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ABSTRACT 
 
Nonalcoholic Steatosishepatitis (NASH) is a chronic disease that affects 3% of Americans 

where the liver becomes steatotic and inflamed. 4-Methylimidazole (4-MI) is a ubiquitous 
byproduct of caramel coloring production, and as a result is frequently ingested. Recent studies 
have shown that 4-MI causes hepatic lipid and macrophage accumulation. Because of this, 4-MI’s 
ability to regulate classic genetic hallmarks of NASH along with new potential contributors to 
hepatic damage in NASH was tested. HepG2 (Liver) and U937 (Immune) cells were treated with 
4-MI for 24 hours. Genetic analysis was conducted via RT PCR and cellular analysis of 
inflammatory potency and viability was conducted via Inflammatory Attachment and Trypan Blue 
Assay. On the molecular level 4-MI dysregulated genes to promote NASH: disrupting 
homeostasis, downregulating anti-inflammatory and upregulating pro-inflammatory genes. Pro-
inflammatory gene COX2 was downregulated in HepG2, however further research revealed its 
pivotal role in regeneration and results demonstrated downregulation of regeneration genes. 
Apoptotic genes were dysregulated to promote immunoediting: tumor antigens BCL2 and MCL1 
were overexpressed in HepG2 while proapoptotic FASR and FASL were upregulated in HepG2 
and U937 respectively, allowing detection of hepatocytes as precancerous while opening a 
separate apoptotic pathway. Molecular results were supported on the cellular level; inflammatory 
activity increased in U937. Viability increased in HepG2 but decreased pass control with the 
introduction of FASL protein. Overall, this data suggests that 4-MI promotes the classic pathology 
of NASH: promoting steatosis and chronic inflammation. Furthermore, 4-MI encourages liver 
damage via immunogenic apoptosis while decreasing healing efficiency.   
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INTRODUCTION 
 
Nonalcoholic Steatohepatitis (NASH) is an underdiagnosed liver disease thought to affect 

at least 2-3% of all Americans [1] [2]. Representing the deadliest form of Nonalcoholic Fatty 
Liver Disease, NASH is characterized by inflammation, steatosis, and damage of the liver. 
Although the causes of NASH currently remain unknown, it is postulated to be triggered and 
promoted by environmental agents.  

 Recent studies have suggested that chronic exposure to inflammatory substances has 
been linked to the onset or worsening of NASH. Therefore, identification and reduction of 
harmful inflammatory substances found in common food products may be a beneficial step 
for victims suffering from NASH.  

4-Methylimidazole (4-MI) is a ubiquitous, potentially inflammatory compound that large 
populations are frequently exposed to. 4-MI is the toxic byproduct of the Mailard Reaction, 
the primary step for the creation of caramel coloring. Therefore, 4-MI prevails in products 
that utilize caramel coloring, including soft drinks, candies, coffee, etc. More importantly, in 
the liver of rats, 4-MI has been shown to induce hepatic lipid accumulation and macrophage 
infiltration, both of which are key pathological features of NASH. Furthermore, one of the 
main targets of 4-MI in the body has been shown to be the liver, where NASH occurs. 
Despite these aspects suggesting 4-MI’s link with NASH as well as its prevalence in our daily 
lives, 4-MI’s role in promoting NASH currently remains unclear. Therefore, our study aimed 
to investigate 4-MI’s effects in relation to NASH using an in vitro model. Our study is 
perhaps the first to identify 4-MI as a potential contributor to NASH and reveal key 
mechanisms that are involved in its pathway.  

