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Nontranscriptional Activity of Interferon 
Regulatory Factor 3 Protects Mice From 
High-Fat Diet-Induced Liver Injury
Carlos Sanz-Garcia,1 Megan R. McMullen,1 Saurabh Chattopadhyay,2 Sanjoy Roychowdhury,1,3 Ganes Sen,1,3 and  
Laura E. Nagy 1,3,4

Interferon regulatory factor 3 (IRF3) has both transcriptional and nontranscriptional functions. Transcriptional activity 
is dependent on serine phosphorylation of IRF3, while transcription-independent IRF3-mediated apoptosis requires 
ubiquitination. IRF3 also binds to inhibitor of nuclear factor kappa B kinase (IKKβ) in the cytosol, restricting nuclear 
translocation of p65. IRF3-deficient mice are highly sensitive to high-fat diet (HFD)-induced liver injury; however, it 
is not known if transcriptional and/or nontranscriptional activity of IRF3 confers protection. Using a mouse model 
only expressing nontranscriptional functions of IRF3 (Irf3S1/S1), we tested the hypothesis that nontranscriptional activ-
ity of IRF3 protects mice from HFD-induced liver injury. C57BL/6, Irf3−/−, and Irf3S1/S1 mice were fed an HFD for 
12 weeks. In C57BL/6 mice, the HFD increased expression of interferon (IFN)-dependent genes, despite a decrease 
in IRF3 protein in the liver. The HFD had no impact on IFN-dependent gene expression Irf3−/− or Irf3S1/S1 mice, 
both lacking IRF3 transcriptional activity. Liver injury, apoptosis, and fibrosis were exacerbated in Irf3−/− compared to 
C57BL/6 mice following the HFD; this increase was ameliorated in Irf3S1/S1 mice. Similarly, expression of inflamma-
tory cytokines as well as numbers of neutrophils and infiltrating monocytes was increased in Irf3−/− mice compared to 
C57BL/6 and Irf3S1/S1 mice. While the HFD increased the ubiquitination of IRF3, a response associated with IRF3-
mediated apoptosis, in Irf3S1/S1 mice, protection from liver injury was not due to differences in apoptosis of hepato-
cytes or immune cells. Instead, protection from HFD-induced liver injury in Irf3S1/S1 mice was primarily associated 
with retardation of nuclear translocation of p65 and decreased expression of nuclear factor kappa B (NFκB)-dependent 
inflammatory cytokines. Conclusion: Taken together, these data identify important contributions of the nontranscrip-
tional function of IRF3, likely by reducing NFκB signaling, in dampening the hepatic inflammatory environment in 
response to an HFD. (Hepatology Communications 2019;3:1626-1641).

Obesity is a strong risk factor for the devel-
opment of metabolic syndrome and is asso-
ciated with insulin resistance and type 2 

diabetes as well as nonalcoholic fatty liver disease 
(NAFLD)/nonalcoholic steatohepatitis (NASH).(1) 

Activation of the innate immune system is a key 
contributor to the pathogenesis of liver disease in 
obesity. Overnutrition results in microbial dysbio-
sis and impairs the gut barrier, allowing pathogen- 
associated molecular patterns (PAMPs) into the 
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circulation. Further, lipotoxicity of hepatocytes is 
associated with the release of damage-associated 
molecular patterns (DAMPs).(2) Recognition of 
PAMPs and DAMPs by pattern recognition recep-
tors, such as toll-like receptors (TLRs), on immune 
cells activates inflammatory pathways critical to the 
development of NAFLD/NASH.(3,4) Mice deficient 
in TLR4 are partially protected from high-fat diet 
(HFD)-induced liver injury, insulin resistance, and 
inflammation,(5,6) and TLR3-deficient mice are pro-
tected from insulin resistance and hepatic steatosis in 
response to HFD-induced obesity.(7) TLR signaling 
by the myeloid differentiation primary-response pro-
tein (MyD88)-dependent pathway activates multiple 
signaling pathways, including nuclear factor kappa B 
(NFκB), to increase the expression of inflammatory 
mediators.(8) Signaling by the MyD88-independent 
TIR domain-containing adapter-inducing interferon 
β (TRIF)-dependent pathway activates additional 
transcriptional factors, including interferon regula-
tory factor 3 (IRF3), which modulates the expression 
of interferons (IFNs).(9,10)

IRF3-stimulated expression of type 1 IFNs plays 
a key role in the innate immune response against 
viruses.(11,12) While phosphorylation of IRF3 is 
required for IRF3-mediated expression of anti-
viral genes,(12) IRF3 also has phosphorylation/
transcription-independent activities, including an 
IRF3-mediated pathway of apoptosis, termed the 
RIG-I-like receptors-induced IRF3-mediated path-
way of apoptosis.(13) In IRF3-mediated apoptosis, 

ubiquitinated IRF3 complexes with BAX, translocates 
to the mitochondria, where cytochrome c is released, 
resulting in apoptosis.(13) In addition to IRF3-
mediated apoptosis, IRF3 interacts with the kinase 
domain of inhibitor of NFκB kinase β subunit (IKKβ) 
in the cytoplasm; this interaction prevents phosphor-
ylation of IKKβ, thus restricting the release of phos-
phorylated (phospho) p65 from the IKK complex and 
impairing NFκB-dependent expression of inflamma-
tory genes.(14)

