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Background: Oxidative stress and chronic inflammation can increase cellular levels of reactive oxygen 
species and lipid peroxidation (LPO) when associated with the pathogenesis of hepatocellular carcinoma 
(HCC), which can develop following the progression of steatosis, fibrosis and cirrhosis. Using a monoclonal 
antibody for cyclic γ-hydroxy-1, N2-propanodeoxyguanosine (γ-OHPdG), a promutagenic DNA adduct 
formed endogenously by LPO, we examined its formation across liver disease stages to understand it’s 
potential role in HCC development.
Methods: Formalin-fixed paraffin embedded (FFPE) liver tissue samples from 49 patients representing 
normal, steatosis, fibrosis, cirrhosis and HCC were stained for γ-OHPdG and 8-hydroxydeoxyguanosine 
(8-oxo-dG), an oxidative damage biomarker. Quantification of immunohistochemical (IHC) staining was 
performed using histological scoring of intensity and distribution. Using primary human hepatocytes (HH) 
and a stellate cell (SC) co-culture, immunocytochemical staining of γ-OHPdG and Nile Red was performed 
to determine if the formation of γ-OHPdG was consistent between the clinical sample disease stages and the 
in vitro steatotic and fibrotic conditions. 
Results: γ-OHPdG levels varied significantly between the stages of normal and steatosis, steatosis and 
fibrosis, and steatosis and cirrhosis (P≤0.005). There was a trend, although not significant, of increased 
levels of γ-OHPdG in HCC compared to the other groups. A strong correlation was observed (Pearson’s, R2 
=0.85) between levels of γ-OHPdG and 8-oxo-dG across the disease spectrum. The increase of γ-OHPdG in 
steatosis and decrease in fibrosis was a pattern confirmed in an in vitro model using primary HH co-cultured 
with human SCs. 
Conclusions: γ-OHPdG was detected in FFPE liver tissues of patients with different stages of liver disease 
and in vitro studies, demonstrating that its formation is consistent with LPO in early stages of liver disease 
and suggesting that it may be a source of mutagenic DNA damage in liver disease progression. 
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Introduction

Hepatocellular carcinoma (HCC) is the third most common 
cause of cancer-related mortality worldwide (1). By the time 
most patients are diagnosed with HCC they have few options 
for palliative treatment (2,3). Most HCCs occur in cirrhotic 
livers, and the common mechanism for hepatocarcinogenesis 
is chronic inflammation associated with severe oxidative 
stress. Risk factors for HCC and severe oxidative stress 
include exposure to dietary aflatoxin B1, cigarette smoking, 
and heavy drinking (4,5). Viral hepatitis (HBV, HCV) have 
been the prominent etiology for chronic liver inflammation. 
Recently the percent of individuals with chronic liver 
inflammation but without viral hepatitis is rising. These 
individuals develop chronic hepatitis from the oxidative stress 
resulting from fatty liver disease. Non-alcoholic fatty liver 
disease (NAFLD) is a very frequent condition emerging as 
a global health problem in recent years, with prevalence of 
20–30% in the general population, and 70–90% in obese 
or diabetic patients; in the US, nearly 35% of the US 
population categorized as obese (6,7). Consequently, fatty 
liver disease (hepatic steatosis) has become a significant risk 
factor for HCC development (8). In patients with steatosis, 
excess accumulation of triglycerides in the liver can induce 
inflammation and cellular damage which is known as non-
alcoholic steatohepatitis (NASH) (9,10). NASH can progress 
to fibrosis through recruitment of inflammatory cells into 
the liver tissue and production of extracellular matrix which 
forms the scar tissue characteristic of fibrosis (11). From 
fibrosis, liver disease can progress to cirrhosis, in which 
the liver architecture degrades and scaring is abundant. 
It is estimated that HCC arises from a cirrhotic liver at a 
rate of 2–7% every year (12). Understanding the molecular 
changes associated with disease risk or progression may help 
provide mechanistic targets for liver disease prevention. 

At the molecular level, inflammation in the liver induces 
the overproduction of free radicals which react with fatty 
acids (FA) in the cellular membranes forming lipid peroxides, 
a process known as lipid peroxidation (LPO) (13). Acrolein, 
an α, β-unsaturated reactive aldehyde generated by the LPO 
of polyunsaturated FA, forms a cyclic adduct γ-hydroxy-1, N2-
propanodeoxyguanosine (γ-OHPdG) upon binding DNA and 
is ubiquitously detected in vivo as an source of endogenous 
DNA damage (14-16). We have successfully developed 
the monoclonal antibody for immunohistochemical (IHC) 
detection of γ-OHPdG in human tissue and cells (17). 
Previously, we have shown γ-OHPdG to be an indicator of 
oxidative stress-induced DNA damage specifically related 

