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Abstract
This editorial reviews the recent evidence showing that 
Mallory-Denk bodies (MDBs) form in hepatocytes as the 
result of a drug-induced shift from the 26s proteasome 
formation to the immunoproteasome formation. The 
shift is the result of changes in gene expression induced 
in promoter activation, which is induced by the IFNγ 
and TNFa signaling pathway. This activates TLR 2 and 
4 receptors. The TLR signaling pathway stimulates 
both the induction of a cytokine proinflammatory re
sponse and an up regulation of growth factors. The 
MDB- forming hepatocytes proliferate as a result of 
the increase in growth factor expression by the MDB- 
forming cells, which selectively proliferate in response 
to drug toxicity. All of these mechanisms are induced by 
drug toxicity, and are prevented by feeding the methyl 
donors SAMe and betaine, supporting the epigenetic 
response of MDB formation.
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INTRODUCTION
A great deal of  new information on the subject has been 
published since the last review on Mallory-Denk body 
(MDB) pathogenesis published in 2007[1]. In that review 
it was emphasized that MDBs contain keratins K18 and 
8, ubiquitin and p62. The relevant proteins and cellular 
processes that contribute to MDB formation include 
chronic stress-induced protein misfolding and consequen-
tial proteasome overload, a K8-greater-than-K18 ratio, 
and transamidation of  K8 and other proteins. However, 
the mechanisms involved in the formation of  the MDB 
aggresome have remained elusive. Three new mechanisms 
of  MDB formation have recently been explored. The first 
is epigenetic mechanisms. The second is the shift from the 
26s proteasome to the immunoproteasome. The third is 
the chronic activation of  the Toll-like signaling pathways 
which stimulate proinflammatory and cell growth path-
ways. The 3 mechanisms combine to form MDBs.

EPIGENETIC MECHANISMS
The first indication that MDB formation is the result of  
epigenetic changes in gene expression came about when 
it was demonstrated that feeding S-adenosyl-methionine 
(SAMe) prevented MDB formation when diethyl-1,4-
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dihydro-2,4,6-trimethyl-3,5-pyridine decarboxylate (DDC) 
was re-fed to drug-primed mice[2]. Microarray analysis of  
the livers from these mice showed that the drug treatment 
phenotype was remembered by the liver cells at 9 wk, 11 
wk and 4 mo after withdrawal of  the drug, suggesting that 
the epigenetic changes were heritable. More significant was 
that this memory was completely prevented by feeding 
SAMe with DDC because it meant that SAMe, a methyl 
donor, had silenced the changes in gene expression that 
had induced MDB formation. Methylation of  H3K9 of  
histones and DNA leads to gene silencing. Consequently, 
no induction of  MDBs resulted when SAMe was fed. 
Data mining of  the microarray changes in gene expression 
by the MDB forming liver cells showed that SAMe feeding 
prevented the changes induced in gene expression caused 
by drug re-feeding associated with MDB formation. Most 
notably, SAMe prevented the up regulation of  HSP70, 
caspase 3, Map3K14, glutathione synthase, sequestosome 
1 (p62), HDAC 9, alpha fetal proteins (Afp), Kruppel-
like factor 6 (KLF-6), Egr2, glutathione S transferase 
mu2 (Gstm2), ubiquitin D (FAT10), gamma-glutamyl 
transferase 1 and glutathione peroxidase 2. These changes 
in gene expression stimulate changes in growth factors, 
apoptosis, chaperones, antioxidants and preneoplasia. 

To further substantiate the changes in gene expres-
sion, qPCR was done. FAT10 and KLF6 were markedly 
up regulated by DDC, and this was prevented by feed-
ing SAMe. The up regulation of  FAT10, KLF6, Afp and 
Gstm2 was observed at all 3 time intervals (9 wk, 11 wk 
and 4 mo) and SAMe prevented these changes in gene 
expression at every time interval[2]. Feeding SAMe also 
affected the expression of  acetylation and methylation 
enzymes (Dnmt3A, HDC9) induced by DDC re-feeding. 
Parameters involving oxidative stress (GSH levels, 4HNE, 
and carbonyl protein levels) were not changed during 
MDB formation, and were unaffected by SAMe feeding. 
MDB formation by drug-primed liver cells in primary cul-
tures was totally prevented by SAMe in vitro. These results 
clearly established the role of  epigenetic changes in gene 
expression during MDB formation and prevention by the 
methyl donor SAMe[2].

