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Abstract

Several studies have identified the aryl hydrocarbon receptor (AhR) as a negative regulator of the 

innate and adaptive immune responses. However, the molecular mechanisms by which this 

transcription factor exerts such modulatory effects are not well understood. Interaction between 

AhR and RelA/p65 has previously been reported. RelA/p65 is the major NFκB subunit that plays a 

critical role in immune responses to infection. The aim of the present study was to determine 

whether the activation of AhR disrupted RelA/p65 signaling in mouse peritoneal macrophages by 

decreasing its half-life. The data demonstrate that the activation of AhR by TCDD and β-

naphthoflavone (β-NF) decreased protein levels of the pro-inflammatory cytokines TNF-α, IL-6 

and IL-12 after macrophage activation with LPS/IFNγ. In an AhR-dependent manner, TCDD 

treatment induces RelA/p65 ubiquitination and proteosomal degradation, an effect dependent on 

AhR transcriptional activity. Activation of AhR also induced lysosome-like membrane structure 

formation in mouse peritoneal macrophages and RelA/p65 lysosome-dependent degradation. In 

conclusion, these results demonstrate that AhR activation promotes RelA/p65 protein degradation 

through the ubiquitin proteasome system, as well as through the lysosomes, resulting in decreased 

pro-inflammatory cytokine levels in mouse peritoneal macrophages.
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1. Introduction

The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor and a 

member of the bHLH-PAS (basic-helix-loop-helix, Per-Arnt-Sim) superfamily. Upon 

binding to its ligands, AhR translocates from the cytoplasm to the nucleus where it binds to 

xenobiotic response elements (XREs) located in the promoter of its target genes, such as 

cytochrome P450s (CYP1A1, CYP1A2, CYP1B1), NAD(P)H quinone oxidoreductase, and 

UDP-glucuronosyl-transferase 6 [1]. In addition to its role in xenobiotic metabolism, AhR 

has been implicated in several cellular processes, including liver development [2], 

neurogenesis [3], cholesterol and glucose metabolism [4,5], cell proliferation and apoptosis 

[6], and in the homeostasis of the immune system [7-9]. It was shown that AhR modulates 

the adaptive and innate immune responses and has been implicated in the differentiation of 

IL-17-producing helper T cells and Treg cells [10]. AhR might act as a negative regulator of 

the immune system according to several studies. Ahr-null mouse lymphocytes produce more 

IFNγ and IL-12 compared to wild-type (WT) lymphocytes [11]. Moreover, after IFNγ and 

LPS activation, Ahr-null mouse macrophages produce higher levels of IL-1β, IL-6, IL-12, 

and TNF-α than do WT macrophages [12,13]. The latter might explain why Ahr-null mice 

are more susceptible to endotoxic shock induced by LPS [12] and exhibit an exacerbated 

immune response against Leishmania major and Toxoplasma gondii infections [14,15]. 

However, the molecular mechanisms by which AhR modulates macrophage pro-

inflammatory cytokine levels are not well understood.

Rapid activation of an acute inflammatory response in macrophages is essential for innate 

immunity and host defense. Acute macrophage activation is mediated by receptors that sense 

microbial products and activate inflammatory signaling pathways such as Toll-like receptors 

(TLRs) [16]. In particular, TLR4 activation leads to the production of cytokines and other 

inflammatory mediators, including IL-1, IL-6, TNF-α, IL-12 and IFNs [17]. TLR4 signaling 

occurs via the activation of nuclear factor kappa light-chain-enhancer of activated B cells 

(NF-κB), in particular RelA/p65 [18], which is typically involved in the inflammatory 

response. It was shown that Ahr-null alveolar cells present increased NF-κB activity 

compared to WT cells [19]. Moreover, interaction between NF-κB and AhR was observed. 

In particular, the NF-κB subunit RelB was found to be physically associated with AhR in 

U937 macrophage [20], while Tian and collaborators demonstrated a physical association 

between AhR and RelA/p65 in Hepa1c1c7 cells treated with TCDD [21].

The above information suggests a crosstalk between NFκB and AhR pathways that may 

explain the negative modulation exerted by the AhR on the levels of inflammatory cytokines. 

