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Abstract
Background—The identification of the cellular and molecular pathways that mediate the
development of non-alcoholic steatohepatitis is of crucial importance. Cytokines produced by
liver-resident and infiltrating inflammatory cells, play a pivotal role in liver inflammation. The
role of the proinflammatory cytokines IL-1α and IL-1β in steatohepatitis remains elusive.

Aims & Methods—We employed IL-1α and IL-1β-deficient mice and transplanted marrow cells
to study the role of liver-resident and bone marrow-derived IL-1 in steatosis and its progression to
steatohepatitis.

Results—Atherogenic diet-induced steatohepatitis in wild-type mice was associated with 16 and
4.6 folds-elevations in mRNA levels of hepatic IL-1α and IL-1β, respectively. In mice deficient in
either IL-1α or IL-1β the transformation of steatosis to steatohepatitis and liver fibrosis was
markedly reduced. This protective effect in IL-1α-deficient mice was noted despite increased liver
cholesterol levels. Deficiency of IL-1α markedly reduced plasma serum amyloid A and steady-
state levels of mRNA coding for inflammatory genes (P-selectin, CXCL1, IL-6, TNFα) as well as
pro-fibrotic genes (MMP-9 and Collagen) and particularly a 50% decrease in TGFβ (p=0.004).
IL-1α mRNA levels were 2 folds lower in IL-1β-deficient mice, and IL-1β transcripts were 3 folds
lower in IL-1α-deficient compared to wild-type mice. Hepatic cell derived IL-1α rather than from
recruited bone marrow-derived cells is required for steatohepatitis development.
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Conclusions—These data demonstrate the critical role of IL-1α and IL-1β in the transformation
of steatosis to steatohepatitis and liver fibrosis in hypercholesterolemic mice. Therefore, the
potential of neutralizing IL-1α and/or IL-1β to inhibit development of steatohepatitis should be
explored.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) encompasses steatosis, non-alcoholic
steatohepatitis (NASH) and cirrhosis, in the absence of alcohol abuse. Our understanding of
the key factors that mediate the transformation of steatosis to steatohepatitis and liver
fibrosis remains incomplete.[1] According to the "two-hit" hypothesis, "first hit" steatosis
sensitizes the liver to induction of inflammation that may lead to the development of
steatohepatitis.[2] There is increasing evidence supporting an important role for cytokines,
including interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-α in various aspects of
inflammatory liver diseases.[3, 4] These cytokines are produced in the liver by Kupffer cells
and hepatocytes, playing roles in lipid metabolism and hepatic inflammation.[5–7] Other
cell types, including invading bone marrow-derived macrophages and neutrophils, can also
produce inflammatory cytokines that promote liver damage.[8, 9] IL-1α and IL-1β and the
specific receptor antagonist (IL-1Ra) exert their effect upon binding to IL-1 receptor type I
(IL-1RI).[10] Binding of IL-1α or IL-1β to IL-1RI, induces expression of a variety of pro-
inflammatory genes, including autocrine amplification of IL-1 production.[10] IL-1α and
IL-1β are synthesized as precursors and their processing to mature forms requires specific
cellular proteases. The precursor of IL-1β (preIL-1β) is only active as a mature secreted
molecule after cleavage by caspase-1.[5],[11] In contrast, IL-1α exerts its effects both in the
mature and the precursor (preIL-1α) forms when binding to its receptor.[12] PreIL-1α is also
active as a nucleus associated protein and in its membrane-associated form.[10] We have
hypothesized that the different sub-cellular compartments in which active IL-1α and IL-1β
are present dictate different biological functions of these molecules.[13, 14] IL-1α belongs
to a newly recognized group of dual-function cytokines that play a role in the nucleus apart
from their extracellular, receptor-mediated effects.[15, 16] When released from dying cells,
IL-1α initiates sterile inflammation, acting as a damage-associated molecular pattern
molecule.[8, 13] While the role of IL-1Ra in lipid metabolism and fatty liver has been
studied in vivo with conflicting results [17, 18], the specific role of IL-1α and IL-1β in fatty
liver has not been determined yet. We have recently shown that IL-1α from non-bone
marrow derived cells plays a role in lipid metabolism.[19] In the present work, we
conducted studies employing IL-1α and IL-1β deficient mice to determine the effect of IL-1
deficiency on development of steatosis and steatohepatitis.

Methods
Animals and experimental procedures

The generation of IL-1α and IL-1β KO mice has been described previously.[20, 21] Wild
type (WT) C57BL/6 mice were purchased from Harlan, Israel. Mice were maintained on a
12-h light/12-h dark cycle. The study protocols were approved by the Sheba Medical Center
Board for Studies in Experimental Animals. To induce fatty liver, 8–10 week-old male mice
were fed a high fat/cholesterol and cholate diet containing 17% total fat, 1.25% cholesterol
and 0.5% sodium-cholate (Teklad Premier Laboratory Diet No. TD 90221) hereafter
referred to as the atherogenic diet.
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Experiment 1
The IL-1α, IL-1β knockout (KO) and WT mice (n=5 in each group) were characterized
before and after consumption of the atherogenic diet for 2, 5, 10, and 18 weeks.

