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Abstract

Fatty liver disease is a problem of growing clinical importance due to its association with the 

increasingly prevalent conditions of obesity and diabetes. While steatosis represents a reversible 

state of excess intrahepatic lipid, it is also associated with increased susceptibility to oxidative and 

cytokine stresses and progression to irreversible hepatic injury characterized by steatohepatitis, 

cirrhosis, and malignancy. Currently, the molecular mechanisms underlying progression of this 

dynamic disease remain poorly understood, particularly at the level of transcriptional regulation. 

We recently constructed a library of stable monoclonal green fluorescent protein (GFP) reporter 

cells that enable transcriptional regulation to be studied dynamically in living cells. Here, we adapt 

the reporter cells to create a model of steatosis that will allow investigation of transcriptional 

dynamics associated with the development of steatosis and the response to subsequent “second 

hit” stresses. The reporter model recapitulates many cellular features of the human disease, 

including fatty acid uptake, intracellular triglyceride accumulation, increased reactive oxygen 

species accumulation, decreased mitochondrial membrane potential, increased susceptibility to 

apoptotic cytokine stresses, and decreased proliferation. Finally, to demonstrate the utility of the 

reporter cells for studying transcriptional regulation, we compared the transcriptional dynamics of 

nuclear factor κB (NFκB), heat shock response element (HSE), and glucocorticoid response 

element (GRE) in response to their classical inducers under lean and fatty conditions and found 

that intracellular lipid accumulation was associated with dose-dependent impairment of NFκB and 

HSE but not GRE activation. Thus, steatotic reporter cells represent an efficient model for 

studying transcriptional responses and have the potential to provide important insights into the 

progression of fatty liver disease.
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INTRODUCTION

Hepatic steatosis, or “fatty liver”, refers to the accumulation of triglycerides in hepatocytes. 

Originally, steatosis was attributed to excessive alcohol consumption, known as Alcoholic 

Fatty Liver Disease (AFLD). However, there is growing appreciation for fatty liver disease 

induced by a broad range of stimuli, including drugs, auto-immune diseases, diabetes, and 

obesity, referred to as Nonalcoholic Fatty Liver Disease (NAFLD) and nonalcoholic 

steatohepatitis (NASH). The prevalence of NAFLD has been estimated to be as high as 39% 

in some populations, and this is likely to grow due to the increasing number of obese 

individuals (Yu et al., 2002). Prior to progression to steatohepatitis, steatosis represents a 

reversible state of metabolic dysfunction. However, under certain circumstances that are not 

well-defined, steatosis progresses to inflammatory steatohepatitis, irreversible liver damage, 

fibrosis, cirrhosis, and even hepatocellular carcinoma (Angulo, 2002; Farrell and Larter, 

2006; Reddy and Rao, 2006). As a result, the transition from steatosis to steatohepatitis is 

thought to be a central point of regulation in the development of progressive steatotic liver 

disease and its unfortunate clinical sequelae.

The most commonly accepted model explaining the development of fatty liver disease is the 

“two hit” hypothesis (Day and James, 1998). In this model, steatosis represents the “first 

hit,” and sensitizes cells to subsequent stresses, or “second hits,” which can take many forms 

including drugs, hypoxia, or cytokines, eventually leading to inflammation, or 

steatohepatitis. Animal models and human clinical studies have consistently demonstrated 

that the import and intracellular accumulation of extracellular free fatty acid (FFA) as lipid 

droplets is associated with cell signaling changes that increase susceptibility to cytokines, 

promote apoptotic or necrotic cell death, and impair compensatory proliferation (Bécuwe et 

al., 2003; Bianchi at al., 2002; Bianchi at al., 2004; Boden and Shulman, 2002; Cury-

Boaventura and Curi, 2005; Finstad et al., 1994; Gómez-Lechón et al., 2007; Hennig at al., 

1996; Malhi et al., 2006; Toborek et al., 1996; Toborek et al., 1997; Wang et al., 2006; Wu 

and Cederbaum, 2003). Nevertheless, the molecular details underlying these changes and 

their influence on stress response pathways remain unclear. Investigation of the links 

between intracellular lipid accumulation and stress response pathways are therefore critical 

for establishing a molecular description of the proposed “two hit” model and providing 

mechanistic insight into this complex dynamic disease.