On the other hand, we have shown that AhR activation decrease p53 and c-Fos levels by 

inducing their ubiquitination and proteosomal degradation [22,23]. The foregoing leads us to 

propose that the AhR promote the degradation of RelA/p65 in a similar way as it does with 

p53 and c-Fos.

Therefore, the goal of the present study was to evaluate whether the activation of AhR 

disrupted RelA/p65 signaling by decreasing the RelA/p65 protein levels and/or nuclear 

internalization in mouse macrophages.
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2. Material and methods

2.1. Materials

Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). RPMI-1640 

media, L-glutamine, non-essential amino acids, antibiotics/antimycotics, and sodium 

pyruvate were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). 2,3,7,8-

Tetrachlorodibenzo-p-dioxin (TCDD) was obtained from AccuStandard (New Haven, CT, 

USA). β-Naphthoflavone (βNF), lipopolysaccharides (LPS), MG132 (Z-Leu-Leu-Leu-al), 

actinomycin D (Act D), dimethyl sulfoxide (DMSO), chloroquine (CHL), cycloheximide 

(CHX) and bovine serum albumin (BSA) were purchased from Sigma–Aldrich (St. Louis, 

MO, USA), and recombinant mouse IFNγ was obtained from BD Pharmingen (San Jose, 

CA, USA).

2.2. Animals

The previously described Ahr-null mice [7] were genotyped by polymerase chain reaction 

(PCR). Briefly, genomic DNA was extracted from the tail tip using an extraction buffer 

containing 1.6 μg of proteinase K, 1 M Tris-HCl, pH 8.5, 1 M NaCl, 0.5 M EDTA and 20% 

SDS. To generate a 450-bp fragment (corresponding to the WT) or a 1.5-kb fragment 

(corresponding to the Ahr-null), the following primers were used: forward: 5′-

GGCTAGCGTGCGGGTTTCTC-3′ and reverse: 5′-CTA 

GAACGGCACTAGGTAGGTCAG-3′. The PCR reaction conditions were as follows: 3 min 

of denaturation at 94 °C, 30 cycles of 94 °C for 1 min, 60 °C for 1 min, and 72 °C for 2.5 

min, followed by 72 °C for 10 min for the final extension. The resulting PCR products were 

subjected to electrophoresis in a 2% agarose gel containing ethidium bromide and visualized 

by UV trans-illumination. WT littermates were used as control mice. C57BL/6 mice were 

housed in a pathogen-free facility, fed with autoclaved Purina rodent chow (St. Louis, MO, 

USA), and provided with water ad libitum. All animal studies were performed according to 

the Guide for the Care and Use of Laboratory Animals, as adopted and promulgated by the 

U.S. National Institutes of Health and the Mexican Regulation of Animal Care and 

Maintenance (NOM-062-ZOO-1999, 2001).

2.3. Cell culture and stimulation

Resident macrophages were harvested from the peritoneal cavity of 10- to 13-week-old 

female mice. Briefly, 10 mL of ice-cold sterile PBS pH 7.4 was injected into the peritoneal 

cavity, and the area massaged for 5 min. Cells were collected from five to six mice, pooled, 

and collected by centrifugation at 2000 rpm for 10 min at 4 °C and then washed twice. Cell 

viability was assessed by Trypan blue exclusion. Macrophages were adjusted to 1 × 106 

cell/mL in RPMI-1640 media supplemented with 10% FBS, 2mM L-glutamine, 0.5% non-

essential amino acids, 0.5% sodium pyruvate, 100 U/mL penicillin, and 100 μg/mL 

streptomycin. One milliliter of the cell suspension was transferred into a 12-well polystyrene 

tissue culture plate and incubated for 2 h at 37 °C in humidified air containing 5% CO2. The 

suspended cells were washed twice with RPMI-1640 media, and the remaining adherent 

macrophages were replenished with supplemented RPMI-1640 media. Macrophages were 

activated by adding LPS and IFNγ (1 μg/mL and 20 ng/mL, respectively, 30 min) and 
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treated with βNF (1 μM), TCDD (10 nM) or CHL (10 μM) at the indicated times. DMSO 

was used as a vehicle (< 0.1%, v/v).

