHR interactions collectively influence the consequences of AHR 

activation on the immune response. This comparison provides important new information to 

consider as the AHR is explored as a potential therapeutic target and also for better 

understanding public health concerns about AHR-binding pollutants [28-30]. 

Previous work has shown that AhR KO mice are hyperresponsive to LPS and that AhR 

regulates innate immune responses [31]. In this study, we demonstrate that AhR KO mice are 

highly susceptible to LM infection, although AhR KO macrophages produced increased levels 

of pro-inflammatory cytokines, including IL-6 and TNF-α, during LM infection. On the other 

hand, a study showed that there is no difference in pro-inflammatory cytokine production 

between AhR KO and AhR heterozygous mice during LM infection [32]. However, they did not 

compare the levels of cytokines between AhR KO mice and littermate WT mice, which may 

have caused the discrepancy between our and their results. AhR negatively regulates LPS-

induced pro-inflammatory cytokine production by interacting with NF-κB and inhibiting its 

activation [33].  

In addition, the induction of many pro-inflammatory cytokines is suppressed by AhR activation 

in Streptococcus pneumonia-infected mice [34]. These observations are supportive of our data 

presented here. Along with TLR signaling, NOD-like receptors (NLRs) such as NOD1 and 

NOD2 contribute to host defense against microbial pathogens [11]. As reported herein, AhR 

can regulate both TLR and NLR signaling in macrophages infected with LM. Thus, although 

our results reveal AhR as a negative regulator of inflammatory signaling to protect the host from 
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LM infection, AhR KO mice are more susceptible to listeriosis. These results suggest that AhR 

may have a unique function in protecting against LM infection [12]. 

One of the striking findings of this study is that AhR protects against macrophage cell death 

induced by LM infection [35]. To our knowledge, it has not been previously recognized that AhR 

is critical for host cell survival during bacterial infection. We found that AhR deficiency 

accelerates macrophage cell death dependent on the activation of caspase-3.  

Interestingly, the number of peritoneal macrophages from AhR KO mice was less than the 

number from WT mice after LM infection, indicating that AhR is efficient for in vivo host 

macrophage survival. It is important to control the host cell death properly in LM infection. 

Macrophage cell death is an important mechanism for the down-regulation of inflammatory 

responses to prevent sepsis, whereas it has been reported that decreased macrophage 

apoptosis shows more resistance to LM infection [36, 37]. In this study, it has been 

demonstrated that AhR enhances the anti-microbial activity through inhibiting macrophage cell 

death. 

Conclusion 

This study highlights that AhR is a critical factor for the confinement and clearance of LM in 

vitro and in vivo by protecting against macrophage cell death and promoting ROS production. 

Additionally, our results suggest that appropriate ligand-activated AhR may bring about the 

optimal treatment for listeriosis. Although the mechanism by which AhR ligands mediate the 

resistance to LM infection requires further investigation, an important goal of this study has 

been to define the relationship between AhR ligands as environmental factors and the severe 

pathology in bacterial infection. 

Competing interests 

The authors declare that they have no competing interests. 

References 

1. Razonable RR, Litzow MR, Khaliq Y et al. Bacteremia due to viridans group Streptococci with 

diminished susceptibility to Levofloxacin among neutropenic patients receiving levofloxacin 

prophylaxis. Clin Infect Dis 2002;34:1469–1474. [PubMed] 

2. Bochud PY, Calandra T, Francioli P. Bacteremia due to viridans streptococci in neutropenic 

patients: a review. Am J Med 1994; 97: 256–264. [PubMed]  

3. Dallaire F, Ouellet N, Bergeron Y, Turmel V, Gauthier MC, Simard M, Bergeron MG. 

Microbiological and inflammatory factors associated with the development of pneumococcal 

pneumonia. J Infect. Dis. 2001;184:292-300. [Abstract/FREE Full Text] 

4. Dallaire F, Ouellet N, Simard M, Bergeron Y, Bergeron MG. Efficacy of recombinant human 

granulocyte colony-stimulating factor in a murine model of pneumococcal pneumonia: effects of 

lung inflammation and timing of treatment. J. Infect. Dis 2001;183:70-77. [Abstract/FREE Full 

Text] 

