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Abstract
NF-κB is a major inflammatory response mediator in the liver, playing a key role in the path-

ogenesis of alcoholic liver injury. We investigated zonal as well as liver cell type-specific dis-

tribution of NF-κB activation across the liver acinus following adaptation to chronic ethanol

intake and 70% partial hepatectomy (PHx). We employed immunofluorescence staining,

digital image analysis and statistical distributional analysis to quantify subcellular localiza-

tion of NF-κB in hepatocytes and hepatic stellate cells (HSCs). We detected significant spa-

tial heterogeneity of NF-κB expression and cellular localization between cytoplasm and

nucleus across liver tissue. Our main aims involved investigating the zonal bias in NF-κB

localization and determining to what extent chronic ethanol intake affects this zonal bias

with in hepatocytes at baseline and post-PHx. Hepatocytes in the periportal area showed

higher NF-κB expression than in the pericentral region in the carbohydrate-fed controls, but

not in the ethanol group. However, the distribution of NF-κB nuclear localization in hepato-

cytes was shifted towards higher levels in pericentral region than in periportal area, across

all treatment conditions. Chronic ethanol intake shifted the NF-κB distribution towards

higher nuclear fraction in hepatocytes as compared to the pair-fed control group. Ethanol

also stimulated higher NF-κB expression in a subpopulation of HSCs. In the control group,

PHx elicited a shift towards higher NF-κB nuclear fraction in hepatocytes. However, this dis-

tribution remained unchanged in the ethanol group post-PHx. HSCs showed a lower NF-κB

expression following PHx in both ethanol and control groups. We conclude that adaptation

to chronic ethanol intake attenuates the liver zonal variation in NF-κB expression and limits

the PHx-induced NF-κB activation in hepatocytes, but does not alter the NF-κB expression

changes in HSCs in response to PHx. Our findings provide new insights as to how ethanol

treatment may affect cell-type specific processes regulated by NF-κB activation in liver

cells.
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Introduction
The regenerative capacity of the liver has been widely studied in rodent models, particularly in
the remnant liver after 70% partial hepatectomy (PHx) [1,2]. It is known that the response to
an acute surgical challenge of PHx triggers a coordinated response of different cell types of the
liver leading to the regulation of important liver functions [3,4]. Pro-inflammatory responses
to PHx are associated with increased expression of numerous genes, activated by immediate
early factors [5]. NF-κB is one such immediate early factor whose activity, induced by the pro-
inflammatory cytokines, initiates a cascade of downstream regulatory processes [5,6]. It has
been established that there is increased activation of NF-κB within the first 30 minutes follow-
ing the surgery, which is maintained until approximately 4 hours [1,2,7,8]. Failure of NF-κB
activation can result in reduced hepatocyte proliferation leading to impaired regeneration in
the liver [9,10].

Chronic ethanol intake followed by PHx can cause dysregulation of the liver repair mecha-
nisms potentially leading to aggravation of alcoholic liver disease [11,12]. Alcohol treatment
increases apoptosis after PHx, and inhibits the proliferative activity of mature hepatocytes,
causing a suppression of regeneration [13,14]. Chronic ethanol intake has been reported to
induce a sustained increase in NF-κB activity in liver [12,15–17]. We tested whether such an
increase was exhibited by hepatocytes in the chronic ethanol-adapted condition, and whether
this sustained activity affected the liver response to PHx.

The liver shows zonally specific differences in mRNA and protein levels of various enzymes
with preference towards either periportal or pericentral regions. This leads to zonal regulation
of functions across the liver lobule, with the pericentral and periportal hepatocytes exhibiting
complementary functions [18–20]. Such a spatial heterogeneity of gene regulation has an
impact on the response to acute functional challenges, for example, in response to drug
induced injury [21,22]. However, the spatial organization of the initial gene regulatory response
to PHx is less clear. In addition, the potential zonal alterations in NF-κB activation due to etha-
nol adaptation have not been previously studied. Our study, for the first time, examined the
zonal bias in NF-κB localization in liver with ethanol intake in hepatocytes at baseline and
post-PHx states.

Recent single cell scale studies in a variety of tissues have uncovered the key functional role
of cell-cell variations and the regulation of such heterogeneity in the tissue scale response [23–
27]. Multiple studies show that liver regulatory programs are diverse within and across individ-
ual cells, even in the same cell types, in both rodents and humans [28]. Earlier studies showed
induction of NF-κB activation in hepatocytes in response to regenerative stimuli [12,29,30].
Later studies reported Kupffer cells show the earliest and most marked NF-κB activation after
liver injury [10,31]. Kupffer cell depleted liver tissue showed decreased NF-κB activation and
delayed regeneration [32], suggesting that hepatocytes respond to a KC-derived stress signal
with an activation of NF-κB. There is limited knowledge on the role of NF-κB in hepatic stel-
late cells (HSCs) in response to regeneration. Activation of HSCs is associated with nuclear
translocation of NF-κB [33]. Activation of rat HSCs by cytokines TNF-α or IL1 triggers NF-κB
activation and nuclear localization [34]. We focused our study on activation of NF-κB in hepa-
tocytes and HSCs in response to ethanol adaptation following PHx. Our investigation was
motivated in part by recent findings by Seki et al. that normal as well as Kupffer cell depleted
mice showed nuclear translocation of NF-κB p65 in HSCs in response to acute LPS challenge
[35]. This study showed HSC specific activation of NF-κB p65 as a result of LPS mediation.
This has relevance in clinical studies since the NF-κB pathway is known to play a significant
role in hepatic fibrogenesis [6]. Our studies led us to postulate that ethanol may enhance HSC
activation in the chronic ethanol-adapted state as well as following PHx.
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In this study, we asked whether the chronic ethanol-induced increase in NF-κB activation,
as detected in tissue-scale extracts, is reflected uniformly across liver tissue. We were also inter-
ested in testing whether the increase in NF-κB activation at the ethanol-adapted baseline is
associated with a robust NF-κB activation across the liver tissue in response to an acute chal-
lenge, such as PHx. We analyzed changes in nuclear localization of NF-κB p65 as a fraction of
total cellular levels of this protein. We investigated the zonal bias in NF-κB localization with
ethanol intake in hepatocytes at baseline and post-PHx states. We examined the activation pro-
files of NF-κB in single cells, particularly the cell type-specific NF-κB localization in hepato-
cytes and HSCs in the ethanol-adapted state, and assessed how acute perturbation due to PHx
alters this distribution. We considered a time point at 3h post-PHx, the time scale around
which NF-κB activity begins to decrease to assess the differences due to chronic adaptation to
ethanol intake. It has been demonstrated that NF-κB activation post-PHx in chow-fed rats
exhibits transient behavior between 1 and 6 hours, displaying an increase in the first two hours
followed by a sharp decline within 4 hours, and once again increasing by 6 hours [7]. We
focused on a post-surgical time point where the early activation response of NF-κB is close to
its maximum in both dietary groups and the tissue is transitioning from the quiescent to the
primed state. In each case, we investigated the potential spatial heterogeneity and zonal alter-
ations in NF-κB localization.

Materials and Methods

Ethics Statement
All animal protocols were carried out in strict adherence to the guidelines from the Institu-
tional Animal Care and Use Committees (IACUC) of Thomas Jefferson University and con-
form to the principles of USA regulations. The protocol was approved by the Committee on
the Ethics of Animal Experiments of Thomas Jefferson University.

Animals
In this study, we used four adult male Sprague-Dawley rats (Rattus norvegicus). Rats were held
in single occupancy cages in a climate controlled, 12-hr day/night cycle in accordance with
acceptable animal handling practices at TJU.

Diets
Rats were fed using the Lieber-DeCarli feeding model to induce chronic ethanol exposure [36].
The animals were fed a liquid diet with 36% of total calories provided by ethanol (6.2% v/v); lit-
termate control rats were pair-fed with liquid diet in which ethanol was replaced isocalorically
by carbohydrate (maltose-dextran) for 6–8 weeks (ethanol-fed, N = 2; carbohydrate, N = 2).

Partial Hepatectomy
In accordance with ethical practices, the animals were anesthetized using isoflurane at 5% con-
centration in a dedicated anesthesia chamber prior to and during the surgery. The 70% partial
hepatectomy (PHx) model of liver regeneration was used in which the left lateral and medial
lobes (LLM) were removed, rapidly frozen and stored as a baseline sample from each rat. The
surgery was performed following the standard protocol with modifications to comply with cur-
rent IACUC guidelines [37]. Following surgery, but while under anesthesia, animals received 1
ml intraperitoneal (IP) injections of lactated ringers solution (LRS) pre-warmed to 37°C to
ensure adequate hydration following surgery. The anesthesia was removed at the end of the
surgical procedure and the animal returned to its cage. After the animal recovered and started
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moving, it was monitored closely for signs of distress for the first hour (and for 10 minutes
hourly thereafter) while it was kept in its cage with access to regular diet (ad libitum) until the
time of sacrifice. Cages were kept warm with heating lamps for the first three hours following
surgery. Three hours after surgery, the animal was again anesthetized, the original incision was
reopened and the remnant liver was harvested. The animal was euthanized by cervical disloca-
tion and opening of the chest cavity. Each collected liver sample was embedded in OCT and
flash frozen in liquid nitrogen and stored at temperature of -80°C. The frozen tissue samples
were then sectioned and collected in this fashion for both control and ethanol-fed animals. All
surgeries were performed between 8AM - 11AM in order to minimize circadian rhythm
effects.