While IRF3 is classically associated with protec-
tion from viral infection, recent data also implicate 
a complex role for IRF3 in metabolic liver diseases. 
For example, Irf3−/− mice are protected from chronic 
ethanol-induced liver injury(15,16) and fibrosis.(17) In 
contrast, Irf3−/− mice develop severe hepatic injury, 
enhanced hepatic steatosis, and insulin resistance in 
response to HFDs.(14) Interestingly, increased HFD-
induced liver injury in the Irf3−/− mice is not associated 
with increased adipose inflammation,(18) suggesting a 
liver-specific protective effect of IRF3 in response to 
challenge with HFDs.

Given the multiple functional activities of IRF3, 
it is important to distinguish the specific transcrip-
tional and nontranscriptional roles of IRF3 in met-
abolic liver diseases. The recent development of a 
mouse expressing a mutant Irf3 gene that encodes 
an IRF3 protein lacking key phosphorylation sites 
(SS388/390AA) required for the transcriptional 
function of IRF3,(13,19) termed Irf3S1/S1, has allowed 
investigators to distinguish the transcriptional from 
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nontranscriptional contributions of IRF3 to met-
abolic liver disease. Using these Irf3S1/S1 mice, we 
reported that a nontranscriptional function of IRF3 
contributes to ethanol-induced liver injury in mice; 
IRF3-mediated apoptosis promotes a proinflamma-
tory immune environment in the livers of mice in 
response to acute on chronic ethanol challenge.(16) 
This response was associated with IRF3-mediated 
apoptosis in restorative Ly6Clow monocytes, result-
ing in a shift toward proinflammatory Ly6Chi mono-
cytes and exacerbated liver injury.(16) Making use 
of Irf3S1/S1 mice, here we have tested the hypoth-
esis that nontranscriptional activity of IRF3 is also 
involved in the hepatic response to HFD-induced 
obesity. We find, in contrast to the proinflammatory 
phenotype of the Irf3S1/S1 mice in response to acute 
on chronic ethanol, Irf3S1/S1 mice were protected 
from HFD-induced liver injury. This protection 
was associated with decreased nuclear translocation 
of phospho-p65 to the nucleus and reduced expres-
sion of NFκB-dependent proinflammatory cytokine 
expression.

Materials and Methods
animals anD CaRe

All animals received humane care and all pro-
cedures using animals were approved by the 
Cleveland Clinic Institutional Animal Care and Use 
Committee. Breeding colonies of Irf3−/− and Irf3S1/S1  
on a C57BL/6 background were maintained at the 
Cleveland Clinic.(13,19) Five-week-old male C57BL/6 
mice were purchased from Jackson Laboratories 
(Bar Harbor, ME) or Charles River Laboratories 
(Wilmington, MA). Animals were housed in pairs 
in standard micro-isolator cages and maintained on 
a 12-hour:12-hour light–dark cycle, weighed weekly, 
and food intake per cage measured weekly. Mice were 
weight matched and randomly distributed to chow 
or an HFD. Mice were fed an HFD containing 42% 
kcal from fat and 18.8 kJ/g (TD 88137; Teklad Mills, 
Madison, WI) or a standard diet (chow) containing 
6% fat and 13 kJ/g (TD2918; Teklad Mills, Madison, 
WI).(20) Three independent feeding trials were con-
ducted to collect sufficient material for all the analyses 
included in this study.

At the end of the 12-week HFD feeding proto-
col, mice were fasted for 6 hours and then euthanized. 
Portions of liver and epididymal adipose tissue were 
flash frozen in liquid nitrogen and stored at −80°C, 
preserved in RNAlater (Thermo Fisher Scientific, 
Grand Island, NY), and stored at −20°C until RNA 
isolation or fixed in 10% formalin or frozen in opti-
mal cutting temperature compound (Sakura Finetek 
U.S.A., Inc., Torrance, CA) for histology. Blood was 
transferred to ethylene diamine tetraacetic acid- 
containing tubes for the isolation of plasma. Plasma 
was then stored at −80°C.

Rna isolation anD 
QuantitatiVe Real-time 
polymeRase CHain ReaCtion

RNA was isolated from liver stored in RNAlater 
using RNeasy Mini kits per the manufacturer’s instruc-
tions (Qiagen, Germantown, MD). Two micrograms of 
liver RNA was reverse transcribed and analyzed with 
PowerSYBR quantitative real-time polymerase chain 
reaction (qRT-PCR) kits (Applied Biosystems, Foster 
City, CA) on a QuantStudio5 RT-PCR Machine 
(Applied Biosystems). Relative messenger RNA 
(mRNA) expression was determined using gene-specific 
primers (see Supporting Table S1). Statistical analyses 
were performed on the ∆Ct values (average Ct of gene 
of interest – average Ct of 18S).(21)