to LPO (18). Levels of γ-OHPdG may also be influenced 
by antioxidant treatment (15). In this study, our aim is to 
investigate whether γ-OHPdG may have a mechanistic 
role in liver disease risk or severity. In the liver, chronic 
inflammation from obesity, alcohol consumption or viral 
hepatitis can cause the release of free radicals which 
damage DNA through LPO. γ-OHPdG is known to cause 
predominately G to T and G to A mutations across the 
genome which may potentially be involved in carcinogenesis 
through disruption of p53 and other critical cancer driver 
genes (19-22). Normally, the p53 pathway is activated to 
facilitate DNA repair or to induce apoptosis in tumorigenic 
cells, however TP53 is often mutated in initial stages of 
hepatocarcinogenesis (23). A spectrum of somatic mutations 
in HCC has identified an over-representation of G to T 
transversions and G to A transitions (24-26). γ-OHPdG 
may, therefore, play a role in hepatocarcinogenesis as it has 
been shown to preferentially bind to the tumor suppressor 
gene p53 in human cancers at the mutation hotspots found 
in liver cancers, including codon 249, a known location 
of HCC specific mutations (21,27,28). Many cellular 
and molecular mechanisms of hepatocarcinogenesis have 
been studied, however, the role of DNA damage due to 
chronic inflammation and obesity are still largely unknown. 
This study examined the relationship of γ-OHPdG 
with 8-hydroxydeoxyguanosine (8-oxo-dG) (Figure 1), 
a commonly used DNA damage biomarker of oxidative 
stress that has been shown to be mutagenic and predictive 
of recurrence of HCC in patients with HCV-associated 
solitary HCC (29-31). IHC detection of 8-oxo-dG may 
indicate oxidative DNA damage in tissue, however, there 
are no biomarkers currently used in clinical practice to 
predict the risk of HCC other thanserum alpha-fetoprotein 
levels, which are commonly used to follow the response of 
HCC to treatment or disease progression of HCC. The 
purpose of this study was to assess the potential of γ-OHPdG 
to serve as a specific mechanism-based prognostic indicator 
of DNA damage in human hepatocarcinogenesis, a possible 
predictor for the risk of HCC development. 

Methods

Patient samples

Formalin-fixed paraffin embedded (FFPE) liver samples 
were obtained from 49 patients undergoing a surgery or 
biopsy at Medstar Georgetown University Hospital as part 
of their standard medical care, the tissue samples were 
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collected under IRB # 1992-048. Appropriate samples 
for the study were determined based on pathological 
evaluation of hematoxylin and eosin stained tissue samples 
by a board certified and practicing pathologist. Normal 
liver tissue samples were obtained from autopsy samples 
with no background of liver disease. Histological diagnosis 
designated the category of the patients as normal or one of 
the disease stages of steatosis, fibrosis, cirrhosis or HCC. 
The patients’ ages ranged between 28 and 73 with an 
average of 52 [standard deviation (SD) ±9.7]. Characteristics 
of the patients from which the samples were obtained are 
detailed in Table S1 of the appendix and are summarized in 
Table 1. 

An additional 38 samples from patients who had a liver 
biopsy or curative resection of HCC as part of standard 
medical care, were obtained from Georgetown University 
Medical Center. Informed consent was obtained from all 

patients under IRB protocol # 1992-048. The patients had 
different liver pathology diagnoses, including 2 normal, 
7 with cirrhosis, 3 with cirrhosis and hyperplasia, 4 with 
hyperplasia, and 24 with HCC.

Antibodies and immunohistochemistry

IHC staining of liver sections was performed for using 
antibodies for γ-OHPdG [from our laboratory (17)] and 
8-oxo-dG (Trevigen, Gaithersburg, MD, USA). The FFPE 
samples were sectioned into five micron thick sections 
and de-paraffinized using xylenes and rehydrated through 
a graded alcohol series. Heat induced epitope retrieval 
was performed by immersing the tissue sections at 98 ℃  
for 20 minutes in 10 mM citrate buffer (pH 6.0) with 
0.05% Tween for 8-oxo-dG and with 10 mM Tris with 
1 mM ethylenediaminetetraacetic acid buffer (pH 9.0) 

Figure 1 Structures of 8-hydroxydeoxyguanosine (8-oxo-dG) and γ-hydroxy-1, N2-propanodeoxyguanosine (γ-OHPdG).

Table 1 Distribution of sample characteristics

Variable
Diagnosis

Normal (n=9) Steatosis (n=9) Fibrosis (n=10) Cirrhosis (n=10) Hepatocellular carcinoma (n=11)

Age, mean (SD) 58.2 (±27.9) 41 (±15.3) 55.6 (±6.8) 49.8 (±8.6) 50.4 (±11.6)

Gender, n

Male, 30 7 6 6 4 7

Female, 19 2 3 4 6 4

Race/ethnicity, n

Black, 11 4 1 3 2 1

White, 20 1 4 6 6 3

Other/unknown, 18 4 4 1 2 7

SD, standard deviation; n, number of patients.
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for γ-OHPdG. IHC staining was then performed using a 
horseradish peroxidase-labeled polymer (Dako, Carpinteria, 
CA, USA) according to the instructions provided by the 
manufacturer. Briefly, each of the slides were treated with 
3% hydrogen peroxide and 10% normal goat serum for  
10 minutes, then exposed to primary antibodies for γ-OHPdG 
(1:500), or 8-oxo-dG, for 1 hour at room temperature as 
previously described (17). Slides were treated again with 
3% hydrogen peroxide and then exposed to anti-mouse 
horseradish peroxidase-labeled polymer for 30 minutes and 
3,3’-Diaminobenzidinebchromatin (Dako. Carpinteria, 
CA, USA) for 5 minutes. Slides were counterstained 
wi th  hematoxy l in  (F i sher,  Hampton,  NH,  UK) ,  
blued in 1% ammonium hydroxide, dehydrated, and 
mounted with acrymount embedding resin. As negative 
controls, consecutive sections without primary antibody 
were used. Images were then taken using an Olympus BX61 
microscope with an attached Dp70 camera and Cellsens 
software system. 