To further document the role of  epigenetics in the 
formation of  MDBs, FAT10 (UbD) was used as an im-
munofluorescent marker of  the MDB- forming liver cell 
phenotype[3]. The FAT10 positive cells that formed MDBs 
proliferated over 7 d of  DDC re-feeding to drug-primed 
mice. The FAT10 liver cell phenotype showed a growth 
advantage over the intervening normal FAT10 negative 
hepatocytes in the livers of  the mice re-fed DDC[3]. The 
proliferative response was completely prevented by feed-
ing SAMe. FAT10 protein was markedly increased by 
Western blot analysis, as well as by immunohistochemistry. 
Morphologically, the FAT10-positive MDB-forming he-
patocytes are often in mitosis, and the nuclei stain positive 
for cyclin D1 and proliferation cell nuclear antigen, indi-
cating that they were proliferating. The individual FAT10-
positive liver cells persisted in the liver among normal 
hepatocytes for 9 mo after drug withdrawal, at which 

time FAT10-positive tumors formed. This correlated with 
a decrease in 8-oxyguanine DNA-glycosylase (OGG1), 
which would favor the failure of  DNA damage repair. 
Nuclear extracts from drug re-fed mice showed a decrease 
in Dnmt-3B protein, as was predicted by the microarray 
results. Tissue cultures of  liver cells from drug-primed 
mice formed MDBs spontaneously, and TSA (a deacety-
lase inhibitor) prevented MDB formation, whereas 5-aza-
cytidine, a transmethylase inhibitor, did not[3].

When microarray analysis was carried out on the livers 
of  mice fed DDC for 10 wk and re-fed DDC for 7 d after 
1 mo of  drug withdrawal, the number of  changes in gene 
expression in the liver was remarkable (3343 genes). The 
change in expression was completely reversible after drug 
withdrawal for 1 mo[4]. Almost all of  the KEGG func-
tional pathways were up-regulated, especially cell adhesion 
molecules, actin cytoskeleton, the Toll-like receptor signal-
ing pathway, cytokine-cytokine interaction, and the NFκB 
signaling pathway. The largest increases in expression were 
in FAT10 (119 fold), alpha fetal proteins (68 fold) and 
two growth factors, Ctgf  and Gadd 45 g. Western blots 
confirmed the increased expression of  Ctgf  and Gadd 45 
g. H1F-1 alpha, measured by means of  Western blot of  
nuclear extracts, showed a decrease in HIF-1 alpha both 
in the DDC- fed for 10 wk and in the DDC-re-fed. Gene 
mining showed that Sirt 3, (a deacetylase) expression, was 
down regulated by DDC re-feeding. By Western blot, 
the expression of  HDAC was reduced by DDC feeding. 
HDAC-1 was increased in the nuclei of  FAT10-positive/
MDB-forming hepatocytes induced by DDC re-feeding, 
as indicated by immunofluorescent antibody staining (Fig-
ure 1). 

H3K9ac was increased by DDC feeding and refee
ding. SAMe did not affect the H3K9ac response to D 
DC refeeding[5]. The same was true for the decrease in 
H3K18ac. SAMe also did not prevent the down regulation 
of  Sirt-3 caused by DDC feeding. The histone acetyltrans-
ferase (GCN5) levels were increased after DDC refeed-
ing but SAMe did not prevent this. On the other hand, 
feeding SAMe prevented the decrease in H3K9me3 and 
H3K4m3 caused by DDC refeeding. H3K9me3 causes 
gene silencing and H3K4me3 causes gene up regulation 
globally. SAMe prevented the down regulation of  the his-
tone methyltransferase SUV39H1 and the up regulation 
of  the histone methyltransferase SET 7/9. The former 
methyl transferase methylates H3K9 and the latter meth-
ylates H3K4. DDC refeeding increased the expression 
of  the histone demethylase LSD1 but SAMe did not 
prevent this. SAMe prevented the up regulation of  H2A 
ubiquitination[5]. DDC refeeding altered the expression 
of  enzymes involved in the metabolism of  methionine 
and these changes were prevented by SAMe[5]. Refeeding 
DDC, up regulated MAT2a, AMD, and Mthfr and down 
regulated Ahcy and Gnmt. Gnmt demethylates SAMe. 
Mthfr is a potent inhibitor of  Gnmt.  