BioCHemiCal assays, 
immunoHistoCHemistRy, 
WesteRn Blot analysis, anD 
FloW CytometRy

Detailed methods for biochemical assays, immuno-
histochemistry, western blot analysis, and flow cytom-
etry can be found in the Supporting Materials.

statistiCal analysis
Values shown in all figures represent the 

means  ±  SEM. Analysis of variance was performed 
using the general linear models procedure (SAS, 
Carey, IN). Data were log transformed as necessary to 
obtain a normal distribution. Follow-up comparisons 
were made by least square means testing. P < 0.05 was 
considered significant.
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Results
HFD FeeDing aCtiVateD  
iRF3-DepenDent 
tRansCRiption in liVeR

Expression of the IRF3-dependent genes IFN-
induced protein with tetratricopeptide repeats (IFIT)1 
and IFIT3 were increased by HFD feeding in 
C57BL/6 but not in Irf3−/− and Irf3S1/S1 mice, con-
sistent with the lack of transcriptional activity of 
IRF3 in these genotypes (Fig. 1A). Increased expres-
sion of the IFIT genes in response to HFD feed-
ing occurred despite a reduction in the expression 
of IRF3 protein in livers of C57BL/6 mice com-
pared to chow-fed mice (Fig. 1B), consistent with 
reported results.(14) A similar reduction in IRF3-
immunoreactive protein was observed in the Irf3S1/S1  

mice (Fig. 1B). Reduced IRF3 protein expression was 
independent of changes in Irf3 mRNA (Fig. 1C).  
As expected, Irf3−/− mice showed low expression of 
IRF3 mRNA and protein (Fig. 1B,C).

RestoRation oF 
nontRansCRiptional aCtiVity 
oF iRF3 to Irf3-DeFiCient miCe 
ReDuCeD HFD-inDuCeD liVeR 
inJuRy anD inFlammation But 
not inFlammatoRy Responses 
in aDipose tissue

All genotypes gained more weight on the HFD 
compared to the chow diet. Despite similar or very 
small differences in food intake among genotypes 
(Supporting Fig. S1A,C), the final body weight 
of Irf3−/− and Irf3S1/S1 mice was 10% lower than 

Fig. 1. Hepatic IRF3 activation after HFD feeding. Male C57BL/6, Irf3−/−, and Irf3S1/S1 mice were fed an HFD or chow for 12 weeks. 
(A) Expression of IFIT1 and IFIT3 mRNA was analyzed by qRT-PCR. Values were normalized to 18S and are shown as fold increase 
over the chow-fed C57BL/6 control group, n = 12 per genotype. (B) Expression of IRF3 was assessed by western blot and normalized to 
GAPDH, n = 4 per genotype. (C) Expression of IRF3 mRNA was analyzed by qRT-PCR. Values were normalized to 18S and are shown 
as fold increase over the chow-fed C57BL/6 control group, n = 12 per genotype. Values represent means ± SEM. Values with different 
alphabetical superscripts are significantly different, P < 0.05. Abbreviations: Ch, chow; HF, high fat.
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C57BL/6 mice after HFD feeding (Supporting Fig. 
S1B,D). Kumari et al.(18) also reported a slightly lower 
weight gain in Irf3−/− mice on the HFD compared to 
wild-type mice that was associated with an increase 
in energy expenditure in the Irf3−/− mice compared to 
controls. As expected, HFD feeding impaired glucose 
tolerance; this response was independent of genotype 
(Supporting Fig. S1E-G).

HFD feeding increased the liver injury markers 
alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) in C57BL/6 mice; these responses 
were exacerbated in Irf3−/− mice (Fig. 2A,B). In con-
trast, restoration of the nontranscriptional functions  
of IRF3 in the Irf3S1/S1 mice reduced plasma ALT 
and AST compared to Irf3−/− and C57BL/6 mice  
(Fig. 2A,B). Liver triglyceride content and histologic 
analysis of the livers by hematoxylin and eosin staining 
revealed an accumulation of lipid droplets in hepato-
cytes of C57BL/6 mice after HFD feeding (Fig. 2 C,D).  
However, hepatic triglyceride accumulation was lower 
in Irf3−/− mice compared to C57BL/6 mice (Fig. 2C,D)  
and even further reduced in Irf3S1/S1 mice after HFD 
feeding (Fig. 2C,D). These differences in lipid accu-
mulation between genotypes were not due to dif-
ferences in the ability of hepatocytes to accumulate 
lipid because the accumulation of lipid by primary 
cultures of hepatocytes exposed to palmitic acid (PA) 
was independent of genotype (Supporting Fig. S2). 
Expression of inflammatory cytokines and chemok-
ines is a key pathophysiologic characteristic of HFD-
induced liver injury. Indeed, HFD feeding increased 
the expression of multiple inflammatory mediators 
in the liver, including tumor necrosis factor alpha 
(TNFα), interleukin-1β (IL-1β), and monocyte che-
moattractant protein 1 (MCP-1)/chemokine (C-C) 
motif ligand 2 (CCL2) in C57BL/6 mice (Fig. 2E-G).  
These responses were further increased in Irf3−/− mice, 
but restoration of the nontranscriptional activity of 
IRF3 in the Irf3S1/S1 mice ameliorated inflammation 
induced by HFD feeding (Fig. 2E-G). Similarly, the 
appearance of inflammatory foci was increased in 
Irf3−/− mice compared to C57BL/6 or Irf3S1/S1 mice 
(see insets to Fig. 2D). Taken together, these data sug-
gest that, while the transcriptional activity of IRF3 has 
a role in HFD-induced hepatosteatosis, the nontran-
scriptional activity of IRF3 serves to protect mice from 
HFD-induced inflammation and hepatocellular injury.

