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Abstract 

Background: A great number of inflammatory mediators and metabolic biomarkers have 

been shown to contribute to the development and progression of obesity-induced 

pathologies, including insulin resistance and non-alcoholic fatty liver disease (NAFLD). Many 

of those mediators are either targets or activators of Nuclear Factor-κappa B (NF-κB), which 

is a key transcription factor that plays a pivotal role in the homeostasis and regulation of 

inflammatory signaling pathways in the liver. 

Methods: Our study population consists of 50 morbidly obese patients undergoing planned 

bariatric surgery, during which biopsies were taken from the visceral adipose tissue (VAT), 

subcutaneous adipose tissue (SAT), skeletal muscle (SM), extramyocellular adipose tissue 

(EMAT) and the liver. We evaluated the differential protein expression of NF-κB, ERβ 

(Estrogen Receptor β), NFATc1 (Nuclear factor of activated T-cells) and PGC1a (peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha) by immunohistochemistry. 

Results: We found that NF-κB is the key biomarker in a complicated intra- and inter-tissue 

co-expression network that interconnects metabolic and immune signaling pathways. We 

also demonstrated a possible role in lipid metabolism and the development of skeletal 

muscle insulin resistance and non-alcoholic steatohepatitis (NASH). 

Conclusions: Our findings suggest that NF-κB may be the critical link between immune and 

metabolic pathways and could represent a future preventive and therapeutic target against 

obesity-induced metabolic diseases. We hope that our study will contribute to the better 

understanding of the complex inter-tissue connections that are disrupted in obesity and its 

associated comorbidities. 
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1. Introduction 

Metabolic disorders including obesity, type II diabetes, non-alcoholic fatty liver disease (NAFLD) 

and atherosclerosis, are nowadays considered part of an extended disease network [1]. Moreover, 

it has already been proven that chronic low-grade inflammation plays a pivotal role in the 

development of cardiometabolic diseases [2-4]. 

Non-alcoholic fatty liver disease (NAFLD) is considered a global epidemic which can progress to 

non-alcoholic steatohepatitis (NASH) and even cirrhosis in a minority of patients. Steatosis, namely 

the accumulation of fat above the physiological level (<5%) in the hepatocytes, is the first step in 

the development of NASH. Although steatosis is present in the vast majority of obese subjects, not 

all of them will eventually develop NASH. On the other hand, many lean individuals may also have 

the disease. This finding suggests that several factors apart from obesity and insulin resistance are 

involved in the progression of NAFLD [5]. The pathogenesis of NASH is complicated and requires 
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cell interactions between liver and immune cells populations, as well as crosstalk between liver 

and other organs such as adipose tissue and skeletal muscle. Currently, there are limited 

pharmacological treatments for NASH and therefore understanding the underlying 

pathophysiology is of critical significance [6-8]. 

Previous studies have implicated the role of NF-κB in the development of numerous 

inflammatory diseases, regarding inflammation as the key factor in their aetiology and progression. 

The NF-κB family consists of five members: p65 (RelA), RelB, c-Rel, NF-κB1 (p50/p105), and NF-κB2 

(p52/p100). All members contain a N-terminal Rel-homology domain, which is required for homo- 

or heterodimerization, sequence-specific DNA binding, and nuclear translocation of NF-κB via its 

nuclear localization signal (NLS). As we have mentioned previously, “all NF-κB family members are 

able to form homo- or heterodimers directing the dimer to a specific set of target genes. NF-κB is 

deemed the key modulator of inflammation because its activity level is increased and its mediated 

signalling is associated with a long list of inflammatory and pathological entities” [9-11]. 

NF-κB promotes immunity by regulating the expression of genes involved in inflammatory 

process. Transcription factor NF-κB was first described in the hematopoietic system, but it has 

now been proven that it also plays significant roles and mediates inflammation-associated 

signalling pathways in the liver, adipose tissue and central nervous system [12, 13]. In the resting 

state, NF-κB remains inactive in the cytoplasm, attached to nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor, alpha (IkBa) and as we have similarly reported 

previously, “this binding masks its nuclear localization sequence (NLS). When cells are stimulated 

by growth factors, cytokines, pathogens or other stimuli, the IkB kinase (IKK) complex is activated 

and IKKβ phosphorylates Ser32 and 36 of IκBα. This phosphorylation promotes the degradation of 

IκBα, exposing the NLS of NF-κB and subsequently causing NF-κB to move to the nucleus where it 

induces the gene expression of inflammatory mediators. “Numerous NF-κB target genes, such as 

the tumour necrosis factor a (TNFα), interleukin 6 (IL-6) and monocyte chemoattractant protein-1 

(MCP-1), are also involved in the development of obesity-induced insulin resistance” [10, 11, 14]. 

It has been demonstrated that obesity promotes inflammation via the IKKβ/NF-κB pathway and 

that inhibition of this pathway either by genetic deletion of IKKβ or by pharmacological inhibitors, 

such as high dose of salicylates or aspirin, ameliorates insulin resistance [14, 15]. Moreover, it has 

been established that when inflammation in insulin-resistant or diabetic patients was 

pharmacologically repressed, both the glycemic control of the patients and the concomitant 

inhibition of NF-κB activity were improved [16]. These findings indicate that suppressing the 

IKKβ/NF-κB-dependent inflammatory pathways ameliorates insulin resistance and type II diabetes. 

Madonna et al has demonstrated that cardiac impairment in obese and diabetic animals is also 

mediated by NF-κB via CD1d-associated expression [17]. Therefore, it looks like IKKβ is not only a 

pivotal mediator of obesity-induced diabetes, but could also represent a future therapeutic target 

for the treatment of diabetes. Moreover, there is enough evidence to suggest that NF-κB activity 

may be directly responsible for diet-induced insulin resistance [18] and inflammation, which is 

probably mediated by the Toll-like receptors (TLR) signalling pathway and cytokine receptors [19]. 