Multiplex Immunofluorescence Staining
Our immunofluorescence protocols were derived from established frozen tissue staining proto-
cols that have been established to work with sections of 10μm thickness, usable for confocal
microscopy [38]. Frozen tissue blocks were sectioned at 10μm and stored at -80°C prior to use.
Sections were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and
permeabilized using Triton X-100 (LabChem, Zelienople, PA) at a concentration of 0.01% for
15 minutes. Permeabilization and subsequent steps were carried out at room temperature and
typically separated by 3 washes of 5 minutes each in PBS 1X (Fisher Bioreagents), unless speci-
fied otherwise. Sections were then protein blocked using 3% Normal Goat Serum (Vector Lab-
oratories, Burlingame, CA) for 35 minutes. The multiplex mixture of primary antibodies
contained anti-NF-κB (Ab7970-1, AbCam, Cambridge, MA; 1:100) and anti-GFAP (Ab4674,
AbCam; 1:1000), while the multiplex mixture of secondary antibodies was prepared at dilutions
of 1:400 for AlexaFluor 647 (A21244, Life Tech, Carlsbad, CA, targeting anti-NF-κB) and
1:1500 for Cy3 (103-165-155, Jackson Immunoresearch, West Grove, PA, targeting anti-
GFAP). These antibodies have been employed extensively in previous studies to specifically
detect the respective proteins in western blots and immunohistochemistry assays, including
using a p65 knock out model (e.g., anti-NF-κB–[39–41]; anti-GFAP–[42]). Negative controls
in the absence of the primary antibody showed negligible signal intensity as evidenced by the
intensity distribution shown in Fig 1B. Slides were incubated overnight at room temperature
with the primary multiplex mixture followed by 3 washes of 10 minutes each. This was fol-
lowed by incubation with the secondary antibody mixture for 1 hour and 45 minutes followed
by another set of 3 washes of 10 minutes each. After staining for antibodies, DAPI (D9542,
Sigma) and AlexaFluor-488-conjugated Phalloidin (A12379, Life Tech) were applied together
and allowed to incubate for 30 minutes after which ProLong1 Gold Antifade (Life Tech) solu-
tion was applied. The slides were mounted with coverslips and allowed to cure overnight at
room temperature, before microscopic examination.

Confocal Microscopy
Images were acquired using a Zeiss LSM 780 mounted on a Zeiss axio observer inverted micro-
scope. The 405 nm, 488 nm, 561 nm and 633 nm lasers were used, having been set with a
unique and high-contrast color for each channel. The images were captured using the Zeiss
ZEN 2011 software package associated with the LSM 780. Within ZEN 2011, the detectors
were set at standard available ranges for specified dyes with little modification; pixel resolution
was set at 1024x1024, at 8-bit color depth with a line scan and an averaging setting of 4. Prior
to acquisitions, saturations and zeros were set using the range indicator.

For imaging, two tracks were created with two lasers each, in such a way that there would be
no interference between laser channels. The 405 nm and 561 nm lasers were added into track 1
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and the 488 nm and 633 nm lasers were added into track 2. The 405 nm laser was used to cap-
ture DAPI, the 488 nm was used to illuminate the AlexaFluor 488-Phalloidin, the 561 nm was

Fig 1. (A) Schematic of the immunohistochemistry and image analysis workflow. Frozen rat liver tissue was stained for DAPI, Phalloidin, GFAP
and NF-κB (refer to Materials and Methods: Multiplex Immunofluorescence Staining). Images were acquired using confocal microscopy. These
images were analyzed by automated image segmentation techniques involving a combination of thresholding, masking and intensity measurement modules
in the CellProfiler software. The intensity data obtained from CellProfiler was analyzed through R Programming. (B) Negative control analysis. The curves in
yellow mark the nuclear (solid) and cytoplasmic (dotted) intensity distributions from slides stained without including primary antibodies. The curves in green
show the nuclear (solid) and cytoplasmic (dotted) intensity distributions of the baseline carbohydrate tissue. The negative control group showed negligible
intensity signal.

doi:10.1371/journal.pone.0140236.g001
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aimed at exciting the Cy3-conjugated secondary and the 633 nm was used to target the Alexa-
Fluor 647-conjugated secondary. We examined the total amount of NF-κB in the nucleus–as
measured by the nuclear co-localization of NF-κB and DAPI. This was calculated as the
nuclear fraction, i.e., the fraction of total cell fluorescence intensity coming from the nucleus.

Digital Image Analysis
The digital image analysis tool CellProfiler was used to develop a novel automated image analy-
sis pipeline [43]. For each multiplex immunostained image set, DAPI gray scale image was
used to develop a mask corresponding to the hepatocyte nuclei. This mask was applied to the
NF-κB image to calculate hepatocyte nuclear NF-κB intensity values. Similarly, a combination
of Phalloidin and DAPI images were used to develop a hepatocyte cytosolic mask, which was
then applied to the NF-κB image to calculate hepatocyte cytosolic NF-κB intensity values. The
HSCs were manually segmented based on anti-GFAP image and this mask was applied to the
NF-κB image to calculate whole HSC NF-κB intensity values. The acquired images were first
converted into a JPEG format in greyscale for each channel. These images were analyzed by
automated image segmentation techniques involving a combination of thresholding, masking
and intensity measurement modules in the CellProfiler software. The novel CellProfiler pipe-
line was developed specifically for our image analysis. The pipeline consisted of several mod-
ules serving to perform one or more image segmentation-related functions such as
thresholding, object identification, masking, intensity measurement and exporting into
spreadsheets.

Image Data Analysis
The intensity data obtained from the automated image analysis were analyzed using the R pro-
gramming language [44]. The scripts written in R (available upon request) were designed to
normalize the data, calculate distributions, and perform permutation analysis and multivariate
analyses.

Normalization
The object-based mean intensity measures were used for our analyses. For each image, a mean
intensity was calculated using the total number of observations (cellular objects) per image. A
weighted global average was taken as the sum of all image-specific mean intensities, divided by
the number of images and weighted according to the number of observations per image. This
global mean intensity value was then divided by image-specific mean intensity to calculate a
normalization factor for each image, which was then applied to all observations of the corre-
sponding image.

Distributions
The normalized nuclear and cytoplasmic data were used to calculate a nuclear fraction per cel-
lular object. The cumulative distributions were then calculated for the entire data set.

Based on the fact that a hepatocyte nucleus is approximately 6% of the whole cell volume
[45], we calculated that the area occupied by the nucleus is approximately 15% of that of the
whole cell in a two dimensional histopathological and optical section that is at the equatorial
level of the nucleus considered as a sphere. Accordingly, we scaled the nuclear and cytoplasmic
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intensities, respectively, to calculate the nuclear fraction as:

Nuclear Fraction ¼ ð0:15� INÞ
ð0:15� INÞ þ ð0:85� ICÞ

Where IN is nuclear intensity and IC is cytoplasmic intensity.

Permutation Testing and Statistics
Data were randomized and distributions were calculated, in order to evaluate if the levels of dif-
ference seen between randomized data groups were similar to that of the original arrangement
of our data. This method of testing aided in confirming that any difference observed in the
nuclear fractions between groups was not due to random chance. We performed 10,000 itera-
tions of randomized permutations.

Real-Time PCR
Whole-liver tissue samples were homogenized and RNA extracted using an animal tissue RNA
purification kit (Norgen, ON, Canda). RNA extracts were tested for overall RNA quantity
using a NanoDrop spectrophotometer (NanoDrop, Wilmington, DE). Total RNA was con-
verted to cDNA and pre-amplified prior to real-time qPCR analysis using the Biomark plat-
form (Fluidigm, San Francisco, CA). The data were normalized by median-centering within
each sample, followed by median-centering within genes. Primers used for PCR analysis are
available in S1 Table.

Statistical Analysis
The statistical significance of the differences in the average nuclear fraction values were evalu-
ated using a Wilcoxon Signed-Rank Test, using the function wilcox.test in the R statistical anal-
ysis platform [44]. The gene expression data were analyzed using a one-way ANOVA model
considering one factor on four levels (Carbohydrate baseline, Carbohydrate PHx, Ethanol base-
line, Ethanol PHx). Comparisons between each group were performed using post hoc Tukey
Honest Significant Difference contrast testing. A p-value threshold of 0.05 was utilized for sta-
tistical significance. We employed the aov and TukeyHSD functions in the R statistical analysis
platform [44].

Results
We developed an integrative workflow consisting of multiplex immunofluorescence staining,
digital image analysis and statistical distributional analysis of immunofluorescence data. A
schematic of the integrated analysis pipeline is shown in Fig 1A. Our approach was motivated
by previous studies that utilized a combination of staining techniques and image analysis to
investigate hepatic pathophysiology [46,47]. We evaluated NF-κB activation as reflected by the
nuclear localization levels computed as the fraction of total cellular intensity localized to the
nucleus. We utilized this metric for comparison (1) across cells to assess lobular as well as liver
cell-type specific distributions, and (2) across conditions to evaluate the effects of chronic etha-
nol intake and PHx. Our unique image analysis approach enabled us to automatically identify
cell boundaries and analyze distribution of NF-κB localization segregated between nucleus and
cytoplasmic compartments of hepatocytes and HSCs. We analyzed the intensities from each
object and evaluated the differences in NF-κB localization and their zonal preference between
various treatment groups.

