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Abstract

Objective—Primary Sclerosing Cholangitis (PSC) is a chronic cholestatic liver disease that is
characterized by severe peri-biliary tract inflammation and fibrosis, elevated oxidative stress and
hepatocellular injury. A hallmark of PSC patients is the concurrent diagnosis of Inflammatory
Bowel Disease occurring in approximately 70%-80% of PSC patients (PSC/IBD). The objective
of this study was to determine the impact of end stage PSC/IBD on cellular antioxidant responses
and the formation of protein carbonylation.

Methods—Using hepatic tissue and whole cell extracts isolated from age-matched healthy
humans and patients diagnosed with end stage PSC/IBD, overall inflammation, oxidative stress,
and protein carbonylation were assessed by Western blotting, and immunohistochemistry.

Results—Increased immunohistochemical staining for CD3+ (lymphocyte), CD68 (Kupffer cell)
and myeloperoxidase (neutrophil) colocalized with the extensive Picrosirius red stained fibrosis
confirming the inflammatory aspect of PSC. Importantly, the increased inflammation also
colocalized with elevated periportal post-translational modification by the reactive aldehydes 4-
HNE, MDA and acrolein. 4-HNE, MDA and acrolein IHC all displayed a significant component in
hepatocytes adjacent to fibrotic regions. Furthermore, acrolein was also elevated within the nuclei
of periportal inflammatory cells whereas MDA staining was increased in hepatocytes across the
lobule. Prussian Blue staining, when compared to the positive controls (ALD, NASH), did not
display any evidence of iron accumulation in PSC/IBD livers. Western analysis of PSC/IBD anti-
oxidant responses revealed elevated expression of SOD2, GSTr as well as upregulation of Akt
Ser473 phosphorylation. In contrast, expression of GSTY, GSTA4, catalase, Gpx1 and Hsp70 were
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suppressed. These data were further supported by a significant decrease in measured GST activity.
Dysregulation of anti-oxidant responses in the periportal region of the liver was supported by
elevated SOD2 and GSTr IHC signals in periportal hepatocytes and cholangiocytes. Expression
of the Nrf2-regulated proteins HO-1, NAD(P)H quinone reductase (NQO1) and Gpx1 was
primarily localized to macrophages. In contrast, catalase staining decreased within periportal
hepatocytes and was not evident within cholangiocytes.

Conclusions—Results herein provide additional evidence that cholestasis induces significant
increases in periportal oxidative stress and suggest that there are significant differences in the
cellular and subcellular generation of reactive aldehydes formed during cholestatic liver injury.
Furthermore, these data suggest that anti-oxidant responses are dysregulated during end-stage
PSC/IBD supporting pathological data. This work was funded by NIH 5R37AA009300-22 D.R.P.
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Background

The orphan disease, Primary Sclerosing Cholangitis (PSC) is a progressive cholestatic liver
disease of unknown etiology characterized by biliary inflammation, fibrosis, and stricturing
of the intra and/or extra-hepatic bile ducts (Eaton et al., 2013). The incidence rate is
~1:100,000 person-years with no medical therapies currently available. Long-term disease
progression leads to biliary obstruction, repeated bouts of cholangitis, and secondary biliary
cirrhosis with a median time of survival following diagnosis of 12-18 years (Eaton et al.,
2013). In the absence of liver transplant (LTx), patients carry a 10-20% lifetime risk of
hepatobiliary malignancy. Furthermore, 20-40% develop recurrent disease even after LTx
(Hirschfield et al., 2013; Kugelmas et al., 2003; Tamura et al., 2007). A primary risk factor
for PSC is inflammatory bowel disease (IBD) which is present in at least 70% of PSC
patients but has been reported in upwards of 80% making PSC/IBD the primary subtype of
PSC (Jiang and Karlsen, 2017; Lunder et al., 2016; Weismuller et al., 2017).

Oxidative stress is a major contributing factor in regulating cellular protein post-translational
modifications. In particular, the formation of reactive oxygen species (ROS) during chronic
inflammation is hypothesized to be central to the progression of chronic liver diseases
(Albano, 2006). ROS are produced by the mitochondrial respiratory chain, the cytochrome
P450 system, auto-oxidation of heme proteins, the NADPH oxidase complex, xanthine
oxidase, oxidative enzymes and other cellular systems (Aubert et al., 2011). While ROS are
important in signal transduction, cellular physiology, and are involved in critical metabolic
pathways, a high concentration of ROS can result in hepatocellular damage, apoptosis and
necrosis (Leung and Nieto, 2013). ROS can also lead to a free radical chain reaction with
unsaturated fatty acids generating toxic electrophilic a/p unsaturated aldehydes, a process
called lipid peroxidation. Post-translational modification of proteins by products of lipid
peroxidation has been implicated as a contributing factor in the progression of chronic liver
disease (Osna et al., 2016; Sutti et al., 2014). We have recently demonstrated that elevated
protein carbonylation is present in both end-stage alcoholic liver disease (ALD) as well as
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end-stage non-alcoholic liver disease (NASH) both of which possess elevated steatosis
(Shearn et al., 2015b; Shearn et al., 2017).