Transcription factor networks represent a critical point of regulation and cellular decision-

making. However, at present, there is no consensus on the transcriptional profiles that 

characterize steatosis and their response to “second hits.” This is, in part due, to the complex 

nature of the stresses, which are not only multifactorial but dynamic. For example, systemic 

inflammation is characterized by early transient release of TNF-α and IL-1 followed by 

delayed-onset sustained release of HMGB1 (Ulloa and Tracey, 2005). Numerous studies 

have demonstrated that lipid accumulation and cytokine stimulation have independent 

effects on NFκB activation (Cao et al., 1996; Gilmore and Herscovitch, 2006; Lo et al., 

1999; Michiels et al., 2002; Novak et al., 2003; Ross et al., 1999; Song et al.; 2002; Zhao et 

al., 2004) yet the combined effects of these stimuli remain unclear. Other transcriptional 

regulators such as heat shock factors and ligand-bound glucocorticoid receptors remain 

relatively uncharacterized in the context of steatohepatitis. Understanding the 
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interrelationships between metabolic state (intracellular triglyceride accumulation), 

environmental stress (cytokines and oxidative stress), transcriptional regulation, and state-

dependent stress responses (survival, necrosis or apoptosis, and compensatory proliferation) 

represent important steps in understanding the progression from steatosis to steatohepatitis.

Several cell culture models of steatosis have been developed previously (Donato et al., 2006; 

Feldstein et al., 2003a; Feldstein et al., 2003b; Gómez-Lechón et al., 2007; Malhi et al., 

2006). Studies by Malhi et al. with human and rat hepatoma cell lines, as well as mouse 

primary hepatocytes, clearly demonstrated that saturated FFAs were more cytotoxic than 

monounsaturated FFAs and provided a mechanistic insight into the cellular mechanisms of 

hepatocyte lipoapoptosis (Malhi et al., 2006). Gómez-Lechón et al. used the human 

hepatocyte-derived cell line HepG2 to study the differential effect of saturated versus 

unsaturated FFA (Gómez-Lechón et al., 2007). Donato et al. incubated primary human 

hepatocytes with long-chain FFA to investigate the potential effects of steatosis on drug-

metabolizing capacity of hepatocytes. Their results indicated a down-regulation of several 

P450 enzymes involved in drug metabolism (Donato et al., 2006). However, while many 

studies have explored the regulation and effects of fat accumulation on metabolism (Bécuwe 

et al., 2003; Bianchi at al., 2002; Bianchi at al., 2004; Boden and Shulman, 2002; Cury-

Boaventura and Curi, 2005; Hennig at al., 1996; Malhi et al., 2006; Toborek et al., 1996; 

Toborek et al., 1997; Wu and Cederbaum, 2003), comparatively little is known about how 

fat accumulation impacts stress responses, particularly at the level transcriptional regulation. 

Furthermore, most of these models use laborious, expensive, and destructive single-time-

point measurement techniques and do not allow efficient or dynamic measurement of 

transcriptional activation.

We recently developed a microfluidic living cell array to non-destructively study gene 

expression in living cells. As part of this effort, we constructed GFP reporter cells that 

continuously report on levels of transcriptional activation and can be measured by 

microscopy or flow cytometry (King et al., 2007; King et al., 2008; Thomson et al., 2004; 

Weider et al., 2005). In this work, we adapt the reporter cells to create a model of hepatic 

steatosis to enable non-destructive transcriptional profiling of cytokine stress responses 

under lean and steatotic conditions, and to understand how the degree and composition of 

steatosis impact susceptibility to cytokine stress. In particular, we describe the responses of 

reporter cells for NFκB, HSE, and GRE to their classical inducers under lean and fatty 

conditions. Further, we used these reporter cell models to demonstrate the effect of increased 

intracellular triglyceride accumulation on the increased susceptibility to cytokine stresses, 

specifically, to tumor necrosis factor-α (TNF-α).