Cell Type-Specific Variations in Hepatic NF-κB

PLOSONE | DOI:10.1371/journal.pone.0140236 October 9, 2015 7 / 25



Adaptation to chronic ethanol consumption shifts the distribution of NF-
κB localization

Variation in hepatocytes. Our results showed that NF-κB localization in the cells spans a
wide range of intensities across all treatment conditions, including in response to chronic etha-
nol consumption. In order to understand the full extent of the diversity of NF-κB localization
in the hepatocytes, we first carried out a visual examination to find explicit differences between
the ethanol-adapted and the pair-fed control (carbohydrate) diet groups. Ethanol-adapted rats
showed lipid accumulation in the tissue, which was absent in livers from pair-fed controls (Fig
2A and 2B). However, both diet groups showed a mixed population of cells, exhibiting variabil-
ity in nuclear co-localization, i.e., both groups consisted of cells with high and low nuclear
localization of NF-κB (Fig 2A and 2B).

We observed variability in NF-κB localization profiles, even within the same tissue and field
of view. The kernel density of the baseline carbohydrate group, though widespread, showed
only a single population with nuclear and cytoplasmic intensities varying almost linearly (Fig
2C). However, the bivariate kernel density diagram for the chronic ethanol group revealed two
distinct cell populations, with one of the population showing relatively higher levels of both
nuclear and cytoplasmic intensities (Fig 2D). The behavior of both diet groups indicated that
the liver cells exhibit varying levels of localization and that some cells may not contain detect-
able levels of nuclear NF-κB. There was no clear spatial clustering of the two subpopulations
across the liver tissue, indicating that the bimodal NF-κB response to ethanol may not be due
to differences in local microenvironment. However, a shift from a higher cytoplasmic intensity
to slightly higher nuclear intensity was observed in the ethanol group, particularly for the sec-
ond sub population with higher intensity (Fig 2C and 2D). This was evident in the shift in dis-
tribution of the two cell populations from the ethanol group compared to that of the
carbohydrate group, with one subpopulation showing lower intensity distribution and another
showing a shift towards higher intensity levels (Fig 2E). We utilized the nuclear and cyto-
plasmic intensities to compute the fraction of the whole-cell intensity that is localized to the
nucleus in each cell, i.e., the nuclear fraction. The ethanol group showed a statistically signifi-
cant increase in the average nuclear fraction compared to the carbohydrate group (S1 Fig).
Analysis of the nuclear fraction distribution revealed a shift in NF-κB localization distribution,
suggesting an increase in NF-κB activity in many cells after adaptation to chronic ethanol
intake (Fig 2F). This shift towards a higher nuclear fraction largely occurred in the low and
middle range of the distribution and was less pronounced towards higher values. We interpret
these results as suggesting that the differences between the diet groups is not due to a cell sub-
population that shows very high NF-κB signaling at the baseline in the ethanol group. We per-
formed permutation testing on our intensity values over 10,000 iterations to evaluate whether
the differences seen in our data could have occurred by random chance (p< 0.01). Our experi-
mentally observed difference was a significant outlier relative to the random chance distribu-
tion (Fig 2F).

Zonal differences between NF-κB localization and distribution. The zonal differences
across the liver acinus, although widely studied in the context of genes and their expression,
have not been fully investigated in the context of transcription factors and their activation. The
above experiments involved hepatocytes taken specifically from the midzonal region, which is
well outside the perimeter of what we considered in the periportal and pericentral groups. We
therefore investigated the zonal differences in NF-κB localization due to adaptation to ethanol.
We analyzed multiplex immunofluorescence images tiled around and including the portal and
central veins in order to explore the possibility of zonal alterations in NF-κB localization. All of
the cells within the periportal and pericentral regions were selected based on their coordinates
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and were analyzed further to detect putative zonal alterations in NF-κB localization (Carbohy-
drate–Fig 3A and 3B; Ethanol–Fig 3C and 3D). The kernel density plots comparing periportal
and pericentral zones showed only one cell population in each case (Carbohydrate–Fig 3E and
3F; Ethanol–Fig 3G and 3H). Periportal cells from both diet groups showed a wider range of
intensities than the pericentral cells (Fig 3E and 3G). Within the carbohydrate group, the
observed NF-κB levels spanned a wider range of nuclear and cytoplasmic intensity in the peri-
portal region than in the pericentral region (Fig 3E and 3F). In the ethanol group, however, the
cytoplasmic intensity of the pericentral cells spanned over a smaller range of intensities com-
pared to the periportal cells (Fig 3G and 3H).

Analysis of the nuclear fraction distribution also revealed that the pericentral cells of both
diet groups showed a shift towards higher nuclear localization than the periportal cells (Fig 3I).
However nuclear fraction calculation revealed that carbohydrate group showed the highest lev-
els of NF-κB localization in the pericentral region, compared to the periportal region as well as
in comparison to both regions in the ethanol group (Fig 3I). This was consistent in the nuclear
fraction estimates in ethanol diet groups as a shift in distribution towards higher NF-κB locali-
zation in the pericentral cells compared to periportal cells (Fig 3I). However, within this group,
periportal and pericentral zones did not show a significant difference in the whole cell or
nuclear NF-κB intensity.

In summary, for both diet groups the pericentral cells displayed higher NF-κB nuclear fraction
profiles than their corresponding periportal cells that were distributed over a wider range of NF-
κB localization levels (Fig 3I). Analysis of the nuclear fraction revealed that the difference in the
NF-κB localization between the pericentral and periportal cells appeared to be smaller after adap-
tation to chronic ethanol consumption in comparison to the carbohydrate control group.

Variation in hepatic stellate cells. The diversity exhibited by the hepatocytes at the base-
line was also observed in hepatic stellate cells in response to chronic ethanol consumption. We
manually identified and segmented HSCs as described in the Methods based on GFAP immu-
nofluorescence (Fig 4A and 4B). However, in the case of stellate cells, the nuclear fraction cal-
culation was not sufficiently reliable as most of the visual field of each HSC was comprised of
the nucleus (Fig 4A and 4B). To overcome this issue, we quantified the whole-cell intensity to
analyze NF-κB levels in HSCs. While it was difficult to reliably segregate cytosolic and nuclear
fractions in HSCs, we note that the data largely corresponds to the nuclear NF-κB levels and
have interpreted the results as such. The HSCs of the ethanol group showed two distinct popu-
lations of whole-cell NF-κB intensity distributions, with the second population showing higher
whole-cell levels of NF-κB than the carbohydrate group (Fig 4C). We found that that almost
80% of the HSCs from the ethanol group showed higher whole-cell levels of NF-κB than the
carbohydrate group (Fig 4D). Previous immunofluorescence studies revealed the presence of
NF-κB p65 in the nuclei of activated HSCs [34]. Consistent with these findings, our results
showed an activation of NF-κB in HSCs due to ethanol intake.

Fig 2. NF-κB localization in the baseline ethanol-adapted condition (N = 2 rats/condition, N = 6871 cells total) (A and B)Merged images of tissue
stained with Alexa Fluor-488-labeled phalloidin (green) and Alexa Fluor-647-labeled antibody for NF-κB (red) and nuclei that were stained with DAPI (blue).
The regions highlighted by the orange rectangles, indicated by the numbering-1, shows a representative cell from each image with a visually high level of
nuclear co-localization and the regions in the blue rectangles, indicated by the numbering-2, shows a representative cell from each image having a visually
low nuclear co-localization. Scale bar: 40 μm. (C and D) Two-dimensional kernel density estimations of baseline carbohydrate (C) and ethanol (D) groups.
The ethanol group shows two distinct populations of cells, one in a higher range of intensities (numbered in red-2) than the other. The carbohydrate group
shows one population of cells. (E) Distributions of nuclear (solid) and cytoplasmic (dotted) intensities of both baseline groups. Ethanol (red) shows a bimodal
distribution, with second subpopulation showing a shift towards the higher extreme when compared to the carbohydrate (green) group. (F) Nuclear fractions
of intensity of both baseline groups as well as representative permuted data groups. The ethanol group (red) of cells showed a significantly higher nuclear
fraction of NF-κB than the carbohydrate group (green) of cells. The permuted data (dotted lines) iterated over 10000 times did not report as large a difference
between the two groups, as seen in the original data. (Total no of cells: Baseline Ethanol: 2938, Baseline Carbohydrate: 3941).