2.4. Cytokine quantification

After the macrophage stimulation and treatments, the supernatants were collected and 

secretion of TNF-α and IL-6 (OPtEIA ELISA KIT BD, San Jose, CA, USA) and secretion 

of IL-12/IL-23 (p40) (ELISA MAX Deluxe sets, BioLegend, San Diego, CA, USA) were 

determined by enzyme-linked immunosorbent assays (ELISAs), according to the 

manufacturer's instructions.

2.5. Western blotting

Cultured cells were lysed in 400 μL of buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM 

NaCl, 1 mM EDTA pH 7.4, 1% NP-40, 1% sodium deoxycholate, 10 mM NaF, 10 mM 

Na3VO4, 20 mM glycerol phosphate and minicomplete protease inhibitor cocktail (1 

tablet/10 mL, Roche, Mannheim, Germany). The protein concentrations were determined 

using the Bradford reaction (Bio-Rad, Hercules, CA, USA). Aliquots (50 μg) were 

solubilized in sample buffer (60 mM Tris–HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 

20% glycerol, 2% mercaptoethanol, and 0.001% bromophenol blue) and subjected to 10% 

SDS-polyacrylamide gel electrophoresis at 100 V for 3 h. The proteins were transferred to a 

nitrocellulose membrane using a mini trans-blot device (Bio-Rad, Hercules, CA, USA) at a 

constant voltage of 100 V for 4h in transfer buffer (48 mM Tris–HCl, 39 mM glycine, pH 

8.3, 20% methanol). Following the transfer, the membranes were blocked overnight at 4 °C 

in the presence of 2% nonfat dry milk and 0.5% bovine serum albumin (BSA) in blocking 

buffer (25 mM Tris–HCl, pH 7.5, 150 mM NaCl) and subsequently incubated at 4 °C 

overnight with anti-RelA/p65 (1:500, Cat: sc-372, Santa Cruz Biotechnology, CA, USA) or 

anti-phospho-RelA/p65 (Ser536) (1:4000, Cat: 3033, Cell Signaling Technology, Danvers 

MA, USA) or anti-actin (1:1000, Cat: sc-1616, Zymed, San Francisco, CA, USA) antibodies 

diluted in buffer (25 mM Tris–HCl at pH 7.5, 150 mM NaCl, 0.1% Tween-20, 0.05% nonfat 

dry milk, 0.05% BSA). After washing, the membranes were incubated with their 

corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies: HRP-goat 

anti-rabbit IgG (1:2000, Cat: 81–6120, Thermo Fisher Scientific, Inc., Massachusetts, USA) 

or HRP-rabbit anti-goat IgG (1:2000, Cat: 31402, Thermo Fisher Scientific, Inc., 

Massachusetts, USA) for 3 h at 4 °C. The membranes were washed in TBS, and the 

immunoreactive proteins were detected using an ECL Western blotting detection kit 

(Millipore, Billerica, MA, USA). The integrated optical density of the bands was quantified 

by densitometry using ImageJ Software.

2.6. RelA/p65 ubiquitination assay

The capture of ubiquitinated proteins from peritoneal macrophage cultures was performed 

using tandem ubiquitin binding entities (TUBEs), as previously described [24]. Briefly, cell 

extracts were obtained using 400 μL of lysis buffer (50 mM sodium fluoride, 5 mM sodium 

pyrophosphate, 10 mM glycerol-2-phosphate, 0.2% Nonidet-P40, 2mM EDTA, 20 mM 

Na2HPO4, 20 mM NaH2PO4, 1 mM PMSF, and protease inhibitor cocktail Minicomplete 

[Roche Diagnostic, Indianapolis, IN, USA] at pH 7.5) complemented with 100 μg of 

TUBEs, previously obtained as described [25]. Subsequently, the lysates were centrifuged at 
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13,000 rpm for 10 min at 4 °C, and an aliquot of the supernatant corresponding to the input 

fraction was collected (50 μL). Next, 100 μL of glutathione agarose beads (Sigma–Aldrich, 

St. Louis, MO, USA) and 5 μL of 0.1 M DTT were added and incubated with slow agitation 

at 4 °C overnight. The samples were centrifuged at 12,000 rpm for 5 min at 4 °C, and an 

aliquot corresponding to the flow through fraction was collected. Finally, the pellet obtained 

in the previous step, corresponding to the bound fraction, was washed 3 times with 1 mL of 

0.05% Tween-20. The fractions were loaded onto an SDS-PAGE gel, and RelA/p65 was 

detected by Western blotting, as described in Section 2.5.