Experiment 2
We used the bone marrow transplantation method in order to asses the role of bone marrow-
derived versus hepatic IL-1α or IL-1β in a diet-induced mouse model of steatohepatitis. At
the age of 10 weeks, irradiated male WT mice were reconstituted with bone marrow cells
from either WT (n=15), IL-1β KO (n=12), or IL-1α KO (n=12) mice. In order to induce
steatohepatitis, two weeks after the bone marrow transplantation procedure, mice were given
the atherogenic diet for 9 weeks. A control group of WT mice, who received WT bone
marrow cells, was maintained on a regular chow diet throughout the experiment (Chow WT
to WT, n=6). In addition, we used IL-1β−/− mice that received either WT (n=8) or IL-1β−/
− (n=8) bone marrow cells, and IL-1α−/− mice that received WT (n=7) or IL-1α−/− (n=7)
bone marrow cells.

Chemical analysis of serum and tissue
Animals were sacrificed by inhaling CO2, blood was collected after a 16-hour fast, by a
puncture of the inferior vena cava or the retro orbital sinus. Analysis of total plasma
cholesterol and triglyceride levels, serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase, albumin, bilirubin and glucose levels was
performed using an automated enzymatic technique (Boehringer Mannheim, Germany).
Plasma lipoproteins were separated by size exclusion chromatography using a Superose-6
column (1×30 cm) on an FPLC system (Pharmacia).[22]

Tissue preparation and histology
Livers were fixed in 4% paraformaldehyde and embedded in paraffin or frozen in liquid
nitrogen and stored at −80°C. All samples were routinely stained for general morphology
with hematoxylin-eosin, and for collagen with Masson’s trichrome. Liver
immunohistochemistry staining was performed on 5-µm-thick paraffin embedded sections.
Sections were deparaffinized and stained with goat anti-mouse IL-1α (1:20; R&D Systems,
Minneapolis, MN) as described.[23]

Bone marrow transplantation
Mice in experiment 2 were exposed to a single dose of lethal irradiation (1000Rad) from a
Clinical Linear Accelerator- Varian 2110C (6MV, 240mU/min), one day before the
transplantation. Bone marrow (BM) cell suspensions were isolated from femurs and tibias of
female donor mice by flushing with RPMI medium 1640 (GIBCO). Bone marrow cells were
washed, resuspended in PBS, counted and then injected into the mouse tail vein in a final
volume of 300µl. Each recipient mouse received 5×106 bone marrow cells.

Hepatic lipids
Hepatic lipids were extracted according to the method of Folch et al.[24] The extract was
dissolved in 2-propanol and subsequently analyzed for total cholesterol, and triglycerides
using an automated enzymatic technique (Boehringer Mannheim, Germany).

Assessment of serum amyloid A (SAA) levels
SAA levels in mouse plasma were determined by enzyme-linked immunosorbent assay
according to the manufacturer's instructions (Immunology Consultants Laboratory, USA).
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Analysis of gene expression by quantitative real-time PCR
Total RNA from mouse tissues was isolated using Rneasy Mini Kit (Qiagen, Hilden,
Germany). Total RNA was reverse-transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA). Expression of 44 target and
4 reference genes was done with a TaqMan low-density array based on an Applied
Biosystems 7900HT Micro Fluidic Card (Applied Biosystems). Real-time PCR for
individual genes was carried out using a 7500 sequence detection System (Applied
Biosystems) using GAPDH for normalization. PCR primers for Taqman/Probe Library
assays were designed with the Probe Library Assay Design Center
(http://www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp). Detailed methods, assay
names, and primers used for each gene are listed in Supplementary methods.

Statistical analyses
The values reported are the mean±SE. Student’s t-test was used, where applicable, and an
ANOVA analysis was applied to assess interactions between groups and differences
between means. p<0.05 is accepted as statistically significant.

Results
IL-1α deficiency resulted in higher plasma non-HDL cholesterol levels

At baseline and 2 weeks, total cholesterol levels were similar in all three groups. At 5, 10
and 18 weeks plasma cholesterol levels were significantly higher in IL-1α KO mice
compared with IL-1β KO and WT mice (Fig. 1A) due to increased cholesterol in the VLDL
fraction (Fig. 1, C and D). Plasma triglyceride (TG) levels were similar in all groups (Fig.
1B).