doi:10.1371/journal.pone.0140236.g002
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Fig 3. Zonal alteration of NF-κB localization in the ethanol-adapted condition (N = 2 rats/condition, N = 1490 cells total). (A andB) Representative
images of portal triads of baseline carbohydrate (A) and ethanol (B) groups. The periportal region is highlighted by the blue circle. Scale bar: 40 μm. (C andD)
Representative images of central veins of baseline carbohydrate (C) and ethanol (D) groups respectively. The pericentral region is highlighted by the red
circle. (E and F) Two-dimensional Kernel Density distribution of periportal (E) pericentral (F) cells from carbohydrate-fed baseline animal groups. Compared
to their periportal counterparts, the cells in periportal group are much more widespread spanning a larger range of intensities than their pericentral
counterparts. (G andH) Two-dimensional kernel density distribution of periportal (E) pericentral (F) cells from ethanol adapted animal groups. (I) Nuclear
fraction of intensities of periportal and pericentral cells of carbohydrate (green) and ethanol (red) baseline groups. Solid lines represent periportal nuclear
fractions, dashed lines represent pericentral nuclear fractions. (Total no of cells—Baseline: Ethanol periportal: 409, Ethanol pericentral: 293, Carbohydrate
periportal: 440, Carbohydrate pericentral: 348).

doi:10.1371/journal.pone.0140236.g003
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Fig 4. Whole-cell levels of NF-κB in the HSCs in the ethanol-adapted condition (N = 2 rats/condition, N = 284 cells total). (A and B)Merged images of
tissue stained with Alexa Fluor-488-labeled Phalloidin (green) and Alexa Fluor-647-labeled antibody for NF-κB (red), nuclei which were stained with DAPI
(blue) and the HSCs, which were stained with Cy3 labeled-antibody for GFAP (HSCmarker). The highlighted regions in the blue and orange rectangles show
typical HSCs, magnified further. Scale bar: 40 μm. (C) Distributions of whole-cell intensities measured from the HSCs of both baseline groups. The ethanol
group shows two populations, with the second one showing a higher level of whole-cell NF-κB than the carbohydrate group. (D) Cumulative distributions of
the whole-cell intensities of the HSCs from both groups. Close to 80% of the HSCs from the ethanol group show higher whole-cell levels of NF-κB than
carbohydrate group. (Total no of cells: Baseline Ethanol: 132, Baseline Carbohydrate: 152).

doi:10.1371/journal.pone.0140236.g004

Cell Type-Specific Variations in Hepatic NF-κB

PLOSONE | DOI:10.1371/journal.pone.0140236 October 9, 2015 12 / 25



Deficient NF-κB response in the ethanol-adapted group at 3h post-PHx
Variability in response to PHx in hepatocytes. NF-κB activation shows a rapid transient

increase within the first two hours after PHx but declines by 4h post-PHx [7]. We chose to
characterize sub-cellular NF-κB localization at the 3-hour time point, before its expression is
down regulated. Our interest was to determine the effect of PHx on NF-κB intensity distribu-
tion, as well as to analyze how adaptation to ethanol intake affects the response of NF-κB
nuclear localization at 3h post-PHx. We found NF-κB to be actively relocated to the nucleus in
the carbohydrate diet group as a unimodal cell population revealed by the kernel density esti-
mate (Fig 5C). The carbohydrate group showed higher nuclear intensity of NF-κB following
PHx, consistent with expected activation of NF-κB during this time period. However, in the
case of the ethanol group, the bimodal distribution observed at the baseline ethanol-adapted
condition was not clearly observed post-PHx. Instead, our analysis identified a single cell popu-
lation distributed over a higher range of intensities in the ethanol-adapted hepatocytes. Com-
parison within the ethanol diet group before (Fig 2D) and after PHx (Fig 5D) revealed an
increase in NF-κB localization post-PHx. However, there is a possibility of a smaller scattered
subpopulation of cells with higher NF-κB intensity, which is not clearly recognized as an inde-
pendent population in the kernel density analysis. Another possibility for the unimodal distri-
bution is the activation of NF-κB expression in the previously observed cells of the smaller
subpopulation (Fig 2D) with no NF-κB localization, to a single merged population of higher
intensity (Fig 5D). We speculate that in the ethanol-adapted state, only a fraction of cells may
remain responsive to ethanol and show higher level of NF-κB activation. However, when addi-
tionally subjected to the acute challenge of partial hepatectomy, the effects are broad-based
with a larger fraction of cells being responsive to the signals elicited by partial hepatectomy and
hence the subpopulation with lower NF-κB levels disappears. The nuclear and cytoplasmic
intensity distributions of both groups did not show significant differences, but both cyto-
plasmic and nuclear NF-κB intensities were higher after chronic adaptation to ethanol intake
(Fig 5E).

In contrast to the intensity distributions, the nuclear fractions displayed an opposite trend.
The ethanol group showed a statistically significant decrease in the average nuclear fraction
compared to the carbohydrate group, at 3h post-PHx (S1 Fig). Analysis of the nuclear fraction
distribution showed a shift towards higher nuclear fraction in the carbohydrate group as com-
pared to the ethanol group (Fig 5F). This shift was more pronounced towards the higher
nuclear fraction levels, suggesting that the cell subpopulation with robust NF-κB signaling in
the carbohydrate group is attenuated in the ethanol group. We performed a permutation analy-
sis to test whether the observed difference in nuclear fraction distributions was due to a ran-
dom chance. The cytoplasmic and nuclear data were permuted over 10000 iterations and the
resulting nuclear fraction distributions were re-calculated. In contrast to our experimental
findings, the permuted data failed to show significant differences between the diet groups (Fig
5F) (p< 0.01), indicating that the differences in NF-κB localization observed experimentally
are not likely due to statistical random chance. We compared the nuclear fractions of both the
ethanol and carbohydrate groups for changes between baseline and post-PHx.

Zonal differences between NF-κB localization and distribution post-PHx. We sought
to examine whether the zonal patterns of NF-κB localization that were seen in the baseline
groups varied in response to partial hepatectomy. In order to investigate the potential zonal
alterations in NF-κB localization, we analyzed multiplex immunofluorescence images tiled
around and including the portal and central regions (Carbohydrate–Fig 6A and 6B; Ethanol–
Fig 6C and 6D). The periportal and pericentral cells of post-PHx carbohydrate groups showed
similar range of intensity distribution. They were spread across a higher range of intensities
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than their baseline counterparts (Fig 6E and 6F). We observed a similar distribution in the eth-
anol group. In ethanol fed animals, the periporal cells spanned a wider range of NF-κB inten-
sity compared to the pericentral cells (Fig 6G and 6H). However, this distinction was not
evident in the nuclear fraction distributions. The NF-κB nuclear fraction distributions revealed
no clear distinction between any of the post-PHx groups (Fig 6I).

Variation in HSCs post-PHx. We analyzed the distribution of whole-cell NF-κB intensi-
ties in HSCs of the post-PHx groups (Fig 7A and 7B). The distribution spanned a wide range of
intensities in HSCs and was found to be overlapping in both ethanol and carbohydrate diet
groups, without clear distinction in the levels (Fig 7C and 7D).

Overall comparison between ethanol-adapted and post-PHx conditions. We collated
the distributions of NF-κB nuclear fractions across all conditions for comparison (Fig 8). In
the case of hepatocytes, the carbohydrate-fed animals showed the greatest difference in nuclear
fraction between baseline and PHx, with the PHx group showing significantly higher nuclear
fraction than the baseline (Fig 8A). In comparison, the ethanol-fed animals showed only a
modest and non-significant difference in nuclear fraction between baseline and PHx. The car-
bohydrate PHx group showed the highest nuclear fraction overall (Fig 8A). In HSCs, PHx
groups from both diet groups exhibited lower whole-cell NF-κB intensities compared to that of
the baseline distribution (Fig 8B). In the ethanol-adapted condition, the liver showed higher
NF-κB nuclear intensity compared to the pair-fed controls. However, by 3h post-PHx, adapta-
tion to ethanol attenuated the NF-κB activity as shown by the relatively lower NF-κB nuclear
localization compared to that of the carbohydrate group. We compared the nuclear fraction
distributions of all the zonally segregated cell groups of the PHx and baseline conditions. At
baseline, the ethanol adapted group showed a higher nuclear fraction of NF-κB compared to
pair-fed control. In both diet groups, pericentral cells showed higher NF-κB localization (Fig
8C). We found that the PHx groups exhibited a marginally higher nuclear localization of NF-
κB than that of the baseline groups. There was no marked distinction in zonal distribution of
NF-κB localization between the diet groups post-PHx. However, pericentral cells in both diet
groups showed higher nuclear localization in post-PHx as well.