2.7. Confocal microscopy

Peritoneal macrophages (5 × 105) were seeded into 35-mm dishes with glass coverslips. 

After 24 h, the cells were treated with LPS/IFNγ (1 μg/mL and 20 ng/mL, respectively) for 

30 min or were pre-treated with 10 nM TCDD for 12 h before LPS/IFNγ followed by 

fixation with 3.5% paraformaldehyde in PBS for 2 h at 4 °C. The fixed cells were 

permeabilized with 0.05% Triton X-100 in PBS for 5 min and blocked for 1 h with 5% BSA 

at room temperature (RT). The cells were then incubated for 2 h with anti-phospho-

RelA/p65 (Ser536) (1:50, Cat: 3033, Cell Signaling Technology, Danvers MA, USA) in 5% 

BSA. The primary antibody was detected with FITC-labeled goat anti-rabbit antibodies 

(1:100, Cat: 65; 6111, Thermo Fisher Scientific, Inc., Massachusetts, USA). F-actin was 

stained with rhodamine–phalloidin (Cat: R415, Thermo Fisher Scientific, Inc., 

Massachusetts, USA) for 15 min at RT and then mounted with Vectashield mounting 

medium with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc., Burlingame, 

CA, USA). Images were captured with a Leica TCS SP8 confocal microscope (Leica 

Microsystems, Wetzlar, Germany).

2.8. Statistical analysis

The results are presented as the mean values ± the standard deviation (S.D.). The statistical 

significance of the data was evaluated using Student’s t-test. In all cases, the differences 

between groups were considered to be statistically significant when the p-value was < 0.05.

3. Results

Several research groups have demonstrated the involvement of AhR in cytokine expression 

in macrophages [12,13,26]. However, the nature of such regulation is not yet well 

understood. The goal of the present study was to determine the mechanism by which AhR 

modulates cytokine levels. The effect of AhR activation by treatment with βNF and TCDD 

on cytokine protein levels was determined in WT macrophages. Both AhR ligands decreased 

LPS/IFNγ-induced TNF-α, IL-6. IL-12 protein levels were only decreased by TCDD 

treatment (Fig. 1). In contrast, similar treatments failed to block the LPS/IFNγ-induced pro-

inflammatory cytokines in Ahr-null macrophages (Fig. 2). These results, together with 

previous data, establish the negative action of AhR on pro-inflammatory cytokine levels 

[11,14,26]. TNFα, IL-6, and IL-12 gene expression is under p65/p50 regulation, also known 

as RelA/p65 [27], which is the most frequently activated form of NF-κB in TLR signaling. 

Therefore, the effect of TCDD on RelA/p65 protein levels was evaluated. Peritoneal 

macrophages treated with TCDD resulted in decreased RelA/p65 protein levels. This effect 
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was observed after 4 h of treatment, and was maintained for 12 h (Fig. 3A). In contrast, 

TCDD failed to decrease RelA/p65 protein levels when Ahr-null peritoneal macrophages 

were used (Fig. 3B). TCDD induced RelA/p65 degradation, though it was incomplete, this is 

most likely because RelA/p65 present a dynamic protein turnover, with a half-life of around 

6 h [28]. Therefore, we investigated whether the inhibition of de novo protein synthesis 

exacerbates RelA/p65 protein degradation after AhR activation. Peritoneal macrophages 

were treated with 10 nM TCDD for 4, 8, and 12 h, followed by cycloheximide treatment (10 

μg/mL) for 6 h before RelA/p65 protein levels were determined. Treatment with TCDD 

significantly decreased RelA/p65 levels at 4 h. At the later time points, RelA/p65 signal was 

no longer detected (Fig. 3C). Approximately 80–90% of proteins undergo proteasome 

degradation [29]. Thus, the role of proteasome 26S on RelA/p65 degradation was evaluated. 