Adipose inflammation is another hallmark of the 
metabolic response to HFD feeding. Interestingly, in 

contrast to the impact of the Irf3 genotype on inflam-
matory responses in the liver, HFD feeding increased 
the expression of TNFα, MCP-1, and collagen 6 in 
adipose tissue independently of genotype (Supporting 
Fig. S3A-C). Similarly, crown-like structures were 
increased in adipose tissue in response to HFD feed-
ing in all genotypes (Supporting Fig. S3D). These 
data indicate that the impact of HFD feeding on 
adipose tissue inflammation was independent of Irf3 
genotype.

nontRansCRiptional 
aCtiVity oF iRF3 ReDuCeD 
HFD-inDuCeD HepatoCyte 
apoptosis anD FiBRosis

Hepatocyte apoptosis is considered a key driver 
of HFD-induced liver injury.(22) Accumulation of 
M30, a caspase cleavage product of cytokeratin-18, is 
a specific marker of caspase activation and apoptosis 
in hepatocytes. HFD feeding increased M30 accu-
mulation in C57BL/6 mice; this response was exac-
erbated in Irf3−/− mice (Fig. 3A,B). However, when 
the nontranscriptional activity of IRF3 was restored 
in the Irf3S1/S1 mice, the number of M30-positive 
hepatocytes was equal to that of wild-type mice (Fig. 
3A,B). Inflammation and cellular death are also crit-
ical drivers of fibrosis in liver.(23) Consistent with the 
increased inflammation and apoptosis in Irf3−/− mice 
compared to C57BL/6 and Irf3S1/S1 mice, both sirius 
red staining and expression of collagen 1 α 1 (Col1α1) 
mRNA were elevated in Irf3−/− mice compared to 
C57BL/6 and Irf3S1/S1 mice (Fig. 3C-E). These data 
suggest that the nontranscriptional function of IRF3 
ameliorated hepatocellular apoptosis and fibrosis.

RestoRation oF 
nontRansCRiptional 
aCtiVity oF iRF3 to  
Irf3-DeFiCient miCe ReDuCeD  
HFD-inDuCeD aCCumulation 
oF immune Cells to tHe liVeR

We next asked whether increased expression of 
inflammatory mediators in the liver of Irf3−/− in 
response to HFD feeding was associated with increased 
accumulation of immune cells in the liver.(24,25) HFD 
feeding increased expression of clusters of differenti-
ation (CD)45 mRNA in the liver (Fig. 4A) as well as 
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Fig. 2. Irf3S1/S1 mice reduced HFD-induced liver injury, steatosis, and markers of inflammation. Male C57BL/6, Irf3−/−, and Irf3S1/S1  
mice were fed an HFD or chow for 12 weeks. (A,B) ALT and AST activities were measured in plasma, n  =  12 per genotype.  
(C) Hepatic triglyceride content was measured in whole-liver homogenates, n = 12 per genotype. (D) Paraffin-embedded liver sections 
were stained with hematoxylin and eosin. Images were acquired using 10× and 40× objectives, n = 4 per genotype. Expressions of (E) 
TNFα, (F) IL-1β, and (G) MCP-1 mRNA were analyzed by qRT-PCR. Values were normalized to 18S and are shown as fold increase 
over the chow-fed C57BL/6 control group, n = 12 per genotype. Values represent means ± SEM. Values with different alphabetical 
superscripts are significantly different, P < 0.05.
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the numbers of CD45-positive cells assessed by flow 
cytometric analysis (Fig. 4B) and immunohistochem-
istry (Fig. 4C) in Irf3−/− mice compared to C57BL/6 
and Irf3S1/S1 mice. Many CD45-positive cells were 

found within clusters/inflammatory foci in Irf3−/− 
mice but not C57BL/6 or Irf3S1/S1 mice (Fig. 4C).

Given the increase in CD45+ cells in Irf3−/− livers, 
we then further studied the subpopulations of hepatic 

Fig. 3. Enhanced markers of hepatocellular death and fibrosis in Irf3−/− mice compared with wild-type and Irf3S1/S1 mice after HFD 
feeding. Male C57BL/6, Irf3−/−, and Irf3S1/S1 mice were fed an HFD or chow for 12 weeks. (A,B) Paraffin-embedded liver sections 
were stained for M30, a caspase-dependent cleavage product of cytokeratin 18. Images were acquired using 10× and 40× objectives, and 
the positive area was quantified, n = 4 per genotype. (C,D) Paraffin-embedded liver sections were stained with sirius red. Images were 
acquired using a 40× objective, and the positive area was quantified, n = 4 per genotype. (E) Expression of Col1α1 mRNA was analyzed by 
qRT-PCR. Values were normalized to 18S and are shown as fold increase over the chow-fed C57BL/6 control group, n = 8 per genotype. 
Values represent means ± SEM. Values with different alphabetical superscripts are significantly different, P < 0.05. Abbreviation: Col1α1, 
collagen 1 α 1.