Validation of NF-κB target gene expression. In order to test whether the changes
observed in NF-κB are also reflected in its putative gene regulatory targets, we performed a
high-throughput qPCR assay to measure the expression levels of several putative NF-κB target
genes using whole tissue lysates. Multiple putative target genes displayed similar expression
patterns consistent with changes in NF-κB, with increased expression in the post-PHx samples
from both diets, and typically lower expression in the baseline samples; the baseline carbohy-
drate sample, in particular, routinely showed the lowest gene expression levels (Fig 9). It is
important to note that the several putative target gene expression patterns differ from that of
NF-κB activation distribution. This is likely due to a combinatorial action of multiple tran-
scription factors involved in the activation of the selected genes, introducing another layer of
complexity to their regulation [2]. In addition to these target genes, the expression patterns of

Fig 5. NF-κB localization post partial hepatectomy (N = 2 rats/condition, N = 6860 cells total). (A and B)Merged images of tissue stained with Alexa
Fluor-488-labeled Phalloidin (green) and Alexa Fluor-647-labeled antibody for NF-κB (red) and nuclei, which were stained with DAPI (blue). The regions
highlighted by the blue rectangles, indicated by the numbering-1, shows a representative cell from each image with a visually low level of nuclear co-
localization and the regions in the orange rectangles, indicated by the numbering-2, shows a representative cell from each image having a visually high
nuclear co-localization. Scale bar: 40 μm. (C and D) Two-dimensional kernel density estimations of post-PHx carbohydrate (C) and ethanol (D) groups. (E)
Distributions of nuclear (solid) and cytoplasmic (dashed) intensities of carbohydrate (dark blue) and ethanol (orange) groups at 3h post-PHx. Ethanol group
shows a shift towards the higher extreme when compared to the carbohydrate group. (F) Nuclear fractions of intensity of both baseline groups as well as
representative permuted data groups. The cells of carbohydrate group show a significantly higher nuclear fraction of NF-κB than the cells of ethanol group.
The permuted data iterated over 10000 times did not report as large a difference between the two groups, as seen in our original data. (Total no of cells: post-
PHx Ethanol: 3221, post-PHx Carbohydrate: 3639).

doi:10.1371/journal.pone.0140236.g005
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select genes involved in liver regeneration and response to ethanol consumption were exam-
ined. Our analysis shows that Ccnd1, which promotes cell cycle progression, is undetectable in

Fig 6. Zonal alteration of NF-κB localization post partial hepatectomy. (N = 2 rats/condition, N = 1535 cells total). (A and B) Representative images
portal triads of post-PHx Carbohydrate (A) and Ethanol-adapted (B) groups, respectively. The region highlighted by the blue circles is the periportal region.
Scale bar: 40 μm. (C and D) Representative images of central veins of post-PHx carbohydrate (C) and adapted (D) groups respectively. The region
highlighted by the red circle is the pericentral region. (E and F) Two-dimensional kernel density distribution of periportal (E) pericentral (F) cells from
carbohydrate-fed post-PHx animal groups. (G and H) Two-dimensional kernel density distribution of periportal (E) pericentral (F) cells from ethanol-fed post-
PHx animal groups. (I) Nuclear fraction of intensities of periportal (solid) and pericentral (dotted) cells of carbohydrate (dark blue) and ethanol (orange) post-
PHx groups. (Total no of cells—post-PHx: Ethanol periportal: 418, Ethanol pericentral: 295, Carbohydrate periportal: 416, Carbohydrate pericentral: 406).

doi:10.1371/journal.pone.0140236.g006
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Fig 7. Whole-cell levels of NF-κB in the HSCs post partial hepatectomy (N = 2 rats/condition, N = 291 cells total). (A and B)Merged images of tissue
stained with Alexa Fluor-488-labeled phalloidin (green) and Alexa Fluor-647-labeled antibody for NF-κB (red), nuclei which were stained with DAPI (blue) and
the HSCs, which were stained with Cy3 labeled-antibody for GFAP (HSCmarker). The highlighted regions in the blue and orange rectangles show typical
HSCs, magnified further. Scale bar: 40 μm. (C) Distributions of whole-cell intensities measured from the HSCs of both post-PHx groups. There does not
seem to be a significant distinction in the NF-κB localization between the carbohydrate group (dark blue) and the adapted group (orange). (D) Cumulative
distributions of the whole-cell intensities of the HSCs from both groups. (Total no of cells: post-PHx Ethanol: 128, post-PHx Carbohydrate: 163).

doi:10.1371/journal.pone.0140236.g007
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baseline carbohydrate samples but strongly upregulated following partial hepatectomy (Fig
9F). This increase is abrogated upon ethanol-adaptation, and decreases even further in post-
PHx ethanol samples, consistent with decreased liver regeneration seen in alcoholic livers. By
contrast, Igfbp1, an early response gene regulating IGF1 signaling, shows a dramatic increase
post-PHx in both carbohydrate and ethanol-fed animals, as well as in the baseline ethanol sam-
ples (Fig 9A). These results are consistent with previously reported findings that demonstrate
increased Igfbp1 expression in humans following chronic ethanol consumption [48].

Fig 8. Nuclear fraction distribution of NF-κB in Hepatocytes and HSCs. (A) Nuclear fraction of intensities of Hepatocytes from both groups (red–baseline
ethanol-adapted; green–baseline carbohydrate; orange–PHx ethanol-adapted; dark blue–PHx carbohydrate). Carbohydrate diet showed a higher level of
nuclear fraction NF-κB than the ethanol group after 3h PHx. Scale bar: 40 μm. (B)Whole-cell intensities of HSCs from both baseline and post-PHx groups.
Baseline adapted cells show the highest levels of NF-κB. (C) Nuclear fraction distribution of NF-κB in periportal (solid) and pericentral (dotted) cells of both
baseline and post-PHx groups.

doi:10.1371/journal.pone.0140236.g008

Fig 9. Validation of expression changes of putative NF-κB target genes in whole-tissue lysates by qPCR analysis.Results are presented as -ΔΔCt

values, where higher values correspond to increased expression, and lower values to decreased expression. Data were normalized by median-centering raw
Ct values within each sample, followed by median-centering within each gene across all samples.

doi:10.1371/journal.pone.0140236.g009
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Discussion
We investigated how the cell-cell variations in NF-κB activation within and across cell types
are altered by adaptation to chronic ethanol intake. One of our main goals was to examine the
zonal preference in NF-κB localization with ethanol intake followed by PHx. Such zonal differ-
ences in periportal and pericentral NF-κB levels can give more insight into the zonal bias in
regulation at the transcriptional level of various enzymes activating metabolic and stress
response pathways [18]. In addition to the heterogeneity of NF-κB localization in hepatocytes,
we characterized the zonal variation in HSCs and examined whether NF-κB distribution
showed a significant shift due to adaptation to chronic ethanol intake. Most of the studies asso-
ciated with liver damage involve sample lysates, nuclear extracts and whole cell lysates [49–52].
The findings by those studies can be interpreted as a characteristic behavior of the tissue in its
entirety. However, those results cannot account for the possibility that within a population of
cells that constitute the tissue or cell aggregates, there may be multiple subpopulations, each
exhibiting different levels of NF-κB activity. Varying levels of NF-κB activity may be an indica-
tor of heterogeneous cellular function across the liver acinus. Our studies evaluated this possi-
bility and identified the existence of subpopulations that vary in their NF-κB localization
profiles as well as in yielding distinct responses across different cell types. The occurrence of
cell sub-populations with varying intensities in the ethanol group indicated varying levels of
NF-κB activation between cells as evidenced by the range of the intensity and nuclear fraction
distributions.

The complex, organized structure of the liver gives rise to unique microenvironments where
communities of heterogeneous cell populations carry out specific functions. The heterogeneity
of hepatocyte distribution across zones is dynamic and could change depending on the patho-
logical conditions [53]. Previous studies mainly focused on the zonal gene expression and the
zonation of hepatic metabolism [18,19,21,22,54]. We were interested in investigating whether
the expression changes were preceded by alterations in transcriptional activities due to zonal
bias. To our knowledge, this is the first attempt in elucidating the potential zonal alterations of
NF-κB localization in periportal and pericentral regions. We observed a preferential zonal
localization towards the pericentral region in the basal state in both diet groups. This difference
between zones was not as pronounced in the ethanol group as it was in the carbohydrate
group. However, by comparison, the ethanol diet groups showed an overall higher pericentral
NF-κB nuclear fraction than the carbohydrate control group in both adapted and in post-PHx
groups. Previous results suggested that NF-κB may be activated predominantly in the peripor-
tal zones of the hepatic lobules at 1h post-PHx [29]. However, this zonal preference was not
observed 3h post-PHx, even though an overall higher range of intensity was observed post-
PHx compared to the baseline adapted state.

Previous single cell studies in mouse fibroblast cell lines demonstrated the heterogeneity in
NF-κB activation and spontaneous oscillations arising due to the shuttling of NF-κB between
cytoplasm and nucleus [55,56]. The heterogeneity of nuclear localization observed in our study
could arise from variability of cellular responses distributed across such an oscillatory pattern.
Further analysis using time series live cell imaging will be required to capture such a potential
dynamic localization of NF-κB response in the liver. In the cell populations, the subpopulation
with higher intensity is likely to contribute to the overall NF-κB activation levels leading to
downstream response to PHx. The sub-population of cells with lower nuclear and cytosolic
intensities in the ethanol group probably has little or no NF-κB activation.

We found that overall scaled intensity was higher in the ethanol-fed group compared to the
pair-fed control group in hepatocytes. This was further supported by the occurrence of higher
nuclear fractions in the ethanol-adapted group. The post-PHx results followed a similar
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pattern, with a subpopulation of cells in the ethanol-fed group exhibiting higher nuclear inten-
sity distribution than other cells with the same cytoplasmic intensity. However, analysis of the
nuclear fraction of NF-κB revealed that ethanol-fed animals exhibited an overlapping intensity
distribution between PHx and baseline adapted states. Moreover, tissue from the pair-fed car-
bohydrate group showed a higher overall nuclear fraction, suggesting a reduction in the PHx-
induced activation of NF-κB in the chronic ethanol-adapted animals. One likely explanation is
that the chronic adaptation to ethanol intake mediated a faster decline in NF-κB localization
post-PHx, resulting in an overall shift in the distribution towards lower levels than observed in
the control group. It is also likely that the ethanol group may show lower NF-κB localization at
earlier time points as well, exhibiting an even earlier deficiency in mounting a NF-κB response
to PHx as demonstrated in previous experimental studies [13,17]. Experiments incorporating a
time series design are required to resolve between these alternative scenarios.

