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Summary

Acrolein (Acr) is a ubiquitous environmental pollutant as well as an endogenous compound. Acrolein-derived |,N
propanodeoxyguanosines (Acr-dG) are exocyclic DNA adducts formed following exposure to cigarette smoke or from
lipid peroxidation. Acr-dG is mutagenic and potentially carcinogenic and may represent a useful biomarker for the early
detection of cancers related to smoking or other oxidative conditions, such as chronic inflammation. In this study, we have
developed a high-throughput, automated method using a HistoRx PM-2000 imaging system combined with MetaMorph
software for quantifying Acr-dG adducts in human oral cells by immunohistochemical detection using a monoclonal antibody
recently developed by our laboratory. This method was validated in a cell culture system using BEAS-2B human bronchial
epithelial cells treated with known concentrations of Acr.The results were further verified by quantitative analysis of Acr-
dG in DNA of BEAS-2B cells using a liquid chromatography/tandem mass spectrometry/multiple-reaction monitoring
method. The automated method is a quicker, more accurate method than manual evaluation of counting cells expressing
Acr-dG and quantifying fluorescence intensity. It may be applied to other antibodies that are used for immunohistochemical
detection in tissues as well as cell lines, primary cultures, and other cell types. (] Histochem Cytochem 60:844-853,2012)
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Cigarette smoking is a major source of human exposure to
acrolein (Acr), a highly toxic and reactive aldehyde that is
also formed endogenously through lipid peroxidation
(Chung et al. 1996; Pan and Chung 2002; Stevens and
Maier 2008; Thompson and Burcham 2008). Acr reacts
with dGuo in DNA to form two pairs of regioisomeric
1,N*-propanodeoxyguanosine adducts: 0-OH-Acr-dGuo
and y-OH-Acr-dGuo (Fig. 1) (Chung et al. 1984; Zhang
et al. 2007, 2011). a-OH-Acr-dG in double-stranded DNA
was found to be more mutagenic than y-OH-Acr-dG in
human cells and induced predominantly G—T transver-
sions (Minko et al. 2009; Yang et al. 2002). The contribu-
tion of Acr-dG DNA adducts in smoking-related lung and
oral cancers has recently been the subject of much research
due to the finding that these adducts formed preferentially
at the same dG locations in the human p53 gene that were
shown to be the sites of mutational hotspots in cigarette
smoke-induced lung tumors (Feng et al. 2006).

Oral squamous cell carcinoma (OSCC) is second only to
lung cancer as the most prevalent smoking-related cancer
worldwide. Despite recent advances in the early detection
and diagnosis of the disease, the 5-year survival rate remains
poor at approximately 50% (Neville and Day 2002).
Therefore, there is an urgent need to develop biomarkers for
the early detection and prevention of oral cancer. Previously,
our laboratory found, by using a *’P-postlabeling high-
performance liquid chromatography (HPLC) method, that
levels of Acr-derived 1,N*-propanodeoxyguanosine (Acr-dG)
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Figure 1. Chemical structure of
acrolein and acrolein-dG.
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were significantly higher in oral tissue from smokers than
from non-smokers (Nath et al. 1998). This indicates that
Acr-dG may be a useful biomarker for the early detection of
oral cancer in normal-appearing oral mucosa or premalignant
lesions from smokers and could be used to monitor the effi-
cacy of chemoprevention strategies (Choudhury et al. 2004).
Currently, our laboratory is investigating the chemopreven-
tive effects of tea by measuring the DNA adducts caused by
smoking in oral cells, including Acr-dG, in a randomized,
double-blind, crossover clinical trial of smokers. Ingestion of
tea has previously been shown in pilot trial studies to decrease
DNA damage associated with cigarette smoking in human
oral cells and improve oral premalignant lesion clinical
response rate (Schwartz et al. 2005; Tsao et al. 2009). There
is a need to develop a high-throughput, quantitative immuno-
histochemcial method to directly detect Acr-dG in human
oral cells obtained from population-based studies.
Traditionally, levels of Acr-dG and other adducts in DNA are
detected and quantified by liquid chromatography/tandem
mass spectrometry/multiple-reaction monitoring (LC-MS/
MS-MRM) or 32P-postlabeling/HPLC methods (Emami et al.
2008; Nath et al. 1998; Zhang et al. 2011). However, these
methods require large amounts of starting DNA, which is not
always available in translational studies using human cells/
tissues. In addition, these methods can measure the total
adduct level in cells or tissue but cannot detect lesions in indi-
vidual cells and require multiple steps in sample preparation
and detection; thus, they are not amenable for studies involv-
ing large sample sizes. Recently, our laboratory developed
the first monoclonal antibody against Acr-dG adducts that
can be used in the immunohistochemical analysis of human
tissues (J. Pan et al., unpublished data). Using this antibody,
we have developed an immunofluorescent method for detect-
ing Acr-dG adducts in human oral cells in a high-throughput,
quantitative system.

