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Introduction 
Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic Steato-hepatitis (NASH) form a 
spectrum of disease characterized by accumulation of excess fat within (steatosis) the liver 
variously associated with lobular inflammation parenchymal injury and fibrosis [1,2]. They are 
considered as the hepatic manifestations of the so called ‘Metabolic Syndrome’ a cluster of 
closely related clinical features linked to visceral obesity that include insulin resistance, 
dyslipemia and cardiovascular diseases. NAFLD/NASH is now the most frequent hepatic lesion 
in western countries with prevalence in the general population ranging from 3-15% but reaching 
up to 70% among overweight individuals [1,3]. While simple steatosis in NAFLD is most often 
benign, in about 20-30% of patients the disease can progress to NASH, a condition characterized 
by hepatocellular damage, intralobular inflammation and fibrosis that not rarely, leads to liver 
cirrhosis and in some case to hepatocellular carcinoma [4]. In fact, within 8 years, 15% of NASH 
patients develop clinically and histologically evident cirrhosis. Death rate ascribed to NASH-
related cirrhosis accounts for 12-25%, while end-stage NASH is responsible for about 4-10% of 
liver transplants. A further matter of concern in NAFLD/NASH epidemiology is its increasing 
diffusion among children and adolescents as consequence of the growing of childhood obesity 
and overweight [5]. NAFLD prevalence among children and adolescents ranges between 2.6% 
and 9.8% respectively and is especially high among obese subjects, making it the most frequent 
pediatric chronic liver disease all over the world. The clinical and social relevance of 
NAFLD/NASH has stimulated a number of studies to clarify the mechanisms leading to the 
disease in an attempt to develop effective treatments. However, the mechanisms responsible for 
the progression of NAFLD to more severe liver injury remain poorly understood.  

Studies in patients and in experimental models of NASH suggest that oxidative stress and 
metabolic alterations may play a role in the progression of disease [6].  FFA and cholesterol 
accumulation within the mitochondria along with TNF-α cause mitochondrial dysfunction and 
increase reactive oxygen species (ROS) generation. In turn, ROS-dependent lipid peroxidation 
promotes a self-sustaining loop that leads to further mitochondrial damage and causes 
mitochondrial DNA (mtDNA) mutations [7-9]. Increased production of reactive nitrogen species 
(RNS) generated as a consequence of nitric oxide synthase 2 (NOS2) induction by pro-
inflammatory cytokines also contributes to oxidative injury [10]. Accordingly, a significant 
increase of oxidative damage markers along with a concomitant reduction of the liver antioxidant 
content is evident in NAFLD/NASH patients. Excess liver uptake of FAA also promotes 
endoplasmic reticulum (ER) stress and lipotoxicity by activating a variety of stress-responsive 
kinases, including c-Jun N-terminal kinases 1/2 (JNK1/2) [11-13]. On their turn, oxidative stress, 
ER stress, mitochondrial dysfunctions and JNK1/2 activation may further promote hepatic 
insulin resistance, favour hepatocyte death.  Inflammation, along with hepatocyte damage, is the 
main feature of the progression from simple steatosis to NASH. In fact, the molecular 
mechanisms able to promote inflammation cross-talk with those responsible for hepatocellular 
damage and fibrosis [13,14]. In this context, the oxidative stress within parenchymal cells 
stimulates NF-κB-mediated production of TNF-à and IL-6 by hepatocytes [14,15]. In turn, these 
cytokines stimulate Kupffer cells to secrete inflammatory mediators, which recruit to the liver 
phagocytic cells.  Pattern-recognition receptors, including Toll-like receptors (TLRs), contribute 
to the pro-inflammatory responses in fatty livers. TLR-responses can be activated by apoptotic 
cell death, hypoxia/HIF, and inflammation [16,17]. TLR stimulation activate NF-κB, and thereby 
further amplify and sustain inflammatory signals. Consistently, NASH patients show an 



increased hepatic expression of cytokine genes that correlates with the severity of liver lesions 
[16,18]. Moreover, interference with NF-κB activation protects significantly from the 
development of steatohepatitis and reduces the expression of TNF-α and intercellular adhesion 
molecule-1 in rodent models of NASH [19,20].  