Biliary cholestasis is implicitly connected to inflammation and oxidative stress and therefore
hepatocellular damage (Bell et al., 2015; Salem et al., 2003; Tan et al., 2015; Vendemiale et
al., 2002). In the liver, an important marker for increased oxidative stress is elevated levels of
hepatic lipid peroxidation that generates electrophilic a/p unsaturated fatty acids such as 4-
hydroxynonenal (4-HNE), acrolein and malondialdehyde (MDA). Due to a strong periportal
localization, cholestatic inflammation and oxidative stress is unique compared to other well
characterized diseases such as alcoholism (Kawamura et al., 2000; Osna et al., 2016; Shearn
et al., 2015b). In cell culture, hydrophobic bile acids induce lipid peroxidation in
macrophages (Ljubuncic et al., 1996). Elevated products of lipid peroxidation are present in
the serum of patients diagnosed with Primary Biliary Cholangitis (Aboutwerat et al., 2003)
and PSC patients, where elevated levels of lipid peroxides corresponded to decreased serum
anti-oxidant capacity (Salem et al., 2003). In support of these data, when combined with
ciprofloxacin, addition of the anti-oxidant N-acetylcysteine (NAC) significantly decreased
hepatic enzymes and inflammation (Alkaline phosphatase, Gamma Glutmyl Transferase
(GGT), % neutrophils) in 2 patients with partial biliary obstruction suggesting a neutrophil/
oxidative stress component in cholestasis (Ozdil et al., 2010). In Primary Biliary Cholangitis
(PBC), markers of protein carbonylation are upregulated corresponding to downregulation of
Nrf2 (Wasik et al., 2017). PBC however, at least in part, originates from autoantibodies that
cause chronic inflammation and hepatic injury (Trivedi et al., 2017). Even though both PBC
and PSC are cholangiopathies, and an autoimmune component to PSC has been described,
the fact that 70-80% of PSC patients also have a co-diagnosis of IBD making PSC clearly
multifactorial and indicating that its origin is unclear (Jiang and Karlsen, 2017). The impact
of PSC/IBD on protein lipid peroxidation and anti-oxidant responses within the liver has not
been evaluated.

In the present study we have examined hepatocellular lipid peroxidation and antioxidant
responses in tissue obtained from end-stage PSC patients that possess a combined diagnosis
of PSC/IBD as observed in the majority of PSC patients. Our hypothesis was that we would
find elevated lipid peroxidation products in the areas of active/ongoing pathology. We find
that hepatic protein carbonylation is elevated and that anti-oxidant responses are
dysregulated in tissue obtained from end-stage PSC/IBD patients. When compared to
previously published reports regarding PBC, PSC may possess distinct hepatocellular anti-
oxidant responses further supporting the uniqueness of PSC.

Sample procurement

To determine the status of protein carbonylation and acetylation during cholestasis, paraffin
embedded and frozen hepatic tissue from normal and end stage PSC/IBD patients (N=9
PSC/IBD, 8 Normal) procured during transplantation (ages 25-62, Male/Female) were
obtained from the University of Minnesota Liver Tissue cell Distribution Center NIH
Contract #HHSN276201200017C. Whole cell extracts (WCE) of each sample was prepared
by dounce homogenization (10X) of tissue resuspended in 50mM tricine pH 8.0, 0.001M
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NaCl plus phosphatase and protease inhibitors (SIGMA ALDRICH, St Louis, MO) followed
by sonication (3X15 seconds@ 4°C). To remove debris, samples were centrifuged at
14,000RPM (16,000g)(4°C) for 10 minutes. Supernatants were drawn off and immediately
flash frozen in liquid N2.