NF-κB has a pivotal role in obesity mediating white adipose tissue (WAT) remodelling and 

adipokine secretion [20]. It appears that tissue hypoxia activates inflammation with subsequent 

chronic damage and cell death or repair leading to vessel proliferation and fibrosis. This pathway is 

mediated by key transcription factors such as NF-κB and is implicated in several common diseases 

including cancer, myocardial infarction, stroke, diabetes and obesity. Interestingly enough, pro-
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inflammatory genes can be expressed earlier in hypoxic tissues and in activated resident or 

recruited leukocytes [21]. 

It is widely known, which we have also previously mentioned, that “adipose tissue is an 

important endocrine and metabolic organ that is actively involved in functional ‘cross-talk’ with 

peripheral organs such as skeletal muscle, liver and pancreas [22]. Visfatin is a recently discovered 

adipokine with pleiotropic functions. Oita et al published that phosphorylation of NF-κB was 

associated with visfatin-mediated production of Reactive Oxygen Species (ROS) and blockade of 

this pathway via selective IKK inhibition led to a partial reduction in oxidative stress. Moreover, 

the generation of ROS after treatment with visfatin was found to be dependent on de novo 

transcription and translation. “Taken together, these novel findings provide us with useful 

information regarding the key role of visfatin and NF-κB in skeletal muscle and therefore in the 

pathophysiological mechanism of insulin resistance” [10, 11, 23]. 

There is no doubt that skeletal muscle is an important insulin responsive tissue, despite the 

finding that active IKKβ can cause severe muscle wasting without change in insulin signalling [24]. 

However, it has been published that deletion of IKKβ in macrophages protected mice from the 

development of obesity-induced insulin resistance [25]. Moreover, it has been indicated that NF-

κB activation in macrophages of both muscle and liver adipose tissue can contribute to the 

development of insulin resistance in these tissues [12]. 

The present study will examine the role of the complex inter- and intra-tissue signalling 

pathways in metabolic diseases, focusing on the master regulator of inflammation, NF-κB. The NF-

κB pathway merges the inflammatory and metabolic responses and represents the key 

transcription factor for understanding and eventually treating the metabolic diseases. Our aim is 

to morphologically evaluate the effect of the inflammatory regulator NF-κB on ERβ and NFAT 

signalling pathways and the cross-talk with the co-regulator PGC1a in morbid obesity. We have 

already demonstrated that PGC1a plays an essential role in human metabolism [10, 11] and there 

is plenty of data in the literature suggesting that the underlying inflammation in morbidly obese 

individuals is mediated via NF-κB signalling pathway. For our work, we applied the well-established 

method of immunohistochemistry in five different tissues of patients with morbid obesity who 

underwent planned bariatric surgery and we also performed an “in situ” assessment of the 

subcellular localization of the above mentioned biomarkers. Thus, the aim of our study is to 

identify all possible interactions between the investigated biomarkers in the examined tissues and 

determine possible associations with the development of type II diabetes and NASH, as well as 

with important demographic characteristics and clinical parameters. 

We hope that our study will shed light on the pathophysiology of obesity and its associated 

metabolic diseases and that the investigated biomarkers could represent novel therapeutic targets 

against obesity, cardiovascular disease, diabetes, NAFLD and certain types of cancer [26]. 

2. Materials and Methods 

All patients, were asked to provide written consent prior to participation. The present study 

was approved by the Institutional Review Board of the University Hospital of Patras and the ethics 

procedures were according to the Declaration of Helsinki (1975, review 2000). 

2.1 Tissue Samples and Patients 
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In previous studies, we have extensively described our patient population [10, 11], which 

consists of 50 morbidly obese individuals who underwent planned bariatric surgery [10, 11]. 

Inclusion criteria have been described previously. Briefly, patients older than 18 years of age were 

included, which manifested significant obesity (BMI>40) as well as manifested a clear indication 

for surgery. Further on, another important inclusion criterion was the absence of a severe 

condition (e.g. renal failure, heart condition, cancer, known chronic infectious or autoimmune 

disorders). Patients were asked to provide a written consent for participating in the study. 

Respectively, exclusion criteria included increased alcohol consumption or alcohol abuse (defined 

as >20g/day), viral hepatitis or other known chronic liver disease or administration of long-term 

medical treatments leading to or having caused liver injury. Patient study cohort underwent Roux-

en-Y gastric by-pass surgical operation, through which biopsies were obtained from abdominal 

visceral adipose tissue (omentum) (tissue α, VAT), abdominal subcutaneous adipose tissue (tissue 

γ, SAT), skeletal muscle from rectus abdominis (tissue δ.m, SM) with its extramyocellular fat (tissue 

δ.ad, EMAT) and liver (tissue ε). 

In concordance with both our previous [10, 11] and other researchers’ studies [27, 28], we used 

the term extramyocellular adipose tissue (EMAT) for visualizing intra-muscular adipocyte lipid 

storage located (also termed intramuscular fat: IMAT) and muscles (intermuscular or perimuscular 

fat: PMAT). Further on, biopsies were obtained in order to identify smaller lipid groups, which are 

known to be stored within the muscle fibers, known as lipid droplets or intramyocellular lipids 

(IMCL). Biopsies samples were fixed at the Pathology Department of the University Hospital of 

Patras and then were paraffin embedded. Biopsies’ serial sections were cut at a thickness of 4um 

and placed on gelatin-coated glass slides. All biopsies used were collected from August 2005 until 

December 2006. 

Moreover, anthropometric data were collected such as sex, age, BMI, body fat percentage, as 

well as serum biomarkers such as lipid (total cholesterol: TC, HDL, LDL, TGs) and transaminase 

(SGOT: serum glutamic-oxaloacetic transaminase, SGPT: serum glutamic-pyruvic transaminase) 

levels were estimated. 

2.2 Immunohistochemistry 

Immunohistochemical analysis from formalin fixed, paraffin embedded (FFPE) blocks has been 

previously described [10, 11]. We used the following primary antibodies: pre-diluted rabbit 

polyclonal antibody against ERβ (AR385-5R, Biogenex, CA,USA), mouse monoclonal antibody 

against NFATc1 (1:50 dilution, NFATc1: H-10, sc 17834 , Santa Cruz Biotechnology), mouse 

monoclonal against NF-κB (1:50, IgG1 anti-NFκB subunit p65 ,F-6, Santa Cruz Biotechnology, USA) 

and rabbit polyclonal antibody against PCG-1 (1:50 dilution, IHC-00029, BETHYL Laboratories, TX, 

USA). 