5. Janeway CA, Jr, Medzhitov R. Innate immune recognition. Annu. Rev. Immunol 2002; 20:197-

216. [CrossRefMedline] 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=npg&cmd=Retrieve&db=PubMed&list_uids=12015693&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=npg&cmd=Retrieve&db=PubMed&list_uids=8092175&dopt=Abstract
http://iai.asm.org/cgi/ijlink?linkType=ABST&journalCode=jinfdis&resid=184/3/292
http://iai.asm.org/cgi/ijlink?linkType=ABST&journalCode=jinfdis&resid=183/1/70
http://iai.asm.org/cgi/ijlink?linkType=ABST&journalCode=jinfdis&resid=183/1/70
http://iai.asm.org/external-ref?access_num=10.1146/annurev.immunol.20.083001.084359&link_type=DOI
http://iai.asm.org/external-ref?access_num=10.1146/annurev.immunol.20.083001.084359&link_type=DOI


American Journal of BioMedicine 

                                                                                                                 AJBM 2015;3(2): 400–410 
     doi: 10.18081/2333-5106/015-02/400-410 

 

 

 
409 

6. Schluger NW, Rom WN. Early responses to infection: chemokines as mediators of inflammation. 

Curr. Opin. Immunol 1997; 9:504-508. [CrossRef] 

7. Bals R, Hiemstra PS. Innate immunity in the lung: how epithelial cells fight against respiratory 

pathogens. Eur. Respir.J 2004; 23:327-333. [Full Text] 

8. Kimura  A, Naka T, Nakahama T, IChinen I, Masuda K, Nohara K, et al. Aryl hydrocarbon 

receptor in combination with Stat1 regulates LPS-induced inflammatory 

responses.  JEM 2009; 206(9):2027-2035. [Full Text] 

9. Wagage S, John B,  Krock BL, Hall AO, Randall LM. The Aryl Hydrocarbon Receptor Promotes 

IL-10 Production by NK Cells J. Immunol 2014;192:1661-1670. [Full Text] 

10. Vogel CF, Sciullo E, Li W, Wong P, Lazennec G, Matsumura F. RelB, a new partner of aryl 

hydrocarbon receptor-mediated transcription. Mol Endocrinol 2007;21:2941–2955.  [Medline] 

11. Fujii-Kuriyama Y, Ema M, Mimura J, Sogawa K. Ah receptor: a novel ligand-activated 

transcription factor. Exp. Clin. Immunogenet 1994;11:65. [Medline] 

12. Puga A, Tomlinson CR, Xia Y. Ah receptor signals cross-talk with multiple developmental 

pathways. Biochem. Pharmacol 2005; 69:199. [CrossRef] 

13. Apetoh L, Quintana FJ, Pot C, Joller N, Xiao S, Kumar D, Burns EJ, et al. The aryl hydrocarbon 

receptor interacts with c-Maf to promote the differentiation of type 1 regulatory T cells induced 

by IL-27. Nat Immunol 2010;11:854–861. [PubMed] 

14. Karen D. Meeks, Amy N. Sieve, Jay K. Kolls, Nico Ghilardi, Rance E. Berg. IL-23 Is Required for 

Protection against Systemic Infection with Listeria monocytogenes. The Journal of Immunology 

2009; 183(12):8026-8034.  [Abstarct/Full-Text] 

15. Bochud PY, Calandra T, Francioli P . Bacteremia due to viridans streptococci in neutropenic 

patients: a review. Am J Med 1994; 97:256-64. [CrossRef] 

16. Shenep JL. Viridans-group streptococcal infections in immunocompromised hosts. Int J 

Antimicrob Agents 2000;14:129-35. [CrossRef] 

17. Bracale MM, Wonderge RB, Zhou M, Hazen EG. Endotoxemia-suppress cardiac function 

through dysregulation of mitochondrial biogenesis in mice model. American journal of 

BioMedicine 2014; 2(2): 23–336. [Abstarct/Full-Text] 

18. Kimura A, Naka T, Nohara K, Fujii-Kuriyama Y, Kishimoto T. Aryl hydrocarbon receptor regulates 

Stat1 activation and participates in the development of Th17 cells. Proc. Natl Acad.Sci.USA 

2009;105:9721. [Abstract/FREE Full Text] 