Histology and scoring

The intensities of γ-OHPdG and 8-oxo-dG staining were 
evaluated and scored for each sample. All hematoxylin 
and eosin slides were reviewed and semi-quantitative 
scoring was performed for both stains by a board certified 
pathologist who was blinded to all other study related data. 
Clinical diagnosis was confirmed prior to the blind semi-
quantitative analyses of all staining. For both γ-OHPdG 
and 8-oxo-dG, histological scoring was obtained by adding 
the scores of intensity and distribution, which were assigned 
based on positive nuclear staining with a scale of 0–3 in 
each category. The intensity of nuclear staining on tumor 
tissue was graded as negative, weak, moderate or intense 
and assigned a value of 0, 1, 2, or 3, respectively. The 
distribution of nuclear staining was graded as negative, focal 
(up to 10%), regional (11% to 50%), or diffuse (>50%), 
depending on the percentage of positively stained nuclei. 
Distribution was also assigned a score based on a scale of 0 
(normal) to 3 (diffuse) to make the highest additive score of 
up to 6 per sample when combined with the intensity score. 

Stability of γ-OHPdG 

To evaluate the stability of γ-OHPdG in liver tissue, serial 
biopsies of 20 separate cirrhotic patients were also obtained. 
Six cases had a substantive change in their disease status 
between the two biopsies (i.e., development of HCC, 

development of cirrhosis, or liver transplant) and were 
excluded from evaluation. The remaining 14 subjects with 
unchanging disease status between biopsies were used for 
this study.

Statistical analysis

The distribution of patient characteristics was presented 
using frequencies and percentages for categorical data, 
and means and SD for numeric data. Pearson’s correlation 
coefficients were calculated to assess the strength of the 
linear relationships between the five diagnosis group of 
γ-OHPdG and 8-oxo-dG. Independent sample t-tests were 
used to compare γ-OHPdG between any two of the five 
diagnostic groups, adjusting for multiple testing using the 
Bonferroni approach.

Cell culture and treatment

Pr imary  human  hepa tocy te s  (HH)  (#HUFS1M, 
Lot#HUM4132, Triangle Research Labs, Durham, NC, 
UK) were cultured in hepatocyte media (#5201, ScienCell 
Research Laboratories, Carlsbad, CA, USA). Triangle 
Research Labs provides freshly isolated HH, which undergo 
a proprietary isolation procedure that guarantees 96–99% 
purity, and only healthy and viable cells, determined 
through trypan blue staining, are provided. The hepatocytes 
were treated with FA, oleic and palmitic acid (Sigma, St. 
Louis) in a 2:1 ratio, respectively and dissolved in 1% 
bovine serum albumin in Phosphate buffered saline (PBS) 
for a final concentration of 1 mM. Stellate cells (SC) (#5300, 
ScienCell Research Laboratories, Carlsbad, CA, USA) were 
grown in hepatocyte media under either normal or the 
FA conditions described above. Conditioned media (CM) 
was created from FA treated HH as described (32) and FA 
treated HH were combined in a co-culture with the SC in a 
3:1 ratio. Additional experimental controls were designed as 
described in supplementary methods. 

Immunocytochemistry (ICC) 

Following treatment,  cel ls  were f ixed with 3.7% 
formaldehyde for 15 minutes at room temperature and 
washed 3 times with 1X PBS. To stain with Nile Red (Sigma, 
St. Louis, MO, USA), 1 μL of a 1 mg/mL stock solution 
was added to 10 mL of 150 mM NaCl in PBS to make a 
Nile Red solution. The Nile Red solution was added to the 
cells and incubated for 10 minutes in the dark. Following 
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incubation, the cells were washed 3 times with 1X PBS and 
stained with DAPI (Thermofisher, Waltham, MA, USA) for 
4 minutes according the manufacturer recommendations. 
For the γ-OHPdG or alpha-smooth muscle actin (α-SMA) 
staining (Bethyl Laboratories, Montgomery, TX, USA), 
the cells were washed 3 times following fixation with 1X 
PBS and incubated with 0.05% tween in PBS for 5 minutes. 
The cells were then washed with PBS 2×5 minutes and 
blocked with 10% Normal Goat Serum in PBS for 1 hour. 
Following blocking, cells were incubated with primary 
antibody γ-OHPdG, or α-SMA (Bethyl Laboratories, 
Montgomery, TX, USA) in a 1:500 dilution in 1% bovine 
serum albumin (1 mL/10 mg bovine serum albumin)/PBS 
for 1 hour. Cells were washed with PBS 2×10 minutes and 
then incubated with Fluorescein-conjugated secondary 
antibody (Invitrogen, Carlsbad, CA, USA) in a 1:2,000 
dilution in PBS for 30 minutes at RT in the dark. The cells 
were washed with PBS 3×5 minutes in the dark and stained 
with DAPI. Cells were imaged on an Olympus IX-71 
Inverted Epifluorescence Microscope. 