The pro-atherogenic plasma lipid profile in IL-1α-deficient mice was associated with more
severe steatosis

WT, IL-1α KO and IL-1β KO chow-fed mice had normal and similar liver weight and serum
liver enzymes (Fig. 2), and showed normal morphology by histology (data not shown). Up
to ten weeks of the atherogenic diet, there was an increase in liver weight in all three groups
(Fig. 2A) with accumulation of liver cholesterol (Fig. 2B). Liver weight and cholesterol
content were significantly higher in IL-1α KO compared to IL-1β KO and WT mice (Fig.
2A, 2B). The atherogenic diet reduced hepatic TG levels similarly in all groups (Fig. 2C).
Serum bilirubin and albumin were not changed by the atherogenic diet (data not shown).
Serum ALT levels increased by about two fold in all groups (Fig. 2D). There was an
increase in the number and size of intracellular vacuoles, characteristic of lipid deposits,
which were more prominent in IL-1α KO compared to WT and IL-1β KO livers (Fig. 3A,
Table 1). Importantly, until 10 weeks of the atherogenic diet, there were only mild signs of
liver inflammation with scanty areas of fibrosis in all three groups (Fig. 3A, Table 1).

Steatosis development was accompanied by increased expression of IL-1α
We assessed the expression of a panel of inflammation and fibrosis related genes (Table 2).
Steatosis development was associated with a 3.2 fold increase in mRNA transcripts of IL-1α
compared to chow-fed mice (p=0.001), with a 1.5 fold non-significant elevation in IL-1β
gene expression (Table 2). Immunohistochemical staining showed increased cytoplasmatic
staining of IL-1α protein in hepatocytes (Fig. 3B). Livers from IL-1α KO mice on
atherogenic diet did not show staining for IL-1α (negative control).
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Deficiency of IL-1α or IL-1β inhibited the progression of steatosis to steatohepatitis
At 18 weeks, livers of WT mice had a gray color with a hard and rubbery consistency
compared to the yellowy and soft livers of IL-1α KO and IL-1β KO mice (Fig. 3C). Liver
weight in WT mice was 94% and 53% higher than IL-1β KO and IL-1α KO mice,
respectively (Fig. 2A). Liver weight of IL-1α KO mice was 27% higher compared with
IL-1β KO (p<0.05). Liver cholesterol was significantly lower in IL-1β KO compared to WT
(13±1.3 and 20±2.4 mg/gr, respectively, p<0.05), with no difference between IL-1α KO
(18±2.2 mg/gr) and WT mice. Serum ALT levels in WT mice were 325% and 200% higher
than IL-1β KO and IL-1α KO mice, respectively (Fig. 2D). Serum alkaline phosphatase
levels were also higher in WT compared with IL-1β KO and IL-1α KO mice (Fig. 2E). The
morphology of WT livers had been dramatically altered with lobular and portal
inflammation, and extensive lobular, portal and interstitial fibrosis (Fig. 3D, Table 3). These
morphological changes are compatible with severe steatohepatitis. Consistent with the
histopathological findings, there was a marked induction of several inflammatory- and
fibrosis-related genes in livers from WT mice, including a 16 and 4.6 fold-elevations in
mRNA levels of IL-1α and IL-1β, respectively (Table 2). Compared to the severe
steatohepatitis in WT mice, IL-1α KO and IL-1β KO mice had preserved liver morphology,
with markedly less inflammation and collagen deposition (Fig. 3D, Table 3). IL-1β KO mice
had also a lower degree of steatosis compared to WT mice (Fig. 3D, Table 3). The reduction
in liver damage in IL-1α KO mice was accompanied by lower mRNA levels of
inflammation and fibrosis related genes, including a 3 and 5 fold reduction in the expression
of IL-1β and IL-6, respectively and a 50% decrease in TGFβ (Table 2, Table 4). Importantly,
liver IL-1α mRNA levels were 2 fold lower in IL-1β KO compared to WT mice (RQ
0.51±0.04 and 1.0±0.08, respectively, p<0.001).

Plasma SAA levels were markedly reduced in IL-1α KO mice
The atherogenic diet induced a marked increase in SAA levels compared with chow-fed WT
mice (p<0.05, Fig. 4A). IL-1α KO mice had remarkably lower plasma SAA levels compared
to WT both at the steatosis and steatohepatitis stages (p<0.05, Fig. 4A, 4B).