 In this regard, our study focused on evaluating 4-MI’s effects on the key hallmark 
mediators of NASH; steatosis, inflammation, and apoptosis. Steatosis, the intracellular lipid 
accumulation, can be characterized by the overexpression of fat synthesis (SREBF1, FASN) 
and underexpression of fat metabolism (PPARαgenes. The dysregulation of these factors will 
result in the abnormal intracellular fat retention, which will lead to disruption of homeostasis 
and may even lead to the bursting of the steatotic cells. The abnormal retention of lipids 
within the hepatocytes of the liver is a key pathological feature of NASH. Similarly, 
inflammation in NASH can also be characterized by the overexpression of the pro-
inflammatory genes (TNFα, IFNγ, IL1β, IL6, COX2, TLR3, TLR4) and underexpression of 
the anti-inflammatory genes (IL4, IL10, TGFβ1). Because the liver is a weakly 
immunoprivileged site, disruption of liver tolerance will lead to adverse inflammatory 
processes damaging the liver. Liver tolerance is also induced by the dysregulation of these 
inflammatory genes, which will result in promotion of unrestricted, uncontrolled 
inflammation, a key pathological feature of NASH. 

 Steatosis and inflammation are the defining characteristics of NASH. However, 
apoptosis plays a paradoxical role in NASH. Although there have been many reports of pro-
apoptotic actions in NASH contributing to liver damage, there have also been reports of anti-
apoptotic actions in NASH leading to tumors, but also ultimately leading to liver damage. To 
explain this phenomenon, we applied the concept of tumor immunity, where immune cells are 
able to detect cancerous or precancerous cells due to their overexpression of tumor antigens 
and eliminate them accordingly via immunoediting. Using this concept, we tested for key pro-
apoptotic and tumor-mediated death (FASR, FASL) genes as well as anti-apoptotic and tumor 
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antigenic (BCL-2, MCL-1) genes. Through this concept, we will be proposing a novel 
pathway by which 4-MI may promote immune-mediated liver damage in NASH.   

   Overall, the purpose of our study was to investigate 4-MI’s effects on all of the 
aforementioned hallmark mediators of NASH on the genetic and cellular levels on human 
liver hepatocyte (HepG2) and human lymphocytic (U937) cell lines. The alternate hypothesis 
states that 4-MI would adversely affect all the targets on all of the molecular level to promote 
steatosis, inflammation, and apoptosis, the key hallmarks of NASH.  

 
METHODS 

Cell incubation and Treatment 

 The HepG2 human liver epithelial cell line (ATCC, New York, NY) was grown in 
vitro in Eagle’s Minimum Essential Medium also supplemented with 10% fetal bovine serum 
(Invitrogen, USA). The U937 human lymphocytic cell line (ATCC, New York, NY) was 
grown in vitro in RPMI 1640 media supplemented with 10% fetal bovine serum (Invitrogen, 
USA). The two cell lines were chosen due to their effectiveness as in vitro models for various 
hepatic and immune diseases, respectively. By using the cell lines dually, they served as 
sources for human hepatocytes and human lymphocytes, and as an in vitro model for NASH. 
The cells were grown in conditions of 95% 𝑶𝟐/5% C𝑶𝟐 in a 37° incubator (NAPCO). After 
the cells reached approximately 70% confluency, the cells were treated with 1 and 10nM of 4-
MI for 24 hours. Concentrations of 4-MI far below that found in common caramel colored 
products were chosen (IARC, 2012).  

 
Gene Expression 

To evaluate 4-MI’s effects on various genetic expressions, we performed total 
mRNA isolation via the Tri-Reagent method following the manufacturer’s protocols 
(Molecular Bioproducts). U937 cells were harvested via centrifugation while HepG2 cells 
were first detached from the flask by trypsin (Invitrogen, USA). The isolated mRNA was 
analyzed via spectrophotometer to normalize results. Afterwards, semi-quantitative Reverse 
Transcription and Polymerase Chain Reaction were performed, followed by gel 
electrophoresis 

