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ABSTRACT

Acetaminophen (APAP) overdose results in high morbidity and mortality, with limited treatment options. Increased
understanding of the cellular signaling pathways activated in response to toxic APAP exposure is needed to provide insight
into novel therapeutic strategies. Toxic APAP exposure induces hepatic nuclear factor kappa B (NFjB) activation. NFjB
signaling has been identified to mediate the proinflammatory response but also induces a prosurvival and regenerative
response. It is currently unknown whether potentiating NFkB activation would be injurious or advantageous after APAP
overdose. The NFjB inhibitory protein beta (IjBb) dictates the duration and degree of the NFjB response following exposure
to oxidative injuries. Thus, we sought to determine whether IjBb/NFjB signaling contributes to APAP-induced hepatic injury.
At late time points (24 h) following toxic APAP exposures, mice expressing only IjBb knock-in mice (AKBI mice) exhibited
increased serologic evidence of hepatic injury. This corresponded with increased histologic injury, specifically related to
sinusoidal dilatation. When compared with wild type mice, AKBI mice demonstrated sustained hepatic nuclear translocation
of the NFjB subunits p65 and p50, and enhanced NFjB target gene expression. This included increased expression of
interleukin-6 (Il-6), a known contributor to hepatic sinusoidal dilation. This transcriptional response corresponded with
increased plasma protein content of Il-6, as well as increased activation of signal transducer and activator of transcription 3.
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Acetaminophen (N-acetyl-p-aminophenol, APAP) overdose is
one of the most common toxic drug exposures, resulting in
40%–70% of the acute liver failure cases in the United States
and Europe (Bernal and Wendon, 2013; Bernal et al., 2015).
Current treatment strategies are limited to supportive care and
N-acetylcysteine, a therapeutic which rapidly loses efficacy
when not delivered early after APAP exposure(Yoon et al., 2016).
There is an urgent need to investigate the cellular signaling
and molecular mechanisms that occur during later phases of
injury after APAP, in order to identify alternative treatment
strategies.

The sequence of cellular events leading to hepatotoxicity af-
ter APAP overdose has been studied by many. Hepatic damage
is mediated by increased inflammatory and oxidative stress
(Yoon et al., 2016). APAP overdose results in accumulation of the
toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI; Yoon
et al., 2016). This compound can be inactivated by conjugation
with the antioxidant glutathione (GSH; Yoon et al., 2016).
However, excess NAPQI binds cellular proteins, inducing mito-
chondrial dysfunction and resulting in increased oxidative
stress (Yoon et al., 2016). Toxic APAP doses also can deplete he-
patic antioxidant enzymes (AOEs) and antioxidants including
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GSH, exacerbating oxidative stress (Yan et al., 2018). This oxida-
tive stress activates redox sensitive signaling pathways, perpet-
uating the inflammatory response and inducing necrosis and
cell death (Yan et al., 2018). One proinflammatory pathway that
is activated after APAP is the nuclear factor kappa B (NFjB) sig-
naling pathway (Yan et al., 2018).

Evidence is clear that hepatic NFjB activation occurs after
toxic APAP exposure (Chowdhury et al., 2020; Ding et al., 2016; Ko
et al., 2017; Long et al., 2020). Active NFjB signaling increases the
transcription for a myriad of inflammatory cytokines and che-
mokines, as well as proteins that regulate cell survival and apo-
ptosis (Hayden and Ghosh, 2008; Zhang et al., 2017). It has been
demonstrated that several interventions that attenuate hepatic
injury after toxic APAP exposure are associated with decreased
NFjB activation and downstream cytokine generation (Ding
et al., 2016; Horng et al., 2017; Ko et al., 2017; Long et al., 2020;
Yuan et al., 2016). However, NFjB activation after APAP exposure
is not always detrimental, as it is important for signaling liver
regenerative pathways (Chowdhury et al., 2020; Yang et al., 2011,
2012). Thus, it is currently unclear if potentiating NFjB activa-
tion after APAP exposure would be injurious or beneficial.

To clarify, the nuanced role of NFjB activation after APAP ex-
posure requires evaluation of the specific components of the
NFjB signaling cascade. Under control conditions, NFkB subu-
nits are cloistered in the cytoplasm by the inhibitory proteins,
IkappaB alpha (IjBa), and IkappaB beta (IjBb). After exposure to
damage-associated molecular patterns and pathogen-associ-
ated molecular patterns, activity of the IjB kinases increases,
which phosphorylate IjBa and IjBb (Taniguchi and Karin, 2018;
Zhang et al., 2017), targeting them for degradation. Following
degradation of these inhibitory proteins, NFjB dimers translo-
cate to the nucleus and drive transcription. Each NFjB inhibi-
tory protein selectively regulates NFkB dimer composition and
subsequent gene expression (Hayden and Ghosh, 2008).
Enhancing or blocking these specific NFjB components after
APAP exposure could provide insight into the molecular mecha-
nisms of APAP-induced hepatoxicity; however, such investiga-
tions have been relatively limited.