Intensity measurements

Intensity of ICC staining was measured using ImageJ 
(https://imagej.nih.gov/ij/). At least five fields of view were 
taken and analyzed for each time point. In ImageJ, images 
were converted into grayscale. The area measured was 
limited to the object (positive stained area). The threshold 
was adjusted to highlight the area of the cells for analysis. 
Integrated density of the defined area was measured and 
the area of the object in the entire image was quantified by 
the average pixel intensity. The intensity of the object is the 
quotient of integrated density and measured object area.

Results

IHC detection of γ-OHPdG across various liver disease 
stages

The 49 FFPE liver samples from patients, described 
in Table 1, were immunostained for γ-OHPdG and 
scored by histological evaluation as described. Positive 
immunostaining for γ-OHPdG was detected in each of the 
disease stages (Figure 2A). Table S2 of the appendix details 
the quantification of positive staining for normal tissue and 
the subsequent disease stages. Quantification of the levels 
of staining, based on histological scoring in normal tissue 
had a mean score of 1.9 for γ-OHPdG. The average scores 

were the highest in steatosis samples with a mean score of 
3.4 for γ-OHPdG, showing a significant increase (P≤0.005) 
from the normal samples. This suggests that the increased 
LPO-induced DNA damage, consistent with the onset of 
fatty liver in steatosis, may represent a crucial pathologic 
event during an early stage of hepatocarcinogenesis. The 
lowest average score was obtained from the fibrosis samples 
(mean =0.8). The decrease in γ-OHPdG levels were highly 
significant between the stages of steatosis and fibrosis 
(P=0.0009), illustrated in Figure 2B. A highly significant 
difference between steatosis and cirrhosis for γ-OHPdG was 
also observed (P=0.0009). The overall γ-OHPdG profile 
during the disease stages leading to hepatocarcinogenesis 
consists of an initial peak in steatosis, followed by a 
significant decrease in fibrosis and cirrhosis, and then 
an increase in HCC. However, there is a wide range of 
γ-OHPdG levels observed among individual fibrosis, 
cirrhosis and HCC samples, including some with relative 
high levels as well as non-detectible levels of γ-OHPdG.

IHC detection of 8-oxo-dG across various liver disease 
stages

Adjacent sections from the same 49 FFPE human livers as 
described above were immunostained for 8-oxo-dG. Similar 
to the immunostaining for γ-OHPdG, 8-oxo-dG was 
detected in each of the disease stages (Figure 2A). Table S2 
of the appendix shows the specific quantification of positive 
staining for 8-oxo-dG as compared to γ-OHPdG in normal 
tissues and the subsequent disease stages. Quantification of 
the IHC staining in normal tissues, based on histological 
scoring, had a mean of 0.6 for 8-oxo-dG. Analogous to that 
of γ-OHPdG, average scores were the highest in steatosis 
samples, showing a significant increase (P≤0.005) from 
normal samples with a mean score of 2.8 and the lowest 
average score (0.4) was obtained from the fibrosis samples 
(Figure 2C). Additional control experiments performed 
under separate culture conditions using HH and SC showed 
that through staining, imaging, and intensity quantification, 
the results discussed above were not related to other 
independent variables (supplementary results).

Correlation between γ-OHPdG and 8-oxo-dG levels in 
human liver samples

γ-OHPdG and 8-oxo-dG levels were compared using 
Pearson’s correlation, which was run using the average 
sample scores across all disease stage groups. The 
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Figure 2 Detection and scoring of γ-OHPdG and 8-oxo-dG in FFPE human liver tissues in different stages of diagnosis. (A) Representative 
IHC staining of FFPE human liver tissue sections positive for γ-OHPdG or 8-oxo-dG. Scale bar indicates 100 μm; (B) dot plots of 
γ-OHPdG and (C) 8-oxo-dG levels based on histological scoring across the disease spectrum, center line indicates mean and whiskers 
standard error of the mean (SEM). * indicates significance (P≤0.005) between groups using two-sample independent t-tests; (D) histological 
score quantification across groups with Pearson’s correlation between γ-OHPdG and 8-oxo-dG, Pearson’s R2 =0.85. The symbols (triangle/
circular/square/diamond) are for each individual  histology score per sample in each group. FFPE, formalin-fixed paraffin embedded; IHC, 
immunohistochemical.
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correlation across the five pairs of diagnosis types according 
to histological score was strong (R2 =0.85) as shown in 
Figure 2D. A strong correlation suggests that the formation 
of γ-OHPdG, as expected, is related to oxidative damage. 
Similarly, when the individual additive histological scores 
of intensity and distribution for each patient, regardless 
of disease stage, were compared between γ-OHPdG 
and 8-oxo-dG, there was also a strong and significant 
correlation (R2 =0.63) (the calculation are available in the 
appendix, Table S3). 