Hepatic rather than bone marrow-derived IL-1α or IL-1β deficiency protected against
development of steatohepatitis

Induction of steatohepatitis was accelerated in the BM transplantation model and required
only 9 weeks of feeding the atherogenic diet. IL-1β KO mice were more sensitive to total
body irradiation with a 50% mortality rate (8/16), which resulted in a smaller sample size in
Beta to Beta and WT to Beta (n=4 in each group). IL-1α deficiency resulted in reduced liver
weight compared to WT to WT (p<0.05; Fig. 5A). Selective expression of IL-1α or IL-1β in
bone marrow-derived cells did not increase liver weight in IL-1α or IL-1β deficient mice;
WT to Beta and WT to Alpha had reduced liver weight and serum ALT and alkaline
phosphatase levels compared to WT to WT (Fig. 5A, 5B, 5C). Furthermore, selective
deficiency of IL-1 in BM-derived cells did not attenuate the increase in liver weight (Fig.
5A). Deficiency of IL-1α resulted in a 47% reduction in SAA compared to WT to WT
(p<0.05; Fig. 5D). Immunohistochemical staining of livers from WT to WT fed the
atherogenic diet showed increased staining of IL-1α protein both in hepatocytes and in
inflammatory foci (Fig. 6A). Livers from Alpha to WT showed increased expression of
IL-1α in hepatocytes but a substantially lower number of IL-1α positive inflammatory cells
compared to WT to WT (Fig. 6A). Deficiency of IL-1β or IL-1α in the liver (IL-1 KO
recipients) inhibited steatohepatitis and liver fibrosis development, despite expression of
IL-1 in BM-derived cells (Fig. 6B). Collectively, these data show that hepatic and not bone
marrow-IL-1 deficiency protects against atherogenic diet induced inflammation and fibrosis.
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Discussion
We report that deficiency of IL-1α or IL-1β markedly reduces the progression of steatosis to
steatohepatitis and liver fibrosis in a mouse model of atherogenic diet-induced
steatohepatitis. The protective effect in IL-1α-deficient mice was particularly unexpected as
there was increased hepatic cholesterol deposition, and thus this observation supports the
dominant role of inflammation driven by IL-1α in development of steatohepatitis.

The common "two-hit" hypothesis for the pathogenesis of NAFLD implicates inflammation
as the link between steatosis and steatohepatitis. Furthermore, recent reports have shown
that inflammation through cytokine signaling pathways, including IL-1β signaling, can also
aggravate liver accumulation of cholesterol[18, 25] and TGs[7, 26], creating an
autoinflammatory circuit of inflammation through cytokine-induced lipid accumulation.
Indeed, during the "second hit" phase, IL-1β-deficient mice had less liver inflammation, and
also less steatosis compared to WT mice. Unexpectedly, IL-1α-deficient mice developed
more pronounced steatosis with higher hepatic cholesterol and had similar liver cholesterol
levels at the steatohepatitis stage, despite markedly reduced liver inflammation. This
dissociation between cholesterol accumulation and inflammation raises the possibility that
IL-1α may be involved in regulation of cholesterol homeostasis during steatosis, and
emphasizes that inhibition of liver inflammation was not due to reduced fat accumulation.
The concept that the type as opposed to the quantity of lipids accumulating play a central
role in NASH development[27, 28] raises the possibility that more pronounced steatosis
(without an increase in hepatic TG) in IL-1α-deficient mice, could exert protective, even
anti-inflammatory effects mediated by yet unidentified types of lipids beyond TG.

Cholesterol accumulation in hepatocytes plays a pivotal role in lipid-induced liver
inflammation.[29–31] Therefore, one would expect that increased hepatic cholesterol in
IL-1α-deficient mice would accelerate the development of steatohepatitis. Remarkably,
deficiency of IL-1α protected from the progression of steatosis to steatohepatitis and liver
fibrosis. IL-1α has been recently characterized as a "danger signal" that is released from
necrotic cells, including liver cells, and induces sterile inflammation.[8, 32] We have
recently shown that the chromatin bound-IL-1α precursor is released from necrotic, but not
apoptotic cells, and induces sterile inflammation as manifested by recruitment of myeloid
lineage inflammatory cells.[13] In the current model, hepatic gene expression for IL-1α was
induced early during liver fat accumulation, and the development of severe steatohepatitis in
WT mice was accompanied by a robust 16 fold increase in the expression of IL-1α. As
shown by Sakurai et al in liver carcinogenesis, [32] we propose that the precursor form of
IL-1α induced by fat accumulation in liver cells is released from necrotic cells and initiates
local inflammation. Indeed, deficiency of IL-1α markedly reduced plasma levels of the acute
phase protein SAA, and liver expression of inflammatory genes, including the adhesion
molecule P-selectin, chemotactic protein CXCL1, and proinflammatory cytokines IL-6,
TNFα and IL-1β. IL-1 is known to induce the expression of adhesion molecules such as P-
selectin in endothelial cells, including liver sinusoidal cells.[5, 33] Furthermore, IL-1α
released from necrotic cells, including liver cells, plays a critical role in recruitment of
inflammatory cells through induction of the chemokine CXCL1.[34] Therefore, the data
from our study suggest that IL-1α either directly or through induction of other cytokines
such as IL-6, TNFα and IL-1β, promotes development of steatohepatitis by increasing the
expression of adhesion molecules and chemotactic factor. Next, recruitment of inflammatory
cells to the fat-induced injured liver takes place.