MG132, an inhibitor of the catalytic core of the proteasome, blocks the TCDD-dependent 

degradation of RelA/p65, suggesting that AhR activation promotes the degradation of this 

transcription factor by the 26S proteasome (Fig. 3D). Since the identification of proteins by 

the 26S proteasome requires prior ubiquitination, the effect of TCDD on the ubiquitination 

of RelA/p65 from WT and Ahr-null macrophages was determined. TCDD treatment for 12 h 

resulted in an increase in RelA/p65 ubiquitinated forms in macrophages from WT mice (Fig. 

4A). In contrast, this effect was not observed when Ahr-null macrophages were treated with 

TCDD, indicating that TCDD-induced ubiquitination is also AhR dependent (Fig. 4B).

We previously found that AhR promotes p53 and c-fos ubiquitination and proteasome 

degradation through induction of the Ubch7 gene, encoding an E2 ubiquitin conjugating 

enzyme [22,23]. Therefore, the role of AhR transcriptional activity on RelA/p65 

ubiquitination was investigated. WT peritoneal macrophages were co-treated with 

actinomycin D (a transcription inhibitor) and TCDD, and RelA/p65 protein and ubiquitin 

levels were then determined. Under this treatment scheme, TCDD failed to promote 

RelA/p65 ubiquitination and degradation (Fig. 5A and B). These results suggest that AhR 

transcriptional activity is required for RelA/p65 ubiquitination.

Given that the activation of the AhR partially promotes the degradation of RelA/p65, it was 

determined whether this decrease is sufficient to affect the levels of active RelA/p65. For it, 

peritoneal macrophages from WT mice were treated with TCDD before activating the cells 

with LPS and IFNγ. The levels of phosphorylated RelA/p65 protein (P-RelA/p65) were 

determined by Western blotting. P-RelA/p65 protein levels were diminished by TCDD after 

8 h and 12 h of treatment (Fig. 6A). Accordingly, confocal images confirmed the activation 

of RelA/p65 after LPS and IFNγ treatment as revealed by its nuclear internalization. Similar 

to the Western blot results, treatment with TCDD decreased the P-RelA/p65 signal (Fig. 6B). 

In contrast to these results, TCDD treatment failed to decrease the P-RelA/p65 levels when 

Ahr-null macrophages were used (Fig. 7), confirming the AhR dependence of this effect. 

Interestingly, the Ahr-null macrophages presented P-RelA/p65 signal in control conditions 

without stimulus, suggesting that the absence of AhR promotes RelA/p65 phosphorylation.

TCDD treatment promotes RelA/p65 degradation after 4 h (Fig. 3A). However, 

ubiquitination was observed only after 12 h, which suggests an alternative degradation 

pathway. Autophagy, an evolutionarily conserved lysosome-dependent system in eukaryotes, 

also plays a role in protein turnover. During autophagy, the targeted proteins are delivered 
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into double-membrane autophagosomes for lysosomal degradation. Therefore, we 

investigated whether this degradation system was involved in the TCDD-dependent 

RelA/p65 protein degradation at the early time points. TCDD treatment at 4 h and 8 h 

induced the formation of lysosome-like membrane structures (Fig. 8A). Washing the cell 

cultures resulted in a decrease in the number of vacuoles, a property of autophagosomes [30] 

(Fig. 8B). Additionally, treatment with chloroquine, a lysosome inhibitor, blocked the 

RelA/p65 protein degradation induced by TCDD (Fig. 8C). Taken together, these results 

suggest that TCDD also induces lysosome-dependent RelA/p65 protein degradation.

4. Discussion

Macrophages play a significant role in immunity by controlling the secretion of multiple 

cytokines, which normally act in a protective manner. However, these same cytokines are 

associated with many acute and chronic inflammatory diseases. Several studies have 

established that AhR acts as a negative regulator of the immune response by inhibiting the 

expression of inflammatory cytokines [12,13], but the mechanism is not well understood. 