Histological Evaluation

To detect fibrosis, formalin fixed slides normal and end stage PSC patients (N=9 PSC, 8
Normal) were stained with Picro-Sirius (PSR). For Prussian blue staining, PSC, Normal,
NASH (Shearn et al., 2017) and ALD (Osna et al., 2016) (N=6 per condition), slides were
stained according to established protocols. In addition, immunohistochemical staining for 4-
HNE, rabbit polyclonal(Shearn et al., 2014), acrolein rabbit polyclonal (Cell Sciences,
Newburyport, MA), malondialdehyde (MDA) rabbit polyclonal (ABCAM, Billerica, MA),
myeloperoxidase (MPO) goat polyclonal (Millipore, Billerica, MA), Rabbit polyclonal CD3
(DAKO/Agilent Santa Clara, CA), Rat Anti CD68 polyclonal (DAKO), catalase rabbit
polyclonal (SIGMA ALDRICH, St. Louis, MO), and mitochondrial superoxide dismutase
(SOD2) goat polyclonal (ABCAM, Billerica, MA), GSTr rabbit polyclonal (MBL
International, Woburn, MA), Glutathione Peroxidase rabbit polyclonal (ABCAM), Heme
oxygenase rabbit polyclonal (ENZO Life Sciences, Farmingdale, N.Y.), cytokeratin 7 (ck7)
rabbit polyclonal (ABCAM) was completed using citrate pH 6.0 antigen retrieval and the
Biocare heating system (Biocare, Medical, Pacheco, CA) @100°C for 10 min as previously
described (Shearn et al., 2013a). Histologic images were captured on an Olympus BX51
microscope equipped with a four-megapixel Macrofire digital camera (Optronics; Goleta,
CA) using the PictureFrame Application 2.3 (Optronics). All images were cropped and
assembled using Photoshop CS2 (Adobe Systems, Inc.; Mountain View, CA).

Western blotting

Western blotting for SOD2 (ABCAM, Cambridge, MA), catalase (Sigma, Saint Louis, MO),
Superoxide dismutase 1 (ABCAM, Cambridge, MA), Glutathione Peroxidase 1 (Gpx1)
(ABCAM, Billerica, MA), Heat Shock Protein 70 (Stressgen/Enzo Lifesciences
Farmingdale, NY), GSTA4 (Protein Tech, Chicago, IL), GSTr (MBL International,
Woburn, MA), GSTu (ABCAM, Cambridge, MA), and anti-GAPDH (Millipore, Billerica,
MA\) was performed from 10pg of whole cell liver extracts as previously described (Shearn
et al., 2014; Shearn et al., 2011; Shearn et al., 2013a; Shearn et al., 2013b). Quantification of
expression of each protein was performed using ImageJ (NIH) and normalized to overall
GAPDH expression.

Statistical Analysis

The data are presented as means + Standard Error (SE). Comparisons between normal and
PSC tissue was accomplished by Student’s T-tests. Statistical significance was set at P<0.05.
Prism 5 for Windows (GraphPad Software, San Diego, CA) was used to perform all
statistical tests.
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For this study, fresh frozen human hepatic tissue and formalin fixed tissue from normal and
end stage PSC/IBD patients was obtained prior to transplant from the University of
Minnesota Liver Tissue cell Distribution Center (NIH Contract #HHSN276201200017C).
The mean age of patients was 45.67 years old. For each patient relevant hepatic parameters
was provided (Model for End-stage Liver Disease (MELD) (Kamath et al., 2007), aspartate
aminotransferase (AST), International Normalized Ratio of prothrombin coagulation (INR),
serum bilirubin, alkaline phosphatase and albumin). As shown in Table S1, all patients
possessed increased MELD scores indicative of severe hepatic dysfunction. Examining
individual parameters, INR (normal approximately 1.0), total bilirubin (adult normal range
0.1 - 1.3 mg/dL), serum AST (normal range 12 — 39 U/L), alkaline phosphatase (normal
range 39 — 117 U/L), were all elevated and serum albumin (normal range 3.5-5.7g/dL) levels
mildly suppressed.

Cirrhosis is characterized by a marked increase in fibrosis. To examine the extent of fibrosis
in the tissues that were procured, tissue sections obtained from human PSC patients were
stained with Hematoxylin and Eosin (H&E) and Picrosirius red. From the H&E staining
shown in Figure S1 Panels A, E, as expected, end-stage PSC/IBD hepatic tissue exhibited
“onion skin” biliary ducts characteristic of PSC. Overall, significant cirrhosis was evident
but there was no evidence of cholangiocarcinoma in tissue obtained for any of the patients.
As shown in Figure S1 Panels B, C, tissue from healthy donors did not exhibit Picrosirius
red staining characteristic of abnormal fibrotic networks within the periportal and
centrilobular regions of the liver. There was however some mild steatosis present in some
normal samples (Data not shown). In patients with PSC, significant picrosirius staining
indicative of bridging fibrosis and cirrhosis was clearly evident (Figure S1 Panels F, G). To
further characterize fibrosis in PSC/IBD, immunohistochemical staining of a-smooth
muscle actin (aSMA) staining was performed. As shown in Figure S1 Panels D, H,
increased staining of aSMA was also present in PSC/IBD supporting the PSR data.