MATERIALS AND METHODS

Construction of Reporter Cell Lines

The Reuber H35 rat hepatoma is a well-differentiated rat hepatoma cell line that has been 

routinely used for in vitro cell culture (Pitot et al., 1964). Their responses to inflammatory 

cytokines have been extensively characterized (Itoh et al., 1989; Richards et al., 1996). 

These cells have been used to study stressor-specific activation of the heat shock genes in 

response to a variety of stimuli such as heat, arsenite ions, and cadmium ions (Ovelgonne et 
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al., 1995). Reporter cells were constructed by transfecting H35 hepatoma cells with plasmid 

DNA encoding a fluoresecent GFP reporter protein under the transcriptional control of a 

single transcription factor response element. Details of the construction were described 

previously (King et al., 2007; Thomson et al., 2004; Weider et al., 2005). Briefly, response 

elements for each transcription factor of interest were selected and cloned upstream of a 

CMV minimal promoter and a destabilized enhanced green fluorescent protein (d2EGFP) to 

create each reporter plasmid. The reporter plasmids were also designed to express a drug 

resistance gene for drug selection. In this work, we focus on three transcription factors, 

NFκB, HSF1 (referred to as HSE), and GR (referred to as GRE) with κB, HSE, and GRE 

consensus sequences GGGAMTNYCC, CNNGAANNTTCNN, and 

AGAACANNNTGTTCT, which were used to create reporter response elements with 

sequences GGGAATTTCC, CTAGAATGTTCTAG, and AGAACAAAATGTTGT, 

respectively (King et al., 2007). Reporter plasmids were then introduced into H35 cells by 

electroporation, and cells with stable DNA integration were selected by G418. Stable 

transfectants were sorted for minimal background fluorescence and maximal responsiveness 

to classic inducers (TNF-α for NFκB, 2 hours at 42°C for HSE, and 1 mmol/l 

dexamethasone for GRE) using flow cytometry. Finally, sorted cells were then subcloned to 

obtain the stable monoclonal reporter cell lines. Non-transfected (NT) cells were used to 

measure cellular auto-fluorescence as well as viability and proliferation experiments.

Cell Culture

H35 cells were maintained in phenol red free DMEM (Gibco) supplemented with 10% fetal 

bovine serum and 100 units/mL penicillin - 100 µg/µL streptomycin in a humidified 5% CO2 

incubator at 37°C. Experimental base medium was prepared by supplementing the 

maintenance medium with 2% bovine serum albumin (Sigma), and conjugating with 0 – 4 

mmol/l of one of the two selected fatty acids, oleic acid (OA) or linoleic acid (LA) (Sigma). 

Oleic acid (an ω-9 FFA) and linoleic acid (an ω-6 FFA) were chosen because they represent 

different classes of fatty acids that are converted to a unique set of derivative molecules as 

described previously (Das, 2006). In particular, linoleic acid is known for its ability to be 

converted into arachadonic acid, a potentant modulator of inflammation. Meanwhile, oleic 

acid serves as a non-arachadonicacid-forming comparison (Das, 2006). After adding the 

fatty acids, the medium was sonicated at 40°C for 45 min and cooled to 4°C. Finally, insulin 

(0.5 U/ml) and glucagon (7 ng/ml) were added, and the medium was sterilized by passage 

through a 0.2 µm filter.

Cells were plated in 24-well plates (Costar), at a seeding density of approximately 1×105 

cells per well in maintenance medium. After 24 h, the medium was changed to the 

experimental medium for up to 72 h. To investigate the effect of TNF-α, a prototypic 

inflammatory cytokine, on fat-laden cells, the cells were exposed to 10 ng/ml TNF-α (R&D 

Systems) for 18 h before the viability and flow cytometry studies.

Oil-Red-O Staining

The NT H35 cells were treated with varying doses of OA or LA for 72 h and fixed by 

incubating in 4% paraformaldehyde at room temperature for 10 min. After extensive 

washing with PBS, the intracellular triglyceride deposits were stained with Oil-Red-O dye 
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for 12 h at room temperature. Cells were imaged using a Zeiss Axiovert 200 optical 

microscope under 200× magnification. Images were captured using an AxiocamMR color 

digital camera with Axiovision 4.5 image acquisition software.