Fig. 4. HFD enhanced CD45+ infiltration in Irf3−/− but not in wild-type and Irf3S1/S1 livers. Male C57BL/6, Irf3−/−, and Irf3S1/S1 
mice were fed an HFD or chow for 12 weeks. (A) Expression of CD45 mRNA was analyzed by qRT-PCR. Values were normalized to 
18S and are shown as fold increase over the chow-fed C57BL/6 control group, n = 8 per genotype. (B) Hepatic CD45+ leukocytes were 
gated in isolated liver NPCs by flow cytometry, and total number of cells were quantified in isolated liver NPCs, n = 4 per genotype.  
(C) Paraffin-embedded liver sections were stained for CD45. Images were acquired using a 20× objective, n = 4 per genotype. Values 
represent means  ±  SEM. Values with different alphabetical superscripts are significantly different, P  <  0.05. Abbreviation: NPC, 
nonparenchymal cell.



Hepatology CommuniCations, December 2019SANZ-GARCIA ET AL.

1634

leukocytes using the gating strategy illustrated in 
Supporting Fig. S4. HFD feeding increased the accu-
mulation of hepatic leukocytes to a greater extent in 
Irf3−/− mice compared to C57BL/6 or Irf3S1/S1 mice. 
Similar responses to diet and genotype were observed 
for the number of neutrophils (Ly6G+) (Fig. 5A), 
infiltrated monocytes (CD11b+) (Fig. 5B), inflamma-
tory monocytes (Ly6Chigh) (Fig. 5C,D), and restor-
ative monocytes (Ly6Clow) (Fig. 5C,E). In contrast, 
the number of Kupffer cells (F4/80+) in the liver was 
independent of diet or genotype (Fig. 5C,F). Taken 
together, these data indicate that the nontranscrip-
tional activity of IRF3 restricted the accumulation of 
neutrophils, inflammatory monocytes, and restorative 
monocytes in the liver after HFD feeding.

ReDuCeD aCCumulation oF 
leuKoCytes in tHe liVeR 
oF Irf3s1/s1 miCe Was not Due 
to inCReaseD apoptosis oF 
immune Cells

We recently reported the nontranscriptional activ-
ity of IRF3-induced apoptosis of a specific population 
of hepatic immune cells in a murine model of acute 
on chronic ethanol-induced liver injury.(16) IRF3-
mediated apoptosis specifically in Ly6Clow restorative 
monocytes resulted in a more proinflammatory envi-
ronment in the liver and exacerbated injury. Increased 
injury was associated with increased ubiquitination of 
IRF3 after ethanol feeding.(16) In contrast to acute 
on chronic ethanol-induced liver injury, HFD feed-
ing did not increase annexin V-positive Ly6Chigh, 
Ly6Clow, or F4/80+ cells in the liver (Fig. 5G-I) or 
increase the ubiquitination of IRF3 (Supporting  
Fig. S5). Taken together, these data indicate that, in 
contrast to ethanol-induced liver injury,(16) ubiqui-
tin-dependent IRF3-mediated apoptosis of innate 
immune cells in the liver does not contribute to 
HFD-induced liver inflammation or injury.

nontRansCRiptional 
FunCtion oF iRF3 ConstRains 
tHe tRansloCation oF  
p65-nFκB to tHe nuCleus in 
Response to HFD FeeDing

NFκB is a master regulator of inflammation 
in NAFLD.(26) Following phosphorylation, p65 

dissociates from the NFκB complex, translocates to 
the nucleus, and activates a proinflammatory tran-
scriptional program. In a murine model of HFD-
induced liver injury, IRF3 was reported to restrict the 
movement of the p65 subunit of NFκB to the nucleus 
through an interaction with IKKβ.(18) However, it 
is not known if this is dependent on the transcrip-
tional or nontranscriptional activity of IRF3. If the 
nontranscriptional function of IRF3 were involved 
in this pathway, then the IRF3 S1 mutant protein 
would be expected to interact with NFκB subunits. 
RAW264.7 macrophages were transfected with empty 
vector, wild-type Irf3, or Irf3 S1 mutant plasmids, and 
the interaction between p65 and IRF3 protein was 
assessed by immunoprecipitation (Fig. 6A) and con-
focal microscopy (Fig. 6B). Both wild-type IRF3 and 
IRF3 S1 associated with p65, indicating that phos-
phorylation of IRF3 is not necessary for interaction 
with p65 (Fig. 6A,B). When RAW264.7 Blue cells, 
expressing secreted alkaline phosphatase (SEAP) 
under the control of NFκB, were challenged with Poly 
(I:C), SEAP activity increased in cells transfected with 
empty vector (Fig. 6C). However, in cells expressing 
either wild-type IRF3 or IRF3 S1, SEAP activity was 
reduced (Fig. 6C), further confirming that both wild-
type IRF3 and IRF3 S1 can restrict the activity of 
NFκB.