Many research groups quantify immunohistochemical
staining intensity by visual judgment of the number of
stained cells and the staining intensity. This method is time-
consuming, labor intensive, and unreliable among observ-
ers (Prasad and Prabhu 2012). During the course of the
present study, we had made numerous attempts at applying
methods relying on visual judgment, such as Imagel
(National Institutes of Health; Bethesda, MD), to

quantitatively determine the positively stained oral cells,
but all the efforts not only were inefficient but also failed to
obtain consistent results. Thus, we sought to develop an
automated image analysis methodology for quantifying
DNA damage biomarkers, such as Acr-dG, in human oral
cells. To this end, we combined automated imaging using a
HistoRx PM-2000 system with image analysis using
MetaMorph software (Molecular Devices; Sunnyvale, CA)
to quantify the percentage of nuclei in a sample expressing
the adduct (histomorphic analysis) as well as the intensity
of the staining (proportional to the number of adducts in
each cell). MetaMorph software has been successfully used
to analyze such diverse processes as skeletal muscle fiber
morphometry and pathological prion protein deposition
(Garton et al. 2010; Maximova et al. 2006). In the study
described here, we validated the computer-assisted quanti-
fication of Acr-dG in human oral cells by using a method to
quantify Acr-dG—positive nuclei and intensity in BEAS-2B
human bronchial cells treated with known concentrations of
Acr. We also verified the findings by quantifying the levels
of Acr-dG in BEAS-2B cells measured by LC-MS/
MS-MRM. We found that quantification of Acr-dG—positive
nuclei and staining intensity in human oral cells obtained
using HistoRx PM-2000 imaging, combined with
MetaMorph analysis, was in accordance with changes in Acr
treatment concentrations in BEAS-2B cells and LC-MS/MS
measurements of Acr-dG in DNA isolated from these cells.

Materials and Methods
Cell Culture

Human bronchial BEAS-2B cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) FBS and 1% penicillin/streptomy-
cin. Cells were treated with 20, 35, 50, 100, 200, and 300
uM Acr (Alfa Aesar; Ward Hill, MA) for 24 hr. Control
cells were treated with vehicle (PBS) alone.

Monoclonal Antibody for Acr-dG

The detailed information on the development of the mono-
clonal antibody against ACr-dG will be published elsewhere.
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Briefly, the antibody against Acr-dG was raised in BALB/C
mice. Mice were immunized with Acr-derived guanosine
adduct-conjugated BSA in saline emulsified with an equal
amount of Freund’s complete adjuvant, given in a split dose,
intraperitoneally (IP) and subcutaneously (SC). A second
immunization was given 2 weeks after the first one in incom-
plete Freund’s adjuvant. Mice were boosted with the conju-
gate in saline and given IP on days 1, 2, 3, and 4 on the fourth
week after the second injection. On day 5, mice were sacri-
ficed and the spleen was removed for fusion. Test bleeds
were taken to check the antibody reactivity toward immuno-
gens using ELISA.