Quantification of Intracellular Triglyceride Concentration

The NT H35 cells, treated with varying doses of OA or LA for 72 h, were lysed on ice for 

six 30 sec cycles of mechanical sonication followed by a 30 sec recovery period in between 

using a Branson Sonifier. The cell lysate was used to quantify the triglyceride content, using 

a triglyceride assay kit (Sigma), following the manufacturer’s protocol.

Measurement of Intracellular Reactive Oxygen Species (ROS)

2',7'-dichlorodihydrofluorescein diacetate, H2DCFDA, (Invitrogen) was used as a cell-

permeant indicator for reactive oxygen species. This dye is nonfluorescent until the removal 

of the acetate groups by intracellular esterases and subsequent oxidation. We used a Spectra 

MAX Gemini XPS fluorescence microplate reader (Molecular Devices) to measure the 

fluorescence of the dye at 520 nm as a quantitative indication of intracellular ROS. 

Typically, the NT H35 cells were treated with 10 µM of H2DCFDA by incubating in PBS 

for 30 min at room temperature. The cells were then washed twice with PBS and cultured in 

the maintenance medium for 2 h. Subsequently, the medium was changed to the 

experimental medium with varying doses of OA or LA and the fluorescence was measured 

for up to 72 h.

Measurement of Mitochondrial Membrane Potential (MMP)

MMP was measured using 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolcarbocyanine 

iodide (JC-1), a cationic lipophilic dye that exhibits membrane potential-dependent 

aggregation in negatively charged mitochondria. The dye emits at 590 nm in the aggregated 

form, but emits at 527 nm in its monomeric form. Aggregation of JC-1 monomers causes its 

fluorescence emission maximum to shift from 527 to 590 nm. The ratio of red (590 nm) to 

green (527 nm) fluorescence provides a measure of the magnitude of MMP. A detailed 

experimental procedure is summarized elsewhere (Berthiaume et al., 2003).

Measurement of Proliferation and Viability

The NT H35 cells were treated with varying doses of OA or LA for 72 h. Trypan blue 

exclusion, was used to establish the viability of the cells, and this showed that cells floating 

in the medium atop the cultured cells were consistently found to be dead while those 

attached to the plate surface were consistently alive (data not shown). The dead cells were 

counted, to provide an indication of the viability of the cells after the treatment and the 

cytotoxicity of the OA or LA doses. Additionally, the cells attached to the cell culture plate 

surface were trypsinized and counted to provide an indication of the cell proliferation during 

the treatments.

Flow Cytometry

The NFκB and HSE reporter cells, were incubated with varying doses of OA or LA for 72 h, 

stimulated with 10 ng/ml TNF-α for 18 h, and cellular fluorescence was measured by flow 
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cytometry. Similarly, the GRE reporter cells were stimulated with 4 mmol/l dexamethasone. 

The cells were then trypsinized and resuspended in the maintenance medium. The cells were 

immediately assayed for d2EGFP expression on a Becton-Dickinson FACS Calibur flow 

cytometer. The flow cytometry profiles were gated for EGFP-expressing cells based on 

unstimulated control samples.

Statistical Analysis

Statistical evaluation of the cell culture studies was performed with one way ANOVA and 

multiple comparisons least-square difference (LSD) post hoc analysis procedures. Values 

with p ≤ 0.05 were deemed significantly different. All results were performed at least in 

triplicate as specified in the figure legends. Results are reported as mean ± 95% confidence 

intervals.