Briefly, we adhered to the commonly used immunohistochemistry protocol: section 

deparrafinazation in xylene, rehydration in a series of graded ethanol solutions and incubation 

with 0.3% hydrogen peroxide for 15 min at room temperature for blocking endogenous 

peroxidase activity. Then, slides were ready for performing antigen retrieval. Sections were heated 

either in 10 mM citrate buffer, pH 6 (for ERβ, NF-κB) or 1 mM ethylenediamine tetraacetic acid 

(EDTA)-NaOH, pH 8 (for NFATc1, PGC1a) for 15 min in the microwave and then left to cool at room 

temperature. Immunohistochemical procedure was performed as previously described [10, 11]. 
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Sections from breast, prostatic and colon carcinoma were used as positive control slides for ERβ, 

NF-κB and PGC1a, respectively, and lymphoma for NFATc1. We followed the same process for 

negative control slides, but 1% TBS was used instead of the primary antibody. 

2.3 Staining and Evaluation 

Hematoxylin-Eosin (H&E) staining was used in order to evaluate the presence and severity of 

NAFLD according to Kleiner’s histological scoring system [29]. In several cases, additional 

histochemical stains were applied, such as Masson’s Trichrome, for estimating liver fibrosis. 

Slides were scored by two independent observers blinded to all clinical data [10, 11], using an 

Olympus light microscope. Initial microscopical evaluation was performed by choosing 

representative areas at a 100x magnification, whereas cell count was performed at high 

magnification (400x). The number of positively stained cells along with the total number of cells in 

10 different, non-overlapping fields per section were counted, and thus the percentage of positive 

stained cells for each section was calculated (positive stained cells %). For PGC1a and NF-κB, both 

nuclear or cytoplasmic localization was considered positive whereas for ERβ and NFATc1, only the 

nuclear immunostaining was taken into account. The density of the staining was not taken into 

consideration for any of the investigated biomarkers. We did not perform quantitative assessment 

for liver sections, but just categorized the expression of biomarkers into low and high, due to the 

great number of cells per field. 

Tissue preparation was supervised by a consultant pathologist. Our study is a morphological 

assessment of protein expression and their subcellular localization in the investigated tissues. All 

slides were evaluated by two independent, experienced observers and in case of discrepancy or 

doubt, a double-headed microscope was used until a consensus was reached. In the liver, the 

different types of cells can be easily differentiated from each other only by their morphology and 

location. Kupffer cells for example, have a characteristic shape and an irregular surface and are 

located at the luminal side of liver sinusoidal endothelium or extending into the Disse space 

through the fenestrae. Thus, they cannot be mistaken for hepatocytes, which are square, thick, 

parenchymal cells with a central nucleus. However, in order to better evaluate NASH and assess 

inflammation in all of the investigated tissues, we had previously used two additional biomarkers: 

CD68 and CD3 (data not shown here). CD68 marks macrophages including Kupffer Cells and CD3 

marks lymphocytes as previously reported [10, 11]. These biomarkers proved to be more useful in 

differentiating cells when evaluating adipose tissue. 

2.4 Statistical Analysis 

The multi-parameter analyses were performed with the MATLAB® simulation environment (The 

Mathworks, Inc., Natick, MA). The level of statistical significance was set at p-value <0.05. 

Power analysis was performed according to which estimated sample size was 47 clinically obese 

patients. We conducted power analysis based on the hypotheses that body weight follows normal 

distribution and obese subjects (BMI>30) consist of 12.5% of the population aged 20 to 59 years 

[30, 31]. We correlated all biomarkers’ expression levels with the collected anthropometric and 

clinical parameters as well as the histopathological findings of our study population. Final endpoint 

of our study is to investigate all possible correlations between biomarkers’ expression, clinical 
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parameters, the development of diabetes and the presence of non-alcoholic steatohepatitis 

(NASH) in liver biopsy. 

Nominal variables were described as absolute (N) and relative frequencies (%), whereas 

continuous variables are described as the mean±standard deviation (M±SD) or as the median 

(MED) and the interquartile range (IQR) in case of parametric and non-parametric variables 

respectively. Normal distribution was assessed with Shapiro-Wilk test. 

ERβ and ΝFAT expression levels were first analyzed as continuous variables, but we eventually 

dichotomized their expression into low and high in order to facilitate statistical analysis and 

comparisons with other biomarkers. Due to low levels of PGC1a and NF-κB, the expression of 

these two biomarkers was dichotomized into “positive” and “negative” staining and therefore 

analyzed as nominal values. The cut-off points for ERβ and NFAT expression were used values 

between the mean and median expression of each biomarker per tissue [32] in a way so as the 2 

groups would contain similar number of individuals. The used cut-off values are displayed in Table 

1. All possible associations between two continuous variables were evaluated by using Pearson’s (r) 

and Spearman’s (ρ) rank correlation tests, depending on the symmetry of the distribution. The 

correlations between a nominal and a continuous variable were examined with t-test, Wilcoxon 

and the non-parametric Kruskal-Wallis test. Finally, comparisons between two nominal variables 

were performed by using Pearson’s Chi square (x2) or Fisher test. 

For assessing liver fibrosis, we used Kleiner histological scoring system. For avoiding sample 

fragmentation, we excluded stages 0 and 4 from further statistical analysis and we did not use the 

subcategories for stage 1. All raw data is available upon reasonable request. 

Table 1 Cut-off values used in our study for dichotomizing biomarkers’ expression in 

low and high expression (*For NF-κB and PGC1a, we only dichotomized their 

expression into “negative” and “positive” due to their low detected levels). 

Biomarker Tissue 

 Α Γ δ.m δ.ad Ε 

ERβ 43% 33% 25% 20% 60% 

NFATc1 4.5% 5% 25% 2.5% 20% 

3. Results 

3.1 Descriptive Statistics of Demographic and Clinical Characteristics 

We included 50 morbidly obese patients in our study who underwent planned bariatric surgery. 

All their anthropometric and clinical characteristics have been described previously [10, 11]. 