The mice were used for cell fusion and hybridoma pro-
duction. A total of 14 hybridoma cell lines derived from
seven parental clones were produced. Splenocyte and
myeloma were fused, plated into 96-well culture plates, and
screened by ELISA to detect the positive clones. The
selected clones were then subcloned by limiting dilution
until they were monoclonal and stable hybridomas. Two
subclones from each parental clone were expanded into cul-
ture flasks, and four to six vials of cells for each subclonal
cell line were cryopreserved.

Collection and Processing of Human Oral Cells

Samples were obtained in accordance with Georgetown
University Institutional Review Board (IRB) guidelines.
Oral cells were collected from the cheeks and tongue by the
cytobrush technique and suspended in 1x PBS. Cells were
washed two times in 1x PBS through centrifugation at 5000
rpm for 5 min after each wash and resuspended in 1 ml of
clean 1x PBS. Then, 500 p1 of this suspension was added to
500 pl of 2% paraformaldehyde and incubated overnight at
40C. The next morning, cells were washed two times with
1x PBS, centrifuging at 5000 rpm for 5 min after each wash.
After the final wash, the supernatant was removed and
melted histogel (Thermo Scientific; Waltham, MA) was
added at a volume of 1:1 to the cells. Cells were carefully
resuspended in the histogel by pipetting, taking care to avoid
air bubbles. The cells in histogel were incubated at 40C for
30 min, and 70% ethanol was added to the top of the tube.
The cells in histogel were submitted to the Georgetown
Histology and Tissue Shared Resource for embedding into
paraffin blocks according to standard procedures.

Immunofluorescence of Cultured Cells

BEAS-2B cells were grown on 22 x 22-mm glass cover-
slips in six-well plates to approximately 50% confluence
and then treated with Acr (as above, for 24 hr). Cells were
washed with cold 1x PBS and then fixed in 4% paraformal-
dehyde for 10 min, followed by permeabilization in 0.5%
Triton X-100/2 M HCI in PBS for 5 min. Cells were then
blocked in 10% FBS/5% BSA/0.5% Triton X-100 in PBS

for 1 hr at room temperature, followed by incubation with
Acr-dG antibody (1:2000) in 1% FBS/0.5% BSA/0.5%
Triton X-100 in PBS for 1 hr at room temperature (J. Pan
et al., unpublished data). Cells were washed in PBS and then
incubated with secondary antibody (Alexa Fluor 488 goat
anti-mouse; 1:200 in 1% FBS/0.5% BSA/0.5% Triton
X-100 in PBS; Molecular Probes, Eugene, OR) for 1 hr at
room temperature in the dark. Nuclei were counterstained
with 4',6-diamidino-2-phenylindole (DAPI; 1:10,000).
Cells on coverslips were mounted onto glass slides using
Prolong Gold Antifade Reagent containing DAPI
(Molecular Probes) and dried in the dark at room tempera-
ture for 24 hr before visualization.

Immunofluorescence of Oral Cells

Briefly, formalin-fixed paraffin-embedded (FFPE) oral
cells were de-paraffinized in two sequential washings of
xylene for 5 min each; dehydrated in graded ethanols of
100%, 100%, 95%, 70%, and deionized water for 2 min
each; and incubated with 1% hydrogen peroxide for 20 min
at room temperature. Cells were subjected to antigen
retrieval in 10 mM sodium citrate (pH 6) and blocked with
10% normal goat serum (Vector Laboratories; Burlingame,
CA) in PBS-Brij solution for 30 min at room temperature.
Cells were then incubated overnight at 4C with Acr-dG
antibody (1:4000). Cells were washed and incubated with
biotinylated goat anti-mouse (1:100; Vector Laboratories)
secondary antibody for 45 min at room temperature, fol-
lowed by incubation with streptavidin Cy3 (1:100;
Invitrogen, Carlsbad, CA) tertiary antibody for 45 min at
room temperature. Following washing with PBS-Brij, cov-
erslips were applied to slides using Prolong Gold Antifade
Reagent containing DAPI (Molecular Probes) and dried in
the dark for 24 hr at room temperature before visualization.