In C57BL/6 mice, HFD feeding activated NFκB 
signaling in the liver. Western blot analysis revealed 
that phosphorylation of IKKα/β and p65 were 
increased and the quantity of inhibitor of NF-kappa 
B alpha (IκBα) decreased in HFD-fed mice com-
pared to chow-fed mice. Phospho-p65 was further 
increased in Irf3−/− but not Irf3S1/S1 mice com-
pared to C57BL/6 (Fig. 7A). Immunohistochemical 
analysis also showed that HFD feeding increased 
the phosphorylation of p65 in the liver (Fig. 8A; 
Supporting Fig. S4), increasing the localization of 
p65 in the nuclei of both hepatocytes and non-
parenchymal cells in the liver (Fig. 8A). If IRF3 
restricts the movement of NFκB to the nucleus and 
subsequently reduces NFκB-mediated inflammatory 
responses, then the HFD-induced movement of p65 
to the nucleus should be increased in Irf3−/− mice 
and limited in Irf3S1/S1 mice. Indeed, the accumu-
lation of total phospho-p65 assessed in 10× images 
(Supporting Fig. S6) as well as phospho-p65 in 
hepatocyte and nonparenchymal cell nuclei visual-
ized in 40× images (Fig. 7B) was more abundant 
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in Irf3−/− compared to Irf3S1/S1 mice in response 
to HFD feeding. Similarly, more phospho-p65 was 
found in nuclear extracts from Irf3−/− mice compared 
to C57BL/6 or Irf3S1/S1 mice (Fig. 7C). Elevated 
phospho-p65 in the nucleus in Irf3−/− mice was 
associated with increased expression of mRNA for a 
number of NFκB-mediated inflammatory cytokines 
(Fig. 2E,F) as well as chemokines, including CCL5, 
(C-X-C) motif ligand (CXCL) 10, CXCL2, and 
CCL3 (Fig. 7D). These responses were attenuated 
in the Irf3S1/S1 mice expressing only the nontran-
scriptional activities of IRF3.

While the reduction in inflammatory cyto-
kines (Fig. 2) and chemokines (Fig. 7) in Irf3S1/S1  
mice is consistent with decreased NFκB signal-
ing in immune cells, studies in whole liver can-
not distinguish the specific cell types involved in 

NFκB activity. Therefore, we made use of cultured 
RAW264.7 macrophage-like cells and AML12 
hepatocytes to better understand cell-specific 
responses in the liver. PA alone did not stimulate 
NFκB activity in RAW 264.7 (Fig. 8A) or AML12 
cells (Fig. 8C), consistent with reported results.(27) 
Poly I:C (Figs. 6C and 8A) and lipopolysaccharide 
(Fig. 8A) activated NFκB signaling in RAW264.7 
Blue cells. Similarly, TNFα and Poly I:C increased 
the localization of p65 in the nucleus of AML12 
cells (Fig. 8C). When S1 IRF3 was overexpressed 
in RAW264.7 (Fig. 8B) or AML12 cells (Fig. 8C), 
NFκB activity (Figs. 6C and 8B) and nuclear local-
ization (Fig. 8C) were decreased. Importantly, when 
the p65 (RelA) subunit of NFκB was overexpressed,  
there was a partial restoration of NFκB activity (Fig. 8B)  
and nuclear localization (Fig. 8C).

Fig. 5. Infiltrated immune cell profile after HFD feeding in C57BL/6, Irf3−/−, and Irf3S1/S1 mice. Hepatic leukocytes were examined by 
flow cytometry from male C57BL/6, Irf3−/−, and Irf3S1/S1 mice following an HFD or chow diet for 12 weeks. CD45+ CD11b+ Ly6G+ were 
gated for (A) infiltrating neutrophils (CD45+ CD11b+ Ly6G+) and (B) infiltrating monocytes (CD45+ CD11b+ Ly6G–). (C-E) Infiltrated 
monocytes were gated for (C,D) inflammatory monocytes (CD45+ CD11b+ Ly6Chigh), (C,E) restorative monocytes (CD45+ CD11b+ 
Ly6Clow), and (C,F) Kupffer cells (CD45+ CD11b+ F4/80+), n = 4 per genotype. (G-I) Annexin V+ staining was used to assess apoptosis 
in isolated liver immune cells by flow cytometry for (G) inflammatory monocytes (Ly6Chigh), (H) restorative monocytes (Ly6Clow), and  
(I) Kupffer cells (F4/80+), n = 4 per genotype. Values represent means ± SEM. Values with different alphabetical superscripts are significantly 
different, P < 0.05. Abbreviation: AnxV, annexin V.