The specific role of IjBb in mediating APAP-induced hepato-
toxicity warrants investigation, as it has both the cytoplasmic
inhibitory role described above, as well as a nuclear role in sus-
taining expression of a subset of NFjB target genes following ac-
tivation (Rao et al., 2010; Scheibel et al., 2010). With
reaccumulation following cytosolic degradation, both IjBa and
IjBb enter the nucleus. The NFjB inhibitory protein a (IjBa) con-
tains a nuclear export sequence and acts to remove transcrip-
tionally active NFjB dimers from the nucleus (Huang et al.,
2000). In contrast, IjBb does not contain a nuclear export se-
quence, and acts to stabilize active DNA-bound NFjB dimers, in-
creasing transcription of a subset of NFjB target genes,
including interleukin-6 (Il-6; Scheibel et al., 2010). We have pre-
viously shown that mice expressing only IjBb and no IjBa dem-
onstrate sustained NFjB activation in response to oxidative
stress, resulting in increased expression of specific target genes
including Il-6 (McKenna et al., 2014; Michaelis et al., 2014).
Therefore, we sought to determine the role of IjBb/NFjB signal-
ing in the hepatic response to toxic APAP exposure.

MATERIALS AND METHODS
Murine model of toxic APAP exposure

Adult (6–8 week old) male Institute of Cancer Research mouse
strain (ICR) mice (purchased from Tacoma) were used for wild

type (WT) mice with normal expression of both the IjBa and
IjBb genes. IjBb knock-in mice (AKBI mice) (generous gift from
Richard Cohen, Harvard University) were also used. These IjBb

knock-in mice have been previously described (Cheng et al.,
1998). Briefly, the IjBa gene is replaced by IjBb complementary
deoxyribonucleic acid (cDNA). Thus, AKBI mice overexpress
IjBb and do not express the inhibitory protein IjBa at baseline.
Mice were fasted overnight prior to exposure. ICR and AKBI
were exposed to APAP at a dose of 280 mg/kg, delivered intra-
peritoneally (IP); dissolved in phosphate-buffered saline. Mice
were sacrificed, and blood and organs were collected 8 and 24 h
after exposure. The blood was collected by a cardiac puncture
through a closed chest. Then, 10 ml of normal saline was
injected into the right ventricle to perfuse the lungs. Liver sam-
ples were collected and processed for biochemical, transcrip-
tomic, and histologic analysis all as described below. All
procedures were approved by the IACUC at the University of
Colorado (Aurora, Colorado). Treatment, care, and handling of
the mice were in accordance with the National Institutes of
Health guidelines for ethical animal treatment.

Serum alanine aminotransferase and high mobility
group B1 measurements

Serum alanine aminotransferase (ALT) was quantitatively deter-
mined by using a colorimetric endpoint method according to the
manufacturer’s instructions, using an ALT (SGPT) reagent (Teco
Diagnostics). Serum high mobility group B1 (HMGB1) was measured
by ELISA following the accompanying protocol (MyBiosource).

Histologic evaluation of APAP-induced hepatic injury

A section of liver was processed by fixing with 4% paraformal-
dehyde, then paraffin-embedded. Hepatic sections were cut
(5mm) and stained with hematoxylin and eosin at the University
of Colorado Denver Morphology and Phenotyping Core.
Histopathological scoring of the liver tissue was performed by a
trained histologist blinded to the treatments or grouping of ani-
mals, as previously described (Martin-Murphy et al., 2013;
Sandoval et al., 2019). Briefly, the APAP-induced liver injury sys-
tem used relied on 3 semiquantitative and 1 quantitative crite-
ria. These criteria including: (1) extent and locale of necrosis (0–
5 scale: how big the necrotic foci are, where they are found,
does the necrosis occupy the whole lobule?), (2) the extent of in-
flammatory cell infiltrate (0–5 scale: how many cells are ob-
served and in which zone are they present), (3) the extent of
centrilobular sinusoidal dilatation (0–2 scale: how wide are the
centrilobular sinusoids in comparison to the width of a murine
red blood cell), and (4) measurement of the serum ALT all as in-
dicated in Martin-Murphy et al. (2013) A full description of the
scoring is listed in Table 1.