Primary Sclerosing cholangitis is characterized by significant periportal inflammation.
Neutrophil infiltration and activation of the NADPH oxidase is a hallmark of PSC and can
act as a significant source of reactive species that contribute to the formation of reactive
aldehydes. To validate the increased neutrophil presence in tissue from these end-stage PSC
patients, tissue sections were probed for myeloperoxidase (MPO). As shown in Figure S2
Panels A, D, in normal tissue, only modest numbers of MPO positive neutrophils were
dispersed throughout the hepatic lobes. In PSC/IBD tissue, neutrophil numbers were
significantly increased in the periportal region adjacent to the fibrosis. To further explore the
inflammatory infiltrate in human PSC/IBD, tissue sections were subsequently stained for
CD3+ lymphocytes and CD68+ Kupffer cells. In normal tissue, sparse numbers of CD3+
lymphocytes were randomly dispersed throughout the lobule. In PSC/IBD, periportal
infiltration of CD3+ lymphocytes was very prominent with few CD3+ lymphocytes
distributed in the centri-lobular region supporting the extreme hepatic localization of this
disease (Figure S2 Panels B, E). Furthermore, although CD68+ cells were evenly dispersed
throughout the lobule in normal tissue, in PSC/IBD, increased infiltrating CD68+ cells were
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evident in both the periportal region as well as in scattered foci across the lobule (Figure S2
Panels C, F).

Elevated products of lipid peroxidation and subsequent post-translational modification
(protein carbonylation) are validated markers of oxidative stress during chronic liver disease
(Osna et al., 2016). Pathophysiology of carbonylation has not been examined in end-stage
patients diagnosed with PSC. Using IHC, tissue sections isolated from human end-stage
patients were probed for protein carbonylation by the reactive aldehydes 4-HNE, acrolein
and malondialdehyde (MDA). As shown in Figure 1A, in normal hepatic tissue, 4-HNE
staining was not significant. Examining the tissue sections isolated from PSC/IBD patients
revealed dramatically increased 4-HNE staining that primarily was in periportal hepatocytes
that are adjacent to fibrotic tissue as well as in the cytosol of cholangiocytes. No staining
was evident in inflammatory cells. Protein modification by the reactive aldehyde acrolein
also is known to occur in models of chronic liver inflammation (Galligan et al., 2012; Shearn
et al., 2016). From Figure 1A, acrolein staining was not significant in normal tissue but in
end stage PSC tissue, periportal acrolein staining was prominent within fibrotic tissue,
periportal inflammatory cells, and in the adjacent surrounding hepatocytes. In addition,
scattered acrolein positive inflammatory cells with increased nuclear staining were present
interspersed between hepatocytes as well as within fibrotic tissue. Significant elevation of
MDA is present in serum isolated from PSC patients. Whether or not MDA is also elevated
in the liver of PSC patients has not been investigated. As shown in Figure 1A, in normal
tissue, minor MDA staining was present within punctate structures of hepatocytes around the
central vein. In PSC/IBD tissue, numerous MDA positive cells were present along areas of
damaged tissue forming a checkered pattern with high, moderate and low levels of staining.
MDA positivity also was present within isolated hepatocytes across the hepatic lobe. MDA
staining however was not punctuate, instead staining was throughout the hepatocyte with
elevated staining along the plasma membrane as well as within fibrotic areas. These lipid
peroxidation IHC results demonstrate that protein post-translational modification by 4-HNE,
MDA and acrolein is elevated in PSC/IBD and that these modifications are occurring both in
inflammatory cells and adjacent hepatocytes.

Focusing on the biliary tract, to further explore the impact of aldehyde protein modification
as well as the contribution of infiltrating inflammatory cells, sections were stained for 4-
HNE, acrolein, MDA, CD68+, MPO and CD3+. Contrary to 4-HNE staining, acrolein
staining was localized in punctate structures within cholangiocytes (Figure 1B-red arrows).
In the periportal area, MDA positive staining was evident within connective tissue in and
around inflammatory cells (Figure 1B yellow arrows). Within the bile duct, scattered
cholangiocytes also exhibited the presence of MDA adducts (Figure 1B red arrows). Only
scant 4-HNE IHC staining was observed. Comparing all three aldehyde IHC staining
patterns with IHC staining patterns for MPO+ neutrophils and CD3+ lymphocytes revealed
that in hepatocytes all three aldehyde modifications possessed neutrophils nearby (Figure
1B). Within fibrotic tissue, both MDA and acrolein staining occurred in or near CD3+
lymphocytes but not neutrophils. In contrast, CD68+ macrophages were interspersed among
hepatocytes, were elevated in numbers near the inner edge in zone 1 and were present
between cholangiocytes within the bile duct (Figure 1B Pink arrow). These results indicate
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that production of reactive aldehydes in PSC/IBD may be multifactorial and the most likely
inflammatory cell source of these adductive molecules are macrophages.