As a result of unresolved inflammation the liver undergoes to pathologic repair, thus progressive 
fibrosis and cirrhosis represent the final outcomes of NASH.  NASH-related fibrosis develops 
primarily in the pericentral areas, where thin bundles of fibrotic tissue surround groups of 
hepatocytes and thicken the space of Disse, in a “chicken wire” fashion. The main cell type 
responsible for extracellular matrix deposition are hepatic stellate cells (HSCs), which under the 
local influence of transforming growth factor β1 (TGF-β1), platelet-derived growth factor 
(PDGF) and MCP-1 trans-differentiate into myofibroblast-like cells (HSC/MSs) producing 
collagen and extracellular matrix components [21,22]. Furthermore, decreased hepatic matrix 
degradation due to a reduced production of matrix metalloproteases (MMPs) and/or an increased 
production of matrix metalloproteases inhibitors might also contribute to collagen accumulation 
[23,24]. Kupffer cell activation in response to chronic inflammatory stimuli is mostly responsible 
for the secretion of pro-fibrogenic cytokines [25,26]. 

A further mechanism by which oxidative stress can stimulate inflammation involves adaptive 
immunity. Indeed, the interaction of lipid peroxidation products with cellular proteins leads to 
the formation of immunogenic adducts that induce both humoral and cellular immune responses.   
Data emerging from experimental models of atherosclerosis indicate that IFN-γ, TNF-α, and 
CD40 ligand (CD154) produced by Th-1 CD4+ T-cell responsive to antigens in oxidized LDL, 
drive plaque macrophages to produce reactive oxygen species, NO, and proinflammatory 
cyto/chemokines. In line with these findings, previous studies from our laboratory have shown 
that high titers of IgG against some of the antigens originating from oxidative stress, namely 
malondialdehyde- (MDA) derived adducts, are detectable in about 40% of adult NAFLD/NASH 
patients and in 60% of children with NASH [27]. In these latter, high antibody titers are an 
independent predictor of fibrosis, while in pediatric NASH anti-MDA IgG associated with more 
severe lobular inflammation and a 13 fold increased risk of severe disease [27].    

From this background, we sought to investigate the possible contribution of immune reactions 
triggered by oxidative stress in modulating hepatic inflammation in NASH. To this aim, we have 
taken advantage from an animal model of NASH involving mouse feeding with a 
methionine/choline deficient (MCD) diet that allow to obtain in a reproducible manner 
steatohepatitis similar to human NASH after 3-4 weeks of treatment or steatohepatitis plus 
fibrosis by extending the treatment up to 8-10 weeks. 

Materials & Methods 
Animals and Experimental protocol.   

Eight weeks old male C57BL/6 mice were purchased from Harlan-Nossan (Corezzana, Italy) and 
fed for 4 or 8 weeks with either methionine-choline deficient (MCD) or control diets 
(Laboratorio Dottori Piccioni, Gessate, Italy).  For immunization experiments mice were injected 
subcutaneously with 100μg of MDA-adducted bovine serum albumin (MDA-BSA) in 
incomplete Freud’s adjuvant and re-boosted after one week with the same antigen.  The control 



groups received either saline or incomplete Freud’s adjuvant injections. MCD diet feeding was 
started 2 weeks after the second injection. In some experiments immunized mice were treated 
with the anti-CD4 monoclonal antibody GK1.5 (BioXCell, West Lebanon, NH, USA) while 
receiving the MCD diet to deplete hepatic CD4+ T cells (See supplementary materials for further 
details). The efficiency of cell depletion was preliminary evaluated by flow cytometry in the 
liver and the spleen and was >97%. All the experiments were approved by the Italian Ministry of 
Health and by the University Commission for Animal Care following the criteria of the Italian 
National Research Council. 

Biochemical analysis 

Plasma ALT and liver triglyceride were determined by spectrometric kits supplied by Radim 
S.p.A. (Pomezia, Italy) and Sigma Diagnostics (Milano, Italy), Liver osteopontin content was 
evaluated by a commercial ELISA kit supplied by R&D Systems (Abingdon, UK). 

Antigen preparation and antibody measurement.  