Betaine, another methyl donor, was also protective, like 
SAMe, when fed to drug-primed mice refed DDC[6]. This 
was true as assessed by microarray analysis and KEGG 
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functional pathways, although the effect of  betaine feed-
ing on these parameters was less dramatic. The same was 
true where betaine feeding prevented MDB formation 
induced by DDC refeeding. Betaine feeding also reduced 
the proliferation of  FAT10 positive cells induced by DDC 
refeeding. This was correlated with the prevention of  the 
up regulation of  FAT10 mRNA expression induced by 
DDC. Betaine feeding also markedly reduced the replica-
tion of  FAT10 positive MDB forming hepatocytes when 
DDC was refed[6].

Betaine feeding also prevented the effect of  DDC 
refeeding on the metabolism of  methionine[6]. For in-
stance, betaine partially prevented the increase in the ex-
pression of  Mhtfr induced by DDC refeeding. Mhtfr ele-
vation inhibits Gnmt activity[7]. Betaine plus DDC refeed-
ing increased the expression of  MAT1a[6]. It prevented the 
decrease in expression of  Gnmt, Ahcy and Bhmt caused 
by DDC refeeding. Bhmt converts homocysteine to me-
thionine and reduces the levels of  homocysteine. It par-
tially prevented the decrease of  AMD-1 caused by DDC 
refeeding[6]. Betaine feeding also prevented the decrease 
in SAH levels caused by DDC refeeding[6]. SAH inhibits 
the methylating activity of  Gnmt. It is likely that betaine 
prevents MDBs by preventing the changes in methionine 
metabolism, and consequently the reduced methylation 
caused by DDC refeeding. 

SHIFT FROM THE 26S PROTEASOME TO 

THE IMMUNOPROTEASOME
When DDC is refed, the activity of  the 26s proteasome 
is decreased by the shift of  the expression of  the protea-
some catalytic subunits from the 26s proteasome proteins 
to that of  the immunoproteasome[8]. The consequence of  
the loss of  26S proteasome activity is aggresome forma-
tion (MDBs) where the lack of  protein turnover leads to 
accumulation of  altered and ubiquitinated proteins[9,10]. 
Microarray analysis of  the livers from DDC fed mice 
showed the up regulation of  FAT10 and the catalytic sub-
units of  the immunoproteasome (MECL-1, LMP2 and 
7) as well as the immunoproteasome regulatory subunit 
PA28 alpha. The up regulation was limited to FAT10 over 

expressing liver cells, which formed MDBs as seen by 
immunofluorescence microscopy[2,3]. The FAT10 stained 
positive hepatocytes also over expressed LMP2 and 7 and 
MECL-1 when viewed by confocal microscopy[8]. Thus 
only the MDB forming cells and not the intervening he-
patocytes had shifted from the 26s proteasome to the im-
munoproteasome. When liver homogenates from control 
mice, DDC fed, DDC withdrawn 1 mo and DDC refed 
7 d were assayed by Western blot there was an increase in 
the expression of  LMP2 and 7 and MECL-1 only in the 
group fed DDC for 10 wk and in the group fed DDC for 
10 wk, withdrawn from DDC 1 mo and then refed DDC 
for 7 d. This contrasted with the Western blot results for 
the 26s proteasome catalytic subunit B5. B5 protein (chy-
motrypsin-like subunit) was decreased when DDC was fed 
or refed. The effect of  DDC feeding and refeeding on the 
26s proteasome chymotrypsin-like catalytic activity was 
tested[8]. DDC feeding for 10 wk caused a loss of  activity 
which returned to control levels after 1 mo withdrawal. 
The activity was again reduced when DDC was refed 7 
d. SAMe fed with DDC refeeding prevented the loss of  
the 26s proteasome chymotrypsin-like activity[8]. The ac-
cumulation of  polyubiquitinated proteins occurred 10 
wk after DDC feeding and also after 7 d of  DDC refeed-
ing[8]. Again, SAMe fed with DDC refeeding prevented 
the accumulation of  polyubiquitinated proteins caused by 
DDC. The results clearly indicated that DDC feeding or 
refeeding caused a switch from the 26s proteasome, which 
was down regulated, to the immunoproteasome which 
was up regulated. The immunoproteasome increased at 
the expense of  the 26s proteasome in the MDB forming 
hepatocytes. The switch was completely prevented when 
SAMe was fed with DDC. This result was true for the 
catalytic subunits LMP2 and 7 and MECL-1. When qRT-
PCR was done to assay the gene expression of  LMP2 and 
7 and MECL-1, the increases in the expression of  these 
genes was also prevented by SAMe feeding[8].