Complementary sample set

To further examine the levels of γ-OHPdG in different liver 
disease stages, a separate set of 38 samples was obtained from 
patients who had a liver biopsy or curative resection of HCC 
with the pathology diagnoses of normal, cirrhosis, cirrhosis 
with hyperplasia, hyperplasia or HCC. Again, there was a 
significant association (P=0.0364) between pathology and 
immunoscore of γ-OHPdG (see supplementary table of scores 
in the appendix, Table S4). The samples with the highest scores 
for γ-OHPdG were found in the HCC group, while cirrhotic 
patients were more likely to have a lower score. 

Stability of γ-OHPdG in serial biopsies

Cirrhosis is a critical link between liver disease and HCC. 
Late stage cirrhosis is irreversible and is an underlying 
condition in the majority of HCC cases (33). In order to 
evaluate γ-OHPdG as a clinical indicator of specific DNA 
damage by LPO for liver diseases, its stability in liver tissue 
was studied in serial liver biopsies of 14 cirrhotic patients. 
The interval between the serial biopsies ranged from 3.3 to 
159 weeks. All 14 subjects remained in either the low (2 or 
less) or the high (3 or more) IHC score category (i.e., there 
was no crossing over from low to high or high to low in 
the interval between the 2 biopsies) (Table 2). These results 
indicate that the levels of γ-OHPdG in the liver remain 

stable in individual cirrhotic patients. 

γ-OHPdG detection in cultured primary human liver cells

In order to better study the mechanism of γ-OHPdG 
formation in liver disease, a cell model was developed to 
study the formation of γ-OHPdG in the transition from 
steatosis to fibrosis. A model has previously been developed 
which demonstrated that SC could become activated and 
display fibrogenic traits following treatment with CM 
from steatotic hepatocytes (32). In this study, FA treated 
HH increasingly accumulated lipids over the course of 5 
days of treatment as indicated by the lipophilic stain, Nile 
Red (Figure 3A). Similarly, the FA treatment increased the 
formation of γ-OHPdG over this time course (Figure 3B).  
SC incubated with CM grown in a co-culture with FA-treated  
hepatocytes over 3 days showed fibrogenic activation 
of the SC, as indicated by α-SMA staining (Figure 4A).  
These co-culture conditions also resulted in reduction 
of γ-OHPdG compared to FA-treated hepatocytes alone 
(Figure 4B). As controls, other conditions of this model 
were tested to ensure that the observed effects were not 
a result of the co-culture alone or exposure of the cells to 
alternate conditions of fatty acid and normal media (see 
supplementary figures describing culture conditions and 
results in  Figures S1-S4).

Discussion

Chronic inflammation and its associated LPO increase 
the risk of cancer (34,35). LPO-derived DNA adducts 
may, therefore, serve as indicators of disease etiology. 
γ-OHPdG, a promutagenic DNA lesion derived from 
acrolein as a secondary product of LPO, has been 
implicated in cancer development (19,20,22,36). Acrolein 
cannot only react with DNA to form γ-OHPdG, but can 
also inhibit DNA repair, enhancing the probability for 
mutations (37). In this study we examined γ-OHPdG in 

Table 2 Stability of γ-OHPdG based on histological score in 14 patients with serial liver biopsies separated by the time in weeks indicated

Sample information P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

Weeks between biopsies 3.3 3.3 8.6 9.4 21.7 30.9 32.7 57.3 64 69.4 70.1 89.6 107.7 159.1

Biopsy 1 score 0 3 0 2 3 4 0 1 3 5 0 2 0 2

Biopsy 2 score 2 3 2 2 3 3 0 2 3 5 0 2 0 2

P, patient.
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Figure 3 ICC of FA treated HH (20× magnification). (A) FA-treated HH stained with Nile Red following treatment after 1, 3 and 5 days. 
Scale bar indicates 200 μm; (B) γ-OHPdG staining of FA treated HH after 1, 3 and 5 days. ICC, immunocytochemistry; FA, fatty acids; HH, 
human hepatocytes.
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Figure 4 ICC and intensity quantification of α-SMA and γ-OHPdG in SC and under co-culture conditions. (A) SC untreated and 
treated with CM for 3 days stained for α-SMA and co-culture for 3 days, stained for α-SMA and γ-OHPdG (20× magnification, scale bar 
indicates 200 μm); (B) quantification of the staining intensity of α-SMA and γ-OHPdG of the SC and HH before and during co-culture 
conditions. * indicates significance (P≤0.005) between groups using two-sample independent t-tests. NS indicates not significant. ICC, 
immunocytochemistry; SC, stellate cell; CM, conditioned media; α-SMA, alpha-smooth muscle actin; HH, human hepatocytes.
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human liver samples representing normal tissue and the 
disease stages of steatosis, fibrosis, cirrhosis and HCC and 
have found evidence that may support its association with 
hepatocarcinogenesis. 