By its ability to assist in the formation of toxic hydroxyl radicals via Fenton reactions, iron
has been shown to contribute to the pathogenesis of non-alcoholic fatty liver disease (Datz et
al., 2017). From the Fenton reaction, increased hydroxyl radicals can subsequently react
with lipid to form lipid peroxides. In addition, recent data has indicated that elevated
oxidative stress may contribute to oval cell proliferation and the ductular reaction during
chronic liver disease (Gouw et al., 2011; Wang et al., 2014). To determine if an increase in
hepatic iron concentrations may be a source of radicals contributing to the formation of
products of lipid peroxidation, tissue sections were stained for iron accumulation using
Prussian Blue. As a positive control, tissue sections isolated from end stage NASH and ALD
patients were used (Datz et al., 2017; Harrison-Findik, 2007; Harrison-Findik, 2010; Shearn
etal., 2015b). As shown in Figure 2 Panels A-D, contrary to ALD (6/6) and NASH (6/6),
tissue obtained from PSC patients did not possess detectable iron (0/6). Examining the
ductular reaction, cytokeratin 7 staining revealed significant oval cell proliferation in all
three diseases but PSC and NASH also exhibited increased staining of adjacent hepatocyte-
like cells (arrows)(Gouw et al., 2011). These data indicate that elevated reactive aldehydes
that are present in PSC/IBD are not derived from radicals generated from the Fenton
reaction.

Glutathione S-transferase (GST) isozymes A4, u and m have all been proposed to possess
catalytic glutathione conjugating activity towards lipid aldehydes (Berhane et al., 1994;
Chen et al., 2016; Engle et al., 2004; Li et al., 2013; Ronis et al., 2015). To determine the
impact of elevated inflammation and protein carbonylation on anti-oxidant responses,
expression of the key anti-reactive aldehyde enzymes GSTA4, GSTr, GSTu as well as the
anti-oxidant enzymes mitochondrial superoxide dismutase (SOD2), cytosolic superoxide
dismutase (SOD1), catalase, glutathione peroxidase (Gpx1). In addition expression of the
heat shock protein Hsp70 was examined (Figure 3A). From the quantification, examining all
proteins, both SOD2 and GSTr expression were significantly elevated in PSC/IBD. In
contrast, catalase, GSTl, GSTA4 and Gpx1 were all suppressed when compared to normal
hepatic tissue. Expression of SOD1 exhibited no significant difference. In other chronic
hepatic disorders, a decrease in hepatic GST activity also corresponds with elevated
oxidative stress (Shearn et al., 2015a; Shearn et al., 2015b). These data indicate isoform
specific dysregulation of GST’s. To determine the status of GST activity in end-stage PSC/
IBD, an activity assay was performed using 1-chloro-dinitrobenzoic acid as a substrate and
whole cell extracts. As shown in Figure 3B, GST activity is suppressed by approximately
30% in human PSC/IBD. Combined, these data support dysregulation of anti-oxidant
responses in end-stage PSC/IBD which may be contributing to the observed elevation in
reactive aldehyde production. Furthermore, both catalase and Gpx1 expression decreased in
PSC/IBD supporting a possible defect in the ability of livers from PSC/IBD patients to
detoxify hydrogen peroxide.

Western blotting data was determined from whole cell lysates but it does not provide insight
into the specific hepatocellular region where dysregulation is occurring. Not all antibodies
that are validated for Western blotting are also valid for immunohistochemistry. We were

Exp Mol Pathol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shearn et al.

Page 8

able to perform immunohistochemical localization of SOD2, catalase, glutathione
peroxidase (Gpx) GSTm, as well as additional Nrf2 targets Heme oxygenase (HO-1) and
NAD(P)H Quinone Dehydrogenase 1 (NQO1) was performed. From these IHC, in normal
tissue, SOD2 expression is primarily centrilobular whereas in PSC tissue, SOD2 expression
is significantly increased in hepatocytes that ringed damaged tissue in the periportal region
(Figure 4). Western blotting indicated increased GSTm expression in PSC/IBD, from the
histochemical staining, in normal tissue, GSTmt expression was present in Kupffer cells
across the lobule as well as cholangiocytes in the biliary tract. In PSC/IBD, GSTr
expression was elevated in hepatocytes, infiltrating inflammatory cells and within
cholangiocytes in the periportal region. No significant differences in staining was evident in
other regions of the lobule. Examining catalase, in normal tissue, catalase expression was
primarily localized around the central vein. In PSC, staining for catalase was not
significantly different when compared to control tissue. An immunohistochemical analysis
of Glutathione peroxidase 1 expression has not been reported in human liver. In normal
tissue, Gpx1 staining is most prominent within resident Kupffer cells. In PSC/IBD, Gpx1
staining is not noticeably different with the exception that there are more macrophages
present in the periportal region. In murine models of chronic liver disease, HO-1 has been
reported to be expressed primarily in macrophages with minor expression in hepatocytes
(Bakhautdin et al., 2014; Jais et al., 2014). From HO-1 staining, HO-1 expression is also
limited to macrophages in normal tissue. In PSC/IBD, expression was not markedly different
with the exception that there is increased HO-1 staining of inflammatory infiltrates.
NAD(P)H quinone oxidoreductase 1 (NQOZ1) is not normally significantly expressed in
human hepatic tissue. In PBC, NQO1 expression is induced in the periportal region. We
sought to determine if NQO1 induction also occurred in PSC/IBD. From Figure 4, in normal
tissue, NQOL1 expression was evident primarily in resident Kupffer cells. In tissue isolated
from PSC/IBD patients, overall NQOL staining was slightly increased with substantial
increases in staining of periportal inflammatory infiltrates, in scattered hepatocytes adjacent
to damaged tissue, and in the sinusoidal Kupffer cells.