A marked reduction in collagen deposition was detected in livers of IL-1α KO mice. Liver
fibrosis results from unresolved inflammation associated with the production of cytokines
such as transforming growth factor-β (TGF-β), which exert fibrogenic stimuli to hepatic
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stellate cells (HSCs).[35] Stimulation of HSCs with IL-1α provokes HSC activation and
production of matrix metalloproteinases (MMPs).[36] Furthermore, gene ablation of IL-1
receptor type-1 or MMP-9 attenuated the progression from liver injury to fibrogenesis in
vivo.[37] However, little is known about the role of IL-1 in fibrosis development due to
NAFLD. The reduced inflammation accompanied by lower expression of TGFβ and MMP-9
in livers of IL-1α KO compared to WT mice may explain the marked reduction in collagen
deposition in livers of IL-1α KO mice.

Deficiency of either IL-1α or IL-1β was sufficient to protect against NASH development,
which was surprising since both cytokines bind to the same surface receptor and mediate
similar downstream signaling effects. The earlier and more pronounced elevation of IL-1α
mRNA levels compared to IL-1β, pointed toward a specific role of IL-1α. Furthermore, our
finding that IL-1α-deficient mice had lower liver IL-1β mRNA transcripts and IL-1β-
deficient mice had lower IL-1α mRNA levels demonstrates for the first time in the liver
mutual induction of IL-1α and IL-1β in vivo, similar to previous reports in other cell types.
[5, 20] Considering the mutual regulation of IL-1α and IL-1β, it is likely that lower
expression of IL-1α in the liver contributed to the protection of IL-1β-deficient mice from
steatohepatitis and vice versa.

The contribution of IL-1 from infiltrating bone marrow-derived cells to steatohepatitis
development was assayed in bone-marrow transplantation experiments. Both resident liver
cells and recruited inflammatory cells express IL-1.[10, 32, 38] Furthermore, stimulated
peripheral blood monocytes from NASH patients overproduced IL-1α.[9] Here we have
demonstrated that IL-1α or IL-1β from resident liver cells, rather than recruited bone
marrow-derived cells, are critical for the development of steatohepatitis. This observation
differs from our previous finding showing that deficiency of IL-1 in bone marrow-derived
cells attenuated atherosclerosis development.[19] Full reconstitution of Kupffer cells with
transplanted cells occurs after a 9 week recovery period.[39] Therefore, the role of Kupffer
cell-derived IL-1 in steatohepatitis cannot be determined in these studies since a two week
recovery period did not ensure repopulation of all Kupffer cells.

In summary, these findings highlight the critical role of IL-1α and IL-1β in transformation of
steatosis to steatohepatitis and liver fibrosis. Therefore, the potential of neutralizing IL-1α
and/or IL-1β activity to protect against development of steatohepatitis should be explored.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

IL-1 interleukin-1

TNF tumor necrosis factor

IL-1Ra IL-1 receptor antagonist

IL-1RI IL-1 receptor type I

preIL-1β precursor of IL-1β

preIL-1α precursor of IL-1α
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WT Wild type

KO knockout

ALT alanine aminotransferase

AST aspartate aminotransferase

SAA serum amyloid A

TG triglyceride

BM bone marrow

TGF-β transforming growth factor-β

HSCs hepatic stellate cells

MMP matrix metalloproteinase

Acknowledgments
These studies are supported by the Angela and Sami Shamoon Vascular Biology research fund (Y.K), the Talpiot
Sheba Medical Leadership Program (Y.K) and NIH Grants AI-15614 (to CAD).

References
1. Cheung O, Sanyal AJ. Recent advances in nonalcoholic fatty liver disease. Curr Opin Gastroenterol.

2010; 26(3):202–208. [PubMed: 20168226]
2. Day CP. Pathogenesis of steatohepatitis. Best Pract Res Clin Gastroenterol. 2002; 16(5):663–678.

[PubMed: 12406438]
3. Tilg H. The role of cytokines in non-alcoholic fatty liver disease. Dig Dis. 2010; 28(1):179–185.