γ-OHPdG was detected in FFPE human liver tissue 
samples by IHC staining using the monoclonal antibody 
that we previously developed (17,38,39). In the present 
study, we showed that γ-OHPdG levels varied greatly in 
patients with different stages of liver disease during the 
progression of HCC. The highest levels occurred during 
steatosis, where inflammation is the primary response to 
excess lipid accumulation in hepatocytes which stimulates 
LPO and impairs DNA repair (37,40). It is conceivable 
that as γ-OHPdG accumulates in the liver during steatosis 
there is a greater chance of mutations in the form of G > T  
transversions. This event may be exacerbated in fibrosis 
and cirrhosis by compensatory growth which occurs with 
liver injury. γ-OHPdG could serve as an early biomarker for 
HCC in which the free radicals generated by inflammation 
have been shown to act cooperatively during p53 regulated 
tumorigenesis (41). Cirrhosis is the major risk factor for 
HCC; up to 15% of cirrhosis cases per year advance to HCC 
depending on the associated genetic and environmental risk 
factors (42,43). HCC is the most common cause of lethality 
in cirrhosis patients despite the etiology of the disease (44). 
In autopsies of individuals who succumbed to HCC, 80–90% 
had underlying cirrhosis (33). It is possible that the high 
levels of γ-OHPdG, particularly in a few of those patients 
with cirrhosis we have identified, may predict an increased 
risk of HCC. This notion, however, needs to be verified 
through future investigations which include a larger cohort 
of patients. The consistency in the score of cirrhotic patients 
over time however, suggests that γ-OHPdG levels are not 
influenced by other factors and the underlying level may be a 
predictor of patients at high risk of progressing to HCC. 

The increase of γ-OHPdG in steatosis was followed by 
a dramatic decrease in fibrosis and cirrhosis. While the 
mechanisms behind the apparent drop of γ-OHPdG in these 
stages are unclear, the induction of apoptosis as a result of 
elevated DNA damage may play a role (45). Furthermore, 
decreased fat content in the liver following steatosis, where 
the effects of LPO from fat accumulation are conceivably 
the most severe, might be another factor that contributes 
to the decreased levels of γ-OHPdG. Oxidative stress 
contributes to the progression of liver disease regardless 
of etiology (46). The levels of DNA damage in each stage 
of liver disease may vary depending on the efficiency of 
DNA repair, cell proliferation and apoptosis (47). In vitro 

treatment of human liver cells (HepG2, Huh7, WRL68) 
with oleic a palmitic FA which are commonly found in the 
diet, leads to increased lipid intake, fat accumulation and 
an inflammatory and fibrogenic response similar to what 
is seen in liver disease progression (48-50). These models 
have helped characterize the molecular events that lead to 
the symptoms of NAFLD and NASH. In our study, the 
change in γ-OHPdG levels were replicated in a co-culture 
of HH and SC, treated with FA. FA treated HH represented 
steatosis-like conditions and the co-culture displayed 
fibrotic-like conditions, such as activation of the SC, where 
γ-OHPdG levels were reduced compared to steatotic HH 
cells and CM-treated SC alone. This trend was consistent 
with the γ-OHPdG changes observed in the clinical samples 
between the stages of steatosis and fibrosis, which appear 
to validate the cellular changes that occur between lipid 
accumulation in steatosis and fibrotic activation in fibrosis 
in relation to γ-OHPdG formation. 

8-Oxo-dG is a widely studied marker of oxidative 
DNA damage related to inflammation and tumorigenesis 
(29,31). Our data showing the strong correlation between 
of γ-OHPdG and 8-oxo-dG in both the disease groups 
and individual patients suggests a strong mechanistic link 
between the two markers. To our best knowledge, this is 
first study to demonstrate the relationship of 8-oxo-dG and 
γ-OHPdG during liver cancer development. In an earlier 
study by Kitada T et al., IHC staining of liver tissues from 
patients with chronic liver disease showed that the number 
of 8-oxo-dG-positive hepatocytes was significantly correlated 
with chronic hepatitis disease severity, suggesting chronic 
inflammation is important in hepatocarcinogenesis (51).  
We found, however, fibrosis consistently had the lowest 
levels of 8-oxo-dG and γ-OHPdG (Figure 2B,C). In a 
separate set of 38 samples consisting of normal, cirrhosis, 
cirrhosis and hyperplasia and hyperplasia with HCC, 
a significant association was also found between liver 
disease severity and the immunoscore of γ-OHPdG. This 
demonstrates that γ-OHPdG levels are lower in cirrhosis 
and normal tissue compared to HCC and that γ-OHPdG 
may serve as an indicator of the DNA damage which may 
lead to hepatocarcinogenesis. An increase of γ-OHPdG was 
noted in most HCC samples, indicative of oxidative stress, 
which is commonly elevated in tumors compared to normal, 
fibrosis and cirrhosis (52). Our data also showed some 
significant individual variability in γ-OHPdG levels within 
each disease stage (Figure 2A,B), but they remained stable in 
serial biopsies of individual patients (Table 2). The variation 
of γ-OHPdG levels within stages is especially notable in 
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cirrhosis and HCC patients. Additional longitudinal studies 
that can incorporate prior and current treatment as well as 
the clinical outcomes of patients would provide insight into 
explaining these results and how these differences may be 
used to predict disease risk. 

1,N6-ethenodeoxyadenosine (εdA), a related LPO-
derived cyclic DNA adduct has been investigated for its 
role in hepatocarcinogenesis (53,54) . Results of these 
studies showed that a gradual accumulation of εdA occurs in 
diseased livers during HCC development, suggesting that it 
may contribute to mutations. The formation of the etheno 
adduct in liver cancer shown by these studies also point to 
the role of lipid accumulation in the liver and the oxidative 
stress associated with chronic inflammation as its source (55). 
However, unlike εdA, γ-OHPdG levels have been found to 
correlate with 8-oxo-dG and increase sharply in steatosis 
compared to that in normal livers, rendering it potentially 
useful in monitoring HCC development and understanding 
its specific role in the process of hepatocarcinogenesis. 