The question was then addressed, what was the mech-
anism that drives the switch in the proteasome expres-
sion? The fact that SAMe prevented the switch indicated 
that an epigenetic mechanism was responsible. However, 
it remained to be determined as to what changes in gene 
expression induced the switch. An increase in tumor ne-
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Figure 1  Mallory-Denk bodie/FAT10 positive hepatocytes were double stained with fluorescent antibodies to FAT10/histone deacetylase 1 and ubiquitin/
histone deacetylase 1, showing increased nuclear staining for histone deacetylase 1. A: FAT10 positive hepatocytes (× 436); B: Hepatocytes forming ubiquitin 
positive Mallory-Denk bodies (× 1090). HDAC-1: histone deacetylase 1; DDC: diethyl-1,4-dihydro-2,4,6-trimethyl-3,5-pyridine decarboxylate.

DDC refed × 1090



crosis factor α (TNFα) and interferon γ (IFNγ) expres-
sion stimulates the expression of  LMP2 and FAT10[11]. 
Because of  this, the gene expression of  the TNFα and 
IFNγ receptors (IFNγR) was measured by quantitive poly-
merase chain reaction[8]. The expression of  IFNγR1 and 
IFNγR2, and TNFR2 and 21a were markedly increased 
by DDC refeeding. SAMe fed with DDC refeeding com-
pletely prevented these changes. The expression of  TNFα 
was markedly increased by DDC refeeding and SAMe 
prevented the increase when fed with DDC refeeding[8]. 
IFNγ added to primary hepatocyte cultures from DDC-
withdrawn mice induced a 4-fold increase in the number 
of  hepatocytes that formed MDBs in vitro[8].  

Further in vitro studies on the mouse Hepa1-6 cell 
line were done to test whether TNFα and IFNγ would 
induce the expression of  the immunoproteasome catalytic 
subunits and FAT10[12]. It was found that IFNγ but not 
TNFα alone induced the expression of  FAT10, LMP2 
and 7 and MECL-1. However, there was a further syner-
gistic increase in the expressions of  FAT10, LMP2 and 7 
and MECL-1 when both IFNγ and TNFα were added to 
the culture. The same response was found when down-
stream phosphorylation of  STAT3 and pSTAT1 was 
measured by Western blot. TNFα, IFNγ and the combi-
nation of  TNFα and IFNγ activated D1 on the promoter 
of  FAT10. The ISRE sequence (interferon sequence 
responsive element) was involved in the increased expres-
sion of  FAT10. In the absence of  the D1 ISRE sequence, 
the treatment with the TNFα-IFNγ co-treatment could 
not induce the activity of  the promoters D2 and D3. The 
Hepa1-6 cells were subjected to long term treatment with 
TNFα and IFNγ to see if  MDBs would form in vitro in re-

sponse to these cytokines. MDB-like aggresomes formed, 
beginning at 21 d of  culture. The aggresomes stained 
positive for FAT10, ubiquitin and CK8, as is characteristic 
for MDBs[12]. In summary: the data supports the hypoth-
esis that proinflammatory cytokines are responsible for up 
regulation of  the immunoproteasome and consequently, 
down regulation of  the 26s proteasome, which causes the 
accumulation of  undigested proteins and MDB formation 
in FAT10 positive hepatocytes. 