Most of the previous studies on NF-κB activity in ethanol-adapted liver were conducted on
whole tissue lysates rather than from single cell scale measures [50–52,57]. It has been widely
demonstrated that variability at the single cell scale is much more extensive than what is typi-
cally observed across animals [23–25]. Therefore, the appropriate statistics involved in inter-
preting single cell data is not based on the number of animals, but considers the number of
single cells. We also employed permutation analysis to overcome typical issues with incorrectly
assuming that the variations arise due to a Normal/Gaussian distribution. In addition to hepa-
tocytes, we extended our analysis to investigate NF-κB localization in HSCs. As in the case of
hepatocytes, the majority of HSCs exhibited distinct sub-populations with varying intensity.
The relative whole-cell intensity in the ethanol-adapted group was higher compared to that in
the carbohydrate group. These findings support the conclusion that constitutive NF-κB levels
increase within HSCs in response to chronic ethanol consumption. The lower whole-cell levels
of NF-κB in HSCs at 3h post-PHx compared to baseline lead us to postulate that the contribu-
tion of HSCs to the inflammatory response post-PHx is minimal at this time point.

In summary, we used histopathological methods to obtain and analyze quantitative infor-
mation on the localization of NF-κB p65 under different diet conditions across liver lobular
locations and within two liver cell types. One of our primary aims was to investigate the zonal
bias in NF-κB localization with ethanol intake in hepatocytes at baseline and post-PHx states.
We found that the ethanol diet groups showed overall higher pericentral NF-κB nuclear frac-
tion than in the carbohydrate control group in both adapted as well as post-PHx groups. We
demonstrated that there are diverse levels of NF-κB localization post-PHx that show distinct
activation in hepatocytes and HSCs, characterized by the intensity distributions of the cell sub-
populations. Validation of these results by qPCR analysis in tissue lysates confirms that gene
targets of NF-κB follow similar patterns of expression. Our cell type based analysis suggests
that ethanol intake alone induces a higher rate of nuclear transport and activation of NF-κB,
indicated by the robust shift in distribution of NF-κB localization in both hepatocytes and
HSCs. However, this change was not sustained after 3h post-PHx indicating a deficiency in
NF-κB localization and activation post-PHx in the ethanol group. The lower nuclear fraction
intensity in the ethanol group suggested a faster decline in NF-κB activity around 3h post-
PHx. Our findings demonstrated an alteration in the overall distribution of NF-κB localization
as a result of adaptation to chronic ethanol intake. These zonal as well as cell type specific
changes of NF-κB localization are likely to have distinct effects on the downstream targets
mediating the observed deficiencies in response to PHx after chronic ethanol intake.
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S1 Fig. NF-κB localization in baseline carbohydrate and ethanol-adapted rat liver tissue, at
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vals.
(TIF)

S1 Table. Primer designs used for qPCR analysis of putative NF-κB target genes.
(PDF)

Acknowledgments
HN and LK thank Daniel Cook for discussions and comments on the manuscript.

Author Contributions
Conceived and designed the experiments: RV. Performed the experiments: HN AP. Analyzed
the data: HN RV LK AP JH. Wrote the paper: HN LK AP RV JH.

References
1. Fausto N, Campbell JS, Riehle KJ. Liver regeneration. Hepatology. 2006; 43: S45–53. doi: 10.1002/

hep.20969 PMID: 16447274

2. Michalopoulos GK. Liver Regeneration. J Cell Physiol. 2007; 213: 286:300. doi: 10.1002/JCP PMID:
17559071

3. Kmieć Z. Cooperation of liver cells in health and disease. Adv Anat Embryol Cell Biol. 2001; 161: III–
XIII, 1–151. PMID: 11729749

4. Kang L-I, Mars WM, Michalopoulos GK. Signals and cells involved in regulating liver regeneration.
Cells. 2012; 1: 1261–92. doi: 10.3390/cells1041261 PMID: 24710554

5. Barnes PJ, Karin M. Nuclear factor- k B—a pivotal transcription factor in chronic inflammatory diseases.
N Engl J Med. 1997; 336: 1066–1071. PMID: 9091804

6. Oakley F, Meso M, Iredale JP, Green K, Marek CJ, Zhou X, et al. Inhibition of inhibitor of κB kinases
stimulates hepatic stellate cell apoptosis and accelerated recovery from rat liver fibrosis. Gastroenterol-
ogy. 2005; 128: 108–120. doi: 10.1053/j.gastro.2004.10.003 PMID: 15633128

7. Juskeviciute E, Vadigepalli R, Hoek JB. Temporal and functional profile of the transcriptional regulatory
network in the early regenerative response to partial hepatectomy in the rat. BMCGenomics. 2008; 9:
527–552. doi: 10.1186/1471-2164-9-527 PMID: 18990226

8. Kurinna S, Barton MC. Cascades of transcription regulation during liver regeneration. Int J Biochem
Cell Biol. Elsevier Ltd; 2011; 43: 189–197. doi: 10.1016/j.biocel.2010.03.013 PMID: 20307684

9. Yamada Y, Kirillova I, Peschon JJ, Fausto N. Initiation of liver growth by tumor necrosis factor: deficient
liver regeneration in mice lacking type I tumor necrosis factor receptor. Proc Natl Acad Sci U S A. 1997;
94: 1441–1446. doi: 10.1073/pnas.94.4.1441 PMID: 9037072

10. Yang L, Magness ST, Bataller R, Rippe RA, Brenner DA. NF-kappaB activation in Kupffer cells after
partial hepatectomy. Am J Physiol Gastrointest Liver Physiol. 2005; 289: G530–G538. doi: 10.1152/
ajpgi.00526.2004 PMID: 15905413

11. Yang SQ, Lin HZ, Yin M, Albrecht JH, Diehl AM. Effects of chronic ethanol consumption on cytokine
regulation of liver regeneration. Am J Physiol. 1998; 275: G696–G704. PMID: 9756499

12. Cressman DE, Greenbaum LE, Haber B a, Taub R. Rapid activation of post-hepatectomy factor/
nuclear factor kappa B in hepatocytes, a primary response in the regenerating liver. J Biol Chem. 1994;
269: 30429–35. PMID: 7982957

13. Koteish A, Yang S, Lin H, Huang J, Diehl AM. Ethanol induces redox-sensitive cell-cycle inhibitors and
inhibits liver regeneration after partial hepatectomy. Alcohol Clin Exp Res. 2002; 26: 1710–8. doi: 10.
1097/01.ALC.0000036923.77613.59 PMID: 12436061

14. Diehl a. Alcohol and Liver Regeneration. Clin Liver Dis. 1998; 2: 723–738. doi: 10.1016/S1089-3261
(05)70038-6

Cell Type-Specific Variations in Hepatic NF-κB

PLOSONE | DOI:10.1371/journal.pone.0140236 October 9, 2015 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140236.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140236.s002
http://dx.doi.org/10.1002/hep.20969
http://dx.doi.org/10.1002/hep.20969
http://www.ncbi.nlm.nih.gov/pubmed/16447274
http://dx.doi.org/10.1002/JCP
http://www.ncbi.nlm.nih.gov/pubmed/17559071
http://www.ncbi.nlm.nih.gov/pubmed/11729749
http://dx.doi.org/10.3390/cells1041261
http://www.ncbi.nlm.nih.gov/pubmed/24710554
http://www.ncbi.nlm.nih.gov/pubmed/9091804
http://dx.doi.org/10.1053/j.gastro.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15633128
http://dx.doi.org/10.1186/1471-2164-9-527
http://www.ncbi.nlm.nih.gov/pubmed/18990226
http://dx.doi.org/10.1016/j.biocel.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20307684
http://dx.doi.org/10.1073/pnas.94.4.1441
http://www.ncbi.nlm.nih.gov/pubmed/9037072
http://dx.doi.org/10.1152/ajpgi.00526.2004
http://dx.doi.org/10.1152/ajpgi.00526.2004
http://www.ncbi.nlm.nih.gov/pubmed/15905413
http://www.ncbi.nlm.nih.gov/pubmed/9756499
http://www.ncbi.nlm.nih.gov/pubmed/7982957
http://dx.doi.org/10.1097/01.ALC.0000036923.77613.59
http://dx.doi.org/10.1097/01.ALC.0000036923.77613.59
http://www.ncbi.nlm.nih.gov/pubmed/12436061
http://dx.doi.org/10.1016/S1089-3261(05)70038-6
http://dx.doi.org/10.1016/S1089-3261(05)70038-6


15. KimW, Hong F, Jaruga B, Hu Z, Fan S, Liang TJ, et al. Additive activation of hepatic NF-κB by ethanol
and HBX or HCV core protein: involvement of TNF-α receptor I- independent and -dependent mecha-
nisms. FASEB J. 2001; 2551–2553. PMID: 11641261