The mRNA products were first denatured at 95C for 5 minutes, then cooled on ice. A 
master mix containing reagents from Invitrogen (Dinucleotide Triphosphates, 5X First Strand 
Buffer, Dithiothreitol, Random Primers, RNase Inhibitor, Reverse Transcriptase) was added 
to each mRNA sample which were placed in a GeneAmp Thermocycler PCR System 9700 
(P.E. Applied Biosystems) set to run for 60 minutes at 40°C and 10 minutes at 65°C. The RT 
products were added into a new master mix containing reagents and primers from Invitrogen 
(10X PCR Buffer, MgCL2, Dinucleotide Triphosphates, Forward and Reverse Primers). 
Forward and Reverse Primers included TNFα, IFNg, IL1b, IL6, COX2, TLR3, TLR4, IL4, 
IL10, TGFb1, PPARa, SREBF1, FASN, FASL, FASR, BCL-2, MCL-1, as well as the 
reference gene, b-actin. Following the addition of the master mix to each RT products, the 
samples were placed in the thermocycler which was run for standard PCR cycles with varying 
melting temperatures for each primers.  

Afterwards, the PCR products were subjected to 2% gel electrophoresis, where the 
band intensity was quantified via GelPro Analysis 3.1 Software (Media Cybernetics, USA). 
Gene expressions were normalized using the data from the reference gene, b-actin. Three 
trials were performed for each gene. 
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Cell Attachment Assay 

To determine the inflammatory response on the cellular level through the adhesion of 
cells, a 24 well tissue culture plate (Costar, Cambridge, MA) was prepared. Each well was 
coated with 10µL of substrate fibronectin (Sigma-Aldrich, St. Louis, MO), to create a protein 
layer for the binding of inflammatory cells. Upon stimulation by an inflammatory agent, 
inflamed immune cells will bind to integrin ligands such as fibronectin, collagen, and laminin 
on the endothelial layer (Harburger and Calderwood, 09). Out of the integrin ligands, 
previous studies suggest that fibronectin produces the best inflammatory response results in 
the attachment assay (Weeks et al., 08). Therefore, by coating each well with fibronectin to 
mimic the protein on the endothelial layer, the potency of 4-MI’s inflammatory response was 
evaluated. Cells were counted with a hemocytometer and brought up to a density of 5x106 
/mL. Afterwards, 0.5 mL of suspended cells were then seeded in each well and treated with 
the following: 1µM 4-MI, 10µM 4-MI, 1µM TPA (12-O-tetradecanoylphorbol-13-acetate) as 
the positive control, and 10µL of dimethyl sulfoxide (the treatment solvent) as the negative 
control. Treated cells were incubated at 37ºC for 1, 24, 48, 72, and 96 hours. Following this, 
unattached cells and their media were removed by aspiration and the attached cells were fixed 
and stained with Diff Quik (Baxter Scientific). 

 
Cell Viability Assay 
              The Cell Viability Assay measured 4-MI's ability to induce cell death in HepG2 
cells. After the HepG2 cells underwent a 24 hour treatment period cells were detached and 
diluted with Trypan Blue dye in a 1:1 ratio of cells to 0.4% Trypan Blue solution. They were 
given 2 minutes to stain and the number of stained and unstained cells in a 1x1 mm square 
was counted using a hemocytometer. 

 
Statistical Analysis 

Data from all experiments were statistically analyzed (n=3) via an ANOVA followed 
by Post-Hoc Scheffé’s test using IBM SPSS Software with significance defined as P > 0.05. 

 
RESULTS 

 
For the PCR genetic results, 4-MI significantly up-regulated all the pro-inflammatory 