Protein adducts with lipid peroxidation products were prepared as in [28] and used to coat 
polystyrene microwell ELISA plates (Nunc, S/A, Roskilde, Denmark) . Mouse sera (0.20 ml, 
1:50 dilution) were added in duplicate and the antibody binding was revealed using peroxidase-
linked goat anti-mouse IgG or IgM sera as previously described [28]. The results were expressed 
as optical density following the subtraction of background reactivity.   

mRNA extraction and Real time PCR 

Liver RNAs were retro-transcripted with High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems Italia, Monza, Italy). RT-PCR was performed in a Techne TC-312 
termalcycler (TecneInc, Burlington NJ, USA) using TaqMan Gene Expression Master Mix and 
TaqMan Gene Expression probes for mouse TNF-α, IL-12p40, IL-17a, RORγT, IFN-γ, T-bet, 
CCL2, iNOS, CD40, CD40L, osteopontin, α1-procollagen, and beta-actin (Applied Biosystems 
Italia, Monza, Italy).  All samples were run in duplicate and the relative gene expression was 
calculated as 2-ΔCt over that the house keeping β-actin gene. The results are expressed as fold 
increase over the control samples. 

Histology and Immunohistochemistry  

Liver pathology was assessed in hematoxylin-eosin and Masson’s trichrome stained sections. 
Steatosis and lobular inflammation were scored blind by an experienced pathologist (C.B.) 
according to Kleiner et al [29]. The number of necro-inflammatory foci were counted in ten 
different high magnification microscopic fields. Hepatic macrophages were evidenced in 
formalin-fixed sections using, respectively, anti-mouse F4/80 (eBioscience, San Diego CA,  
USA)  in  combination  with  peroxidase-linked  goat  anti-rat  IgG  and  horse-radish  peroxidase 
polymer kit (Biocare Medical, Concord, CA, USA). 

Intrahepatic lymphocyte isolation and flow cytometry analysis 

Hepatic mononucleated cells were isolated and purified on a density gradient as in [30]. The cells 
were stained with fluorochrome-conjugated antibodies for CD45, CD3, CD4, CD8, CD69, 
CD107a, IL-2 and IFN-γ (eBiosciences, San Diego CA, USA) and analyzed with a FACScalibur 



(Becton Dikinson) flow cytometer. De-complemented mouse serum was used to block unspecific 
immunoglobulin binding. A polyclonal anti-osteopontin rabbit antiserum (Millipore, Temecula, 
CA, USA) and phycoerythrin-conjugated anti-rabbit IgG (Sigma-Aldrich, Milan, Italy) were 
used for detecting ostepontin producing cells.   The response of intra-hepatic lymphocytes to 
MDA adducts was investigated following an overnight incubation with MDA-adducted or native 
murine albumin (10µg/mL) in the presence of brefeldin A (3µg/ml), anti-CD3e and CD28 
antibodies (1µg/ml) by detecting IL-2 producing cells with flow cytometry [31]. 

Data analysis and statistical calculations  

Statistical analyses were performed by SPSS statistical software (SPSS Inc. Chicago IL, USA) 
using one-way ANOVA test with Tukey’s correction for multiple comparisons or Kruskal-Wallis 
test for non-parametric values. Significance was taken at the 5% level. Normality distribution 
was preliminary assessed by the Kolmogorov-Smirnov. 

Results 
Effects of MCD diet on liver transaminases, triglycerides and oxidative stress in mice  

The pathological consequences of NASH can be reproduced in mice by feeding a 
methionine/choline deficient (MCD) diet [32]. As shown in Fig.1, C57BL/6 mice fed with MCD 
diet for up to eight weeks showed a progressive increase in serum alanine aminotransferase 
(ALT) levels and accumulation of triglycerides within the hepatocytes. Histological examination 
demonstrated that macrovesicular steatosis involving lobular zones 2/3 was evident after 4 weeks 
of the MCD diet, as shown in Fig.2. Panlobular steatosis developed in later stages with the 
increase in the degree of fat accumulation. Oxidative stress, as measured by thiobarbituric acid 
reactive compounds (TBARs) in Fig.1, was also evident in these animals and hepatic TBARs 
concentrations increased by respectively 50–80% after 4 and 8 weeks of treatment.  

MCD diet induced development of hepatic inflammation  

Beside parenchymal injury steatohepatitis is characterized by inflammatory damage in liver. As 
shown in Fig.2, at histology moderate focal lobular inflammation was evident at 4 weeks and 
further increased thereafter when an intense panlobular and portal chronic inflammatory infiltrate 
was evident. Necro-inflammatory infiltrates were also highly evident from the early stages and 
further advanced in later stages of the disease. The onset of inflammation was prominently 
depicted in the rising levels of inflammatory mediators like TNF-α and CCL2 with over 8-10 
fold increase from 4 weeks to 8 weeks of MCD diet which was completely evidential to the 
histological observed in the tissue sections. 