Briefly, age was 38.62±10.48 years, BMI 58.6±8.94, body fat (%) 49.63±5.02, SGOT (mg/dl) 

27.92±15.23, SGPT (mg/dl) 38.06±20.24, cholesterol (CHOL) (mg/dl) 196.8±38.37, Low Density 

Lipoprotein (LDL) (mg/dl) 123.4±30.72, High Density Lipoprotein (HDL) (mg/dl) 46.3±13.25 and 

triglycerides (mg/dl) 156.3±74.92. 

Further clinical variables are presented in Table 2 for continuous and nominal values 

respectively. According to Shapiro-Wilk test, only total cholesterol and LDL levels were normally 

distributed.  
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Interestingly enough, our population consists mostly of young women, with less than a third of 

the subjects suffering from impaired glucose tolerance or full-blown type II diabetes. However, 75% 

had evidence of non-alcoholic fatty liver disease (NAFLD), while the vast majority had some degree 

of fibrosis as assessed by liver biopsy.  

Body fat content appeared to be higher in women compared to men, as expected, but BMI 

failed to show statistical difference between the two sexes. Moreover, there was no statistically 

significant correlation between sex, hypertension, BMI, body fat percentage, total cholesterol, LDL 

and HDL levels with the presence of diabetes or NASH in our study population. However, 

transaminases’ levels were positively associated with the presence of NASH. Notably, we detected 

statistical trends between both intramuscular fat (p=0.059) and steatosis (p=0.063) with the 

presence of type II diabetes.  

Table 2 Absolute (N) and relative (%) frequencies for the nominal variables of our 

study population (Ν=50) (¥According to Kleiner histological scoring system [29], there 

are 5 stages of liver fibrosis and stage 1 is subdivided in other 3 categories (0: none, 1a: 

mild zone 3 perisinusoidal fibrosis, 1b: moderate zone 3 perisinusoidal fibrosis, 1c: 

portal/periportal fibrosis only, 2: perisinusoidal and portal/periportal, 3: bridging 

fibrosis, 4: cirrhosis). For avoiding sample fragmentation, we excluded stages 0 and 4 

from further statistical analysis and we did not use the subcategories for stage 1. *In 

liver biopsy. ¥ For 1 of the patients liver biopsy was not technically feasible and thus 

are 49 instead of 50 tissue samples). 

Nominal Variables Ν (%) 

Sex 

   Man  

   Woman 

 

14 

36 

 

28 

72 

Hypertension 

   Yes 

   No 

 

19 

31 

 

38 

62 

 Diabetes Mellitus 

   No 

   IGT (Impaired Glucose Tolerance) 

   Yes 

 

36 

5 

9 

 

72 

10 

18 

Lobular inflammation * 

   0 

   1 

  2 

  3 

 

1 

21 

23 

4 

 

2 

43 

47 

8 

Ballooning * 

   0 

   1 

   2 

 

10 

19 

20 

 

20 

39 

41 

Steatosis * 

  0 

 

16 

 

33 
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  1 

  2 

  3 

8 

10 

15 

16 

20 

31 

NASH 

  No 

  Borderline 

  Yes 

 

12 

11 

26 

 

25 

22 

53 

FIBROSIS * ¥ 

   0 

   1 

   2 

   3 

   4 

 

1 

13 

16 

18 

1 

 

       2 

       26.5-27.7  

       32.7-34 

       36.7-38.3 

       2 

Intramuscular Adipose Tissue (IMAT) 

   No 

   Yes 

 

9 

41 

 

18 

82 

Lipid droplets (Intramyocellular lipids,IMCL) 

   No  

   Yes 

 

27 

23 

 

54 

46 

3.2 Descriptive Statistics of Biomarkers’ Expression 

All tissues were examined for the expression of ERβ, NFATc1, NF-κB and PGC1a by 

immunohistochemistry. The investigated biomarkers were expressed in all tissues, a finding that 

implies their pivotal role in human metabolism. In the present study, we will focus primarily on the 

expression of NF-κB and we will endeavor to uncover its role in the metabolic inter- and intra-

tissue co-expression networks. The absolute and relative frequencies of the biomarkers’ 

immunostaining in adipocytes, skeletal muscle cells and hepatocytes are displayed in Table 3. 

3.3 NF-κB 

The inactive form of NF-κB is predominantly localized in the cytoplasm. Several stimuli including 

inflammatory cytokines can promote the degradation of IκB (NF-κB inhibitor) and subsequently 

allow nuclear deposition of NF-κB and regulation of specific gene expression. As for PGC1a [10, 11, 

33, 34], there is evidence to suggest that NF-κB and IκBa (but not IκBβ) are also located in the 

mitochondria and that NF-κB can negatively regulate mitochondrial mRNA expression [35, 36]. 

Thus, NF-κB signaling pathways may be involved in cell growth and apoptosis. In VAT, SAT and 

EMAT, NF-κB was expressed in adipocytes, vascular endothelial and some inflammatory cells 

including macrophages and lymphocytes. In SM, it was expressed in skeletal muscle cells and in 

the liver in hepatocytes, vascular endothelial, biliary epithelial, Kupffer cells and some 

inflammatory cells in cases with documented NASH. In the present study, we only semi-

quantitatively evaluated and statistically analyzed its expression in adipocytes, skeletal muscle 

cells and hepatocytes. 
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Table 3 Absolute (N) and Relative (%) frequencies of the recorded NF-κB, PGC1a, ERβ 

and NFATc1 immunostaining in adipocytes, skeletal muscle cells and hepatocytes (*(-): 

negative expression, #(+): positive expression, low: low expression, high: high 

expression). 