RESULTS

To create an in vitro model of steatosis, we cultured the NT H35 cells in medium with OA 

or LA. The degree of steatosis was evaluated by optical microscopy, Oil-Red-O staining, 

and intracellular triglyceride measurements. Figure 1a shows that the intracellular 

triglyceride content increased with increasing FFA concentration. We found this to be true 

for both OA as well as LA. These results demonstrated that the intracellular lipid content 

can be controlled by controlling the medium composition. Optical microscopy revealed that 

the lean NT H35 cells had a well-spread morphology with polygonal shapes. Compared to 

their lean counterparts, the H35 cells exposed to 3 mmol/l OA or LA showed partially 

spread morphology with evidence of intracellular lipid droplets (Fig. 1b). In order to obtain 

a qualitative representation of the induced steatosis, the NT H35 cells were stained with Oil-

Red-O, a lipophilic dye. In general, Oil-Red-O staining increased with the amount of FFA 

supplemented in the medium and a similar level of staining was obtained for similar levels 

of the OA and LA. An example of the Oil-Red-O staining is shown in Fig. 1c, where 3 

mmol/l of both LA and OA supplemented in the medium resulted in similar levels of Oil-

Red-O staining.

We next asked if our cell culture model of steatosis demonstrated the characteristic 

intracellular features of hepatic steatosis. Excess intracellular lipid accumulation is known to 

lead to the generation of intracellular reactive oxygen species (ROS) (Cury-Boaventura and 

Curi, 2005; Malhi et al., 2006). The oxidation of fatty acids represents an important source 

of ROS in vivo (Browning and Horton, 2004; Garcia-Ruiz et al., 1995; Hensley et al., 2000; 

Lieber, 2004; Mannaerts et al., 2000). Consequences of excessive intracellular ROS include 

depletion of nicotinaminde dinucleotide and ATP, DNA damage, alteration in protein 

stability, destruction of membranes via lipid peroxidation, and release of proinflammatory 

cytokines (Bergamini et al., 2004; Helling, 2006). These intracellular effects of ROS have 

been hypothesized to play an important role in the overall pathophysiology of NAFLD 

(Browning and Horton, 2004). Therefore, we examined the generation of ROS in the 

steatotic H35 cells. We used 2',7'-dichlorodihydrofluorescein diacetate to quantify 

intracellular ROS. Our results demonstrated that the amount of intracellular ROS increased 

with an increase in the amount of FFA supplemented in the medium (Fig. 2a). This increase 
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was especially significant for FFA doses of greater than 2 mmol/l (p < 0.001). It was also 

noted that supplementation of 3 mmol/l LA led to a greater increase in the generation of 

ROS compared to an equivalent dose of OA (p < 0.001).

Intracellular ROS and lipid peroxidation-induced oxidative stress have been shown to reduce 

the mitochondrial membrane potential (MMP). A reduced MMP could result in the release 

of caspsases and activation of apoptotic signaling pathways, and ultimately lead to cell death 

(Wu and Cederbaum, 2003). Figure 2b demonstrates that the MMP of NT H35 cells 

decreased when treated with varying doses of OA or LA for 72 h. Supplementation with LA 

led to a greater decrease in MMP compared to an equivalent dose of OA (p < 0.001), which 

may be attributed to a greater generation of ROS in the case of LA supplementation (Fig. 

2a).

The cells were further characterized by measuring their proliferation and viability after 

culturing in the OA or LA containing medium. The cells attached to the cell culture plate 

surface after the 72 h FFA treatment were trypsinized and counted to provide an indication 

of cell proliferation during the treatments. Figure 3a shows that OA supplementation did not 

have a significant effect on the cell number relative to the control, except for the 4 mmol/l 

OA (p < 0.001). On the other hand, LA significantly reduced the relative cell number at the 

dose of 3 mmol/l (p < 0.001). Additionally, the floating dead cells were counted to provide 

an indication of the viability of the cells after the treatment and the cytotoxicity of the OA or 

LA doses. Figure 3b shows that OA did not induce significant cytotoxicity, and that the NT 

H35 cell viability for all OA doses was greater than 90%. On the other hand, LA 

significantly reduced the viability compared to an equivalent dose of OA (p < 0.001), and 

the cells treated with 4 mmol/l LA did not survive over the 72 h culture period.