Involvement of oxidative stress related antigens in humoral and cell-mediated immune 
responses  

As in humans, oxidative stress was associated with the development of IgG against adducts 
originating from lipid peroxidation products, such as malonyldialdehyde (MDA) and 4-
hydroxynonenal (4-HNE) and the individual IgG reactivity against MDA-adducts, but not liver 
TBARs, positively correlated with ALT release and hepatic TNF-α mRNA expression (r=0.61, 
p=0.04; r=0.66, p=0.03, respectively), as shown in Fig.1. Immunohistochemistry of NASH livers 
revealed that hepatic inflammatory infiltrates were also enriched by T- and B-lymphocytes, the 



number of which positively correlated with the individual IgG reactivity against MDA-adducts 
(r=0.68, p=0.02; r=0.75, p=0.006, respectively) as seen in Fig.3. Fig. 3 shows detailed flow 
cytometry analysis of hepatic mononucleated cells confirmed a progressive recruitment of T-
lymphocytes in NASH livers that involved effector CD8+ T-cells and CD4+ helper T-cells.   
Furthermore, the proportion of CD3+ T-cells expressing the CD69 activation marker was higher 
in the livers of MCD-fed mice as compared to controls. Intra-hepatic CD4+ T-cells from mice 
with NASH also showed an enhanced interferon-γ (IFN-γ) expression. We also observed that 
CD8+ and CD4+ T-cells obtained from NASH, but not from healthy livers, produced IL-2 when 
incubated “in vitro” with MDA-modified murine albumin, indicating that lipid peroxidation-
derived antigens might contribute to the development of cell-mediated immune responses, which 
on their turn might contribute to NASH progression. 

Immunization against MDA-adducts can alter the severity of NASH in mice  

In order to substantiate the possible role of adaptive immunity in promoting hepatic 
inflammation in NASH, we stimulated immune reactions against MDA adducts by injecting 
mice with MDA-modified bovine serum albumin (MDA-BSA) in incomplete Freund’s adjuvant 
before the administration of the MCD diet.  In our preliminary experiments control diet, we 
compared liver morphology and function of immunized mice fed with a control diet with that of 
naïve untreated mice. The histological profile of immunized mice was not different that of its 
naïve counterparts. In addition, immunization alone did not alter the transaminase activity, liver 
triglycerides or the hepatic mRNA expression of inflammatory mediators like TNF-α or CCL2. 
With this reference, we went on feeding the MCD diet to mice which were prior injected with 
MDA-modified bovine serum albumin (MDA-BSA) plus incomplete Freund’s adjuvant or the 
adjuvant alone. Following four weeks on the MCD diet, ALT release and the hepatic mRNA 
expression of TNF-α and CCL2 were higher in MDA-BSA-immunized than in naïve mice. No 
appreciable changes in liver injury and inflammation were observed in mice injected with 
incomplete Freund’s adjuvant before receiving the MCD diet. The enhanced severity of NASH 
was further supported by histology that showed higher scores for lobular inflammation and an 
increased number of necro-inflammatory foci and apoptotic cells in MCD-fed immunized mice.  
Furthermore, these later had several fold rise in transaminase release and liver mRNA content of 
TNF-α and CCL2 as compared to non-immunized MCD treated mice. Accordingly, circulating 
levels of TNF-α were three fold higher in MCD-fed immunized mice than in similarly treated 
naïve mice.  

Characterization of immune response associated with the development of NASH in immunized 
mice. 