Biomarker Tissue Expression Ν (%) 

NF-κβ 

 

 

 

PGC1a 

 

 

ERβ 

 

 

NFATc1 

VAT 

(tissue α) 

(-)* 

(+)# 

 

(-) 

(+) 

 

(low) 

(high) 

 

(low) 

(high) 

8 (16%) 

42 (84%) 

 

36 (72%) 

14 (28%) 

 

27 (54%) 

23 (46%) 

 

30 (60%) 

20 (40%) 

NF-κβ 

 

 

 

PGC1a 

 

 

ERβ 

 

 

NFATc1 

SAT 

(tissue γ) 

(-) 

(+) 

 

(-) 

(+) 

 

(low) 

(high) 

 

(low) 

(high) 

11 (22%) 

39 (78%) 

 

32 (64%) 

18 (36%) 

 

28 (56%) 

22 (44%) 

 

28 (56%) 

22 (44%) 

NF-κβ 

 

 

 

PGC1a 

 

 

ERβ 

 

 

NFATc1 

SM 

(tissue δ.m) 

(-) 

(+) 

 

(-) 

(+) 

 

(low) 

(high) 

 

(low) 

(high) 

9 (18%) 

41 (82%) 

 

32 (64%) 

18 (36%) 

 

28 (56%) 

22 (44%) 

 

25 (50%) 

25 (50%) 
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NF-κβ 

 

 

 

PGC1a 

 

 

ERβ 

 

 

NFATc1 

EMAT 

(tissue δ.ad) 

(-) 

(+) 

 

(-) 

(+) 

 

(low) 

(high) 

 

(low) 

(high) 

47 (94%) 

3 (6%) 

 

36 (72%) 

14 (28%) 

 

30 (60%) 

20 (40%) 

 

29 (58%) 

21 (42%) 

NF-κβ 

 

 

 

PGC1a 

 

 

ERβ 

 

 

NFATc1 

Liver 

(Tissue ε) 

(-) 

(+) 

 

(-) 

(+) 

 

(low) 

(high) 

 

(low) 

(high) 

21 (42.9%) 

28 (57.1%) 

 

34 (69.4%) 

15 (30.6%) 

 

37 (75.5%) 

12 (24.5%) 

 

42 (85.7%) 

7 (14.3%) 

The absolute and relative frequencies of the biomarkers’ immunostaining in adipocytes, 

skeletal muscle cells and hepatocytes are displayed in Table 3. Representative images of NF-κB 

immunostaining are shown in Figure 1. 

Figure 1 Representative images of NF-κB immunostaining in VAT (Α), SAT (Β), SM (C, D), 

EMAT (E), liver (F) (original magnifications 400x). 
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3.4 Correlations between Biomarkers’ Expression and Clinical Characteristics of our Study 

Population 

We found that NF-κB expression in VAT is significantly negatively correlated to body fat content 

(p=0.0077) (Figure 2A). The median body fat content was 54.65% and 49.1% in patients with 

negative and positive NF-κB expression in VAT, respectively (Figure 2A). Moreover, we detected a 

strong negative link between NF-κB expression in VAT and plasma LDL levels (p=0.017) (Figure 2B). 

Specifically, mean LDL levels were 149.6 mg/dl and 118.4 mg/dl in subjects with negative and 

positive expression, respectively (Figure 2B). Finally, we noticed a positive statistically significant 

association between NF-κB expression in the liver and the presence of intramuscular fat (p=0.027) 

(Figure 2C) and a borderline link with the detection of IMCL (p=0.0521) (data not shown on the 

graph). The majority of patients with confirmed NASH on liver biopsy had negative hepatic NF-κB 

staining, whereas most patients with borderline or without NASH had positive hepatic NF-κB 

staining (Figure 2D). 

Figure 2 Diagrams showing the correlation between NF-κB expression in VAT (tissue α) 

with body fat content (A) and with plasma LDL levels (B). Further on, the frequency of 

hepatic NF-κB (tissue ε) positive and negative staining is presented in correlation to the 

presence or absence of intramuscular fat. In particular, it appeared that patients with 

positive hepatic NF-κB staining and intramuscular fat manifested higher frequency 

compared to those with positive hepatic NF-κB staining and absence of intramuscular 

fat (p=0.027). In other words, patients with positive hepatic NF-κB staining were more 
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likely to have intramuscular fat as well (C). The majority of patients with confirmed 

NASH on liver biopsy had negative hepatic NF-κB staining, whereas most patients 

borderline or without NASH had positive hepatic NF-κB staining (D) (Legend: NF-κB.α: 

NF-κB expression in tissue α (VAT), NF-κB.ε: NF-κB expression in tissue ε (liver), 

Negative: Negative Expression, Positive: Positive Expression). 

Furthermore, there was a borderline negative correlation between NF-κB expression in VAT and 

total cholesterol levels (p=0.055) (Data not shown). 

3.5 Correlations between Biomarkers’ Expression and Study Endpoints 

The most striking finding was the statistically significant association between NF-κB expression 

in the liver and the presence of NASH (p=0.049) (Figure 2D). Specifically, among patients with 

negative NF-κB expression, 15 (30.6% of all enrolled patients) had a definite diagnosis of NASH, 4 

(8.2%) had a borderline diagnosis of NASH and 2 (4.1%) did not meet the pathological criteria for 

steatohepatitis. On the other hand, amongst subjects with positive NF-κB expression in the liver, 

11 (22.45%) were diagnosed with NASH, 7 (14.3%) were borderline and 10 (20.41%) did not meet 

the criteria for such a diagnosis. Although there is no doubt that there exists a strong link between 

NF-κB expression in the liver and the development of NASH, our findings are not enough to 

establish a positive association between these two parameters. Representative images of NF-κB 

immunostaining in patients with, without and borderline NASH are presented in Figure 3. 

No strong relationship was detected between NF-κB expression in any of the tissues with the 

presence of type II diabetes.  

3.6 Inter- and Intra-Tissue Co-Expression Networks 

In the present study we focused on the co-expression networks that involve NF-κB and we 

demonstrated a wide intra- and inter-tissue co-expression net, indicative of the complex, 

intercommunicating signaling pathways in human metabolism. In particular, we have found that 

significantly more patients with both low and high NFATc1 expression in subcutaneous adipose 

tissue manifested positive staining for NF-κB in SM (p=0.017) (Figure 4A), while significantly more 

patients with low ERβ expression in the liver were also negative for NF-κB expression in EMAT 

(p=0.024) (Figure 4B). Furthermore, the majority of the patients with low ERβ expression in 

extramuscular adipose tissue also had negative PGC1 staining in the liver as compared to all other 

subgroups (Figure 4C). The key point in our observation is that all patients with positive NF-κB 

expression in SM also had high NFATc1 expression in SAT (Figure 4A). We found that all patients 

with negative NF-κB expression in SM also have low ERβ expression in the liver (Figure 4B). 