There are many factors to be considered for γ-OHPdG 
to be used in clinical investigations, including the variations 
in the source and pathology of tissue, effects of the disease 
or treatment, study sample size, and time period and 
method of sample collection (14). DNA damage caused by 
formalin fixation of tissue may make it difficult to discern 
γ-OHPdG specific damage in some samples, particularly in 
biopsies which have a small surface area. The IHC method 
described in this study is more amenable for the detection 
of γ-OHPdG in clinical samples than the previously 
developed high-performance liquid chromatography-
tandem mass spectrometry method which requires 
relatively high amounts of frozen tissue (500 mg or more) 
for detection (56-58). The antibody-based IHC method 
provides a sensitive, practical, and cost effective way to 
efficiently monitor this adduct in liver tissue. As its levels 
are the highest in steatosis, γ-OHPdG, could be used as a 
biomarker in the pathogenesis of NASH, the early stages of 
which are currently difficult to distinguish (59). Establishing 
γ-OHPdG as a clinical prognostic biomarker will require 
further method development for its detection in blood or 
urine. The levels of excreted γ-OHPdG and 8-oxo-dG may 
indicate the extent of DNA repair that occurs across the 
liver disease spectrum. The excreted level of γ-OHPdG 
combined with the background levels in liver tissue, may, 
therefore, determine the extent of oxidative-related DNA 
damage that is related to γ-OHPdG. While our studies 
have shown a potential relationship of γ-OHPdG in HCC 
development, future clinical studies will be needed to 

examine its validity to monitor patients with a high risk for 
HCC for better prevention and treatment. 
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Supplementary methods

In order to confirm the effects of the co-culture conditions 
on stellate cells and HH, various conditions were created 
to test the cellular response related to γ-OHPdG formation 
and fibrogenic activation as indicated by α-SMA. Staining, 
imaging and intensity quantification was performed as 
described in the Methods section of this manuscript. Figure 
S1 is a diagram of the conditions that were tested. In brief, 
HH were grown in either normal or FA media and then co-
cultured with stellate cells in either normal media or FA 
media. Stellate cells were grown independent of co-culture 
conditions in normal media and FA media to determine 
their α-SMA levels. Images were taken using an Olympus 
IX-71 Inverted Epifluorescence Microscope.

Results

The intensity γ-OHPdG staining was measured from HH 

cultured for 3 days in normal or FA media and there was 
a significant increase in staining intensity of γ-OHPdG 
in the FA-treated HH by day 3 (Figure S2A). When the 
FA HH were co-cultured with SC in either FA media or 
normal media, γ-OHPdG levels decreased compared to 
FA treated HH alone (Figure S2A). SC’s grown in either 
FA media or normal media for 3 days resulted in increased 
α-SMA staining intensity over time in the FA media and 
significantly lower than normal at day 1, but higher by 
day 3 (Figure S3A,B). Lastly, there was no difference in 
α-SMA between normal HH co-cultured with normal 
SC grown in normal media and FA HH co-cultured with 
FA SC in normal media or FA HH co-cultured with FA 
SC in FA media (Figure S4A,B) showing that the co-
culture conditions described in the main manuscript are 
required for fibrogenic activation and decreased γ-OHPdG 
formation.