Hepatic GSH fluorescent detection

Whole liver tissue was homogenized. Hepatic lysates were col-
lected in tissue protein extraction reagent (T-PER) (ThermoFisher
Scientific). GSH contents were quantified using the GSH fluores-
cent detection kit according to manufacturer instructions
(ThermoFisher Scientific).

GSH peroxidase activity level

The activity level of GSH peroxidase (GPx) was determined indi-
rectly by a coupled reaction with GSH reductase, as previously
described (Sherlock et al., 2020). Briefly, 20 mg of liver was lysed
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in buffer with 1 mM sodium azide to block endogenous catalase
activity. This was added to a reaction buffer with GSH reduc-
tase, reduced GSH, and NADPH. Hydrogen peroxide was used to
catalyze the reaction, which was then monitored at 340 nm on a
microplate reader. GPx activity was calculated using Lambert-
Beer’s law and activity was normalized to WT control values.

Thioredoxin reductase activity level

The activity level of thioredoxin reductase (Trxrd) was determined
indirectly by a coupled reaction with NADPH and 5, 5- dithio-bis-
(2-nitrobenzoic acid), as previously described and using manufac-
turer instructions (Cayman Chemicals). Activity was normalized to
WT control values.

Isolation of mRNA, cDNA synthesis, and analysis of
relative mRNA levels by real-time quantitative PCR

Frozen liver was added to tubes with RLT buffer (Qiagen). This
was then homogenized using the Bullet Blender (NextAdvance).
Hepatic messenger ribonucleic acid (mRNA) was subsequently
isolated from this by using the RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions. Hepatic RNA was
assessed for purity and concentration using a NanoDrop
(ThermoFisher Scientific). Next, cDNA was synthesized using the
Verso cDNA synthesis Kit (ThermoFisher Scientific). Then, rela-
tive mRNA levels were measured by quantitative real-time PCR
using exon spanning primers (Table 2), TaqMan gene expression,
and StepOnePlus Real-Time PCR System (Applied Biosystems).
Relative quantitation was determined via normalization to the
endogenous control 18S using the cycle threshold (DDCt) method.

Preparation of whole liver lysate and cytosolic/nuclear
extracts and Western blot

Frozen liver was added to T-PER with phosphatase and protease
inhibitor (1:100) and then homogenized using the Bullet Blender
(NextAdvance). Cytosolic and nuclear extracts were electro-
phoresed on a 4%–12% polyacrylamide gel (Invitrogen). Proteins
were transferred to an Immobilon membrane (Millipore) and
blotted with antibodies (Table 3). Blots were imaged using the

LiCor Odyssey imaging system and densitometric analysis was
performed using ImageStudio (LiCor).

Statistical analysis

We used the null hypothesis that no difference existed between
treatments. We evaluated data using 1-way ANOVA for multiple
groups with potentially interacting variables (time, APAP expo-
sure). All groups contained at least 4 animals. Statistical signifi-
cance between and within groups determined by means of
Dunnett’s method of multiple comparisons. To compare similar
time points after exposure between genotypes, student’s t tests
were used. Statistics were evaluated using Prism (GraphPad
Software, Inc). Statistical significance was defined as p< .05.

RESULTS
Baseline Expression of Hepatic NFjB Inhibitory Proteins
is Different in AKBI Mice. Hepatic Expression of APAP
Metabolizing Enzyme CYP2E1 is Similarly Expressed to
WT Mice

First, we measured the hepatic protein content of the NFjB inhibi-
tory proteins, IjBa and IjBb. As expected, in comparison to WT
mice, AKBI mice have undetectable IjBa protein content and twice
the IjBb protein content (Figs. 1A–C). Prior reports illustrate these
mice are phenotypically similar to WT mice, with similar lifespans
and fertility. However, we sought to determine if there was any
difference in expression of key xenobiotic enzymes important for
metabolizing APAP between genotypes. Thus, we next evaluated if
there was any baseline difference in CYP2E1 hepatic transcription
or protein content in the liver of unexposed WT and AKBI mice.
There was no difference in the mRNA (Figure 1D) or protein con-
tent (Figs. 1A and 1E).