The above studies demonstrate that our reporter cell model recapitulates several important 

phenotypic and metabolic features of steatotic hepatocytes. We next set out to assess 

alterations in transcriptional dynamics induced by the accumulation of intracellular lipids 

using a recently constructed GFP reporter cell library in our laboratory that continuously 

reports on levels of transcriptional activation. However, such stable transfectants obtained 

by cloning, often show changes in the original characteristics such as the growth retardation 

and lower responsiveness against induction signal. Therefore, we characterized the effect of 

different doses of the selected fatty acids on TG accumulation and cell proliferation of the 

NFκB-transfected H35 cells in addition to the NT H35 cells. These data did not show any 

statistical differences compared to the data obtained for the NT H35 cells (reported in 

Figures 1a and 3a).

NFκB and HSE are transcription factors with well established roles in the response to 

inflammatory mediators. However, their role in integrating metabolic (intracellular fat) and 

inflammatory stimuli is unclear. By contrast, GRE is a transcription factor with a well 

established response to hormonal modulation, but is not well characterized in the context of 

steatosis. Therefore, NFκB, HSE, and GRE reporters were treated with medium containing 

different amounts of OA or LA as described above, and stimulated with either 10 ng/ml 

TNF-α or 4 mmol/l dexamethasone for 18 h and analyzed by flow cytometry to measure 

cellular GFP fluorescence. To adjust for nonspecific changes in cellular fluorescence caused 
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by the accumulation of intracellular lipids or cytokine stimuli, reporter responses were 

normalized to the respective reporter cells treated with the experimental base medium (no 

FFA supplementation) and stimulated with either TNF-α or dexamethasone.

As shown in Fig. 4a, dexamethasone-induced GRE activation was not affected by the 

increased intracellular lipid accumulation. This result suggested that the fatty acid treatment 

and the subsequent intracellular lipid accumulation did not alter the fluorescence response of 

the reporter cells in a nonspecific manner. On the other hand, steatosis partially attenuated 

the NFκB reporter response to TNF-α in a dose dependent manner (Fig. 4b, p < 0.001). In 

contrast, as shown in Fig. 4c, TNF-α exposure resulted in a significant decline of the HSE 

reporter response in steatotic cells, compared to lean controls (p < 0.001).

DISCUSSION

Fatty liver disease is a problem of growing clinical importance. The transition from 

reversible steatosis to progressive steatohepatitis, which depends critically on the response 

of lipid-laden cells to inflammatory mediators, represents a critical step in disease 

development. However, the integration of metabolic and inflammatory signals, which 

ultimately determine the response of steatotic cells to cytokine stresses, remains poorly 

understood at the level of transcriptional regulation. In this work, we describe construction 

and validation of a GFP reporter cell model of steatosis that is uniquely designed for non-

destructive investigation of the transcriptional effects of combined intracellular lipid 

accumulation and inflammatory stress in living cells.

We created stable monoclonal GFP reporter cell lines to allow nondestructive monitoring of 

NFκB, HSE and GRE transcriptional activation in living cells. We quantified the 

relationship between extracellular fatty acid concentrations and total intracellular 

triglyceride content, and we demonstrated that the degree of steatosis can be controlled 

experimentally in a dose-dependent fashion, by modifying media composition. Next, we 

showed that increasing levels of steatosis are associated with characteristic increases in 

reactive oxygen species and decreases in mitochondrial membrane potential, both of which 

sensitize cells to subsequent stresses (Browning and Horton, 2004; Malhi et al., 2006). At 

the whole-cell level, we found steatosis to be associated with increased cell death and 

decreased proliferation, consistent with the acute liver injury and impaired compensatory 

proliferation that accompany steatohepatitis (Browning and Horton, 2004). By recapitulating 

the characteristic features of this disease process, as reported by other researchers (Cury-

Boaventura and Curi, 2005; Gómez-Lechón et al., 2007; Malhi et al., 2006), our results 

validate the reporter cell model and establish it as a promising tool for studying 

transcriptional control in steatohepatitis. Finally, we compared the responses of reporter 

cells for NFκB, HSE, and GRE to their classical inducers under lean and fatty conditions 

and found that intracellular lipid accumulation was associated with dose-dependent 

impairment of NFκB and HSE but not GRE activation.