Therefore, the goal of the present study was to investigate whether AhR regulates cytokine 

expression in peritoneal mouse macrophages by modifying the RelA/p65 protein levels.

Initially, the protein levels of pro-inflammatory cytokines in peritoneal macrophages of WT 

mice were measured. The induction of TNF-α, IL-6 and IL-12 after LPS and 

IFNγstimulation was inhibited by activation of AhR. In contrast, βNF and TCDD failed to 

inhibit the pro-inflammatory cytokine induction when Ahr-null macrophages were used. 

Moreover, after LPS and IFNγ stimulation, Ahr-null macrophages presented up to 3.8 and 

16 times more TNF-α and IL-6, respectively, than WT macrophages. These data are 

consistent with previous results showing that after 24 h of LPS treatment, Ahr-null 

macrophages produce higher TNF-α, IL-6 and IL-12 protein levels compared to WT cells 

[12] and confirm the negative regulatory function of AhR over the pro-inflammatory 

cytokine levels.

Others proposed that AhR negatively regulates pro-inflammatory cytokines by suppressing 

NF-κB transcriptional activity through interaction with STAT1 [12]. Alternatively, AhR 

might act by promoting RelA/p65 protein degradation. We previously reported that 

activation of AhR mediates the ubiquitination and proteasome degradation of p53 and c-Fos 

by inducing the expression of UbcH7 (also known as Ube2L3 or UbcM4), an E2 ubiquitin 

enzyme [22,23]. Treatment of WT macrophages with the AhR agonist TCDD resulted in the 

ubiquitination of RelA/p65, together with a decrease in protein level. In contrast, TCDD 

failed to induce these effects when Ahr-null macrophages were used. Additionally, inhibition 

of the 26S proteasome blocked the TCDD-in-duced RelA/p65 protein degradation. Taken 

together, these data indicate that activation of AhR promotes RelA/p65 protein 

ubiquitination and degradation by the ubiquitin proteasome system (UPS).

Inhibition of transcription abrogates RelA/p65 protein ubiquitination and degradation 

mediated by AhR, indicating that the transcriptional activity of AhR may be required. These 

data also suggest that, as in the case of c-Fos and p53, AhR might induce the expression of 

an ubiquitin enzyme involved in RelA/p65 ubiquitination. RelA/p65 is ubiquitinated for 
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proteasome degradation in the cytosol by PPARγ [31-33]. It can also be tagged with 

ubiquitin in the nucleus by the SOCS1/COMMD1 complex [34-36], PDLIM2 [37] and 

UbcH3 [28]. Therefore, overexpression of one or more of these ubiquitinating enzymes can 

lead to an increase in the degradation of RelA/p65 via UPS. Considering the above, we are 

currently investigating whether the expression of any of these genes is under the control of 

AhR.

Recently, it was shown that AhR is part of the cullin 4B ubiquitin ligase complex, involve in 

estrogen receptor α and androgen receptor degradation [38]. Therefore, in addition to the 

possibility of inducing the expression of ubiquitinating proteins, the AhR might promote the 

degradation of RelA/p65 through being part of a ubiquitinating complex.

TCDD promotes RelA/p65 ubiquitination after 12 h of treatment. However, a decrease in 

RelA/p65 protein levels was observed after 4 h of treatment, indicating the potential 

involvement of another degradation pathway, different from UPS. Autophagy describes a 

group of at least three evolutionary conserved cellular degradation processes in eukaryotes 

that deliver cytoplasmic constituents for lysosomal degradation [39]. Among them, 

macroautophagy is characterized by de novo formation of a double membrane engulfed 

vesicle (autophagosomes) which then fuses with lysosomes for the degradation of its cargo 

[40]. TCDD treatment also results in the reversible formation of vacuoles in peritoneal 

macrophages after 4 h, and inhibition of lysosomal activity abrogates the RelA/p65 protein 

degradation induced by TCDD after 4 and 8 h of treatment, indicating that TCDD also 

promotes RelA/p65 lysosomal degradation. These results are supported by recent studies 

showing that RelA/p65 is also degraded by macrophagy [41,42] and that NF-κB activation 

represses autophagy [43].