AKBI Mice Demonstrate a Delayed but Exaggerated
Biochemical Injury After APAP

Next, we assessed circulating markers of liver injury in WT and
AKBI mice following a single toxic APAP exposure (280 mg/kg, IP).
Circulating ALT increased in WT mice at both 8 and 24 h after

Table 1. Description of Histolopathological Scoring Criteria, as Previously Published By Martin-Murphy et al. (2013)

1. Histopathological evaluation for necrosis included, but was not limited to, assessing the distribution and extent of cell death (hepatocytes
and nonparenchymal cells). Lesions were graded on a semiquantitative scale:
0, Normal
1, Rare foci of necrotic cells in centrilobular zones (no more than 1–2 sites per section)
2, Few necrotic foci (less than half of centrilobular zones had sites of necrosis)
3, Many/diffuse centrilobular zones with necrosis (confined to centrilobular zone only)
4, Diffuse centrilobular to midzonal necrosis
5, Diffuse submassive to massive necrosis (most or almost all of lobule was necrotic)

2. The extent of inflammatory cellular infiltration into the liver was examined using the same liver samples as for histopathology. Cellular infiltra-
tion was graded visually on a semiquantitative scale:
0, No influx
1, Rare inflammatory cells (no more than 1–3 cells in 1 or 2 centrilobular zones per section)
2, Few inflammatory cells (1–5 cells in <50% of centrilobular zones)
3, Moderate inflammatory cell infiltration (5–15 cells in most centrilobular zones)
4, Marked inflammatory cell infiltration (>15 cells in most centrilobular to midzonal areas)
5, Severe inflammatory cell infiltration (too numerous to count and infiltrating most of lobule)

Note: In all cases where inflammation is noted, please identify the cell type
3. Sinusoidal dilation on a semiquantitative scale:

0, Normal or approximately 1 RBC wide
1, Dilated to 2–3 RBCs wide, mainly in the centri-lobular area (zone 3)
2, Grossly dilated or beyond 3 RBCs in diameter in zones 3 and 2
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APAP exposure (Figure 2A). We found that the rise in serum ALT
was lower in AKBI mice compared with WT mice at 8 h. In con-
trast, at 24 h following APAP exposure, circulating ALT values were
significantly higher in AKBI mice, with a percentage increase of
103% compared with WT values at this time (Figure 2A). Similarly,
the rise in HMGB1 was lower in AKBI compared with WT mice at
8 h, but significantly higher at 24 h after injury (increase of 273%
compared with WT values) (Figure 2B). These results demonstrate
that following toxic APAP exposure, AKBI mice demonstrated a
delayed but exacerbated rise in serologic markers of hepatic injury
when compared with similarly exposed WT mice.

AKBI Mice Exhibit Worse Hepatic Necrosis Than WT
Mice After Toxic APAP Exposure

Next, we performed histologic evaluation for necrosis and in-
flammatory injury in the liver after toxic APAP exposure in both
WT and AKBI mice. Blinded histopathologic analysis revealed
that necrosis (Figure 3E), inflammatory infiltration (Figure 3F),
and sinusoidal dilation (Figure 3G) increased in both WT and
AKBI mice livers at 8 and 24 h after APAP exposure. However,
the AKBI mice exhibited higher hepatic necrosis and sinusoidal
dilation scores than WT mice at 24 h (Figs. 3E and 3G). These
results demonstrate that at later time points following toxic
APAP exposure, AKBI mice have increased hepatic necrosis
and sinusoidal dilation compared with similarly exposed WT
mice.

AKBI Mice Have Increased Hepatic Transcription for
Oxidative Stress Responsive Genes

Oxidative stress contributes to APAP-induced hepatic injury
(Yan et al., 2018). Prior work demonstrates APAP impairs hepatic

AOEs including GPx and Trxrd, as well as depletes total hepatic
GSH (Jan et al., 2014; Lores Arnaiz et al., 1995). Thus, we interro-
gated antioxidant activity and AOE expression at 24 h of expo-
sure when AKBI hepatic injury was greatest. Interestingly, we
observed that control AKBI mice had 13% lower hepatic GSH lev-
els than WT mice at baseline (Figure 4A). However, we found
that the total decrease in hepatic GSH observed at 24 h after
APAP exposure was similar in WT and AKBI mice (Figure 4A).
After observing a decrease in hepatic GSH at baseline between
strains, we subsequently evaluated if there was a difference in
the transcription of the enzymes required for GSH biosynthesis,
glutamate-cysteine ligase catalytic subunit (Gclc), and
glutamate-cysteine ligase modifier subunit (Gclm). The mRNA
expression of Gclc (Figure 4B) and Gclm (Figure 4C) was similar
in unexposed control WT and AKBI mice. We next evaluated the
AOE activity levels of GPx and Trxrd, as they have been reported
to decrease at early time points after toxic APAP doses(Jan et al.,
2014; Lores Arnaiz et al., 1995). Hepatic GPx activity decreased in
both WT and AKBI mice 24 h after APAP exposure (Figure 4B);
however, activity was significantly lower in AKBI mice than WT
(Figure 4D). In contrast, hepatic Trxrd activity was similar to
control levels in both WT and AKBI mice 24 h after APAP expo-
sure (Figure 4E). Next, we measured the transcriptional re-
sponse in oxidative stress-responsive genes after APAP. We
found Nqo1 increased in both WT and AKBI mice at both 8 and
24 h, but the increase in AKBI mice was significantly greater
than that of the WT mice at 24 h, being 168% higher (Figure 4D).
Furthermore, we found Gclc and Trxrd1 both increased in WT
and AKBI mice at 8 h (Figs. 4E and 4F). At 24 h after APAP expo-
sure, Gclc and Trxrd1 were statistically similar to WT control
mice, but remained increased in AKBI mice (Figs. 4E and 4F).
These data demonstrate that the AKBI hepatic antioxidant sys-
tem continues to be affected by toxic APAP exposure extending
to these late time points.