In addition to validating the model, our studies also revealed several interesting differences 

between ω-6 (oleic acid) and ω-9 (linoleic acid) fatty acids. First, for equivalent doses of OA 

and LA, LA resulted in a larger impact on ROS generation, MMP, proliferation, and cellular 
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death. One possible explanation for the differential effects of LA versus OA might be due to 

the unique potential of LA to be metabolized into arachidonic acid. The polyunsaturated 

fatty acid arachidonic acid has been shown to cause toxicity in rat hepatocytes, particularly 

when accompanied by high levels of cytochrome P4502E1 (CYP2E1). This toxicity was 

shown to involve lipid peroxidation and oxidative stress which activated p38 mitogen-

activated protein kinase (MAPK) pathway and resulted in decreased mitochondrial 

membrane potential and decreased NFκB activation, effects which together were associated 

with cell injury and death (Wu and Cederbaum, 2003).

Under normal conditions, the liver has a tremendous capacity for regeneration after injury; 

however this compensatory proliferation is compromised in steatotic livers (Robertson et al., 

2001). At a molecular level, steatosis has been associated with increased IκBα and a 

corresponding decreased activation of NFκB, inhibition of cyclin D1 and Bcl-xL expression 

and increased apoptotic death (DeAngelis et al., 2005). Cyclins are cellular proteins 

involved in cell cycle control and it was hypothesized that the intracellular ROS may 

interfere with cyclins (Pizzimenti at al., 2002). The increase in the generation of intracellular 

ROS and the subsequent decreased proliferation observed in our cell culture model can thus 

be explained on the basis of these previous studies (DeAngelis et al., 2005; Pizzimenti at al., 

2002).

It has been proposed that the progression from reversible steatosis to chronic steatohepatitis 

is caused by a “second hit” (Day and James, 1998). Cytokines such as TNF-α represent 

important potential mediators of such a “second hit”. TNF-α is one of several adipokines/

cytokines and chemokines known to be liberated from adipose tissue of obese individuals. 

These mediators have direct intracellular stress activation and pro-apoptotic effects, but also 

indirectly amplify and propagate the inflammatory process by recruiting and activating 

additional immune cells (Diehl et al., 2005; Lalor et al., 2007). One of the principle 

intracellular targets of TNF-induced signaling is the transcription factor NFκB. However, 

the role of transcription factors in combined steatosis and cytokine stress remains unclear, as 

evidenced by numerous conflicting reports on whether steatosis and its sequelae are 

associated with increases or decreases in NFκB activity (Bianchi et al., 2002; Hennig et al., 

1996; Robin et al., 2005). For example, alcohol given to ob/ob mice increased plasma TNF-

α, heat shock protein-70, and decreased NFκB protein levels as well as its DNA binding, 

possibly unleashing the apoptotic effects of this cytokine (Robin et al., 2005). On the other 

hand, Hennig et al. showed that LA activated NFκB in cultured endothelial cells (Hennig et 

al., 1996), and Bianchi et al. demonstrated that arachidonic acid activated an inactive NFκB 

complex in human HepG2 hepatoma cells (Bianchi et al., 2002). These conflicting results 

could be attributed to the fact that fatty acid metabolism may be cell type specific and/or that 

these experiments used different FFA molecules with different doses and exposure times. In 

addition, some of these experiments used animal models, which involve combined effects of 

multiple cell types and systemic mediators.

Most reports of NFκB activation or deactivation attribute their results to the excess 

intracellular ROS generated due to FFA exposure. It has been argued that the effects might 

be biphasic with a threshold effect, where low-to-moderate levels of ROS activate NFκB, 

but larger levels inhibit or deactivate NFκB (Marshall et al., 2000; Michiels et al., 2002). In 
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this work, we have described a tool that can be used for high throughput investigation of 

steatosis and transcriptional regulation and also has the potential to reveal spatial and 

temporal heterogeneity in the response. Initial results from our steatotic reporter cells 

indicate that steatosis leads to increases in ROS and decreased activation of NFκB. In 

addition, our results indicate that HSE activation, which has diverse cytoprotective roles and 