[PubMed: 20460908]
4. Tilg H, Kaser A, Moschen AR. How to modulate inflammatory cytokines in liver diseases. Liver

Int. 2006; 26(9):1029–1039. [PubMed: 17032402]
5. Dinarello CA. Biologic basis for interleukin-1 in disease. Blood. 1996; 87(6):2095–2147. [PubMed:

8630372]
6. Mandrekar P, Szabo G. Signalling pathways in alcohol-induced liver inflammation. J Hepatol. 2009;

50(6):1258–1266. [PubMed: 19398236]
7. Stienstra R, et al. Kupffer cells promote hepatic steatosis via interleukin-1beta-dependent

suppression of peroxisome proliferator-activated receptor alpha activity. Hepatology. 2010; 51(2):
511–522. [PubMed: 20054868]

8. Rock KL, et al. The sterile inflammatory response. Annu Rev Immunol. 2010; 28:321–342.
[PubMed: 20307211]

9. Poniachik J, et al. Increased production of IL-1alpha and TNF-alpha in lipopolysaccharide-
stimulated blood from obese patients with non-alcoholic fatty liver disease. Cytokine. 2006; 33(5):
252–257. [PubMed: 16564703]

10. Dinarello CA. Immunological and inflammatory functions of the interleukin-1 family. Annu Rev
Immunol. 2009; 27:519–550. [PubMed: 19302047]

11. Kobayashi Y, Oppenheim JJ, Matsushima K. Human pre-interleukin 1 alpha and beta: structural
features revealed by limited proteolysis. Chem Pharm Bull (Tokyo). 1991; 39(6):1513–1517.
[PubMed: 1934172]

12. Mosley B, et al. The interleukin-1 receptor binds the human interleukin-1 alpha precursor but not
the interleukin-1 beta precursor. J Biol Chem. 1987; 262(7):2941–2944. [PubMed: 2950091]

13. Cohen I, et al. Differential release of chromatin-bound IL-1alpha discriminates between necrotic
and apoptotic cell death by the ability to induce sterile inflammation. Proc Natl Acad Sci U S A.
2010; 107(6):2574–2579. [PubMed: 20133797]

Kamari et al. Page 8

J Hepatol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



14. Werman A, et al. The precursor form of IL-1alpha is an intracrine proinflammatory activator of
transcription. Proc Natl Acad Sci U S A. 2004; 101(8):2434–2439. [PubMed: 14983027]

15. Luheshi NM, Rothwell NJ, Brough D. Dual functionality of interleukin-1 family cytokines:
implications for anti-interleukin-1 therapy. Br J Pharmacol. 2009; 157(8):1318–1329. [PubMed:
19681864]

16. Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about danger. J Leukoc Biol.
2007; 81(1):1–5. [PubMed: 17032697]

17. Devlin CM, et al. Genetic alterations of IL-1 receptor antagonist in mice affect plasma cholesterol
level and foam cell lesion size. Proc Natl Acad Sci U S A. 2002; 99(9):6280–6285. [PubMed:
11983917]

18. Isoda K, et al. Deficiency of interleukin-1 receptor antagonist deteriorates fatty liver and
cholesterol metabolism in hypercholesterolemic mice. J Biol Chem. 2005; 280(8):7002–7009.
[PubMed: 15574426]

19. Kamari Y, et al. Differential role and tissue specificity of interleukin-1alpha gene expression in
atherogenesis and lipid metabolism. Atherosclerosis. 2007; 195(1):31–38. [PubMed: 17173923]

20. Horai R, et al. Production of mice deficient in genes for interleukin (IL)-1alpha, IL-1beta,
IL-1alpha/beta, and IL-1 receptor antagonist shows that IL-1beta is crucial in turpentine-induced
fever development and glucocorticoid secretion. J Exp Med. 1998; 187(9):1463–1475. [PubMed:
9565638]

21. Zheng H, et al. Resistance to fever induction and impaired acute-phase response in interleukin-1
beta-deficient mice. Immunity. 1995; 3(1):9–19. [PubMed: 7621081]

22. Gonen A, et al. The antiatherogenic effect of allicin: possible mode of action. Pathobiology. 2005;
72(6):325–334. [PubMed: 16582584]

23. Krelin Y, et al. Interleukin-1beta-driven inflammation promotes the development and invasiveness
of chemical carcinogen-induced tumors. Cancer Res. 2007; 67(3):1062–1071. [PubMed:
17283139]

24. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total
lipides from animal tissues. J Biol Chem. 1957; 226(1):497–509. [PubMed: 13428781]

25. Mansouri RM, et al. Systemic and distal repercussions of liver-specific peroxisome proliferator-
activated receptor-alpha control of the acute-phase response. Endocrinology. 2008; 149(6):3215–
3223. [PubMed: 18325987]

26. Miura K, et al. Toll-Like Receptor 9 Promotes Steatohepatitis by Induction of Interleukin-1beta in
Mice. Gastroenterology.