To determine the specific effects of cholestasis, fibrosis and inflammation on both
cholangiocytes as well as hepatocytes, dual fluorescent staining of tissue sections was used.
As shown in Figure 4B, SOD2 (Green) is apparent in hepatocytes (Panel A) as well as in
cholangiocytes (Panel B). Catalase expression (Red) is present within interlobular
hepatocytes and to a small degree in a few of the cholangiocytes but is not evident in SOD2
positive hepatocyte located adjacent to the fibrosis. These immunohistochemical data
strongly support dysregulation of anti-oxidant responses in hepatic tissue isolated from PSC
patients which may be contributing to the observation of elevated protein carbonylation.

Elevated H,O5 concentrations occur during hepatic injury (Roskams et al., 2003). Exposure
to high concentrations of H,O, can contribute to cell proliferation due to H,O,-dependent
inactivation of the lipid phosphatase PTEN and activation of its downstream target Akt (Cho
et al., 2004; Covey et al., 2010; Lee et al., 2002). Elevated oxidative stress may be
potentiating suppression of catalase by an Akt-dependent mechanism (Venkatesan et al.,
2007). To determine if there is increased Akt activation in human PSC/IBD, pSer4"3Akt was
examined in whole cell extract. From Fig 5, pSer4’3Akt is elevated in PSC, supporting the
hypothesis of H,0,/Akt-dependent suppression of catalase expression.
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Discussion and Conclusions

Previous studies have shown that oxidative stress markers such as 4-HNE and MDA are
elevated in murine models of cholestasis such as the bile duct ligation model as well as in
Mdr2~/~ mice (Fickert et al., 2006; Parola et al., 1996; Peres et al., 2000). In addition,
elevated lipid peroxidation and decreased anti-oxidant capacity in the form of suppressed
concentrations of serum GSH have been demonstrated in patients with cholestatic liver
disease (Aboutwerat et al., 2003). The data presented in this article extends these previous
observations into hepatic tissue isolated from patients diagnosed with PSC/IBD.

Our data demonstrate lipid peroxidation is strongly periportal in PSC/IBD with staining of
all three aldehydes dramatically increasing in areas surrounding fibrotic tissue supporting
the biliary origins of PSC. Yet there are subtle differences in both the cellular and
subcellular localization of individual aldehydes. Comparing acrolein, acrolein staining is
strongly evident in inflammatory cells whereas inflammatory cells clearly did not possess 4-
HNE positivity. Furthermore, within cholangiocytes, 4-HNE staining was diffuse throughout
the cells but acrolein strongly localized in punctate vesicles. Comparing 4-HNE and acrolein
staining with a 3" aldehyde MDA, there are more differences. In agreement with both 4-
HNE and acrolein, MDA staining increased in areas of damaged tissue, yet MDA positivity
also extended into scattered hepatocytes across the lobule indicating that there is elevated
oxidative stress that does not colocalize with the observed increased periportal inflammation
and suggesting different sources of reactive species. We hypothesize that as hepatocytes are
slowly denied that ability to obtain nutrients as well as oxygen during cirrhosis, they are
stressed and the MDA staining could be a marker of the aforementioned stress.

It has been established that in PBC, NAFLD as well as ALD, lipid aldehydes may be
generated due to iron catalyzed production of hydroxyl radicals which are then capable of
reacting with membrane lipids forming reactive lipid peroxides (Datz et al., 2017; Sorrentino
et al., 2010). Surprisingly, although samples obtained from end stage human ALD as well as
NASH have substantial hepatic accumulation of iron, liver sections from PSC/IBD patients
have no evidence of accumulation of iron in the liver. Given that these patients possess a
combinatorial diagnosis of PSC/IBD it may be that they are also iron deficient due to
malabsorption. Unfortunately, data are not available regarding dietary status of these patients
but malnutrition and iron deficiency is not uncommon in patients with cholestatic liver
diseases (Kryskiewicz et al., 2012; Mattar et al., 2005). This suggests that lipid aldehyde
production in PSC/IBD may be unique or that iron-mediated catalysis and the subsequent
production of lipid aldehydes is not contributing to formation of lipid aldehydes.