The AhR-induced RelA/p65 proteasomal degradation, as was expected, affects the level of 

activated RelA/p65, as revealed by Western blot and confocal microscopy imaging. LPS and 

IFNγ activated macrophages presented a 60% and 90% decrease in P-RelA/p65 levels after 

8 and 12 h, respectively, of TCDD pretreatment, when compared to controls. Interestingly, 

confocal microscopy analysis also showed that Ahr-null macrophages presented a signal for 

P-RelA/p65 under control conditions, suggesting that absence of AhR promotes the 

phosphorylation of RelA/p65. This observation is in agreement with a previous report 

showing that non-activated Ahr-null macrophages presented higher levels of pro-

inflammatory cytokines compared with WT cells [13]. The reason for this is unknown. 

However, an explanation could be found in the role that the AhR interacting protein (AIP) 

plays in regulation of the NF-κB signaling pathway. Recently, it was shown in T cells that 

through its interaction with CARMA1, AIP enhances the formation of the CARMA1-

BCL10-MALT1 complex (CBM), promoting NFκB activation [44]. In macrophages, the 

CBM complex is essential for dectin-sky-induced NFκB activation [45]. Therefore, the 

absence of AhR might result in increased free AIP, favoring its interaction with CARM1, 

with its consequent increase in inflammatory cytokines. Alternatively, AhR might block the 

NFκB signaling pathway through its interaction with IKK α as Kurita and collaborators 

recently showed [46]. Therefore, the absence of AhR would promote a greater availability of 

IKKα, which in turn favors NF-κB activation.
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In conclusion, AhR activation promotes RelA/p65 protein degradation through the UPS, as 

well as through lysosomes, resulting in a decreased pro-inflammatory cytokine level in 

mouse macrophages. To our knowledge, this is the first report that establishes a relationship 

between AhR, RelA/p65 ubiquitination and lysosomal degradation. More studies are needed 

to identify the putative ubiquitin enzymes under the regulation of the AhR that are involved 

in RelA/p65 ubiquitination and to determine whether the absence of AhR would promote a 

greater availability of IKKα and free AIP together with NF-κB signaling activation in 

macrophages.
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Fig. 1. 
Effect of βNF and TCDD on pro-inflammatory cytokine levels in WT mouse macrophages. 

Peritoneal macrophages (1 × 106 cells/mL) from WT mice were activated with LPS and 

IFNγ together (1 μg/mL and 20 ng/mL, respectively) and treated with 1 μM βNF or 10 nM 

TCDD. After 12 h, TNF-α (A), IL-6 (B), and IL-12 (C) protein levels from supernatant 

cultures were determined by ELISA. DMSO was used as a control. The results are expressed 

as the mean ± S.D. of three independent experiments. *p < 0.05.
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Fig. 2. 
Effect of βNF and TCDD on pro-inflammatory cytokine levels in Ahr-null mouse 

macrophages. Peritoneal macrophages (1 × 106 cells/mL) from Ahr-null mice were activated 

with LPS and IFNγ together (1 μg/mL and 20 ng/mL, respectively) and treated with1 μM 

βNF or 10 nM TCDD. After 12 h, TNF-α (A), IL-6 (B), and IL-12 (C) protein levels from 

supernatant cultures were determined by ELISA. DMSO was used as a control. The results 

are expressed as the mean ± S.D. of three independent experiments.
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Fig. 3. 
TCDD induces RelA/p65 26S proteasome-dependent degradation. Peritoneal macrophages 

(1 × 106 cells/mL) from WT (A) or Ahr-null (B) mice were treated with 10 nM TCDD. C) 

WT peritoneal macrophages were treated with cycloheximide (CHX, 10 μg/mL) for 6 h to 

inhibit the de novo protein synthesis and harvested at the indicated times. D) WT peritoneal 

macrophages were co-treated with 10 nM TCDD and 25 μM MG132 at the indicated times. 