27. McClain CJ, Barve S, Deaciuc I. Good fat/bad fat. Hepatology. 2007; 45(6):1343–1346. [PubMed:
17538963]

28. Yamaguchi K, et al. Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates
liver damage and fibrosis in obese mice with nonalcoholic steatohepatitis. Hepatology. 2007;
45(6):1366–1374. [PubMed: 17476695]

29. Mari M, et al. Mitochondrial free cholesterol loading sensitizes to TNF- and Fas-mediated
steatohepatitis. Cell Metab. 2006; 4(3):185–198. [PubMed: 16950136]

30. Matsuzawa N, et al. Lipid-induced oxidative stress causes steatohepatitis in mice fed an
atherogenic diet. Hepatology. 2007; 46(5):1392–1403. [PubMed: 17929294]

31. Wouters K, et al. Intrahepatic cholesterol influences progression, inhibition and reversal of non-
alcoholic steatohepatitis in hyperlipidemic mice. FEBS Lett. 584(5):1001–1005. [PubMed:
20114046]

32. Sakurai T, et al. Hepatocyte necrosis induced by oxidative stress and IL-1 alpha release mediate
carcinogen-induced compensatory proliferation and liver tumorigenesis. Cancer Cell. 2008; 14(2):
156–165. [PubMed: 18691550]

33. Patrick AL, et al. Hepatic leukocyte recruitment in response to time-limited expression of TNF-
alpha and IL-1beta. Am J Physiol Gastrointest Liver Physiol. 2007; 293(4):G663–G672. [PubMed:
17656447]

34. Eigenbrod T, et al. Cutting edge: critical role for mesothelial cells in necrosis-induced
inflammation through the recognition of IL-1 alpha released from dying cells. J Immunol. 2008;
181(12):8194–8198. [PubMed: 19050234]

Kamari et al. Page 9

J Hepatol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



35. Friedman SL. Mechanisms of hepatic fibrogenesis. Gastroenterology. 2008; 134(6):1655–1669.
[PubMed: 18471545]

36. Han YP, et al. A matrix metalloproteinase-9 activation cascade by hepatic stellate cells in trans-
differentiation in the three-dimensional extracellular matrix. J Biol Chem. 2007; 282(17):12928–
12939. [PubMed: 17322299]

37. Gieling RG, Wallace K, Han YP. Interleukin-1 participates in the progression from liver injury to
fibrosis. Am J Physiol Gastrointest Liver Physiol. 2009; 296(6):G1324–G1331. [PubMed:
19342509]

38. Miura K, et al. Toll-like receptor 9 promotes steatohepatitis by induction of interleukin-1beta in
mice. Gastroenterology. 139(1):323–334. e7. [PubMed: 20347818]

39. Aparicio-Vergara M, et al. Bone marrow transplantation in mice as a tool for studying the role of
hematopoietic cells in metabolic and cardiovascular diseases. Atherosclerosis. 213(2):335–344.
[PubMed: 20576267]