genes (TNFa, IFNy, IL1b, IL6, COX2, TLR3, TLR4) in both HepG2 and U937 cells with the 
exception of COX2 which was downregulated in the HepG2 cells (Fig 1, Fig.2). As this went 
against the other results, upon further literature research, a paper by Martin-Sanz and his 
colleagues in 2010 showed that COX2 plays a major role in liver regenerative mechanisms. 
Therefore, the unconventional downregulation of COX2 indicates that 4-MI disrupts the 
expression of a key mediator of liver regeneration. Thus, for further investigation, key 
mediators of liver regeneration, HGF and EGFR, were also tested. 4-MI significantly 
downregulated all the anti-inflammatory genes (IL10, IL4, TGFb at both concentrations (Fig. 
3, Fig. 4). The dysregulation of the inflammatory genes indicates 4-MI promotes chronic, 
unrestricted, uncontrolled inflammation of the liver, a key pathological feature of NASH. For 
the HepG2 cells, lipid synthesis genes (SREBF1, FASN) were significantly upregulated while 
the lipid retention gene (PPARa and liver regeneration genes (HGF, EGFR) were 
significantly downregulated with exposure to 4-MI (Fig. 7, Fig. 8). This indicates that 4-MI 
directly promotes steatosis, a key pathological feature of NASH as well as decreasing liver 
regenerative capabilities, which may lead to further liver damage.  
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Fig 1. The Effect of 4-MI on pro-inflammatory genes in HepG2 is shown. All genes 
were significantly upregulated at both concentrations of 4-MI, except for COX2 which 
was significantly downregulated at both concentrations 
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Fig 2.The Effect of 4-MI on pro-inflammatory genes in U937 is shown. All genes were 
significantly upregulated at both concentrations of 4-MI. 
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Fig 4.The Effect of 4-MI on pro-inflammatory 
genes in HepG2 is shown. All genes were 
significantly downregulated at both 
concentrations of 4-MI. 

0

0.2

0.4

0.6

0.8

1

1.2

IL4 IL10 TGFb

Fo
ld

 C
ha

ng
e 

(G
en

e 
Ex

pr
es

si
on

)

HepG2: Anti Inflammatory 
Genes

Control 1nM 4-MI 10nM 4-MI
 

Fig 3.The Effect of 4-MI on anti-inflammatory 
genes in U937 is shown. All genes were 
significantly downregulated at both 
concentrations of 4-MI. 
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Fig 5.The Effect of 4-MI on apoptotic genes in 
HepG2 is shown. BCL2, MCL1,  and FASR were 
upregulated, cMYC and FASL was downregulated. 
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Fig 6.The Effect of 4-MI on apoptotic genes in 
U937 is shown. There was no change in 
expression of BCL2, MCL2, and FASR. cMYC was 
downregulated and FASL was upregulated. 
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For the cellular results, all of our results supported our genetic findings. The significant 

decrease of cell death in HepG2 cells correspond to the direct anti-apoptotic effect 4-MI 
induced on HepG2 cells, but the introduction of FASL protein that 4-MI promoted the release 
of in the U937 cells induced significant cell death (Fig. 14). This indicates that the immune-
mediated pro-apoptotic FAS pathway may override the intrinsic anti-apoptotic BCL2 pathway 
to elicit hepatocyte death, providing a potential pathway for immune-mediated liver damage. 
On the immune cells, 4-MI induced significant cell attachment to fibronectin, indicating 
direct promotion of macrophage inflammatory responses (Fig. 15).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 7.The Effect of 4-MI on steatotic genes in HepG2 is 
shown. SREBF1 and FASN were significantly 
upregulated while PPARα was significantly 
downregulated 
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Fig 8.The Effect of 4-MI on regeneration genes in 
HepG2 is shown. All genes were significantly 
downregulated at both concentrations.  
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Fig 10.The Effect of 4-MI on inflammatory cell 
attachment in U937 is shown. 4-MI induced cell 
attachment that increased  
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Fig 9.The Effect of 4-MI on cell viability in HepG2 is 
shown. 4-MI increased cell viability, but coupled to FASL 
treatment, cell viability decreased. 
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DISCUSSION 

 
The goal of our study was to investigate 4-MI’s effects on the key hallmarks 

of NASH; steatosis, inflammation, and apoptosis. Our hypothesis was supported 
at the molecular level as 4-MI significantly dysregulated all the factors in a way 
to promote steatosis, inflammation, and immune-mediated apoptosis. Figure 11 
and 12 shows our proposed pathway by which 4-MI may promote liver damage 
and NASH. 