AKBI Mice Demonstrate Sustained Hepatic Nuclear
Translocation of NFjB Subunits After APAP Exposure

We next evaluated APAP-induced hepatic NFjB signaling in
both WT and AKBI mice, focusing on these later time points. We
compared NFjB activation within each genotype. In WT mice,
there was no evidence of hepatic IjBa or IjBb degradation at
8 or 24 h after APAP exposure (Figs. 5A–C). AKBI mice were con-
firmed to not express hepatic IjBa under control conditions or
after APAP (Figs. 5A and 5B). In AKBI mice, we observed hepatic
IjBb degradation at 24 h after APAP exposure (Figs. 5A and 5C).
Next, we evaluated hepatic nuclear extracts for the transloca-
tion of the NFjB subunits p50 and p65. In WT mice, there was
no evidence of nuclear translocation of p50 or p65 at either 8 or
24 h of exposure (Figs. 5D–F). In contrast, we found increased
p50 and p65 in hepatic nuclear extracts from AKBI mice follow-
ing 24 h of APAP exposure (Figs. 5D–F).

AKBI Mice Exhibit a Delayed but Exaggerated Hepatic
Transcriptional Induction of NFjB Target Genes

After observing increased nuclear translocation of p50 and p65
after 24 h of APAP exposure in AKBI mice, we evaluated the he-
patic transcriptional response for NFjB target genes. First, we
found that Nos2 did not significantly increase in WT mice at 8 or
24 h but did statistically increase in AKBI mice at 24 h (Figure 6A).
Additionally, Il-1B was increased in both WT and AKBI mice at
8 and 24 h but had 276% higher values in AKBI mice compared
with WT mice at 24 h (Figure 6B). Tnf was increased in WT mice

Table 2. List of Genes and Primers Used for Quantitative PCR
Analysis

Target Assay ID

Nqo1 Mm01253561_m1
Gclc Mm00802655_m1
Trxrd1 Mm0049766_m1
Nos2 Mm00440502_m1
Il1b Mm01336189_m1
Tnf Mm00443258_m1
Cxcl1 Mm04207460_m1
Ccl2 Mm00441242_m1
Ccl3 Mm99999057_m1
Icam Mm00516023
Il6 Mm00446190_m1
18s Mm03928990_g1

Table 3. List of Antibodies Used for Western Blot Analysis

Antibody Vendor Catalog Number

Anti-GAPDH Cell Signaling Technology 5174
Anti-IjBb Thermofisher Invitrogen PA1-32136
Anti- IjBa Cell Signaling Technology 4814
Anti-p65 Cell Signaling Technology 8242
Anti-p50 Abcam ab32360
Anti-HDAC1 Cell Signaling Technology 5356
Anti-P-stat3 Cell Signaling Technology 9145
Anti-Stat3 Cell Signaling Technology 12 640

Abbreviation: GAP DH, glyceraldehyde 3-phosphate.
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Figure 1. Time course of serologic evidence of acetaminophen-induced hepatic injury in wild type (WT) and AKBI mice. WT and AKBI (IkappaB beta [IjBb] knock-in

mice) unexposed mice were evaluated. A, Representative Western blot of nuclear factor kappa B inhibitory proteins IkappaB alpha (IjBa) and IjBb, as well as CYP2E1, in

hepatic lysates, with total protein shown as loading control. Densitometric analysis of B, IjBa and C, IjBb in hepatic lysates. D, Fold change hepatic mRNA expression
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expressed as mean 6 SEM; *p < .05 versus unexposed WT-controls.
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at 8 and 24 h but only increased in AKBI mice at 24 h (Figure 6C).
Tnf values were 174% higher in AKBI mice compared with WT
mice at 24 h, although the increase at 24 h was not statistically
different between WT and AKBI mice (p¼ .051). Cxcl1, Ccl2, and
Ccl3 were increased in WT mice at 8 and 24 h and were only in-
creased in AKBI mice at 24 h (Figs. 6D–F). The increase in AKBI
mice at 24 h was significantly greater than the increase in WT
mice, by 326% for Cxcl1, 276% for Ccl2, and 193% by Ccl3. Next, we
measured the adhesion molecule Icam1, and found it only in-
creased in WT mice at 24 h after APAP (Figure 6G). In contrast, it
increased at 8 and 24 h after APAP in AKBI mice and AKBI Icam1
values were 135% higher than WT mice at 8 h (Figure 6G).
Finally, we measured Il-6 and found it was increased in WT mice
at 8 h and remained increased but trending down at 24 h. In con-
trast, Il-6 was only increased in AKBI mice at 24 h and was 260%
higher than WT values at this time (Figure 6H). These data