19. Kimura A, Naka T, Nakahama T, et al. Aryl hydrocarbon receptor in combination with Stat1 

regulates LPS-induced inflammatory responses. J. Exp. Med. 2008;206:2027. [Abstract/FREE 

Full Text] 

20. Lawrence BP, Roberts AD, Neumiller JJ, Cundiff JA, Woodland DL. Aryl hydrocarbon receptor 

activation impairs the priming but not the recall of influenza virus-specific CD8+T cells in the 

lung. J Immunol 2006;177:5819–5828. [PubMed] 

21. Teske S, Bohn AA, Regal JF, Neumiller JJ, Lawrence BP. Exploring mechanisms that underlie 

aryl hydrocarbon receptor-mediated increases in pulmonary neutrophilia and diminished host 

resistance to influenza A virus. Am J Physiol Lung Cell Mol Physiol 2005;289:111–124. 

[PubMed] 

22. Walisser JA, Glover E, Pande K, Liss AL, Bradfield CA. Aryl hydrocarbon receptor-dependent 

liver development and hepatotoxicity are mediated by different cell types. Proc Natl Acad Sci 

USA 2005;102:17858–17863. [PubMed] 

23. Puga A, Barnes SJ, Dalton TP, Chang C, Knudsen ES, Maier MA. Aromatic hydrocarbon 

receptor interaction with the retinoblastoma protein potentiates repression of E2F-dependent 

transcription and cell cycle arrest. J Biol Chem 2000;275:2943–2950. [PubMed] 

24. Zenewicz LA, Yancopoulos GD,Valenzuela DM, Murphy AJ, Karow M, Flavell RA. Interleukin-22 

but not interleukin-17 provides protection to hepatocytes during acute liver inflammation. 

Immunity 2007;27: 647-659. [CrossRef] 

25. Kimura A, Naka T, Nakahama T, Chinen I, Masuda K, Nohara K, et al. Aryl hydrocarbon receptor 

in combination with Stat1 regulates LPS-induced inflammatory responses. J Exp Med 2009; 

206:2027–2035. [PubMed] 

26. Puga A, Tomlinson CR, Xia Y. Ah receptor signals cross-talk with multiple developmental 

pathways. Biochem. Pharmacol 2005; 69:199.  [CrossRef] 

http://iai.asm.org/external-ref?access_num=10.1016/S0952-7915(97)80102-1&link_type=DOI
https://www.lumc.nl/rep/1070/att/91028021319455/100317000453452.pdf
http://jem.rupress.org/content/206/9/2027?cited-by=yes&legid=jem;206/9/2027
http://jem.rupress.org/content/206/1/43
http://www.ncbi.nlm.nih.gov/pubmed/17823304
http://intimm.oxfordjournals.org/external-ref?access_num=7826667&link_type=MED
http://intimm.oxfordjournals.org/external-ref?access_num=10.1016/j.bcp.2004.06.043&link_type=DOI
http://www.ncbi.nlm.nih.gov/pubmed/20676095
http://www.jimmunol.org/content/183/12/8026.long
http://cid.oxfordjournals.org/external-ref?access_num=10.1016/0002-9343(94)90009-4&link_type=DOI
http://cid.oxfordjournals.org/external-ref?access_num=10.1016/S0924-8579(99)00172-7&link_type=DOI
https://ajbm.net/article/endotoxemia-suppress-cardiac-function-dysregulation-mitochondrial-biogenesis-mice-model/
http://intimm.oxfordjournals.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=105/28/9721
http://intimm.oxfordjournals.org/cgi/ijlink?linkType=ABST&journalCode=jem&resid=206/9/2027
http://intimm.oxfordjournals.org/cgi/ijlink?linkType=ABST&journalCode=jem&resid=206/9/2027
http://www.ncbi.nlm.nih.gov/pubmed/17056506
http://www.ncbi.nlm.nih.gov/pubmed/15792965
http://www.ncbi.nlm.nih.gov/pubmed/16301529
http://www.ncbi.nlm.nih.gov/pubmed/10644764
http://www.jimmunol.org/external-ref?access_num=10.1016/j.immuni.2007.07.023&link_type=DOI
http://www.ncbi.nlm.nih.gov/pubmed/19703987
http://intimm.oxfordjournals.org/external-ref?access_num=10.1016/j.bcp.2004.06.043&link_type=DOI