The observation that the patho-physiological manifestations of MCD diet induced NASH can be 
worsened by prior MDA-BSA immunization prompted us to further investigate the mechanisms 
possibly involved. Flow cytometry of intrahepatic lymphocytes showed that MDA-BSA 
immunization did not modify the liver T-cells profile in mice receiving the control diet. On the 
contrary, immunization further promoted the recruitment of CD3+ T-cells in MCD-fed mice, 
increasing both the CD8+ and CD4+ pools. However, the proportion of CD8+ T-cells expressing 
the CD107a activation marker was unchanged.  Th-1 and Th-17 activation of CD4+ T-
lymphocytes are regarded as important pro-inflammatory stimuli. We observed that the 
expression of the Th-1 transcription factor T-cell T-box transcription factor (T-bet) as well as the 
liver IFN-γ content were selectively increased in MCD-fed immunized animals, in parallel with a 



stimulation of macrophages M1 activation markers IL-12p40 and inducible NO synthase (iNOS). 
Among immunized MCD-fed mice there was also a positive correlation between the individual 
expression of IFN-γ and that of TNF-α, IL-12p40 and iNOS (r=0.82, 0.75 and 0.88 respectively; 
p<0.02). No changes were instead evident in the hepatic mRNAs for the Th-17 transcription 
factor retinoic acid-related orphan receptor-γt (ROR-γt) and IL-17a (not shown). Furthermore, 
MCD-fed immunized mice also showed up-regulated mRNAs for CD40 ligand (CD40L; CD154) 
and its receptor CD40, a pair of co-stimulatory receptor-ligand molecules involved in 
macrophage activation by CD4+ T-cells [33]. To further verify the role CD4+ T-lymphocytes in 
promoting NASH, MCD-fed immunized mice were depleted of CD4+ T-cells by injecting them 
with the anti-CD4 monoclonal antibody GK1.5 receiving the MCD diet during 4 weeks. In 
preliminary experiments we observed that the efficiency of CD4+ cell depletion in the liver, as 
evaluated by flow cytometry, was >97%.  Figure ?? shows that following CD4+ T-cell depletion 
the hepatic mRNA expression of IFN-γ and CD40L as well as that of the macrophage M1 
markers iNOS and IL-12p40 were lowered as compared to untreated animals. Histology in these 
animals also confirmed an improvement of lobular inflammation and focal necrosis. 

Discussion 
Latest research reports the involvement of adaptive immunity, promoting fat inflammation in 
obesity, since CD4+/CD8+ T-cells are recruited into the adipose tissue and provide stimulation 
for the macrophage production of pro-inflammatory mediators [34,35].  Lymphocytes are often 
detected in the lobular infiltrates of NASH [36], but the actual role of adaptive immunity in the 
pathogenesis of the disease is still poorly understood.  We previously reported that sub-sets of 
adult and pediatric NAFLD/NASH patients show antibody responses against oxidative stress-
related antigens, such as MDA-derived adducts, that associate with an increased severity of 
lobular inflammation or fibrosis [27,37]. Similar antibodies are also detectable in rats with 
NASH induced by enteral nutrition with a high fat diet, while preventing oxidative stress with N-
acetylcysteine attenuates both the IgG formation and the severity of Steatohepatitis.  In the 
present study, we observed that the progression of NASH caused a methionine/choline deficient 
(MCD) diet parallels with the development of IgG against lipid peroxidation-derived adducts and 
the liver recruitment of CD4+ and CD8+ T-lymphocytes recognizing the same antigens. The 
possible contribution of adaptive immunity to the progression of experimental NASH is further 
substantiated by the observation that stimulating immune responses against MDA-protein 
adducts, one of the antigens recognized by the antibodies detected in both human and rodent 
NASH, promotes parenchymal injury and inflammation in mice fed with the MCD diet.  In 
accord with our observation a recent study by Henning and coworkers has reported that an 
expansion in the number of hepatic dendritic cells (DCs) characterizes NASH progression in 
mice receiving the MCD diet.  These DCs show increased expression of maturation and 
activation markers indicating that they are functionally active as professional antigen presenting 
cells to initiate adaptive responses and in regulating inflammation through production of soluble  
mediators. Accordingly, DCs from NASH livers exhibit an increased ability to induce allogeneic 
T-cell stimulation and in particular they promote antigen restricted CD4+ T-cell proliferation, as 
well as CD4+ T-cell production of T-helper cell Th1, Th2 and Th17 cytokines. NASH DCs also 
down-regulate expression of the CD25+ FoxP3+ regulatory T-cell (Treg) phenotype in DC/T-
cell co-culture experiments to a greater extent than control DCs. However, DC activation of 
antigen-restricted CD8+ T cells remains unchanged in NASH. In particular, peptide-pulsed 



control and NASH DCs induce comparable antigen restricted CD8+ T cell proliferation and 
cytokine production. 