CHRONIC ACTIVATION OF TOLL-LIKE 
SIGNALING PATHWAYS LEADS TO 
PROINFLAMMATORY AND GROWTH 
PATHWAYS WHICH INDUCE MDB 
FORMATION
An explanation for the increase in TNFα and IFNγ stimu
lation of  the proinflammatory and cell growth response 
that leads to MDB formation is needed.  TNFα and IFNγ 
activate the Toll-like receptor (TLR) signaling pathway[13-15]. 
We therefore investigated this possibility in our model. 
Mice refed DDC developed an up regulation of  the 
expression of  both TLR 2 and 4 as indicated by qPCR[16]. 
SAMe feeding prevented the up regulation of  both TLRs 
by DDC refeeding. Western blot confirmed the increase 
in TLR 4 and 2 induced by DDC refeeding and the 
prevention by SAMe. Downstream components of  the 
TLR signaling pathway were also up regulated, including 
MyD88 and TRAF-6. SAMe feeding prevented both of  
these up regulations[16]. To test if  the proinflammatory 
response was activated by DDC refeeding, interleukin 
(IL)-1 beta was measured by Western blot. DDC markedly 
increased the expression of  IL-1 beta and, conversely, 
feeding SAMe prevented this[16]. CD-14, which binds 
lipopolysaccharide (LPS) at the TLR 4 receptor, was also 
up regulated by DDC refeeding and this was prevented by 
SAMe feeding. These increased gene expressions would 
increase the response of  the TLR signaling pathway to 
LPS in the DDC-fed mice.

How would the increase in the proinflammatory sig
naling pathway and growth of  the FAT 10 positive hepa
tocytes cause the formation of  MDBs? The TLR pathway 
activity stimulates both activation of  NFκB mediated 
proinflammatory response and the AP-1 mediated growth 
response, as illustrated in Figure 2.

NFκB activation is increased in response to DDC fe- 
eding both in vivo and in primary hepatocyte cultures 
when MDBs form[17-20]. Activation of  p38, pERK and 
JNK pathways have been shown to be up regulated in 
vitro when MDBs were formed by DDC-withdrawn 
hepatocytes in primary culture[20-21]. JNK, p38 and ERK 
activate AP-1 (Figure 2) which leads to cell proliferation.  
It has been shown that DDC feeding also causes AP-1 
activation[19]. 

Thus both the proinflammatory pathways and growth 
pathways are activated as a consequence of  TLR signaling, 
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which is enhanced by TNFα and IFNγ generated by 
NFκB activation. Growth of  FAT10 positive cells results 
when AP-1 is activated. MDBs are formed in FAT10 posi
tive hepatocytes as a result of  the IFNγ stimulated switch 
in the expression of  the catalytic subunits from the 26s 
proteasome to the immunoproteasome. 

CONCLUSION
There are two major components involved in the mecha
nism of  MDB formation. The first component is the 
switch of  the metabolism of  methionine away from the 
S-adenosylmethionine-methyltransferase activity pathway 
to the decarboxylated S-adenosylmethionine pathway[10] 

and by down regulating Gnmt expression which cata
lyzes SAMe utilization in the methyltransferase methy
lation of  histones H3K4 and H3K9[5] and DNA[3]. Gnmt  
activity was also inhibited by the upregulation of  Mth
fr which is a potent inhibitor of  Gnmt[6]. SAMe[5] and 
betaine[6] both prevented this shift in methionine meta
bolism, as well as the epigenetic changes in histone 
and DNA methylating enzymes induced by DDC re
feeding. This argues strongly in favor of  the epigenetic 
changes playing a major role in the mechanism of  MDB 
formation.

The second component involves the methyl donors 
S-adenosylmethionine and betaine. Both prevented the 
shift from the 26s proteasome to the formation of  the 
immunoproteasome[8], and prevent the up regulation of  
the TLR 2/4 signaling pathways[16]. Consequently MDB 
formation was prevented[2,6]. Blocking the up regulation 
of  the TNFα and IFNγ receptor up regulation[16] and 
TLR2/4 signaling prevented the activation of  the NFκB 
and API up regulation of  growth and proinflammation 
genes.  

In conclusion, since both the methyl donors SAMe 
and betaine were proven to be effective in blocking the 
two mechanisms involved in MDB formation and the 
associated growth and proinflammatory gene expression, 
both donors should be effective in preventing MDB 
formation in liver in tumor formation in patients if  used 
in clinical trials in the prevention and treatment of  alco
holic liver disease.
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