American Journal of BioMedicine 

                                                                                                                 AJBM 2015;3(2): 400–410 
     doi: 10.18081/2333-5106/015-02/400-410 

 

 

 
410 

27. Kimura A, Naka T, Nohara K, Fujii-Kuriyama Y, Kishimoto T. Aryl hydrocarbon receptor regulates 

Stat1 activation and participates in the development of Th17 cells. Proc. Natl Acad. Sci. USA 

2005;105:9721. [Abstract/FREE Full Text] 

28. Veldhoen M, Hirota K, Westendorf AM, et al. The aryl hydrocarbon receptor links TH17-cell-

mediated autoimmunity to environmental toxins. Nature 2008; 453:106.  [CrossRef] 

29. Joseph SB, Bradley MN, Castrillo A, et al. LXR-dependent gene expression is important for 

macrophage survival and the innate immune response. Cell 2004;119:299.  [CrossRef] 

30. Esser C, Rannug A, Stockinger B. The aryl hydrocarbon receptor in immunity. Trends Immunol 

2009; 30:447.  [CrossRef] 

31. Vorderstrasse BA, Lawrence BP. Protection against lethal challenge with Streptococcus 

pneumoniae is conferred by aryl hydrocarbon receptor activation but is not associated with an 

enhanced inflammatory response. Infect. Immun 2006;74:5679. [Abstract/FREE Full Text] 

32. Hauben E, et al. Activation of the aryl hydrocarbon receptor promotes allograft-specific tolerance 

through direct and dendritic cell-mediated effects on regulatory T cells. Blood 2008;112:1214–

1222.  [PubMed] 

33. Kimura A, Naka T, Nohara K, Fujii-Kuriyama Y, Kishimoto T. Aryl hydrocarbon receptor regulates 

Stat1 activation and participates in the development of Th17 cells. Proc Natl Acad Sci USA 

2008;105:9721–9726.  [PubMed] 

34. Vogel CF, Goth SR, Dong B, Pessah IN, Matsumura F. Aryl hydrocarbon receptor signaling 

mediates expression of indoleamine 2,3-dioxygenase. Biochem Biophys Res Commun 

2008;375:331–335.  [PubMed] 

35. Zhang L, et al. Suppression of experimental autoimmune uveoretinitis by inducing differentiation 

of regulatory T cells via activation of aryl hydrocarbon receptor. Invest Ophthalmol Vis Sci 

2010;51:2109–2117. [PubMed] 

36. Veldhoen M, et al. The aryl hydrocarbon receptor links TH17-cell-mediated autoimmunity to 

environmental toxins. Nature 2008;453:106–109. [PubMed] 

37. Kerkvliet NI, et al. Activation of aryl hydrocarbon receptor by TCDD prevents diabetes in NOD 

mice and increases Foxp3+ T cells in pancreatic lymph nodes. Immunotherapy 2009;1:539–

547.  [PubMed]   

 

 

 

 

      

 

 

 

  American Journal of BioMedicine 

   Journal Abbreviation:  AJBM 

   ISSN: 2333-5106 (Online) 

   DOI: 10.18081/issn.2333-5106 

   Publisher: BM-Publisher 

   Email: editor@ajbm.net  

http://intimm.oxfordjournals.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=105/28/9721
http://intimm.oxfordjournals.org/external-ref?access_num=10.1038/nature06881&link_type=DOI
http://intimm.oxfordjournals.org/external-ref?access_num=10.1016/j.cell.2004.09.032&link_type=DOI
http://intimm.oxfordjournals.org/external-ref?access_num=10.1016/j.it.2009.06.005&link_type=DOI
http://intimm.oxfordjournals.org/cgi/ijlink?linkType=ABST&journalCode=iai&resid=74/10/5679
http://www.ncbi.nlm.nih.gov/pubmed/18550851
http://www.ncbi.nlm.nih.gov/pubmed/18607004
http://www.ncbi.nlm.nih.gov/pubmed/18694728
http://www.ncbi.nlm.nih.gov/pubmed/20007828
http://www.ncbi.nlm.nih.gov/pubmed/18362914
http://www.ncbi.nlm.nih.gov/pubmed/20174617
http://www.bmpublisher.net/