Interestingly, most patients with negative PGC1a expression in the liver also had low ERβ 

expression in EMAT (Figure 4C). 

Moreover, we observed strong negative correlations between NF-κB and PGC1a expression in 

the following biomarker-tissue pairs: (i) NF-κB and PGC1a in VAT (rho=-0.33, p=0.03), (ii) NF-κB and 

PGC1a in SAT (rho=-0.30, p=0.04), (iii) NF-κB in VAT and PGC1a in EMAT (rho=-0.58, p=0.00064), (iv) 

NF-κB in SAT and PGC1a in EMAT (rho=-0.42, p=0.018), (v) NF-κB in VAT and PGC1a in SM (rho=-

0.35, p=0.025), (vi) NF-κB in SAT and PGC1a in SM (rho=-0.30, p=0.04), (vii) NF-κB in VAT and 

PGC1a in SAT (rho=-0.35, p=0.025) and (viii) NF-κB in SAT and PGC1a in VAT (rho=-0.31, p=0.038). 
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We also demonstrated statistically significant positive links between the following biomarker-

tissue pairs: (i) NF-κB in SAT and NF-κB in VAT (rho=0.56, p=0.003), (ii) NF-κB in SAT and NF-κB in 

SM (rho=0.38, p=0.03) and (iii) NF-κB in VAT and NF-κB in SM (rho=0.36, p=0.021). Correlation 

results are summarized in Figure 5. 

Furthermore, Figure 6 displays characteristic images of ERβ, NFATc1 and PGC1a 

immunostaining, based on the statistically significant correlations presented in Figure 4. 

Figure 3 Representative images of negative and positive NF-κB hepatic 

immunostaining in patients with (A, B) without (C, D) and borderline NASH (E, F) 

(original magnifications 400x). (A): NASH with negative NF-κB immunostaining, (B): 

NASH with positive NF-κB immunostaining, (C): No NASH with negative NF-κB 

immunostaining, (D): No NASH with positive NF-κB immunostaining, (E): Borderline 

NASH with negative NF-κB immunostaining, (F): Borderline NASH with positive NF-κB 

immunostaining. 
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Figure 4 Bar plots showing the correlation between (A) NF-κB expression in SM (tissue 

δ) and NFATc1 expression in SAT (tissue γ), (B) NF-κB expression in EMAT (tissue 

δ.adipose) and ERβ in the liver (tissue ε) and (C) PGC1a expression in the liver (tissue ε) 

and ΕRβ in EMAT (tissue δ.adipose). In particular, all patients with high NFATc1 

expression in SAT also had positive NF-κB staining in SM (A). In addition, the majority 

of the patients with low ERβ expression in the liver also had negative NF-κB expression 

in EMAT (B). Finally, significantly more patients with low ERβ expression in ΕΜΑΤ also 

had negative PGC1 staining in the liver (C) (Legend: tissue γ: SAT, tissue δ.m: SM, 

tissue δ.adipose: EMAT, tissue ε: liver, Negative: Negative Expression, Positive: 

Positive Expression, Low: Low Expression, High: High Expression). 
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Figure 5 Correlation matrix that gives a comprehensive view of all inter- and intra-
tissue correlations between NF-κB and PGC1a expression. All statistically significant 
correlations (>30%) are shown in grey, whereas white indicates no strong link. The 
density of the color increases with the significance of the correlation. Negative sign (-) 
in front of the number indicates a negative correlation between the 2 parameters and 
no sign indicates a positive one (Legend: a: VAT, γ: SAT, δ.muscle: SM, δ.adipose: 
EMAT, e: liver). 

Figure 6 Representative images of ERβ, NFATc1 and PGC1a immunostaining based on 
the statistically significant correlations displayed on the diagrams in Figure 4. (A) 
NFATc1 immunostaining in SAT (B) ERβ immunostaining in the liver (C) ERβ 
immunostaining in EMAT (D) PGC1a immunostaining in the liver (original 
magnifications 400x). 

4. Discussion 

4.1 NF-κB in VAT Negatively Regulates Body Fat Content and LDL Levels 

In the present study, we demonstrated strong negative links between NF-κB expression in VAT 

with body fat content (p=0.0077) and LDL plasma levels (p=0.017) and borderline association with 

total cholesterol levels (p=0.055). There are a few studies in the literature that correlate lipid 

metabolism and energy expenditure with inflammation and NF-κB and subsequently partly 

support our findings. Increased energy expenditure can often be translated in practical terms as 

reduced body fat content and protection from diet-induced obesity. To begin with, Tang et al 

(2009) studied extensively the transcriptional activity of NF-κB by using two different animal 

models [over-expression of NF-κB p65 (RelA) in aP2-p65 mice and inactivation of NF-κB p50 (NF-

κB1) through gene knockout] and found it increased in both groups. Both animal models had 
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increased energy expenditure without changing their eating habits and did not develop adulthood 

or diet-induced obesity. The authors suggested that NF-κB induces energy expenditure and 

inhibits adipose tissue expansion and recommended that inflammation may reduce lipid 

accumulation and subsequently prevent insulin resistance [37]. Furthermore, it has already been 

established that NF-κB activation is associated with energy expenditure in cachexia [38] and that it 

inhibits both differentiation and function of adipocytes in the signaling pathway of TNF-α [39]. The 

underlying mechanism involves suppression of PPARγ by NF-κB and this negative regulation may 

lead to inhibition of adipocyte differentiation and adipose tissue expansion in transgenic mice, 

increase in energy expenditure and eventually protection from diet-induced obesity [37]. 

Moreover, the authors claimed that the transgenic mice gained less weight and had less fat 

content compared to their control littermates, implying that the genetic modification of NF-κB p65 

may play a vital role in preventing obesity [37]. In summary, their findings suggest that NF-κB 

mediated inflammation increases energy expenditure and may finally protect from obesity and 

insulin resistance, which is in agreement with our results [37]. 