indicate a greater induction of NFjB target genes in AKBI mice
24 h after APAP injury.

AKBI Mice Exhibit Increased Circulating Il-6 and Hepatic
Signal Transducer and Activator of Transcription 3
Activation

Prior preclinical and clinical work demonstrates that high plasma
Il-6 is associated with severe APAP injury (Bonkovsky et al., 2018;
Bourdi et al., 2007; James et al., 2005). Additionally, Il-6 and the sig-
naling pathways that it activates are reported to drive drug-
induced and systemic inflammatory-induced hepatic sinusoidal
dilation, which was prominent in the AKBI mice (Marzano et al.,
2015; Robinson et al., 2013). Thus, we next sought to explore if the
increase in hepatic Il-6 transcription was associated with an in-
creased circulating Il-6 or signal transducer and activator of tran-
scription 3 (STAT3) activation, which is a pathway activated by Il-
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Figure 3. Time course of acetaminophen (APAP)-induced hepatic injury in wild type (WT) and AKBI mice. WT and AKBI (IkappaB beta knock-in mice) were exposed to
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6. Because our data demonstrated hepatic Il-6 transcription was
increased in AKBI mice by 24 h, we focused our assessment at
this timepoint. As Il-6 is secreted into the circulation, we first
measured plasma Il-6 and found it was increased in both WT and
AKBI mice 24 h after APAP exposure (Figure 7A). However, the in-
crease was significantly higher in AKBI mice, with an increase of
130% compared with WT values. Next, we measured hepatic
phosphorylated STAT3 (pSTAT3) and total STAT3. Hepatic
pSTAT3 and STAT3 content increased in both WT and AKBI mice
after APAP exposure (Figs. 7B–D). The ratio of pSTAT3/STAT3 was
only significantly elevated in AKBI mice (Figs. 7B and 7E). These
data indicate that there is a greater induction of Il-6 as well as he-
patic STAT3 activation in AKBI mice after APAP.

DISCUSSION

APAP overdose remains common and there are limited treat-
ment options. Investigation of the hepatic signaling pathways
that are activated after APAP exposure is urgently needed to
identify future therapeutic agents. We sought to determine the
role of the NFjB inhibitory proteins IjBb and IjBa in the hepatic
response to toxic APAP exposure. We found that sustained IjBb/
NFjB signaling exaggerated biochemical injury after toxic APAP
exposure, with an increase in serologic markers for hepatic in-
jury 24 h after exposure. Consistently, this was paralleled by

worse histopathologic markers of hepatic injury, including ne-
crosis and sinusoidal dilatation. AKBI mice demonstrated sus-
tained APAP-induced hepatic IjBb/NFjB signaling with a robust
hepatic transcriptional response in NFjB target genes
Importantly, this included increased expression of Il-6 at late
time points. Finally, AKBI exhibited increased hepatic STAT3
signaling at late time points, with an increased phosphorylated
STAT3/total STAT3 ratio. Collectively, these findings indicate
that sustained NFjB activity mediated by IjBb contributes to
APAP-induced injury.

Our first important observation is that IjBb knock-in mice
demonstrated worse serologic and histologic injury at late time
points after exposure to a single toxic APAP exposure. This coin-
cided with an elevated and sustained expression of hepatic cy-
tokine and oxidative stress-responsive genes at late time points
after APAP exposure in comparison to WT mice. These findings
indicate that sustained IjBb/NFjB can contribute to APAP-
induced hepatotoxicity. Our results are consistent with the ob-
servation that increased NFjB activation and associated proin-
flammatory response is associated with greater hepatotoxicity
after APAP exposure (Jiang et al., 2017; Yang et al., 2012).
Furthermore, several therapeutic strategies that result in de-
creased NFjB signaling are associated with attenuated serologic
and histologic damage after APAP (Ding et al., 2016; Horng et al.,
2017; Ko et al., 2017; Long et al., 2020; Yuan et al., 2016). In
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addition, our results add to growing evidence that IjBb enhan-
ces the proinflammatory response after certain stimuli.
Specifically, IjBb knock-out mice demonstrate lower circulating
cytokines after endotoxemia as well as collagen-induced arthri-
tis (Rao et al., 2010). This is further supported by in vitro experi-
ments with IjBb knock-out peritoneal macrophages and bone
marrow-derived macrophages, which demonstrated decreased
cytokine response after LPS (Rao et al., 2010). Our findings impli-
cate IjBb as an important driver of the late phase proinflamma-
tory response following APAP exposure.