 
 
 
 

 
 
 
 
 

 

Fig. 12: Novel Pathway by which 4-MI Promotes Liver Damage 
 

Fig. 11: 4-MI Promotes Classic Hallmarks: Steatosis and Inflammation 
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4-MI directly encouraged hepatic steatosis by inducing an adverse pattern of changes via 

the overexpression of lipid synthesis genes SREBF1 and FASN and downregulation of lipid 
metabolism gene PPARa. This dysregulation of lipid-regulating genes suggests 4-MI 
significantly promotes steatosis, which aligns with the previous literature [30]. Our results 
demonstrates 4-MI’s ability to promote liver damage via promoting steatosis which is also 
one of the key hallmarks of NASH.  

4-MI significantly dysregulates the expressions of genes that mediates the inflammatory 
response in HepG2 and U937 cells. 4-MI significantly up-regulated the expressions of 
harmful pro-inflammatory genes which promotes inflammation while significantly down-
regulating the expressions of beneficial anti-inflammatory genes for both HepG2 and U937 
cells, which prolongs inflammation. Thus, 4-MI promotes and prolongs adverse inflammatory 
processes in HepG2 and U937 cells, and induces effects that promotes the disruption of liver 
tolerance. The disruption of liver tolerance will lead to deleterious, chronic inflammatory 
processes and thereby, 4-MI may encourage liver damage while directly promoting one of the 
key pathophysiolgical symptom of NASH. The direct promotion of inflammation and 
steatosis, the defining characteristics of NASH, suggests 4-MI as an environmental causative 
factor for Nonalcoholic Steatohepatitis.    

Most interesting was the effects 4-MI exposure induced onto the apoptotic genes BCL-2, 
MCL-1, FASL, FASR. While 4-MI up-regulated FASL on U937 immune cells, it showed no 
significant change on HepG2 liver cells. Similarly, while 4-MI up-regulated FASR on HepG2 
liver cells, it showed no significant change on U937 immune cells. Furthermore, anti-
apoptotic tumor antigens BCL-2 and MCL-1 showed significant overexpressions on the 
HepG2 liver cells, which was coupled with a decrease in the hepatocyte cell death. However, 
the introduction of FASL recombinant protein significantly increased the cell death well 
above the control level. This pattern of change suggests 4-MI activated the immunogenic FAS 
apoptotic pathway that may override the intrinsic BCL-2 pathway to elicit liver hepatocytes’ 
death. Additionally, BCL-2 and MCL-1 have been proven to be very effective tumor antigens, 
allowing immune cells to trigger immune responses and kill the cells overexpressing the 
tumor antigens [31]. According to the well accepted theory of tumor immunity, the 
overexpression of BCL-2 and MCL-1 in the HepG2 liver cells may provide a targeting 
mechanism for the immune cells, who are also driven to the site due to promotion of 
alternative inflammatory responses. Where the activation of the FAS apoptotic pathway may 
directly encourage for hepatocyte death, the forced overexpression of the tumor antigens may 
indirectly encourage hepatocyte death by providing the immune cells with a hepatocyte 
targetting mechanism. Through this novel proposal for a tumor immune pathway, 4-MI may 
encourage immune-mediated liver damage. 

One contradictory aspect was the downregulation of pro-inflammatory gene COX-2. 
Nonetheless, the major role COX-2 plays in liver regeneration suggests 4-MI disrupts, and 
may even decrease major liver regenerative mechanisms. The downregulation of imperative 
liver regeneration genes HGF and EGFR supports this; their downregulation suggests 4-MI 
may not only promote liver damage via inflammation and steatosis, but may also decrease the 
efficiency and potential for liver regeneration post-damage. This may provide an explanation 
for cirrhosis in chronic liver diseases such as NASH; the scarring of the liver due to defective 
regeneration processes elicited by exposure to toxic environmental agents, as in this case may 
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be 4-MI (this im actually not sure). Furthermore, previous literature demonstrated that COX-2 
expression in hepatocytes protects the cells from FAS immunogenic apoptosis. Thus, 4-MI’s 
ability to downregulate the expression of COX-2 may increase hepatocytes’ susceptibility to 
the immunogenic FAS apoptosis which has been activated due to 4-MI exposure, which may 
further encourage additional liver damage [32]. 