In a recent paper Bieghs and co-workers reported that inducing the production of IgM targeting 
oxidized low density lipoproteins (LDLs) reduce NASH in LDL receptor-deficient mice 
receiving a high-fat/cholesterol diet. Our data are not in contrast with these observation and the 
discrepancies can be explained considering that the experimental settings are quite different for 
the immune responses involved and the mechanisms leading to NASH. In Bieghs’s work mice 
were immunized with heat-inactivated pneumococci leading to the production of natural IgM 
against bacterial antigens that cross-react with oxidized phosphatidylcholine in LDLs [38].  
Feeding a high-fat/cholesterol diet to LDL receptor-deficient mice causes Kupffer cell 
engulfment by oxidized LDLs that, in turn, promotes Kupffer cell activation and hepatic 
inflammation [39]. In this scenario, the IgM interaction with oxidized LDLs reduces their uptake 
by Kupffer cells, lowering the pro-inflammatory stimuli [39]. These conditions are quite 
different from those occurring in MCD-induced NASH, where parenchymal injury, oxidative 
stress and inflammation result from the impairment of hepatocyte lipid secretion [32]. 
Furthermore, our data indicate that the immunization with MDA-adducts mainly stimulates IgG 
production and T-cell responses and that these latter are mainly responsible for promoting 
inflammation. 

Concerning the mechanisms by which adaptive immunity contributes the evolution of NASH, we 
have observed that hepatic CD4+ T-cells are increased in MCD-fed immunized mice in parallel 
with stimulation in the liver expression of IFN-γ and CD40L (CD154). CD40L is a co-
stimulatory molecule predominantly expressed by CD4+ T-cells and activated platelets that, by 
interacting with its receptor CD40 on macrophages and lymphocytes, have a key role in 
orchestrating inflammation and immunity in several diseases, including atherosclerosis and 
obesity [40,41].  In line with this, CD4+ T-cell depletion prevents the up-regulation of IFN-γ and 
CD40L and ameliorates lobular inflammation, indicating that a Th-1 activation of CD4+ T-
lymphocytes plays a major role in promoting NASH. It is noteworthy that Th-1 activation 
characterizes CD4+ T-cell responses to LDL-derived oxidation antigens in atherosclerosis [40]. 
In this setting, CD4+ T cell or IFN-γ deficiency have been shown to ameliorate plaque 
inflammation and the disease progression [40]. Interestingly, an increase in circulating IFN-γ-
producing CD4+ T-cells has been observed in either pediatric or adult NASH patients in 
conjunction with an enhanced liver IFN-γ production [42], suggesting the possible relevance of 
these mechanisms to the human disease.  A recent report indicates that an increase in hepatic 
CD8+ T-cells also characterizes pediatric NASH.  In our hands, CD8+ T-cell recruitment is 
evident in NASH livers and is further promoted by pre-immunization [42]. However, 
immunization does not affect the expression CD8+ T-cell activation markers, suggesting that in 
our experimental setting effector T-cells do not significantly contribute to hepatic inflammation. 
Nonetheless, the involvement of CD8+ T-cells in NASH requires further investigations. In a 
similar manner, more studies are needed to clarify the role of B-cell responses.  Indeed, the 
presence of circulating anti-MDA IgG might not be just a hallmark of immune activation against 
oxidative stress derived epitopes, but might influence the disease evolution by causing antibody-
mediated injury. Furthermore, B-cells have been shown to drive CD4+ T-cell activation and 
cytokine production in the adipose tissue during obesity and either stimulate or prevent the 
progression of liver injury to fibrosis [43,44].  



In conclusion, the results presented indicate that immune responses triggered by oxidative stress-
derived antigens contribute to hepatic inflammation in experimental NASH by promoting the Th-
1 activation of CD4+ T-lymphocytes.  Altogether, these data support recent observations in 
humans about the possible involvement of adaptive immunity in the mechanisms leading to 
NAFLD evolution. 