We also found IjBb overexpression resulted in decreased he-
patic GSH at baseline. We found this was not a result of de-
creased transcription of Gclc or Gclm, 2 of the essential enzymes
for GSH synthesis. Hepatic GSH stores are important for conju-
gating to and inactivating the toxic metabolite NAPQI (Yoon
et al., 2016). Prior studies indicate GSH overexpression is protec-
tive and GSH depletion exacerbates injury induced by APAP ex-
posure (Botta et al., 2008; McConnachie et al., 2007; Pu et al.,
2019). However, in this study, the basal decrease in hepatic GSH
for AKBI mice was modest (13%), and the decline after APAP ex-
posure was not exaggerated in AKBI mice, so it cannot be con-
cluded that this limited difference drives the exaggerated injury
after APAP. We did observe an increase in several oxidative
stress-responsive genes, including Nqo1, Gclc, and Trxrd1 in the
livers of AKBI mice compared with WT mice, which supports
the conclusion that AKBI mice exhibit increased oxidative stress
after APAP. The prior research demonstrating the interplay be-
tween NFjB activation and oxidative stress is strong (Morgan

and Liu, 2011; Nathan and Cunningham-Bussel, 2013). Several
NFjB targets are prooxidant, such as Nos2, which may contrib-
ute to increased generation of free radicals after insult (Morgan
and Liu, 2011; Nathan and Cunningham-Bussel, 2013).
Additionally, the AKBI liver exhibited decreased activity of the
AOE GPx after APAP, which we speculate may hinder the capac-
ity to detoxify reactive oxygen species. Future work will need to
investigate the cellular and compartmental source of oxidative
stress in mice with IjBb overexpression after APAP.

This work emphasizes that the precise role of IjBb in medi-
ating the cellular response to injurious stimuli is nuanced.
Despite the worse outcomes at late time points after APAP, the
IjBb knock-in mice demonstrated attenuated serologic and his-
tologic markers of injury at an earlier time point (8 h) after APAP
exposure. This is consistent with several publications
that demonstrated a protective benefit in IjBb knock-in mice.
It has been reported that IjBb overexpressing mice exhibit de-
creased organ injury after hyperoxia-induced lung injury and
angiotensin-2-induced hypertension and myocardial injury
(McKenna et al., 2014; Michaelis et al., 2014; Xu et al., 2011). Prior
work also reveals that the protection secondary to IjBb overex-
pression can be hepatic specific, as AKBI mice exhibit improved
survival and decreased hepatic inflammatory cytokine produc-
tion after endotoxin-induced shock and hepatic ischemia/reper-
fusion injury (Fan et al., 2004; McKenna et al., 2015). Collectively,
our work adds to prior studies indicating that the IjB isoforms
play specific roles in determining whether NFjB signaling is
protective or deleterious, and depends on the time point,
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Figure 5. Toxic acetaminophen (APAP) exposure induces sustained hepatic nuclear factor kappa B (NFjB) signaling in AKBI mice. Wild type (WT) and AKBI (IkappaB
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mg/kg, IP). D, Representative Western blot of NFjB subunits p50 and p65 in hepatic nuclear extracts, with total protein shown as loading control. Densitometric analy-
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specific insult, and organ considered. It is unclear in this study
if the delayed increase in biochemical, histological, and hepatic
inflammatory cytokines after APAP exposure in the AKBI mice
is secondary to the absence of IkBa or the overexpression of
IjBb. Future work will need to clarify the nuanced roles of the
abundance and ratio of NFjB inhibitory proteins after insult.