Kamari et al. Page 10

J Hepatol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. IL-1α deficiency resulted in higher plasma non-HDL cholesterol levels
Plasma total cholesterol (A) and TG (B) levels in WT, IL-1β and IL-1α KO mice (n=5 in
each group) were measured at baseline and after 2, 5, 10, and 18 weeks of the atherogenic
diet. Data represent mean±SE of each group. *p<0.05 (A) compared to WT and IL-1β KO
mice. Analysis of the distribution of serum lipoprotein cholesterol in WT, IL-1β and IL-1α
KO mice was performed at 4 weeks (C) and after 8 weeks of the atherogenic diet (D). Gel
filtration chromatography profiles of plasma lipoproteins from ▲ WT, □ IL-1β and ● IL-1α
KO mice (n=5 in each group). Blood was obtained from fasted animals and plasma samples
were pooled in each group.
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Figure 2. The effect of IL-1α or IL-1β deficiency on atherogenic diet-induced steatosis and
steatohepatitis
Liver to body weight ratio (A) in WT, IL-1β KO (Beta) and IL-1α KO (Alpha) mice (n=5 in
each group) were determined at baseline and after 2, 5, 10, and 18 weeks of the atherogenic
diet. Data represent mean±SE of each group. *p<0.05 compared to WT and IL-1β KO mice,
**p<0.05 compared to IL-1β KO mice, $p<0.05 compared to IL-1β KO and IL-1α KO mice.
Hepatic cholesterol (B) and TG (C) levels were determined in chow-fed WT and WT, IL-1β
KO (Beta) and IL-1α KO (Alpha) mice (n=5 in each group) after 10 weeks of the
atherogenic diet. Data represent mean±SE of each group. *p<0.05 compared to atherogenic
diet-fed WT, IL-1β KO (Beta) and IL-1α KO (Alpha) mice. **p<0.05 compared to
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atherogenic diet-fed WT and IL-1β KO mice. Serum levels of ALT (D) and alkaline
phosphatase (E) were determined in mice described in (A). Data represent mean±SE of each
group, $p<0.05 compared to IL-1β and IL-1α KO mice.
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Figure 3. Deficiency of IL-1α or IL-1β inhibited the progression of steatosis to steatohepatitis and
liver fibrosis
Liver specimens were obtained from the specified experimental groups after 10 and 18
weeks of the atherogenic diet. IL-1α deficiency was associated with more steatosis. (A)
Representative images of H&E (upper panel) and Masson (lower panel) staining of livers
from WT, IL-1β KO (Beta), and IL-1α KO (Alpha) mice after 10 weeks of atherogenic diet
(Magnification ×200). (B) Immunohistochemical staining for IL-1α protein in livers from
WT and IL-1α KO (Alpha) mice after 10 weeks of atherogenic diet compared to WT on
chow (Chow) diet (Magnification ×200). IL-1α or IL-1β deficiency protected from the
development of hepatic inflammation and collagen deposition. (C) Representative
macroscopic photographs of livers from WT, IL-1β KO (Beta) and IL-1α KO (Alpha) mice
after 18 weeks of atherogenic diet. (D) Representative images of H&E (upper panel) and
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Masson (lower panel) staining are shown from WT, IL-1β KO (Beta) and IL-1α KO (Alpha)
mice after 18 weeks of atherogenic diet.
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Figure 4. Plasma SAA levels were markedly reduced in IL-1α KO mice
Plasma SAA levels were determined in chow-fed WT and atherogenic diet-fed WT, IL-1β
KO and IL-1α KO mice (n=5 in each group) after 7 weeks (A) and in WT, IL-1β KO and
IL-1α KO mice (n=5 in each group) after 18 weeks of atherogenic diet (B). Data represent
mean±SE of each group. *p<0.05 compared to atherogenic diet-fed WT mice.
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Figure 5. Hepatic rather than bone marrow-derived IL-1α or IL-1β deficiency protected against
development of steatohepatitis
WT mice reconstituted with either WT, IL-1β−/− or IL-1α−/− BM cells (WT to WT; Beta
to WT; Alpha to WT), IL-1β KO mice with WT or IL-1β−/− BM cells (WT to Beta; Beta to
Beta), and IL-1α KO mice with WT or IL-1α−/− BM cells (WT to Alpha; Alpha to Alpha),
were given the atherogenic diet for 9 weeks. A group of WT to WT mice was maintained on
chow diet (Chow WT to WT). Liver to body weight ratio (A) in Chow WT to WT (n=6),
WT to WT (n=13), Beta to Beta (n=4), Alpha to Alpha (n=7), WT to Beta (n=4), WT to
Alpha (n=7), Beta to WT (n=9), and Alpha to WT (n=9) mice, were determined at the end of
the study. Data represent mean±SE of each group. **p<0.05 compared to all other groups,
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*p<0.05 compared to WT to WT. Serum ALT levels (B), alkaline phosphatase (C) and
plasma SAA levels (D) were determined in mice described in (A). *p<0.05 compared to WT
to WT.
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Figure 6. Expression of IL-1 in bone marrow-derived cells did not promote steatohepatitis and
liver fibrosis development in IL-1α- or IL-1β-deficient mice
Liver specimens were obtained from the specified experimental groups as described in
figure 5. (A) Representative images of immunohistochemistry staining for IL-1α in livers
from WT to WT and Alpha to WT mice. WT to WT livers showed increased staining of
IL-1α protein both in hepatocytes (Arrow head) and in cells within inflammatory foci
(Arrows). Livers from Alpha to WT also showed increased expression in hepatocytes
(Arrow head) but showed a substantially lower number of cells with positive IL-1α staining
in inflammatory foci (Arrows). (B) Representative images of H&E (upper panel) and
Masson trichrome (lower panel) staining of livers from WT to WT, WT to Beta, and WT to
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Alpha mice are shown. Arrows in H&E staining show inflammatory foci. Arrows in Masson
staining show collagen deposition. Magnification ×200.
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Table 3

H&E score of livers from WT, IL-1β KO (Beta) and IL-1α KO (Alpha) mice after 18 weeks of the atherogenic
diet.

WT Beta Alpha Scale

Steatosis parenchymal involvement 2.9±0.1 1.8±0.2* 2.5±0.2 0–3

Fibrosis 2.4±0.2 0±0* 0.6±0.4* 0–4

Inflammation Portal 2.2±0.1 0.8±0.3* 1.2±0.2* 0–3

Lobular 2.8±0.1 1.2±0.2* 1.2±0.2* 0–3

Liver cell injury Ballooning 2.0±0 1.0±0* 1.4±0.2 0–2

Acidophil bodies 1.0±0 0±0* 0.4±0.2 0–1

*
p<0.05 compared to WT.
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Table 4

Relative mRNA of individual genes (validation) in livers of IL-1α KO and WT mice following 18 weeks of
atherogenic diet (Mean±SEM, n=6–8 in each group).

Gene
name

RQ
WT

RQ
IL-1α KO

P-Value

TNFα 1.0±0.20 0.20±0.05 0.004

TGFβ 1.0±0.10 0.56±0.05 0.004

Collagen 1.0±0.30 0.13±0.04 0.036

CD68 1.0±0.15 0.60±0.05 0.070
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