Future Prospects 
Using the animal model of NASH, it is now clear that the disease severity can be elevated 
experimentally using prior immunization techniques. Thus, the involvement of adaptive 
immunity towards in the progression of NASH needs to be studied in much detail by evaluating 
how the activation of CD4+ and CD8+ T-lymphocytes in the hepatic environment leads to the 
eventual state of the disease. In this respect it is important to study the behavior of these T-cell 
subsets during liver damage.  In this direction, it is important to measure the activity of these 
cells at different stages on the disease in an experimental model. We will employ flow cytometry 
analysis on prior immunized animals, later fed on MCD diet to induce NASH. It is important to 
understand the path followed by the CD4+ and CD8+ subsets. Also it will be wise to haw 
depletion of CD8+ T cells with specific antibodies modulates the disease progression. With all 
this data in hand, still the role of B-cell response remains poorly characterized. A further aim of 
my project will concern the characterization of the actual relation between B-cell and CD4+ T-
cell activation. In this direction, we plan to investigate the B-cell activation and progression 
profile in the hepatic environment in relation to the CD4+ and CD8+ T-cell population in its 
vicinity. Experiments will be carried out to understand the humoral immune response during the 
NASH progression in unison with the cell-mediated immune response. This will help to 
understand the in whole immune activity which leads to the destruction of hepatic tissue during 
NASH progression.  
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Figure 1 – Liver pathology of C57BL/6 mice fed by methionine/choline deficient (MCD) 
diet. 

Panels A-C: Liver damage was measured by alanine aminotransferase (ALT) release and hepatic 
triglyceride content. Panels D-E: Liver oxidative stress, as evaluated by thiobarbituric acid 
reactive compounds (TBARs), and circulating IgG against malondialdehyde- (MDA) or 4-
hydroxynonenal (4-HNE) modified bovine serum albumin were measured in control mice 
(empty bars) or in mice fed with the MCD diet for 4 (light grey bars) and 8 (dark grey bars) 
weeks. The IgG values are expressed as optical density at 490 nm.  The values refer to 8-12 
animals in each group and the boxes include the values within 25th and 75th percentile, while the 
horizontal bars represent the medians. The extremities of the vertical bars (10th-90th percentile) 
comprise the eighty percent of the values. 

 

 

 



 

 

Figure 2 – Histological examination of hepatic environment in 4 and 8 weeks MCD diet fed 
mice. 

Panels A-F: Liver histology was evaluated in hematoxilin/eosin stained sections from control 
mice to 4 and 8 weeks MCD-fed mice (magnification 400x). Lobular inflammation was scored 
according to Kleiner et al. [29], while necro-inflammatory foci and apoptotic hepatocytes were 
counted in ten different high magnification microscopic fields. 

Figure 3 – Differential lymphocyte infiltration in hepatic environment in 4-8 weeks of MCD 
diet. 

Panel A-B: Liver histology was evaluated in hematoxilin/eosin stained sections from mice 
receiving anti-CD3 and CD220 IgG or vehicle (magnification 400x). Panel C-F: Flow cytometry 
analysis of liver monucleated cells isolated from controls (Cont) or MCD-fed mice: 
representative dot blots of T-lymphocyte staining for CD45 and CD3 and percent distribution of 
total CD3+, CD8+ or CD4+ T-cells. The values refer to 4-5 animals in each group and the bars 
represent medians ± S.D. T-lymphocyte activation in NASH livers (8 weeks MCD diet) was 
assessed by CD3+ T-cell expression of CD69 as well as by CD4+ T-cell interferon-γ (IFN-γ) 
production. 



 



 

 

Figure 4 – MDA-BSA/adjuvant immunization does not affect the physiology in naïve mice 
with control diet. 

Panel A-B: Liver histology of naïve and immunized mice on control diet was evaluated in 
hematoxilin/eosin stained sections from naïve or immunized control diet fed animals 
(magnification 400x). Panel C-F: Liver damage was measured by alanine aminotransferase 
(ALT) release, hepatic triglyceride content and liver mRNA levels for TNF-α, CCL2. Hepatic 
mRNAs were measured by RT-PCR and expressed as fold increase over control values after 
normalization to the β-actin gene expression.  The values refer to 8-12 animals in each group and 
the boxes include the values within 25th and 75th percentile, while the horizontal bars represent 
the medians. The extremities of the vertical bars (10th-90th percentile) comprise the eighty 
percent of the values. 

 

 

 



 

 

Figure 5 – Effects of immunization on the severity of NASH in MCD fed mice. 