Fig. 6. Interaction between IRF3 and NFκB in RAW264.7 macrophages. (A,B) RAW264.7 cells were transfected with EV, V5-tagged 
Irf3 Wt, or Irf3 S1. After 48 hours, cells were (A) lysed, V5.Irf3 immunoprecipitated, and the interaction between IRF3 and the p65 
subunit of NFκB analyzed by immunoblot or (B) fixed and immunostained with anti-V5 and anti-p65 antibodies for analysis by confocal 
microscopy. Arrows indicate the sites of colocalization. Images are representative of at least 20 fields from three independent experiments. 
(C) RAW-Blue cells were transfected with V5-tagged empty vector, Irf3 Wt, or Irf3 S1. After 24 hours, the cells were challenged with 
50 ng/mL Poly (I:C) and NFκB-driven SEAP activity measured in culture media 24 hours later using Quanti-Blue reagent. Values were 
normalized to activity in cells transfected with EV and not treated with Poly (I:C). Values represent means ± SEM, n = 3. *P < 0.05. 
Abbreviations: EV, empty vector; IP, immunoprecipitated; Wt, wild type.
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Discussion
Development of NAFLD/NASH is driven by acti-

vation of innate immune and inflammatory responses. 
However, the mechanisms for the activation of 
these inflammatory responses in response to HFDs 
and obesity are not completely understood. NFκB-
dependent expression of inflammatory cytokines and 
chemokines is a well-characterized pathway critical to 
HFD-induced liver injury.(26) There is also a grow-
ing appreciation that the IRF family of transcrip-
tion factors also contributes to immune responses to 
a variety of metabolic stresses.(28) For example, IRF3 
has recently been implicated as a protective factor 
in HFD-induced liver injury that is associated with 
an interaction between IRF3 and the NFκB com-
plex in the cytosol.(14) Here, using a knockin mouse 
that only expresses the nontranscriptional activity 
of IRF3, we identified that it is the nontranscrip-
tional activity of IRF3 that mediates this interaction 
between NFκB and IRF3 signaling in response to 
HFD feeding. We find that IRF3, independent of its 
phosphorylation-dependent transcriptional activity, 
serves an important anti-inflammatory role in HFD-
induced liver injury by decreasing the translocation 
of p65 to the nucleus and decreasing the expression 
of inflammatory cytokines and chemokines. These 
data highlight the complex interactions between the 
NFκB- and IRF3-mediated inflammatory responses, 
with IRF3 serving to dampen the proinflammatory 
effects of NFκB in the context of HFD-induced liver 
injury.

HFD feeding increased the transcriptional activ-
ity of IRF3, evidenced by enhanced expression of 
the antiviral IFIT genes. However, expression of the 
IFIT genes was not required for the protective impact 
of IRF3 on HFD-induced inflammation or hepato-
cyte injury because Irf3S1/S1 mice, lacking IRF3-
mediated transcriptional activity, were protected from 

HFD-induced increases in ALT/AST, inflammation, 
apoptosis, and fibrosis. Only HFD-induced steatosis 
was modestly protected by the transcriptional func-
tion of IRF3. Increased expression of IFIT genes in 
response to HFD feeding in wild-type mice occurred 
despite decreases in total IRF3 protein expression 
(Fig. 1B).(14)

Although these data indicate that HFD feeding 
potently activates IRF3, the pathways of activation 
are not well understood. While several receptors/
effector molecules upstream of IRF3 activation have 
also been implicated in murine models of NAFLD/
NASH, there are differential contributions to liver 
injury among activation pathways. For example, 
TLR4-deficient mice, lacking both MyD88 and 
TRIF-dependent signaling, are protected from HFD 
or fructose-induced liver injury.(29,30) In contrast, 
mice deficient in TLR3, which signals only through 
TRIF, are protected from steatosis(7) but not from 
inflammation/ hepatocyte injury.(31) MyD88−/− mice 
are also protected from both steatosis and inflam-
mation.(32) In contrast, TRIF, a key intermediate in 
both TLR3 and TLR4 signaling pathways leading 
to the activation of IRF3, differentially increases 
hepatic steatosis while preventing inflammation and 
hepatocyte injury in the choline-deficient amino 
acid-defined (CDAA) mouse model of NASH.(33) 
Although these studies were done in different mod-
els of NAFLD/NASH, including HFD feeding, 
CDAA, and methylcholine-deficient diets, they can 
provide a general indication of the differential con-
tributions among signaling pathways. Taken together 
with our results, these data suggest that there is a 
dichotomous contribution of MyD88 versus TRIF-
dependent signaling in modulating inflammation 
and hepatocyte injury, with MyD88 contributing to 
inflammation and injury and TRIF and IRF3 path-
ways serving anti-inflammatory functions. IRF3 can 
also be activated by stimulator of interferon genes 