RelA/p65 protein levels were determined by Western blot. Representative blots and 

densitometric scanning of the blots are shown. DMSO was used as a control and β-actin as a 

loading control. The data are presented as the mean ± S.D. of three independent 

experiments. *p < 0.05, control vs. treatments.
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Fig. 4. 
AhR activation promotes RelA/p65 ubiquitination. Peritoneal macrophages (1 × 106 

cells/mL) from WT (A) and Ahr-null (B) mice were treated with 10 nM TCDD for 4, 8 and 

12 h, and ubiquitinated proteins were captured using TUBEs, as described in the Material 

and Methods section. RelA/p65 was evaluated by Western blot. DMSO was used as a 

control. Representative blots of each fraction (Input, Flowthrough and Bound) 

corresponding to three independent experiments are shown.
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Fig. 5. 
RelA/p65 protein ubiquitination and degradation induced by TCDD depend on the 

transcriptional activity. Peritoneal macrophages (1 × 106 cells/mL) from WT mice were 

pretreated with 10 mg/mL actinomycin-D for 10 min, followed by treatment with 10 nM 

TCDD at the indicated times. RelA/p65 protein (A) and ubiquitinated levels (B) were 

determined using TUBEs and Western blot. Representative blots and densitometric scanning 

of the blots are shown. DMSO was used as a control and βactin as a loading control. The 

data are presented as the mean ± S.D. of three independent experiments.
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Fig. 6. 
TCDD promotes P-RelA/p65 degradation in WT mouse macrophages. Peritoneal 

macrophages (1 × 106 cells/mL) from WT mice were pretreated with 10 nM TCDD at the 

indicated times and activated with LPS/IFNγ (1 μg/mL and 20 ng/mL, respectively) for 30 

min. Control cultures were activated with LPS/IFNγ. A) P-RelA/p65 and RelA/p65 were 

determined by Western blot. Representative blots and densitometric scanning of the blots are 

shown. β-Actin was used as a loading control. The data are presented as the mean ± S.D. of 

three independent experiments. *p < 0.05, control vs. treatments. B) Representative confocal 

microscopy images of P-RelA/p65 are shown after macrophage activation only or after 12 h 

of TCDD pretreatment and LPS/IFNγ. P-RelA/p65, actin, and DAPI were visualized as 

green, red, and blue, respectively. DMSO was used as a control. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 7. 
TCDD failed to promote P-RelA/p65 degradation in Ahr-null mouse macrophages. 

Peritoneal macrophages (1 × 106 cells/mL) from Ahr-null mice were pretreated with 10 nM 

TCDD at the indicated times and activated with LPS/IFNγ (1 μg/mL and 20 ng/mL, 

respectively) for 30 min. Control cultures were activated with LPS/IFNγ. A) P-RelA/p65 

and RelA/p65 were determined by Western blot. Representative blots and densitometric 

scanning of the blots are shown, β-actin was used as a loading control. The data are 

presented as the mean ± S.D. of three independent experiments. B) Representative confocal 

microscopy images of P-RelA/p65 are shown after macrophage activation only or after 12 h 

of TCDD pretreatment and LPS/IFNγ. P-RelA/p65, β-actin, and DAPI were visualized as 

green, red, and blue, respectively. DMSO was used as a control. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 8. 
TCDD induces RelA/p65 lysosome-dependent degradation. Peritoneal macrophages (1 × 

106 cells/mL) from WT mice were visualized by phase contrast microscopy after 10 nM 

TCDD treatment (A) and after cell cultures were washed and cultured for another 12 h in 

fresh control media (B). The arrows point to vacuoles. C) Peritoneal macrophages (1 × 106 

cells/mL) from WT mice were treated with 10 nM TCDD or were co-treated with 10 nM 

TCDD and 10 μM chloroquine (CQ) at the indicated times, and RelA/p65 protein levels 

were determined by Western blot. Densitometric scanning of the blots are shown. DMSO 

was used as a control and β-actin as a loading control. The results are expressed as the mean 

± S.D. of three independent experiments. *p < 0.05, control vs. treatments.

Domínguez-Acosta et al. Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2019 June 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Material and methods
	Materials
	Animals
	Cell culture and stimulation
	Cytokine quantification
	Western blotting
	RelA/p65 ubiquitination assay
	Confocal microscopy
	Statistical analysis

	Results
	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