LC-MS/MS Analysis of Acr-dG in BEAS-2B Cells

BEAS-2B cells were grown in 150-mm dishes to approxi-
mately 80% confluency and then treated with Acr (as
above, for 24 hr). Flasks were treated in duplicate at each
concentration. Both floating and attached cells were col-
lected by scraping. DNA was extracted using the DNA
Midi Kit (Qiagen; Gaithersburg, MD). Approximately 75
png DNA was used for measuring Acr-dG using an LC-MS/
MS-MRM method with some modifications (Zhang et al.
2007). Briefly, DNA samples, mixed with [13C10,15N5]-
Acr-dG as internal standards, were hydrolyzed enzymati-
cally with DNase 1, alkaline phosphatase, and
phosphodiesterase 1. The hydrolysate was then purified by
solid-phase extraction (SPE), and the fraction containing
Acr-dG adducts was collected, dried, and injected on the
column for the LC-MS/MS-MRM experiment. Detection
and quantification of Acr-dG adducts were carried out with
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an ACQUITY UPLC liquid chromatography system
(Waters Corporation; Milford, MA) equipped with 50 X
2.1-mm, 1.7-pum particle size C18 column (Waters Acquity
UPLC BEH C18) and coupled with Applied Biosystems/
MDS SCIEX 4000 Q TRAP (Life Technologies Corporation;
Carlsbad, CA) triple quadrupole mass spectrometer. The
separation of Acr-dG adducts was performed isocratically
eluting 3% acetonitrile (ACN), 1 mM ammonium formate
buffer over 3.5 min using a 0.5-ml/min flow rate at 40C,
followed by 100% ACN wash. The electrospray ionization
(ESI) source was operated in positive mode. MRM experi-
ment was performed using ion transitions of 324.2—208.1
m/z (Acr-dG) and 339.2—218.1 m/z ([13C10,15N5]-Acr-dG)
for quantitation and those of 324.2—190.1 m/z (Acr-dG)
and 339.2—200.1 m/z ([13C10,15N5]—Acr-dG) for structural
confirmation. All other parameters were optimized to
achieve maximum signal intensity. Calibration curves were
constructed for all three Acr-dG regioisomers before each
analysis using standard solutions of Acr-dG and e . PN
Acr-dG. A constant concentration of [*C . 0,15N 5]-Acr—dG (1
fmol/ul) was used with different concentrations of Acr-dG
(1.68 amol/pul-220 fmol/pul) and analyzed using 37-pul injec-
tions by LC-MS/MS-MRM.

Image Acquisition for Validation Study

The HistoRx PM-2000 system from HistoRx, Inc. (New
Haven, CT) interfaced on a personal computer was used to
acquire high-resolution (pixel dimension 512 x 512),
monochrome images. The PM-2000 system consists of an
Olympus BX51 fluorescent microscope (Melville, NY),
Optronics Quantifire camera (Goleta, CA), X-Cite equipped
with a mercury/metal halide lamp (Ontario, Canada), and
an H101A ProScan motorized stage from Prior Scientific
(Rockland, MA). AQUAsition (version 2.3.3.2) software
from HistoRx, Inc. was used to load sample slides, set con-
trol parameters, and acquire images. The slide type was set
to Whole Tissue Section (WTS). Acquisition type was set
to single, and magnification was set to x20. DAPI, FITC,
and Cy3 filters were selected. The usage was set to nuclear,
target, and cytoplasm for DAPI, Alexa Fluor 488, and Cy3
channels, respectively. Cy3 channel images were not
needed for our analysis but nonetheless selected because
the AQUAsition software requires users to acquire images
at three wavelengths. Autofocus was set to the FITC chan-
nel. Autoexposure was used for DAPI images, and 2000-
msec and 100-msec exposures were used for Alexa Fluor
488 and Cy3 images, respectively. The slide was scanned
prior to image acquisition to preselect areas of interest or
“spot” over the sample. Depending on the pellet size of the
sample, generally 10 to 35 images were acquired. Once the
acquisition was complete, the image file was loaded in
AQUAnalysis (version 2.3.3.2) software from HistoRx,
Inc. In the AQUAnalysis software, images with defects

such as blurred images or images with artifacts were dis-
carded. The rest of the images were exported in tiff file
format.