16. Nanji AA, Jokelainen K, Rahemtulla A, Miao L, Fogt F, Matsumoto H, et al. Activation of nuclear factor
kappa B and cytokine imbalance in experimental alcoholic liver disease in the rat. Hepatology. 1999;
30: 934–943. doi: 10.1002/hep.510300402 PMID: 10498645

17. Zeldin G, Yang SQ, Yin M, Lin HZ, Rai R, Diehl a M. Alcohol and cytokine-inducible transcription fac-
tors. Alcohol Clin Exp Res. 1996; 20: 1639–45. PMID: 8986216

18. Braeuning A, Ittrich C, Köhle C, Hailfinger S, Bonin M, Buchmann A, et al. Differential gene expression
in periportal and perivenous mouse hepatocytes. FEBS J. 2006; 273: 5051–5061. doi: 10.1111/j.1742-
4658.2006.05503.x PMID: 17054714

19. Hailfinger S, Jaworski M, Braeuning A, Buchmann A, Schwarz M. Zonal gene expression in murine
liver: Lessons from tumors. Hepatology. 2006; 43: 407–414. doi: 10.1002/hep.21082 PMID: 16496347

20. Jungermann K. Zonation of metabolism and gene expression in liver. Histochem Cell Biol. 1995; 103:
81–91. PMID: 7634156

21. Petersen BE, Zajac VF, Michalopoulos GK. Hepatic oval cell activation in response to injury following
chemically induced periportal or pericentral damage in rats. Hepatology. 1998; 27: 1030–1038. doi: 10.
1002/hep.510270419 PMID: 9537443

22. Zieve L, AndersonWR, Lyftogt C, Draves K. Hepatic regenerative enzyme activity after pericentral and
periportal lobular toxic injury. Toxicol Appl Pharmacol. 1986; 86: 147–158. doi: 10.1016/0041-008X(86)
90045-1 PMID: 3787616

23. Guo G, Huss M, Tong GQ, Wang C, Li Sun L, Clarke ND, et al. Resolution of Cell Fate Decisions
Revealed by Single-Cell Gene Expression Analysis from Zygote to Blastocyst. Dev Cell. 2010; 18:
675–685. doi: 10.1016/j.devcel.2010.02.012 PMID: 20412781

24. Park J, Brureau A, Kernan K, Starks A, Gulati S, Ogunnaike B, et al. Inputs drive cell phenotype variabil-
ity. Genome Res. 2014; 24: 930–941. doi: 10.1101/gr.161802.113 PMID: 24671852

25. Kim JK, Marioni JC. Inferring the kinetics of stochastic gene expression from single-cell RNA-sequenc-
ing data. Genome Biol. 2013; 14: R7. doi: 10.1186/gb-2013-14-1-r7 PMID: 23360624

26. Tariq MA, Kim HJ, Jejelowo O, Pourmand N. Whole-transcriptome RNAseq analysis fromminute
amount of total RNA. Nucleic Acids Res. 2011; 39. doi: 10.1093/nar/gkr547 PMID: 21737426

27. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The dynamics and regulators of
cell fate decisions are revealed by pseudotemporal ordering of single cells. Nat Biotechnol. 2014; 32:
381–6. doi: 10.1038/nbt.2859 PMID: 24658644

28. Corton JC, Bushel PR, Fostel J, O&apos;Lone RB. Sources of variance in baseline gene expression in
the rodent liver. Mutat Res—Genet Toxicol Environ Mutagen. 2012; 746: 104–112. doi: 10.1016/j.
mrgentox.2011.12.017

29. Sakuda S, Tamura S, Yamada A, Miyagawa J, Yamamoto K, Kiso S, et al. NF- k B activation in non-
parenchymal liver cells after partial hepatectomy in rats : possible involvement in expression of heparin-
binding epidermal growth factor-like growth factor. J Hepatol. 2002; 36: 527–533. PMID: 11943425

30. Iimuro Y, Nishiura T, Hellerbrand C, Behrns KE, Schoonhoven R, Grisham JW, et al. NFkappaB pre-
vents apoptosis and liver dysfunction during liver regeneration. J Clin Invest. 1998; 101: 802–811. doi:
10.1172/JCI483 PMID: 9466975

31. Tacke F, Luedde T, Trautwein C. Inflammatory pathways in liver homeostasis and liver injury. Clin Rev
Allergy Immunol. 2009; 36: 4–12. doi: 10.1007/s12016-008-8091-0 PMID: 18600481

32. Abshagen K, Eipel C, Kalff JC, Menger MD, Vollmar B. Loss of NF-kappaB activation in Kupffer cell-
depleted mice impairs liver regeneration after partial hepatectomy. Am J Physiol Gastrointest Liver Phy-
siol. 2007; 292: G1570–7. doi: 10.1152/ajpgi.00399.2006 PMID: 17322066

33. Lee KS, Buck M, Houglum K, Chojkier M. Activation of Hepatic Stellate Cells by TGFa and Collagen
Type I Is Mediated by Oxidative Stress Through c-myb Expression. J Clin Invest. 1995; 96: 2461–2468.
doi: 10.1172/JCI118304.dish PMID: 7593635

34. Hellerbrand C, Jobin C, Licato LL, Sartor RB, Brenner DA. Cytokines induce NF-kappaB in activated
but not in quiescent rat hepatic stellate cells. Am J Physiol. 1998; 275: G269–278. Available: http://
www.ncbi.nlm.nih.gov/pubmed/9688654 PMID: 9688654

35. Seki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, et al. TLR4 enhances TGF-
beta signaling and hepatic fibrosis. Nat Med. 2007; 13: 1324–1332. doi: 10.1038/nm1663 PMID:
17952090

36. Lieber CS, Decarli LM. Animal Models of Chronic Ethanol Toxicity. Methods Enzym. 1994; 233: 585–
594.

Cell Type-Specific Variations in Hepatic NF-κB

PLOSONE | DOI:10.1371/journal.pone.0140236 October 9, 2015 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/11641261
http://dx.doi.org/10.1002/hep.510300402
http://www.ncbi.nlm.nih.gov/pubmed/10498645
http://www.ncbi.nlm.nih.gov/pubmed/8986216
http://dx.doi.org/10.1111/j.1742-4658.2006.05503.x
http://dx.doi.org/10.1111/j.1742-4658.2006.05503.x
http://www.ncbi.nlm.nih.gov/pubmed/17054714
http://dx.doi.org/10.1002/hep.21082
http://www.ncbi.nlm.nih.gov/pubmed/16496347
http://www.ncbi.nlm.nih.gov/pubmed/7634156
http://dx.doi.org/10.1002/hep.510270419
http://dx.doi.org/10.1002/hep.510270419
http://www.ncbi.nlm.nih.gov/pubmed/9537443
http://dx.doi.org/10.1016/0041-008X(86)90045-1
http://dx.doi.org/10.1016/0041-008X(86)90045-1
http://www.ncbi.nlm.nih.gov/pubmed/3787616
http://dx.doi.org/10.1016/j.devcel.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20412781
http://dx.doi.org/10.1101/gr.161802.113
http://www.ncbi.nlm.nih.gov/pubmed/24671852
http://dx.doi.org/10.1186/gb-2013-14-1-r7
http://www.ncbi.nlm.nih.gov/pubmed/23360624
http://dx.doi.org/10.1093/nar/gkr547
http://www.ncbi.nlm.nih.gov/pubmed/21737426
http://dx.doi.org/10.1038/nbt.2859
http://www.ncbi.nlm.nih.gov/pubmed/24658644
http://dx.doi.org/10.1016/j.mrgentox.2011.12.017
http://dx.doi.org/10.1016/j.mrgentox.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/11943425
http://dx.doi.org/10.1172/JCI483
http://www.ncbi.nlm.nih.gov/pubmed/9466975
http://dx.doi.org/10.1007/s12016-008-8091-0
http://www.ncbi.nlm.nih.gov/pubmed/18600481
http://dx.doi.org/10.1152/ajpgi.00399.2006
http://www.ncbi.nlm.nih.gov/pubmed/17322066
http://dx.doi.org/10.1172/JCI118304.dish
http://www.ncbi.nlm.nih.gov/pubmed/7593635
http://www.ncbi.nlm.nih.gov/pubmed/9688654
http://www.ncbi.nlm.nih.gov/pubmed/9688654
http://www.ncbi.nlm.nih.gov/pubmed/9688654
http://dx.doi.org/10.1038/nm1663
http://www.ncbi.nlm.nih.gov/pubmed/17952090


37. Crumm S, Cofan M, Juskeviciute E, Hoek JB. Adenine nucleotide changes in the remnant liver: An
early signal for regeneration after partial hepatectomy. Hepatology. 2008; 48: 898–908. doi: 10.1002/
hep.22421 PMID: 18697206

38. Shotton DM. Video and opto-digital imaging microscopy. In: Cherry RJ, editor. New Techniques of Opti-
cal Microscopy and Microspectroscopy. 1st ed. Boca Raton: CRC Press; 1991. pp. 1–40. Available:
https://books.google.com/books?id=r-cOmnw-hC8C&printsec=frontcover&dq=isbn:0849371171&hl=
en&sa=X&ved=0CB4Q6AEwAGoVChMI_dOwu8XCxwIVBnceCh0Bcwvh