Fig. 7. HFD feeding increased the translocation to the nucleus of p65 and expression of NFκB-related genes in Irf3−/− mice. Male 
C57BL/6, Irf3−/−, and Irf3S1/S1 mice were fed an HFD or chow for 12 weeks. (A) Expressions of phospho-IKKα∕β, IKKβ, phospho-p65, 
p65, and IκBα were assessed by western blot and normalized to GAPDH, n = 4 per genotype. (B) Formalin-fixed paraffin-embedded 
sections of liver were deparaffinized, and localization of phospho-p65 was assessed by immunohistochemistry. Images were acquired at 
40×. White arrows indicate nonparenchymal cells, and black arrows indicate hepatocytes. Images are representative of triplicate images 
from eight mice per treatment group. Values represent means ± SEM. (C) Nuclear fractions were isolated from livers, and equal amounts 
of protein were assessed by western blot and probed against phosphor-Ser 536 p65-NFκB. Lamin A/C was used as a nuclei marker, and 
GAPDH was used as a cytosolic marker. (D) Expressions of CCL5, CXCL10, CXCL2, and CCL3 were analyzed by qRT-PCR. Values 
were normalized to 18S and are shown as fold increase over the chow-fed C57BL/6 control group, n = 12 per genotype. Values with 
different superscripts are significantly different from each other, P < 0.05. Abbreviations: Ch, chow; HF, high fat.
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Fig. 8. Overexpression of the RelA subunit of NFκB partially alleviates S1 IRF3-mediated restriction of NFκB activity in RAW264.7 
macrophages and AML12 hepatocytes. (A) RAW264.7 cells were challenged with 100 µM PA complexed to BSA or BSA (vehicle 
control) with or without 50 ng/mL Poly (I:C) or 1 µg/mL LPS. After 24 hours, NFκB-driven SEAP activity was measured in the media. 
(B) RAW-Blue cells were transfected with V5-tagged empty vector or Irf3 S1 with or without an overexpression plasmid for the RelA 
subunit of NFκB. After 24 hours, the cells were challenged with 50 ng/mL Poly (I:C) and NFκB-driven SEAP activity measured in 
culture media 24 hours later using Quanti-Blue reagent. Values were normalized to activity in cells transfected with empty vector and 
not treated with Poly (I:C). Values represent means ± SEM, n = 3. *P < 0.05. (C) AML12 hepatocytes were transfected or not with V5-
tagged Irf3 S1 with or without an overexpression plasmid for the RelA subunit of NFκB. After 24 hours, the cells were challenged with 
50 ng/mL TNFα, 500 µM PA, and 50 ng/mL Poly (I:C). Subcellular localization of p65 was assessed by confocal microscopy. Images are 
representative of triplicate images from three independent experiments. Abbreviations: BSA, bovine serum albumin; EV, empty vector; 
LPS, lipopolysaccharide; NT, no treatment.
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(STING). However, activation of STING promotes 
both inflammation and injury.(34) Interestingly, in 
other model systems, STING is both activated by 
endoplasmic reticulum (ER) stress(17) and induces 
ER stress.(35) This relation to ER stress may con-
tribute to the proinflammatory effects of this path-
way in HFD-induced liver injury.

HFD-induced obesity and metabolic syndrome 
are associated with adipose tissue inflammation; adi-
pose inflammation is typically a strong contributor 
to the development of HFD-induced liver injury.(36) 
Kumari et al.(18) reported that IRF3 regulates expres-
sion of inflammatory cytokines in isolated adipocytes. 
Further, they found that Irf3−/− mice were protected 
from HFD-induced adipose inflammation and insu-
lin resistance after 16 weeks of feeding. This pro-
tection was associated with an increase in browning 
of adipose tissue after long-term HFD feeding.(18) 
Interestingly, in our study using a 12-week HFD-
feeding protocol, HFD-induced glucose intolerance 
and adipose inflammation were independent of Irf3 
genotype, suggesting that there may be time and/or 
disease stage-dependent contributions of IRF3.

IRF3 may also differentially contribute to ethanol 
versus HFD-induced liver injury. In contrast to the 
protective function of IRF3 in HFD-induced liver 
injury, acute on chronic (Gao-binge) ethanol-induced 
liver injury was reduced in Irf3−/− mice.(16) In turn, 
when the nontranscriptional activity of IRF3 was 
restored in the Irf3S1/S1 mice, injury was increased. 
Activation of NFκB was independent of Irf3 geno-
type in acute on chronic ethanol-induced injury,(16) 
unlike the interaction of the nontranscriptional activ-
ity of IRF3 with NFκB in HFD-fed mice. Instead, 
increased ethanol-induced injury in the Irf3S1/S1 mice 
was associated with an IRF3-mediated apoptosis of 
restorative Ly6Clow monocytes that shifted the innate 
immune environment in the liver to a more proin-
flammatory state.(16) In the HFD-feeding model, Irf3 
genotype did not affect apoptosis of immune cells or 
hepatocytes. These differences in the impact of non-
transcriptional activity of IRF3 between ethanol- and 
HFD-induced injury were associated with differences 
in IRF3 ubiquitination; ethanol feeding increased 
ubiquitinated IRF3,(16) while HFD feeding decreased 
ubiquitinated IRF3. In summary, the contributions of 
the nontranscriptional activity of IRF3 are very sen-
sitive to the specific metabolic stressor and can have 
proinflammatory functions through modulation of 

immune cell apoptosis or anti-inflammatory functions 
through restriction of NFκB activity.
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