Immunofluorescence Quantification for
Method Validation Study

The exported image files were loaded into MetaMorph
software (version 7.7.3.0; Molecular Devices). Journals
were created to automatically convert the images exported
in 8-bit to 16-bit (required for the MetaMorph journals), to
identify DAPI nuclei, to identify nuclei with fluorescence
(in our case, Alexa Fluor 488) that were above background
fluorescence, to eliminate any large or small artifacts from
the image, and to export data automatically to Excel. The
created journals gave data on % positive nuclei and average
intensity of positive nuclei for each image.

Quantification of Acr-dG in Human Oral Cells

For image acquisition, the same parameters were used from
the validation study except the usage was set to nuclear,
cytoplasm, and target for DAPI, Alexa Fluor 488, and Cy3
channels, respectively. Autofocus was set to the Cy3 chan-
nel. Autoexposure was used for DAPI images, and 50-msec
and 1000-msec exposures were used for Alexa Fluor 488
and Cy3 images, respectively. The image file was exported
from the AQUAnalysis software in the same fashion as in
the validation study. The exported image files were loaded
into MetaMorph software. The same MetaMorph journals
were used as in the validation study to quantify positive
nuclei, but in this case, DAPI and Cy3 images were ana-
lyzed. Independent #-tests were conducted for each treat-
ment period to analyze the treatment effects.

Results

Quantification of Fluorescence Using
MetaMorph Software

Through use of the MetaMorph software, a user can pro-
gram journals that can execute a set of customized func-
tions in order. In this study, two specific journals were
created to execute high-throughput quantification of immu-
nofluorescence for the images obtained from the HistoRx
PM-2000 system. The first journal converts a set of DAPI
and Alexa Fluor 488 images to binary images and performs
the MetaMorph application “Cell Scoring” to the images.
The cell-scoring application identifies the nuclei in the
DAPI channel and calculates the percentage of positively
stained nuclei in the secondary channel (e.g., Alexa Fluor
488 or Cy3) based on the default parameter. The journal
also measures the fluorescence intensity in the nuclear
region in the Alexa Fluor 488 or Cy3 image. In addition, the
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Figure 2. Representative example of quantification of Acr-dG immunofluorescence using MetaMorph. For immunofluorescence analysis
of Acr-dG, formalin-fixed paraffin-embedded (FFPE) oral cells were subjected to a standard procedure using a monoclonal antibody
against Acr-dG. Cy3 was used as the secondary antibody, and nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI).
Samples were imaged using a HistoRx PM-2000 imaging device, and images were analyzed to identify and enumerate positively stained
nuclei using MetaMorph software. (A) Original image in Cy3 channel staining for Acr-dG. (B) Cy3 image; green nuclei are those identified
“positive for Cy3” by MetaMorph. (C) Original image in DAPI channel. (D) DAPI image-integrated morphometry mask to eliminate
large and small objects. (E) Resulting filtered DAPI image. (F) Final DAPI image; green nuclei are those identified “positive for Cy3” by
MetaMorph, and red nuclei are those identified “negative for Cy3” by MetaMorph.The scale bar size shown is 100 pm.

journal is programmed to exclude very small and very large
objects from the image. This process eliminates non-cellular
debris that may interfere with the analysis. Several sets of
DAPI and Alexa Fluor 488 or Cy3 images were analyzed
with the naked eye to find the optimal parameters that cor-
rectly identify the location of cellular nuclei and define the
intensity of the positively stained nuclei in the Alexa Fluor
488 or Cy3 channel in each sample. In this study, any visi-
ble fluorescence in the nuclear region above the back-
ground was defined as positively stained. The optimized
parameters were then updated to the cell-scoring applica-
tion in the journal. The second journal simply repeats the
execution of the first journal to all images in a directory of
exported files.