In other chronic hepatic diseases such as nonalcoholic fatty liver disease and especially
alcoholic liver disease, the induction of cytochrome P4502E1 plays a major role in the
formation of reactive species and in the formation of lipid peroxidation (Aubert et al., 2011;
Chen et al., 2016; Leung and Nieto, 2013). We do not see evidence of Cyp2E1 elevation in
our PSC/IBD tissue (data not shown) and lipid peroxidation is periportal. Cytochrome
p450’s are expressed around the central vein, suggesting that inflammation and/or
cholestasis are the primary factor(s) in the production of oxidative stress contrary to ALD
and NASH providing evidence for the uniqueness of cholestatic liver disease derived

Exp Mol Pathol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shearn et al.

Page 10

products of lipid peroxidation. Concurrently, periportal neutrophil infiltration correlates with
increased protein modification by reactive aldehydes in our PSC tissues. Neutrophil
infiltration has been demonstrated to positively contribute with both oxidative stress, lipid
peroxidation and disease severity in patients with choledocholithiasis which frequently
occurs in PSC (Damnjanovic et al., 2013). Furthermore, the extreme localization of lipid
peroxidation evident in our samples also supports previous reports demonstrating a close
link between fibrosis formed using bile duct ligations and lipid peroxidation (Galicia-
Moreno et al., 2012).

In normal hepatic tissue, both catalase and SOD2 (although weak) expression is primarily
localized in the centri-lobular region. From our histology, elevated SOD2 expression is
evident in the periportal region in human PSC. Specifically, expression is particularly
evident in hepatocytes immediately adjacent to fibrotic tissue. Expression of these two
proteins however is not necessarily in the same cell as there are some cells which exhibit
SOD2 positivity that do not appear to demonstrate changes in catalase. This would be
indicative of elevated mitochondrial oxidative stress as well as peroxisomal stress within the
cholangiocytes in PSC. In the literature, both catalase and SOD activity (not specifically
SOD?2) have been demonstrated to be increased (in children with obstructive cholestasis) and
suppressed in patients with PSC (albeit in the serum)(Salem et al., 2003). Of minor interest,
in our colocalization studies, catalase and SOD2 do not colocalize even within the same cell
supporting previous observations that catalase is predominantly expressed in peroxisomes
whereas SOD?2 is mitochondrial specific (Karnati et al., 2013). Although we did not examine
organelle specific hepatic GST activity, GSH, GSSG in individual cellular fractions due to
procurement of frozen tissue, activity overall was suppressed. We predict that GST activity
would also be impacted in both the mitochondrial (due to GSTA4 suppression) and cytosolic
fractions (GSTp and GSTmt). In PBC, immunohistochemical analysis of GST expression
trended down but was not significantly different further supporting distinct pathologies of
PSC/IBD and PBC (Salunga et al., 2007). Furthermore, in patients with obstructive
cholestasis which frequently occurs in PSC, GSH is also decreased supporting an
environment of severe impairment of cellular redox capacity (Vendemiale et al., 2002).
Since we do not see elevated CD3 positive cells or MPO staining immediately adjacent to
damaged bile ducts but we do see CD68+ macrophages, we hypothesize that elevated
reactive aldehyde production is due to direct exposure to high concentrations of bile acids
and/or it is arising from infiltrating macrophages. This is supported in part by cell culture
models where exposure to hydrophobic bile acids results in an increase in mitochondrial
TBARS and generation of hydrogen peroxide which provides a plausible explanation the
increase in SOD2 (Sokol et al., 1995). It does not provide evidence for suppression of
catalase or Gpx1 expression. In agreement with our data, mitochondrial oxidative stress has
previously been reported in both murine models of bile duct ligation and patients with
cholestatic liver disease (Arduini et al., 2012; Shen et al., 2015). This suggests that cellular
anti-oxidant responses are occurring within the cholangiocytes in PSC but are not sufficient
when combined with the presence of decreased GST activity and indicates possible avenues
for additional therapy in cholestatic liver disease.