A limitation in our study is that we tested for relatively short-term effects of 4-MI (≤24 
hours) when in the real world, individuals are continuously exposed to 4-MI for years or 
decades before severe effects may occur. If all these effects occurred at nanomolar 
concentrations within 24 hours, what may occur over decades with continuous exposure to 4-
MI?   

 
CONCLUSION 

 
 Our study demonstrated 4-MI’s effects in relation to NASH and revealed key 

mechanisms that may be involved in its pathway. Our study demonstrated the followings: 1) 
4-MI’s ability to promote steatosis and chronic inflammation to human hepatocyte and 
immune cells 2) Proposal for a novel pathway for NASH, through an immune-mediated anti-
tumor pathway 3) 4-MI’s ability to decrease liver regenerative mechanisms to further 
encourage liver damage.  

 Overall, our study suggests 4-MI as a potential environmental, causative factor for 
NASH by promoting its classic hallmarks; steatosis and chronic inflammation. Additionally, 
4-MI may further contribute to liver damage via a novel immunoediting pathway and 
decreasing liver regenerative mechanisms. Therefore, exposure to 4-MI may adversely 
promote liver damage to increased exposed individuals’ susceptibility to NASH and/or 
worsen existing conditions. 

 In the future, we would like to conduct more genetic assays via a DNA Microarray to 
broaden our understanding of the etiology of NASH. Furthermore, more protein assays 
through ELISAS or Western Blots would strengthen our proposal of 4-MI as a contributor to 
NASH. Lastly, more experiments are needed to shed light on the mechanisms behind how 4-
MI’s exerting its effects. This may lead to new prevention methods for 4-MI exposed 
individuals that may already be suffering from NASH. Finally, the next steps of this study 
should involve investigation of 4-MI’s effects in relation to NASH using in vivo models.  

 
 
 

REFERENCES 
1. Santulli G. Epidemiology of cardiovascular disease in the 21st century: updated numbers 
and updated facts. Journal of Cardiovascular Disease (JCvD). 2013;1:1-2. 
1. NIDDK. "Nonalcoholic Steatohepatitis." Nonalcoholic Steatohepatitis. NIH, 28 May 2014. 
Web. 28 Nov. 2014. 
2. Pasumarthy, Lakshmi, and James Srour. "Nonalcoholic steatohepatitis: a review of the literature 
and updates in management." South Med J 103.6 (2010): 547-550. 
3. Vernon, G., A. Baranova, and Z. M. Younossi. "Systematic review: the epidemiology and 
natural history of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in 
adults." Alimentary pharmacology & therapeutics34.3 (2011): 274-285. 
4. Syn, Wing-Kin, Steve S. Choi, and Anna Mae Diehl. "Apoptosis and cytokines in nonalcoholic 
steatohepatitis." Clinics in liver disease 13.4 (2009): 565. 