Representative images of the steps taken to quantify flu-
orescence in our study are shown in Fig. 2. In addition, the
journal is also programmed to report the image name, the
total number of cells, the number of positive cells, the num-
ber of negative cells, the percentage of positive cells, the
average intensity of all the nuclei identified in the DAPI
channel, the average intensity of all the nuclei identified in
the Alexa Fluor 488 (or Cy3) channel, the average intensity
of the positively stained nuclei in the Alexa Fluor 488 (or
Cy3) channel, and the average intensity of the negatively
stained nuclei in the Alexa Fluor 488 (or Cy3) channel to a

Microsoft Excel (Microsoft Corp.; Redmond, WA) software
spreadsheet (Table 1).

Method Validation Study with BEAS-2B
Human Bronchial Cells

Immunohistochemical analysis of Acr-dG in BEAS-2B
human bronchial cells showed a correlation between
nuclear staining and increasing concentration of Acr treat-
ment. Untreated samples (0 uM Acr) yielded no visible
nuclear accumulation of Acr-dG immunofluorescence (Fig.
3A, B). This may indicate that the method is not highly
sensitive because Acr can be formed endogenously and
therefore, even at 0 uM Acr treatment, there should be a
background level of Acr-dG. BEAS-2B cells treated with
20 uM (Fig. 3C, D) and 35 uM (Fig. 3E, F) Acr showed
weak and moderate nuclear staining for Acr-dG. BEAS-2B
cells treated with 50 uM (Fig. 3G, H), 100 uM (Fig. 31, J),
and 200 uM (Fig. 3K, L) Acr showed progressively increas-
ing intensity of nuclear staining for Acr-dG, along with an
increasing percentage of positively stained nuclei.
Quantitative analysis of fluorescence intensity and per-
cent positive nuclei using MetaMorph software showed that
the fluorescence intensity increased minimally between 0
and 20 uM Acr, but sharply increased between 20 and 35
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Table 1. Cell Scoring Application Results Reported to Excel Spreadsheet

Positive Negative
All Nuclei All Nuclei  NucleiW2  NucleiWw2
Total Positive Negative % Positive W Average W2 Average  Average Average
Image Name Cells Cells Cells Cells Intensity Intensity Intensity Intensity
DAPI_00002 38 24 14 63 90 59 64 47
DAPI_00003 38 38 0 100 86 85 85 0
DAPI_00004 57 53 4 93 79 66 68 43
DAPI_00005 51 51 0 100 84 101 101 0

DAPI

Anti-Acr-dG (FITC)

Figure 3. Representative examples of Acr-dG immunofluorescence in BEAS-2B cells treated with varying concentrations of Acr. BEAS-
2B cells were treated with Acr at varying concentrations for 24 hr as described in the Materials and Methods. Immunofluorescence was
performed using an anti-Acr-dG antibody. (A) 4',6-Diamidino-2-phenylindole (DAPI) channel image of BEAS-2B cells, no Acr treatment.
(B) Alexa Fluor 488 channel image of BEAS-2B cells, no Acr treatment. (C) DAPI channel image of BEAS-2B cells, 20 uM Acr treatment.
(D) FITC channel image of BEAS-2B cells, 20 pM Acr treatment. (E) DAPI channel image of BEAS-2B cells, 35 yM Acr treatment. (F) FITC
channel image of BEAS-2B cells, 35 pM Acr treatment. (G) DAPI channel image of BEAS-2B cells, 50 uM Acr treatment. (H) FITC channel
image of BEAS-2B cells, 50 uM Acr treatment. (I) DAPI channel image of BEAS-2B cells, 100 pM Acr treatment. (J) FITC channel image of
BEAS-2B cells, 100 pM Acr treatment. (K) DAPI channel image of BEAS-2B cells, 200 uM Acr treatment. (L) FITC channel image of BEAS-