Supplementary



Table S1 Individual sample information for FFPE liver tissue

Age Race Gender Diagnosis
γ-OHPdG 8-OHdG

Intensity Distribution Total score Intensity Distribution Total score

87 Black/African American Female Normal 2 1 3 2 1 3

0 Unknown Female Normal 0 0 0 0 0 0

68 Black/African American Male Normal 1 1 2 1 1 2

70 Black/African American Male Normal 1 1 2 0 0 0

64 White/Caucasian Male Normal 2 1 3 0 0 0

36 Black/African American Male Normal 2 1 3 0 0 0

44 Unknown Male Normal 1 1 2 0 0 0

54 Unknown Male Normal 1 1 2 0 0 0

101 Unknown Male Normal 0 0 0 0 0 0

22 Black/African American Female Steatosis 1 2 3 1 3 4

39 Unknown Male Steatosis 2 2 4 2 1 3

52 Unknown Female Steatosis 2 1 3 1 1 2

101 Unknown Male Steatosis 1 2 3 1 1 2

58 White/Caucasian Male Steatosis 1 1 2 0 0 0

44 White/Caucasian Female Steatosis 2 2 4 2 1 3

45 White/Caucasian Male Steatosis 2 2 4 2 2 4

61 Other Male Steatosis 2 2 4 2 1 3

40 White/Caucasian Male Steatosis 2 2 4 2 2 4

58 White/Caucasian Male Fibrosis 0 0 0 0 0 0

48 White/Caucasian Female Fibrosis 0 0 0 0 0 0

48 Black/African American Female Fibrosis 0 0 0 0 0 0

56 White/Caucasian Female Fibrosis 0 0 0 0 0 0

56 Unknown Male Fibrosis 0 0 0 0 0 0

46 Black/African American Male Fibrosis 0 0 0 0 0 0

54 White/Caucasian Male Fibrosis 3 2 5 3 1 4

61 White/Caucasian Male Fibrosis 0 0 0 0 0 0

70 Black/African American Female Fibrosis 0 0 0 0 0 0

59 White/Caucasian Male Fibrosis 2 1 3 0 0 0

45 White/Caucasian Male Cirrhosis 0 0 0 0 0 0

45 Unknown Female Cirrhosis 0 0 0 0 0 0

38 Black/African American Female Cirrhosis 2 2 4 2 2 4

52 Black/African American Female Cirrhosis 2 1 3 0 0 0

58 White/Caucasian Female Cirrhosis 0 0 0 0 0 0

57 White/Caucasian Male Cirrhosis 0 0 0 0 0 0

54 White/Caucasian Female Cirrhosis 0 0 0 0 0 0

58 White/Caucasian Female Cirrhosis 0 0 0 1 1 2

33 Unknown Male Cirrhosis 2 1 3 2 1 3

58 White/Caucasian Male Cirrhosis 0 0 0 0 0 0

53 Unknown Female HCC 2 1 3 2 1 3

39 Unknown Male HCC 3 2 5 2 1 3

73 White/Caucasian Male HCC 1 2 3 3 2 5

67 Unknown Male HCC 0 0 0 0 0 0

51 Unknown Male HCC 0 0 0 0 0 0

46 Black/African American Female HCC 3 2 5 1 2 3

50 White/Caucasian Female HCC 3 3 6 3 2 5

47 White/Caucasian Male HCC 1 1 2 0 0 0

54 Unknown Male HCC 3 2 5 2 1 3

46 Unknown Male HCC 0 0 0 0 0 0

28 Unknown Female HCC 1 3 4 2 2 4

Intensity score: negative =0, weak =1, moderate =2, intense =3; distribution score: negative =0, focal =1, regional =2, diffused =3. FFPE, 
formalin-fixed paraffin embedded; HCC, hepatocellular carcinoma.



Table S4 Association between pathology and immunoscore of γ-OHPdG (Fisher test P=0.0364)

Sum score
Pathology

Total
Normal Cirrhosis with hyperplasia Cirrhosis Hyperplasia HCC

0 0 1 0 0 1 2

2 0 0 4 0 1 5

3 0 0 2 2 4 8

4 2 1 0 1 3 7

5 0 1 1 1 8 11

6 0 0 0 0 5 5

Total samples 2 3 7 4 22 38

Average score 4 3 2.7 3.8 4.4

HCC, hepatocellular carcinoma.

Table S2 Histological score assessment for γ-OHPdG and 8-OHdG in livers obtained at different stages of disease

Diagnosis
Mean score (SD) Number positive cases/total number (%)

γ-OHPdG 8-OHdG γ-OHPdG 8-OHdG

Normal 1.9 (±1.1) 0.6 (±1.1) 7/9 [78] 2/9 [22]

Steatosis 3.4 (±0.7) 2.8 (±1.2) 9/9 [100] 8/9 [89]

Fibrosis 0.8 (±1.7) 0.4 (±1.2) 2/10 [20] 2/10 [20]

Cirrhosis 1.0 (±1.5) 0.9 (±1.4) 3/10 [30] 3/10 [30]

Carcinoma 3.0 (±2.1) 2.4 (±2.0) 8/11 [73] 7/11 [64]

Table S3 Pearson’s correlation of patients’ individual scores between 
γ-OHPdG and 8-oxo-dG

Factor Value

Number of γ-OHPdG and 8-oxo-dG Pairs 49

Pearson r 0.80

P value (two-tailed) <0.0001

R squared 0.63

For Table S3, a non-parametric Pearson’s correlation was 
performed (GraphPad Prism version 6.00 for Windows, GraphPad 
Software, La Jolla California USA, www.graphpad.com) using the 
total score for each patient between γ-OHPdG and 8-OHdG.

HH cell SC

HH normal media SC normal mediaHH FA media SC FA media

HH + SC  
Normal media

HH + SC  
Normal media

HH + SC  
FA media

Figure S1 Diagram of experimental conditions. 



Figure S2 Co-culture in normal and FA conditions. (A) ICC and quantification of the ICC staining of γ-OHPdG of HH in normal media 
and FA media after 3 days; (B) fatty acid treated HH and SC in normal media by day 3 and FA-treated HH and FA SC in FA media by day 3 
compared to HH in FA media with intensity quantification of γ-OHPdG. * indicates significance (P≤0.05) between groups using two-sample 
independent t-tests. ICC, immunocytochemistry; FA, fatty acids; HH, human hepatocytes.
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Figure S3 α-SMA staining in SC and HH co-culture. (A) FA HH co-cultured with FA SC in normal and FA media and normal HH co-
cultured with normal SC in normal media by day 3; (B) SC in normal and FA media after 1, 3 and 5 days. HH, human hepatocytes; SC, 
stellate cell; α-SMA, alpha-smooth muscle actin.
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Figure S4 α-SMA staining of SC. (A,B) quantification of α-SMA intensity. SC, stellate cell; FA, fatty acids; α-SMA, alpha-smooth muscle 
actin.
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