Jung et al., 2017 11 

5. Farrell, Geoffrey C., and Claire Z. Larter. "Nonalcoholic fatty liver disease: from steatosis to 
cirrhosis." Hepatology 43.S1 (2006): S99-S112. 
6. Sambasiva Rao, M., and Janardan K. Reddy. "PPARα in the pathogenesis of fatty liver 
disease." Hepatology 40.4 (2004): 783-786.  
7. Pravenec, Michal, et al. "Identification of mutated Srebf1 as a QTL influencing risk for hepatic 
steatosis in the spontaneously hypertensive rat." Hypertension51.1 (2008): 148-153. 
8. Dorn, Christoph, et al. "Expression of fatty acid synthase in nonalcoholic fatty liver 
disease." International journal of clinical and experimental pathology 3.5 (2010): 505. 
9. Kneeman, Jacob M., Joseph Misdraji, and Kathleen E. Corey. "Secondary causes of 
nonalcoholic fatty liver disease." Therapeutic advances in gastroenterology 5.3 (2012): 199-207. 
10. Harmon, R. Christopher, Dina G. Tiniakos, and Curtis K. Argo. "Inflammation in nonalcoholic 
steatohepatitis." (2011): 189-200. 
11. Choi, Steve, and Anna Mae Diehl. "Role of inflammation in nonalcoholic 
steatohepatitis." Current opinion in gastroenterology 21.6 (2005): 702-707. 
12. Rabelo, Fabiola, et al. "Pro-and anti-inflammatory cytokines in steatosis and 
steatohepatitis." Obesity surgery 20.7 (2010): 906-912. 
13. Copaci, Ionel, Laurentiu Micu, and Mihai Voiculescu. "The role of cytokines in non-alcoholic 
steatohepatitis. A systematic review." Journal of Gastrointestinal and Liver Diseases 15.4 (2006): 
363. 
14. Feghali, Carol A., and Timothy M. Wright. "Cytokines in acute and chronic 
inflammation." Front Biosci 2.1 (1997): d12-26. 
15. Wohlleber, Dirk, and Percy A. Knolle. "The Liver as an Immune-Privileged Site." Infection, 
Immune Homeostasis and Immune Privilege. Springer Basel, 2012. 93-106. 
16. Lang, Karl S., et al. "Immunoprivileged status of the liver is controlled by Toll-like receptor 3 
signaling." The Journal of clinical investigation 116.9 (2006): 2456-2463. 
17. Chen, Y., et al. "Relationship between TH1/TH2 cytokines and immune tolerance in liver 
transplantation in rats." Transplantation proceedings. Vol. 40. No. 8. Elsevier, 2008. 
18. El Bassat, Hanan, et al. "Apoptotic and anti-apoptotic seromarkers for assessment of disease 
severity of non-alcoholic steatohepatitis." Arab Journal of Gastroenterology 15.1 (2014): 6-11. 
19. Melvold, Roger W., and Robert P. Sticca. "Basic and tumor immunology: a review." Surgical 
oncology clinics of North America 16.4 (2007): 711-735. 
20. Igney, Frederik H., and Peter H. Krammer. "Immune escape of tumors: apoptosis resistance 
and tumor counterattack." Journal of leukocyte biology71.6 (2002): 907-920. 
21. Pagliassotti, Michael J. "Endoplasmic reticulum stress in nonalcoholic fatty liver 
disease." Annual review of nutrition 32 (2012): 17-33. 
22. Igney, Frederik H., and Peter H. Krammer. "Immune escape of tumors: apoptosis resistance 
and tumor counterattack." Journal of leukocyte biology71.6 (2002): 907-920. 
23. Scott, F. W., Cui, J., & Rowsell, P. (1994). Food and the development of autoimmune 
disease. Trends in Food Science & Technology, 5(4), 111-116. Retrieved September 14, 
2014. 
24. Cunha, S., Barrado, A., Faria, M., & Fernandes, J. (2011). Assessment of 4-(5- 
)methylimidazole in soft drinks and dark beer. Journal of Food Composition and Analysis, 24(4-
5), 609-614. doi: 10.1016/j.jfca.2010.08.009 
25. Jang, H. W., Jiang, Y., Hengel, M., & Shibamoto, T. (2013). Formation of 4(5)- 
Methylimidazole and Its Precursors, α-Dicarbonyl Compounds, in Maillard Model 
Systems. Journal of Agricultural and Food Chemistry, 61(28), 6865-6872. Retrieved 
September 14, 2014 
26. Kim, T. R. (2013). Determination of 4-Methylimidazole and 2-Acetyl-4(5)- 
tetrahydroxybutylimidazole in Caramel Color and Processed Foods by LCMS/MS. 
Pereventive Nutrition and Food Science, 18(4), 263-268. Retrieved September 
14, 2014, from Korea Science 