Our next important observation is that mice exclusively
expressing the inhibitory protein IjBb demonstrated increased
hepatic transcription of several inflammatory cytokines includ-
ing Il-6 at 24 h after APAP exposure. The increased hepatic tran-
scription of Il-6 coincided with higher levels of circulating Il-6.
Consistent with greater Il-6 expression, APAP-exposed AKBI
mice demonstrated increased hepatic STAT3 activation. Prior
work interrogating the role of Il-6/STAT3 activation after APAP
is nuanced. Il-6 knock-out mice demonstrate decreased STAT3
activation, worse injury, and impaired hepatic regeneration af-
ter APAP, indicating that some Il-6/STAT3 signaling is necessary
for liver repair (James et al., 2003). However, our results add to
the growing body of evidence demonstrating that exaggerated

Il-6/STAT3 activation is associated with worse hepatic injury
and outcomes after APAP overdose. Several prior studies dem-
onstrate that increased Il-6 induction and hepatic STAT3 activa-
tion correlate with greater hepatotoxicity after APAP exposure
(Bhushan et al., 2014; Numata et al., 2007). It has been reported
that therapeutic strategies that improve hepatic injury after
APAP also result in decreased Il-6 production (Guo et al., 2019;
Lee et al., 2019; Shi et al., 2012; Zhan et al., 2020). Additionally, ad-
ministration of an Il-6 neutralizing antibody attenuated APAP-
induced hepatic injury in genetically modified mice that dem-
onstrate an exaggerated Il-6 response (Bourdi et al., 2007).
Finally, other models such as partial hepatectomy demonstrate
that overactive Il-6/STAT3 is associated with impaired liver gen-
eration and histopathologic damage (Torbenson et al., 2002;
Wüstefeld et al., 2000). Importantly, increased hepatic Il-6 and
STAT3 have been observed in mice with sinusoidal dilation af-
ter drug exposure to chemotherapeutic agents including 5-fluo-
rouracil and oxaliplatin (Robinson et al., 2013). The AKBI mice
also demonstrated increased sinusoidal dilation compared with
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Figure 6. Hepatic nuclear factor kappa B (NFjB) transcriptional response to acetaminophen (APAP) exposure in wild type (WT) and AKBI mice. WT and AKBI (IkappaB
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WT mice, supporting a relationship between exaggerated Il-6/
STAT3 and sinusoidal dilation after APAP. Further work will
need to dissect the temporal and dose-specific relationships to
identify what degree of Il-6/STAT3 activation is necessary for
liver generation, and if there are therapeutic windows where
anti-Il-6 therapy may improve outcomes.

The role of Il-6 in APAP-induced damage in our study and
other preclinical reports is consistent with clinical data from
patients with APAP overdose. Data from the Acute Liver Failure
Study Group demonstrated that Il-6 increases after APAP and
that higher plasma Il-6 levels after APAP overdose are observed
in patients with worse Model for End Liver Disease (MELD)
scores (�20; Bonkovsky et al., 2018; James et al., 2005; Li et al.,
2010). Notably, the clinical reports also indicate that the NFjB
and STAT3-dependent cytokine monocyte chemoattractant
protein-1 (MCP-1) increases significantly after APAP overdose
and is associated with higher transaminitis, longer prothrombin
time, and worse MELD scores. This is consistent with our results
demonstrating an increase in hepatic Ccl2, the gene for MCP-1,
in AKBI mice, and supports our observation that an overactive
NFjB-associated inflammatory response may be associated
with greater injury (Bonkovsky et al., 2018; James et al., 2005).

There are several limitations for this study. Further work is
necessary to determine the cell type-specific role of the IjB iso-
forms in determining the degree and duration of the NFjB re-
sponse, and this article evaluates the whole liver response
without delving into which cell type is responsible. Here, we
only evaluated male mice. As it has been established that fe-
male mice have decreased susceptibility to APAP exposure, we
used male mice to model the most extensive injury in WT mice
allowing us to evaluate whether injury would be exacerbated in

AKBI mice (Du et al., 2014). Additionally, we did not confirm
APAP exposure was similar between genotypes by measuring
plasma levels of APAP, although we did use a consistent tech-
nique for preparing and administering the APAP. As the AKBI
mice demonstrate a robust PSTAT3/STAT3 response, one could
speculate that their hepatic regeneration response is intact, and
that they would recover at later time points. However, we did
not observe later points to determine the role of the IjB iso-
forms in recovery from injury. Evaluating later time points in
conjunction with evaluating apoptosis and markers of cellular
regeneration would strengthen our current observations. With
this in mind, we only evaluated a toxic dose of APAP in which
liver regeneration occurs, and our observations could be
strengthened if repeated at a range of doses to determine if
IjBb/NFjB signaling enhances susceptibility to injury at lower
doses.

In conclusion, we demonstrate that sustained APAP-induced
hepatic NFjB activation in IjBb knock-in mice is associated
with serologic evidence of increased hepatic injury and in-
creased histologic injury including sinusoidal dilatation. The
greater degree of liver injury occurred in conjunction with an
exaggerated hepatic proinflammatory response, as well as in-
creased Il-6 expression and STAT3 activation. Collectively, these
data indicate that targeting sustained NFjB activation mediated
by IjBb may attenuate hepatic injury at later time points follow-
ing toxic APAP exposure.
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