was recently shown to be activated by TNF-α (Feldstein et al., 2003; Schett et al, 1998), was 

also attenuated. Importantly, the observed responses were specific to NFκB and HSE and 

were not observed for GRE, which suggests that they are not simply artifacts involving 

direct effects of intracellular fat accumulation on GFP expression or fluorescence. While, 

additional studies will be necessary to more exhaustively investigate these relationships, our 

initial studies demonstrate that the reporters developed and validated in this work offer an 

opportunity to compare transcriptional activation in live cells with different degrees of 

steatosis after stimulation with the inflammatory cytokine. More broadly, the establishment 

of techniques for creating steatotic reporter cells provides a foundation for future studies 

comparing lean and steatotic responses to cytokine stress and opens the potential for high-

throughput investigations in microfluidic arrays, and detailed spatio-temporal studies of 

local steatotic and inflammatory responses.

CONCLUSION

This work describes construction and validation of an in vitro model of steatosis, 

specifically designed for studying transcriptional activation in living cells during 

inflammatory stress. By culturing H35 rat hepatoma reporter cells in medium containing OA 

or LA, we created dose-dependent and species-independent levels of steatosis, but 

interestingly found that fatty acid species differentially affected the mitochondrial 

membrane potential, accumulation of intracellular reactive oxygen reactive species, 

proliferation, cell survival, and activation of NFκB and HSE transcriptional reporters. Taken 

together, these studies establish that reporter cells are valuable tools for investigating the 

response of steatosis to inflammatory stress at the level of transcriptional regulation, and that 

this experimental tool will uniquely contribute to our understanding the progression of fatty 

liver disease at the molecular level. In addition, this model offers a general tool for 

developing therapeutic modulators of metabolism and stress response pathways to prevent 

and possibly reverse the progression of steatosis, thereby avoiding long term consequences 

such as cirrhosis and hepatocellular carcinoma.
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Figure 1. 
Intracellular TG accumulation in H35 cells as a function of fatty acid dose (a) measured by 

TG assay, (b) optical microscopy, and (c) Oil-Red-O staining. All measurements were 

performed after the H35 cells were exposed to different FFA doses for 72 h. Error bars 

represent 95% confidence intervals. * p ≤ 0.05 compared to values for 0.25 mmol/l fatty 

acid dose. • p ≤ 0.05 compared to values for same OA dose. # cells treated with 4 mmol/l 

LA did not survive over the 72 h culture period.
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Figure 2. 
Effect of steatosis on (a) generation of intracellular reactive oxygen species and (b) 

mitochondrial membrane potential. All measurements were performed after the H35 cells 

were exposed to different FFA doses for 72 h. Error bars represent 95% confidence 

intervals. * p ≤ 0.05 compared to values for 0 mmol/l FFA dose. • p ≤ 0.05 compared to 

values for same OA dose. # Cells treated with 4 mmol/l LA did not survive over the 72 h 

culture period.
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Figure 3. 
Effect of steatosis on (a) proliferation and (b) viability of H35 cells. All measurements were 

performed after the H35 cells were exposed to different FFA doses for 72 h. Error bars 

represent 95% confidence intervals. * p ≤ 0.05 compared to values for 0 mmol/l FFA dose. • 

p ≤ 0.05 compared to values for same OA dose. # Cells treated with 4 mmol/l LA did not 

survive over the 72 h culture period.

Janorkar et al. Page 16

Biotechnol Bioeng. Author manuscript; available in PMC 2015 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Effect of steatosis on (a) dexamethasone mediated activation of GRE and TNF-α mediated 

activation of (b) NFκB and (c) HSE in H35 cells. All reporter cells were exposed to different 

FFA doses for 72 h. GRE reporter cells were exposed to 4 mmol/l dexamethasone for 18 h 

before the flow cytometry. NFκB and HSE reporter cells were exposed to 10 ng/ml TNF-α 

for 18 h before the flow cytometry. Error bars represent 95% confidence intervals. * p ≤ 

0.05 compared to values for 0 mmol/l FFA dose. • p ≤ 0.05 compared to values for same OA 

dose.
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