Jung et al., 2017 12 

27. Chan, Po C. "NTP technical report on the toxicity studies of 2-and 4-Methylimidazole (CAS 
No. 693-98-1 and 822-36-6) administered in feed to F344/N rats and B6C3F1 mice." Toxicity 
report series 67 (2004): 1-G12. 
28. IARC. (2012). Some Chemicals Present in Industrial and Consumer Products, Food and 
Drinking-Water. IARC Monographs on the Evaluation of Carcinogenic Risks to 
Humans, 101, 447-459. Retrieved September 20, 2014, from 
monographs.iarc.fr/ENG/Monographs/vol101/index.php. 
29. Martín-Sanz, Paloma, et al. "COX-2 in liver, from regeneration to hepatocarcinogenesis: what 
we have learned from animal models?." World journal of gastroenterology: WJG 16.12 (2010): 
1430. 
30. Chan, P. C. (n.d.). NTP Technical Report on Toxicity Studies of 2- and 4- 
Methylimidazole (CAS No. 693-98-1 and 822-36-6) Administered in Feed to F344/N Rats 
and B6C3F (Ser. 67) (SA, National Toxicology Program, US Department of Health and 
Human Services, Public Health Service, National Institutes of Health.). NIEHS. 
Retrieved September 22, 2014, from NIH 
31. thor Straten, Per, and Mads Hald Andersen. "The anti-apoptotic members of the Bcl-2 family 
are attractive tumor-associated antigens." Oncotarget 1.4 (2010): 239. 
32. Li, Guiying, et al. "Cyclooxygenase-2 prevents fas-induced liver injury through up-regulation 
of epidermal growth factor receptor." Hepatology 50.3 (2009): 834-843. 
 
 
 
 
 

 
 


	Abstract
	Introduction
	Methods
	Cell incubation and Treatment
	The HepG2 human liver epithelial cell line (ATCC, New York, NY) was grown in vitro in Eagle’s Minimum Essential Medium also supplemented with 10% fetal bovine serum (Invitrogen, USA). The U937 human lymphocytic cell line (ATCC, New York, NY) was grow...
	Gene Expression
	To evaluate 4-MI’s effects on various genetic expressions, we performed total mRNA isolation via the Tri-Reagent method following the manufacturer’s protocols (Molecular Bioproducts). U937 cells were harvested via centrifugation while HepG2 cells were...
	The mRNA products were first denatured at 95C for 5 minutes, then cooled on ice. A master mix containing reagents from Invitrogen (Dinucleotide Triphosphates, 5X First Strand Buffer, Dithiothreitol, Random Primers, RNase Inhibitor, Reverse Transcripta...
	Afterwards, the PCR products were subjected to 2% gel electrophoresis, where the band intensity was quantified via GelPro Analysis 3.1 Software (Media Cybernetics, USA). Gene expressions were normalized using the data from the reference gene, b-actin....
	Cell Attachment Assay
	To determine the inflammatory response on the cellular level through the adhesion of cells, a 24 well tissue culture plate (Costar, Cambridge, MA) was prepared. Each well was coated with 10µL of substrate fibronectin (Sigma-Aldrich, St. Louis, MO), to...
	Cell Viability Assay               The Cell Viability Assay measured 4-MI's ability to induce cell death in HepG2 cells. After the HepG2 cells underwent a 24 hour treatment period cells were detached and diluted with Trypan Blue dye in a 1:1 ratio of ...
	Statistical Analysis
	Data from all experiments were statistically analyzed (n=3) via an ANOVA followed by Post-Hoc Scheffé’s test using IBM SPSS Software with significance defined as P > 0.05.

	Results
	Discussion
	Conclusion
	References