39. Xing D, Gong K, FengW, Nozell SE, Chen YF, Chatham JC, et al. O-GlcNAc modification of nfkb p65
inhibits tnf-a-induced inflammatory mediator expression in rat aortic smooth muscle cells. PLOS One.
2011; 6: e24021. doi: 10.1371/journal.pone.0024021 PMID: 21904602

40. Burdelya LG, Brackett CM, Kojouharov B, Gitlin II, Leonova KI, Gleiberman AS, et al. Central role of
liver in anticancer and radioprotective activities of Toll-like receptor 5 agonist. Proc Natl Acad Sci U S A.
2013; 110: E1857–1866. doi: 10.1073/pnas.1222805110 PMID: 23630282

41. Kasama Y, Mizukami T, Kusunoki H, Peveling-Oberhag J, Nishito Y, OzawaM, et al. B-cell-intrinsic
hepatitis C virus expression leads to B-cell-lymphomagenesis and induction of NF-κB signalling. PLOS
One. 2014; 9: e91373. doi: 10.1371/journal.pone.0091373 PMID: 24651473

42. Abourbeh G, Thézé B, Maroy R, Dubois A, Brulon V, Fontyn Y, et al. Imaging microglial/macrophage
activation in spinal cords of experimental autoimmune encephalomyelitis rats by positron emission
tomography using the mitochondrial 18 kDa translocator protein radioligand [18F]DPA-714. J Neurosci.
2012; 32: 5728–5736. doi: 10.1523/JNEUROSCI.2900-11.2012 PMID: 22539835

43. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, et al. CellProfiler: image analy-
sis software for identifying and quantifying cell phenotypes. Genome Biol. 2006; 7: R100. doi: 10.1186/
gb-2006-7-10-r100 PMID: 17076895

44. Ihaka R, Gentleman R. R: A Language for Data Analysis and Graphics. J Comput Graph Stat. 1996; 5:
299–314. doi: 10.2307/1390807

45. Weibel ER, Stäubli W, Gnägi HR, Hess FA. Correlated morphometric and biochemical studies on the
liver cell. I. Morphometric model, stereologic methods, and normal morphometric data for rat liver. J
Cell Biol. 1969; 42: 68–91. doi: 10.1083/jcb.42.1.68 PMID: 4891915

46. Isse K, Lesniak A, Grama K, Roysam B, Minervini MI, Demetris AJ. Digital transplantation pathology:
Combining whole slide imaging, multiplex staining and automated image analysis. Am J Transplant.
2012; 12: 27–37. doi: 10.1111/j.1600-6143.2011.03797.x PMID: 22053785

47. Lamers WH, Geerts WJC, Jonker A, Verbeek FJ, Wagenaar GTM, Moorman AFM. Quantitative graphi-
cal description of portocentral gradients in hepatic gene expression by image analysis. Hepatology.
1997; 26: 398–406. doi: 10.1002/hep.510260221 PMID: 9252151

48. Röjdmark S, Brismar K. Decreased IGF-I bioavailability after ethanol abuse in alcoholics: partial restitu-
tion after short-term abstinence. J Endocrinol Invest. 24: 476–82. doi: 10.1007/BF03343879 PMID:
11508780

49. Jokelainen K, Thomas P, Lindros K, Nanji AA. Acetaldehyde inhibits NF-kappaB activation through
IkappaBalpha preservation in rat Kupffer cells. Biochem Biophys Res Commun. 1998; 253: 834–836.
doi: 10.1006/bbrc.1998.9863 PMID: 9918814

50. Higgins PJ, Borenfreund E. Alterations in growth rate and cell cycle kinetics of rat liver tumor cells cul-
tured in ethanol-containing medium. In vitro model of proliferative restriction in response to ethanol
exposure. Biochem Pharmacol. 1986; 35: 3857–3862. PMID: 3778509

51. Valles SL, Blanco AM, Azorin I, Guasch R, Pascual M, Gomez-Lechon MJ, et al. Chronic ethanol con-
sumption enhances interleukin-1-mediated signal transduction in rat liver and in cultured hepatocytes.
Alcohol Clin Exp Res. 2003; 27: 1979–1986. doi: 10.1097/01.ALC.0000099261.87880.21 PMID:
14691386

52. Clemens DL. Effects of ethanol on hepatic cellular replication and cell cycle progression. World J Gas-
troenterol. 2007; 13: 4955–9. PMID: 17854137

53. Sasse D, Katz N, Jungermann K. Functional heterogeneity of rat liver parenchyma and of isolated
hepatocytes. FEBS Lett. 1975; 57: 83–88. doi: 10.1016/0014-5793(75)80157-8 PMID: 170133

54. Gebhardt R, Coffer PJ. Hepatic autophagy is differentially regulated in periportal and pericentral zones
—a general mechanism relevant for other tissues? Cell Commun Signal. 2013; 11: 21. doi: 10.1186/
1478-811X-11-21 PMID: 23531205

55. Zambrano S, Bianchi ME, Agresti A. High-throughput analysis of NF-KB dynamics in single cells
reveals basal nuclear localization of NF-KB and spontaneous activation of oscillations. PLOS One.
2014; 9: e90104. doi: 10.1371/journal.pone.0090104 PMID: 24595030

Cell Type-Specific Variations in Hepatic NF-κB

PLOSONE | DOI:10.1371/journal.pone.0140236 October 9, 2015 24 / 25

http://dx.doi.org/10.1002/hep.22421
http://dx.doi.org/10.1002/hep.22421
http://www.ncbi.nlm.nih.gov/pubmed/18697206
https://books.google.com/books?id=r-cOmnw-hC8C&printsec=frontcover&dq=isbn:0849371171&hl=en&sa=X&ved=0CB4Q6AEwAGoVChMI_dOwu8XCxwIVBnceCh0Bcwvh
https://books.google.com/books?id=r-cOmnw-hC8C&printsec=frontcover&dq=isbn:0849371171&hl=en&sa=X&ved=0CB4Q6AEwAGoVChMI_dOwu8XCxwIVBnceCh0Bcwvh
http://dx.doi.org/10.1371/journal.pone.0024021
http://www.ncbi.nlm.nih.gov/pubmed/21904602
http://dx.doi.org/10.1073/pnas.1222805110
http://www.ncbi.nlm.nih.gov/pubmed/23630282
http://dx.doi.org/10.1371/journal.pone.0091373
http://www.ncbi.nlm.nih.gov/pubmed/24651473
http://dx.doi.org/10.1523/JNEUROSCI.2900-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22539835
http://dx.doi.org/10.1186/gb-2006-7-10-r100
http://dx.doi.org/10.1186/gb-2006-7-10-r100
http://www.ncbi.nlm.nih.gov/pubmed/17076895
http://dx.doi.org/10.2307/1390807
http://dx.doi.org/10.1083/jcb.42.1.68
http://www.ncbi.nlm.nih.gov/pubmed/4891915
http://dx.doi.org/10.1111/j.1600-6143.2011.03797.x
http://www.ncbi.nlm.nih.gov/pubmed/22053785
http://dx.doi.org/10.1002/hep.510260221
http://www.ncbi.nlm.nih.gov/pubmed/9252151
http://dx.doi.org/10.1007/BF03343879
http://www.ncbi.nlm.nih.gov/pubmed/11508780
http://dx.doi.org/10.1006/bbrc.1998.9863
http://www.ncbi.nlm.nih.gov/pubmed/9918814
http://www.ncbi.nlm.nih.gov/pubmed/3778509
http://dx.doi.org/10.1097/01.ALC.0000099261.87880.21
http://www.ncbi.nlm.nih.gov/pubmed/14691386
http://www.ncbi.nlm.nih.gov/pubmed/17854137
http://dx.doi.org/10.1016/0014-5793(75)80157-8
http://www.ncbi.nlm.nih.gov/pubmed/170133
http://dx.doi.org/10.1186/1478-811X-11-21
http://dx.doi.org/10.1186/1478-811X-11-21
http://www.ncbi.nlm.nih.gov/pubmed/23531205
http://dx.doi.org/10.1371/journal.pone.0090104
http://www.ncbi.nlm.nih.gov/pubmed/24595030


56. Tay S, Hughey JJ, Lee TK, Lipniacki T, Quake SR, Covert MW. Single-cell NF-kappaB dynamics reveal
digital activation and analogue information processing. Nature. 2010; 466: 267–271. doi: 10.1038/
nature09145 PMID: 20581820

57. Jokelainen K, Reinke LA, Nanji AA. Nf-kappab activation is associated with free radical generation and
endotoxemia and precedes pathological liver injury in experimental alcoholic liver disease. Cytokine.
2001; 16: 36–39. doi: 10.1006/cyto.2001.0930 PMID: 11669585

Cell Type-Specific Variations in Hepatic NF-κB

PLOSONE | DOI:10.1371/journal.pone.0140236 October 9, 2015 25 / 25

http://dx.doi.org/10.1038/nature09145
http://dx.doi.org/10.1038/nature09145
http://www.ncbi.nlm.nih.gov/pubmed/20581820
http://dx.doi.org/10.1006/cyto.2001.0930
http://www.ncbi.nlm.nih.gov/pubmed/11669585