In summary, this study is the first to perform comprehensive immunohistochemical analysis
of the formation of products of lipid peroxidation and its impact on anti-oxidant responses in
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PSC/IBD. Based on immunohistochemical staining, oxidative stress and carbonylation
present the highest increase in hepatocytes adjacent to fibrosis as well as in cholangiocytes
tissue. In combination with protein expression data, this report validates cell specific
dysregulation of anti-oxidant responses in PSC/IBD. Dysregulation is further supported with
evidence that reactive aldehyde generation can be cell specific and that different aldehydes
may originate from different sources e.g. bile and or inflammatory cells and iron-dependent
formation of hydroxyl radicals is not the source of reactive aldehydes in PSC/IBD.
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Refer to Web version on PubMed Central for supplementary material.
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ALD alcoholic liver disease
ALT alanine aminotransferase
AST Aspartate Aminotransferase

Cyp2El Cytochrome P4502E1

GPX Glutathione peroxidase
GST Glutathione S-Transferase
HO-1 Heme Oxygenase 1

4-HNE 4-hydroxy-2-nonenal

IBD Inflammatory Bowel Disease
INR International Normalized Ratio
LTx liver transplant

MDA malondialdehyde

MELD Model for End-stage Liver Disease
MPO Myeloperoxidase

NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic Steatohepatitis

PBS Primary Biliary Cholangitis
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PSC Primary Sclerosing Cholangitis
PSR Picro-Sirius red
ROS Reactive oxidative species
aSMA Alpha Smooth Muscle Actin
SOD2 mitochondrial superoxide dismutase
WCE whole cell extracts
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Highlights
. Elevated cell specific peri-portal carbonylation occurs in PSC/IBD
. PSC/IBD patients exhibit dysregulation of anti-oxidant responses.

. SOD?2 expression is upregulated in PSC/IBD
. In PSC/IBD catalase expression is not evident in cholangiocytes

. Patients with PSC/IBD possess elevated Akt activation.

Exp Mol Pathol. Author manuscript; available in PMC 2019 February 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Shearn et al. Page 16

Figure 1A

Normal

PSC

H&E 4-HNE Acrolein MDA

Figure 1. Immunohistochemical analysis of protein carbonylation in human PSC/IBD
A. Elevated protein carbonylation in PSC/IBD. Paraffin embedded formalin fixed tissue

sections were analyzed immunohistochemically at 200X magnification of slides using
polyclonal antibodies directed against 4-HNE, acrolein and MDA.. B. Examination of protein
carbonylation and inflammation in the portal triad in end stage PSC/IBD. Figures are
representative of hepatic tissue isolated from four normal, and four PSC patients respectively
(PT=portal triad).
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Figure 2. Impact of PSC/IBD on hepatic iron accumulation and its correlation to oval cell
proliferation. Panels

A-D Tissue sections from normal, end-stage PSC/IBD, end-stage ALD and end-stage
NASH were evaluated for iron accumulation using Prussian blue staining. Panels E-H.
Cytokeratin 7 (CK7) staining of normal, PSC/IBD, ALD and NASH sections (Yellow arrows
indicate hepatocyte-like cells that are CK7 positive). Figures are representative of hepatic
tissue isolated from at least 4 normal, and 6 PSC/IBD, 6 ALD and 6 NASH patients
respectively. All images are 200x magnification (PT=portal triad, CV-central vein).
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Figure 3. Dysregulation of oxidative stress responses in end-stage PSC/IBD
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(A) Western analysis of overall expression of SOD1, SOD2, catalase, Gpx1, NQO1, HO-1,
Hsp70, GSTA4, GSTu and GSTr. Western blots were performed as described using 10ug of

whole cell extracts prepared from normal, PSC/IBD hepatic tissue. Expression was

normalized against GAPDH expression (B) Overall GST activity in whole cell extracts
prepared from normal and PSC/IBD patients. Data are Means+/-SEM, N=6 patients per

group, *p<0.05, ***p<0.001.
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Figure 4A
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Figure 4. Immunohistochemical analysis of antioxidant responses in end stage PSC/IBD
A. Paraffin embedded formalin fixed tissue sections were analyzed immunohistochemically

using polyclonal antibodies directed against SOD2, Catalase, GSTx, Gpx1, Heme
Oxygenase 1, and NQO1 (PT=portal triad, CV-central vein). B. Colocalization of catalase
and SOD2 using fluorescent microscopy. Paraffin embedded formalin fixed tissue sections
were analyzed immunohistochemically using polyclonal antibodies directed against catalase
and SOD?2 followed by FITC-conjugated anti-rabbit and Alexa Fluor 615-conjugated anti-
goat secondary antibodies. Slides were examined using confocal microcopy (Green=SOD?2,
Red=Catalase, Blue= Hoechst 33342 nuclear staining). Figures are representative of hepatic
tissue isolated from four normal and four PSC patients respectively.
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Figure 5. Increased Akt activation in end-stage PSC/IBD
Western analysis of total Akt and phospho-Ser473 Akt expression. Western blots were

performed as described using 10ug of whole cell extracts prepared from normal, PSC/IBD
hepatic tissue and a 7% SDS-PAGE gel. Expression was normalized against GAPDH
expression. Data are Means+/-SEM, N=6 patients per group, ***p<0.001.
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