Mice were immunized with MDA-modified bovine serum albumin (MDA-BSA) in incomplete 
Freund’s adjuvant before 4 weeks feeding with the MCD diet. Panels A-E: Liver histology of 
naïve and immunized mice on control diet was evaluated in hematoxilin/eosin stained sections 
from naïve (MCD) or pre-immunized MCD-fed animals (Imm-MCD) (magnification 400x). 
Lobular inflammation was scored according to Kleiner et al. [29], while necro-inflammatory foci 
and apoptotic hepatocytes were counted in ten different high magnification microscopic fields. 

 



 

 

Figure 6 – Immunization affects the degree of severity in MCD diet induced liver damage  

Mice were immunized with MDA-modified bovine serum albumin (MDA-BSA) in incomplete 
Freund’s adjuvant before 4 weeks feeding with the MCD diet. Panels A-E: The differences in 
NASH severity were assessed by alanine aminotransferase (ALT) release, hepatic triglyceride 
content and liver mRNA levels for TNF-α, CCL2. The experimental groups were: naïve controls 
(Cont), naïve MCD-fed mice (MCD), mice pretreated with the incomplete Freund’s adjuvant and 
receiving the MCD diet (Ad+MCD), mice receiving the complete immunization protocol plus 
the MCD diet (Imm-MCD).  Panel E: Circulating TNF-α levels were determined in the same 
animals. Hepatic mRNAs were measured by RT-PCR and expressed as fold increase over control 
values after normalization to the β-actin gene expression.  The values refer to 8-12 animals in 
each group and the boxes include the values within 25th and 75th percentile, while the horizontal 
bars represent the medians. The extremities of the vertical bars (10th-90th percentile) comprise 
the eighty percent of the values.  

 



 

 

Figure 7 – The immune responses against oxidative stress-derived antigens promote the 
liver recruitment of T-lymphocytes. 

Liver monucleated cells were isolated from the livers of either naive controls (Cont), naïve mice 
fed 4 weeks a methionine-choline deficient (MCD) diet or mice pre-immunized with MDA-
modified bovine serum albumin before the administration of the MCD diet (Imm-MCD). Panels 
A-D show representative dot blots of T-lymphocytes staining for CD45 and CD3 and the percent 
distribution of total CD3+ and CD8+ or CD4+ T-cells sub-sets. The values refer to 5-6 animals 
in each group and the bars represent medians ± S.D. 
 

 

 

 



 

 

Figure 8 – Th-1 related immune responses during lymphocytes infiltration. 

Panel A: Representative dot blots of CD8+ T-cells displaying the CD107b activation marker. 
Panels B-F: Th-1 activation of CD4+ T-cells was evidenced by the intrahepatic production of 
interferon-γ (IFN-γ) and the mRNA expression of the Th-1 trascription factor CD40 and CD40 
ligand (CD154) and M1 activation marker iNOS. The RT-PCR values were normalized to those 
of the β-actin gene and presented as fold increase over control values. The data refer to 8-12 
animals in each group and the boxes include the values within 25th and 75th percentile, while the 
horizontal bars represent the medians.  The extremities of the vertical bars (10th-90th percentile) 
comprise the eighty percent of the values. 

 



 

 

Figure 9 – CD4+ T-lymphocyte depletion improves hepatic inflammation in MDA-BSA 
immunized mice receiving the MCD diet.  

After immunization with MDA-modified bovine serum albumin (MDA-BSA) mice were 
depleted of CD4+ T-cells by repeated injection of GK1.5 anti-CD4 monoclonal antibodies 
during 4 weeks feeding with the MCD diet. Panels A-D: Effect of CD4+ T-cell depletion on the 
hepatic expression of  interferon-γ (IFN-γ), CD40 ligand (CD154), macrophage M1 activation 
markers (IL-12p40, iNOS). The mRNA levels were measured by RT-PCR and expressed as fold 
increase over control values after normalization to the β-actin gene expression.  The values refer 
to 6 animals in each group and the boxes include the values within 25th and 75th percentile, 
while the horizontal bars represent the medians. The extremities of the vertical bars (10th-90th 
percentile) comprise the eighty percent of the values. Panels E-H: Liver histology was evaluated 
in hematoxilin/eosin stained sections from mice receiving anti-CD4 IgG or vehicle 
(magnification 400x). Lobular inflammation was scored according to Kleiner et al. [29] while 
necro-inflammatory foci were counted in ten different high magnification microscopic fields. 
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