In the same context, Calleros et al (2006) published that significant reduction in cholesterol 

levels enhances NF-κB transcriptional activity by several mechanisms including IκBa degradation 

and translocation of p65/NF-κB to the nucleus and p65/NF-κB transactivating potential regulation 

through a p38 MAPK/MSK1 mediated pathway [42]. Finally, Rudofsky et al (2012) published that 

LDL reduction with high dose simvastatin reduces both proinflammatory NF-κB binding activity 

and high sensitive CRP (hsCRP) levels, while combination treatment with low dose simvastatin and 

ezetimibe resulting in a similar LDL-reduction does not have such effects [40]. 

Dyslipidemia is a disorder of lipid metabolism and is characterized by increased levels of total 

cholesterol, LDL cholesterol and triglycerides and decreased levels of HDL cholesterol. Increased 

plasma cholesterol levels is detrimental due to lipid peroxidation, a process that produces 

Reactive Oxygen Species (ROS) and causes tissue damage, inflammation and endothelial 

dysfunction. ROS has also been proven to activate NF-κB, which is involved in several biological 

functions including inflammation [41]. However, despite the association with oxidized low-density 

lipoprotein (ox-LDL) circulating levels, some researchers failed to demonstrate a direct link 

between NF-κB inflammatory pathway and plasma lipid levels. More specifically, Cominacini et al 

(2005) examined the results of ox-LDL circulating levels on NF-κB activation in peripheral blood 

mononuclear cells of patients with unstable or stable angina and control individuals [42]. They 

concluded that patients with unstable angina had higher levels of circulating ox-LDL and NF-κB 

than control group and the ones with stable angina and the increase in circulating NF-κB was 

mainly due to the activation of monocytes. Notably, no significant differences in plasma lipid levels 

were detected. Their findings imply that NF-κB activation is -at least partly- triggered by ox-LDL 

[42]. Nevertheless, it is known that LDL has to be modified and extensively oxidized in order to 

induce inflammation and become atherogenic. Oxidized LDL itself is a potent chemoattractant 

with direct effects on monocytes and T lymphocytes and plays a crucial role in their migration and 

differentiation in the intima. 

4.2 Hepatic NF-κB Positively Correlates with Intramuscular Fat 

We detected a strong positive link between NF-κB expression in the liver and intramuscular fat 

(p=0.027) and a borderline association with the presence of IMCL (p=0.0521), although we failed 
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to show a direct statistically significant correlation between NF-κB expression and the 

development of type II diabetes. However, it has already been established that the presence of 

intramuscular fat and IMCL is a sign of systemic inflammation and thus closely related with the 

development of insulin resistance and type II diabetes [28, 43, 44]. 

It has been demonstrated that low grade, chronic inflammation in skeletal muscle can lead to 

obesity, insulin resistance and type II diabetes, which is responsible for increased morbidity and 

mortality. Glucose is being primarily disposed in skeletal muscle and thus impaired insulin action in 

this tissue drives whole body insulin resistance. Thus, preventing skeletal muscle inflammation 

could theoretically protect us from developing chronic diseases such as diabetes [45]. Fatty acid 

accumulation increases circulating levels of pro-inflammatory cytokines in obese individuals via 

NF-κB activation, which impairs several signaling pathways that regulate skeletal muscle insulin 

signaling and fatty acid oxidative capacity [46, 47]. NF-κB is activated by numerous pro-

inflammatory stimuli such as TNF-α, lipopolysaccharide (LPS), and free fatty acids (FFA) and 

therefore NF-κB signaling represents the inflammatory status in skeletal muscle [48]. 

Moreover, it appears that intramuscular and intrahepatic lipid accumulation via various 

mechanisms [47, 48] is linked to high plasma FFA levels in obese individuals, which can initiate 

low-grade, chronic inflammation in skeletal muscle and liver via direct NF-κB activation, resulting 

in release of several pro-inflammatory and proatherogenic cytokines [48]. This in turn can cause 

insulin resistance in skeletal muscle, liver and endothelial cells, leading finally to insulin resistance, 

type II diabetes, hypertension, dyslipidemia, atherosclerotic vascular disease and NAFLD. Green et 

al published that NF-κB-p65 DNA binding activity was found to be significantly increased in 

myocytes from obese diabetic patients compared to lean individuals and that insulin-induced 

glucose uptake was inhibited in myocytes from obese individuals with impaired glucose tolerance 

or type II diabetes [45]. 

 In addition, there is data that lipid accumulation in the liver drives hepatic inflammation and 

subsequent hepatic insulin resistance, via NF-κB activation and downstream cytokine release [48, 

49]. Several studies have demonstrated that TLRs (particularly TLR4), also via NF-κB activation, 

play a crucial role in mediating pro-inflammatory effects of saturated fatty acids, further 

contributing to insulin resistance. TLR4 expression is enhanced in obese subjects and its depletion 

is related to adipose tissue and skeletal muscle inflammation [50]. 

In summary, it seems that cellular NF-κB has effects to intramuscular fat and insulin sensitivity 

and there is plenty of data in the literature that support our findings. We believe that NF-κB could 

represent a novel therapeutic target for treating metabolic diseases such as type II diabetes and 

NASH, as it is a critical link between inflammation and insulin resistance.  

4.3 Hepatic NF-κB Mediates the Initiation and Progression of NASH 

We detected a statistically significant relationship between NF-κB expression in the liver and 

the presence of NASH (p=0.049), although we were unable to unveil the exact pattern of this link. 

Other researchers have also published similar correlations between NF-κB expression and NASH, 

backing up our results. According to Videla et al (2009), hepatic NF-κB expression is increased in 

obese individuals with NASH and is significantly associated to oxidative stress and insulin 

resistance [51]. There is evidence that the IKK-β/NF-κB signaling pathway, which is activated by 

obesity and high-fat diet, is associated with the chronic inflammation that occurs in hepatic 
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steatosis. In addition, hepatic release of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β 

is increased, suggesting that lipid accumulation in the liver drives subacute inflammation via NF-κB 

activation and cytokine production [15, 52]. We also know that activation of NF-κB demands 

ceramide biosynthesis and that activation of pro-inflammatory pathways in the adipose tissue 

requires increased availability of free fatty acids, generation of oxidative stress-related products 

[53], and endoplasmic reticulum stress [54].  