2B cells, 200 uM Acr treatment. The scale bar size is 100 ym.

uM Acr. However, the intensity reached a plateau between
50 and 200 uM Acr (Fig. 4A). The percentage of positively
stained Acr-dG nuclei also increased in accordance with
increasing Acr concentration (Fig. 4B). At 0 uM Acr, there
was virtually no positive staining detected. At 20 uM Acr,
the percentage of positively stained nuclei increased to
17%. Similar to the intensity result, the percentage of posi-
tively stained nuclei increased sharply at 35 uM Acr to 75%
and reached a plateau at 50, 100, and 200 uM Acr to approx-
imately 90% (Fig. 4B).

To further validate the immunofluorescence quantifica-
tion using MetaMorph software, we performed LC-MS/
MS-MRM analysis of Acr-dG DNA adducts in BEAS-2B
cells treated with varying concentrations of Acr for 24 hr
(Fig. 5). As expected, there was a steady increase in Acr-dG
levels in DNA with increasing Acr treatment concentration.
In contrast to the MetaMorph results, LC-MS/MS-MRM
analysis showed that the formation of Acr-dG did not pla-
teau between 50 and 200 uM Acr. The plateau of intensity

and positively stained nuclei at the higher concentrations
probably reflects the saturation of antibody binding to the
Acr-dG formed at these concentrations.

Immunofluorescence Quantification of Acr-dG in
Human Oral Cells

The immunofluorescence quantification method detailed in
the Materials and Methods was applied to FFPE human oral
cells of smokers to quantify Acr-dG adduct levels. Figure
6A shows a representative example of the oral cell mor-
phometry. Nuclei were stained with DAPI. Figure 6B
shows several positive nuclei for anti-Acr-dG antibody by
immunofluorescence staining. The oral cells generally pre-
sented a high level of background fluorescence in the Cy3
channel and a lesser amount in the DAPI channel (Fig. 6A,
B). This may be due to the intrinsic autofluorescence of the
oral cells in the 550-nm spectral region (Onizawa et al.
2003). The negative control (no primary antibody) oral cell
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A Figure 4. MetaMorph quantification
110 of Acr-dG immunofluorescence. BEAS-
2B cells were treated with varying
100 concentrations of Acr for 24 hr as
described in Materials and Methods.
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sample showed a high level of background fluorescence as
well, although no nuclear staining was detected (Fig. 6C).

Discussion

In this study, we developed a high-throughput, computer-
assisted method for quantifying nuclear immunofluorescence
staining. We applied our method to measuring levels of
Acr-dG adducts in human bronchial epithelial cells in culture
and in human oral cells collected by the cytobrush technique,
but this method conceivably can be applied to multiple anti-
bodies and cell/tissue types. Our method was further verified
by measuring Acr-dG levels in BEAS-2B cells by LC-MS/

MS-MRM. This method may prove to be efficient and sensi-
tive for quantifying data from large numbers of samples from
translational and/or clinical studies that may include several
hundred subjects. One of the main advantages of this method,
compared with manual observation, is that by changing sev-
eral detection parameters among samples in MetaMorph, one
can quickly analyze many samples and retain relatively high
accuracy for reproducibility.

We performed the validation studies for the quantifica-
tion method by treating BEAS-2B cells with known con-
centrations of Acr. Although our method can quantify
intensity and positive nuclei according to Acr concentra-
tion, the immunohistochemistry (IHC) results were not
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Figure 5. Liquid chromatography/tandem mass spectrometry/multiple-reaction monitoring (LC-MS/MS-MRM) analysis of Acr-dG levels
in BEAS-2B cells. BEAS-2B cells were treated with varying concentrations of Acr for 24 hr. DNA was extracted from cells and LC-MS/
MS-MRM analysis of Acr-dG levels in DNA was performed as described in the Materials and Methods. The experiment was performed
in duplicate for each concentration of Acr.

Figure 6. Acr-dG immunofluorescence in human oral cells. Human oral cells from a smoker were subjected to immunofluorescence
staining using an antibody against Acr-dG as described in the Materials and Methods. (A) 4',6-Diamidino-2-phenylindole (DAPI) channel
image indicating the location of the nuclei. (B) Acr-dG immunofluorescence (Cy3). Arrows indicate nuclei that are positive for Acr-dG
adducts. (C) Negative control for Acr-dG immunofluorescence (Cy3).The procedure remained the same except for no incubation with
Acr-dG antibody. Note that although there is background fluorescence, there is no nuclear staining. The scale bar size is 100 pm.
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completely linear. This non-linearity may be due to several
factors. First, the small increase in Acr-dG intensity and
percent positive nuclei between 0 and 20 uM Acr concen-
trations can be attributed to the fact that Acr is a highly reac-
tive electrophilic compound (Fig. 4A, B). At low
concentrations, Acr may react with proteins before reaching
the nucleus (Zhu et al. 2011). In addition, it is known that
Acr-dG in DNA can be efficiently repaired by the nucleo-
tide excision repair (NER) pathway (unpublished results).
Therefore, it is likely that repair activity suppressed the
accumulation of Acr-dG in the nuclear DNA at low concen-
trations. Higher concentrations of Acr (35 uM and above),
however, may overwhelm the repair capacity, which could
cause the sharp spike in Acr-dG intensity and percent posi-
tive nuclei. Acr-dG immunofluorescence intensity and per-
cent positive nuclei plateaued between 50 and 200 uM Acr,
whereas the adduct levels measured by LC-MS still
increased. This may be primarily attributed to the antibod-
ies that were saturated in the immunohistochemical staining
assay and also possibly to the fact that high concentrations
of Acr promote apoptosis. The formation of Acr-dG is
known to be highly correlated to apoptosis induction (Pan et
al. 2009). Unlike LC-MS/MS analysis, MetaMorph soft-
ware only analyzes live cells with intact nuclei; cells that
undergo apoptosis are not counted. It should be pointed out
that the lower range of Acr concentrations is physiologi-
cally more relevant than the higher concentrations.

It is important to note that due to the inevitable staining
variability among samples, the nuclear immunofluores-
cence intensity values often yield inconsistent data resulting
in large standard errors (Fig. 4A). In addition, intensity val-
ues are affected by the varying level of background fluores-
cence. However, quantifying the percentage of positively
stained nuclei using MetaMorph software depends on the
size of the nuclei and the intensity of a pixel in the nucleus
above background pixel intensity. This process eliminates
the background intensity interference and yields much more
consistent data with smaller standard errors (Fig. 4B).
Furthermore, quantifying positively stained nuclei provides
information on adduct levels in individual cells.

The application of the method to human oral cells col-
lected by the cytobrush technique shows that the percentage
of positively stained nuclei can be measured using
MetaMorph software to quantify Acr-dG levels. Although
this is a high-throughput method, the potential variables in
measuring clinical oral cell samples may come from the
intrinsic autofluorescence and sometimes the poor quality
of the collected cells that may affect measurements. In
applying this method in clinical trials, increasing the sample
size analyzed may help to reduce the variability and achieve
more accurate results.

From the validation study, we demonstrated that the quan-
tification method developed with HistoRx and MetaMorph
software can reliably analyze Acr-dG immunofluorescence

intensity and percentage of positive nuclei. We also demon-
strated that measuring the percentage of positively stained
nuclei via MetaMorph is a more robust method of quantify-
ing Acr-dG adduct levels than measuring the immunofluores-
cence intensity of the nuclei. We are confident that this
method can be applied to quantify immunofluorescence of
multiple antibodies, and multiple cell/tissue types, as with
simple changes in the journal of the MetaMorph software, the
method can be used to analyze immunofluorescence at other
wavelengths. The most important advantage of this method is
its high-throughput nature, as once appropriate parameters
are set for nuclei location and what constitutes positive nuclei
are defined, the program can analyze all subsequent images
in an automated fashion.
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