Moreover, Locatelli et al (2013) [55] published that NF-κB activation contributes to the 

pathogenesis of NASH by favoring natural killer T cells recruitment. Among the NF-κB subunits, it 

appears that p50/NF-κB1 has regulatory activities, down-modulating NF-κB-mediated responses. 

Moreover, Zhou et al (2015) [56] demonstrated that activating the cholinergic anti-inflammatory 

pathway inhibits the NASH-related inflammatory reaction and the mechanism for this inhibition 

involves the NF-κB signaling pathway. 

Of all the mechanisms related to NASH, oxidative stress has been most widely studied. 

Oxidative stress is triggered by an imbalance between pro-oxidants and antioxidants. It is now 

clear that oxidative stress can provoke liver damage either directly by causing cell injury or 

indirectly by changing signaling pathways. For example, ROS activate NF-κB, which regulates the 

production of several pro-inflammatory cytokines such as IL-1β, TNFα, and IL-6. Hepatic inhibition 

of NF-κB is expected to improve diet-induced inflammation in the liver [25, 57]. According to Zhao 

et al (2012), one of the possible therapeutic mechanisms of pioglitazone in NASH involves down-

regulation of hepatic NF-κB and COX-2 expression [58]. 

It has also been suggested that NF-κB represents the link between hepatic damage, fibrosis and 

hepatocellular carcinoma (HCC) [59]. Moreover, it has been demonstrated that inflammatory 

microniches may facilitate the survival and proliferation of malignant hepatocyte progenitor cells 

before they were able to form tumors, a process which is related to autocrine production of 

cytokines and depends on NF-κB activation and the presence of T cells [60, 61]. Luedde et al (2007) 

published that NEMO (NF-κB essential modulator)-mediated NF-κB activation in the liver can 

prevent the development of steatohepatitis and HCC, implying that NEMO acts as a hepatic tumor 

suppressor [62]. It has already been established that NF-κB prevents cell death in the fetus, but 

little is known about the hepatic function of NF-κB in adults [63]. However, there is contradictory 

data in the literature regarding the role of NF-κB in hepatic cancer, as it can act both as a tumor 

promoter and a tumor suppressor [62, 64]. This inconsistency in researchers’ findings may just 

represent liver’s unique characteristics, which is capable of regenerating after injury via 

hepatocellular proliferation. NF-κB may be the key molecule that connects inflammatory, survival, 

and metabolic pathways in the liver that link NASH to liver cancer. There is no doubt that 

extensive research is needed regarding the potential side effects of drugs targeting the IKK/NF-κB 

pathway. 

Taken together, these data highlight the significant role of NF-κB in metabolic diseases such as 

insulin resistance and NASH [54]. Many researchers have been published, in line with our own 

findings, that NF-κB pathway is mediated in NASH development and progression. However, the 

exact role of NF-κB in the pathophysiology of NASH is more complicated than we originally 

thought. Interestingly enough, there is evidence to suggest that inflammation is necessary for liver 

regeneration, which is mediated through anti-apoptosis and pro-proliferative characteristics of NF-

κB [65]. The characteristics of chronic inflammation that induce NASH are not clear. Liang et al 

investigated the effects of non-metabolic (LPS, IL-1β) and metabolic dietary trigger factors 
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(carbohydrate, cholesterol) of inflammation on the transition of simple steatosis to NASH and 

concluded that high-fat diet followed by NF-κB activation per se is not enough for progression to 

NASH. On the other hand, when is being followed by metabolically provoked inflammation, it 

activates additional inflammatory pathways and can progress to NASH [66]. 

In summary, NF-κB has both favorable and unfavorable functions and thus its inhibition apart 

from the benefits may also have negative impacts on hepatocyte viability. Identifying novel targets 

and selective therapeutic agents with tissue-specific actions is crucial in order to avoid liver injury 

associated with complete NF-κB blockade in hepatocytes [67]. 

4.4 NF-κB Co-Activates the Transcriptional Activities of ERβ and ΝFATc1 in a Tissue-Specific 

Manner 

It seems that NF-κB is a master regulator of immunity, stress responses, apoptosis and 

differentiation. Several stimuli can influence NF-κB activation, mediating different transcriptional 

programs. As a result, NF-κB-mediated transcription is positively and negatively regulated and 

tightly coordinated with other signaling pathways. This complicated cross-talk network is 

necessary for shaping the different biological functions of NF-κB into cell type- and context-

specific responses [13]. NF-κB mediated transcription can also be affected by its crosstalk with 

other transcription factors and co-regulators, which can be subdivided to co-activators and co-

repressors. The co-regulators can either activate or inhibit the transcriptional activity of the 

enhanceosome (i.e., the multiprotein complex mediating promoter activation and gene 

transcription) or alter the chromatin structure [9]. 

In the present study, we uncovered a complex and extensive intra- and inter-tissue co-

expression network with NF-κB being at the center of our interest. Regarding NF-κB expression 

alone, we identified strong positive links between specific tissue pairs including (i) VAT and SAT 

(p=0.00066) (ii) SAT and SM (p=0.017) (iii) VAT and SM (p=0.026). This finding is meaningful, as it 

establishes the activity of the biomarker in the above mentioned tissues and is suggestive of its 

prominent role in human metabolism and the underlying pathophysiological mechanisms in 

morbid obesity. 

Moreover, we found that NF-κB expression in SM is positively correlated to NFATc1 expression 

in SAT (p=0.003) and NF-κB expression in EMAT with ERβ expression in the liver (p=0.0119). ERβ 

could also be co-activated by PGC1a cofactor, as we detected a significant positive link between 

PGC1a expression in the liver and ERβ expression in EMAT (p=0.0191).  

There is plenty of evidence in the literature supporting the cross-talk between NFAT and NF-κB 

families in human metabolism and several pathologies including postmenopausal osteoporosis 

and rheumatoid joint destruction [68], osmotic stress [69] and certain developmental and 

inflammatory processes [70]. However, there is still lack of data regarding co-expression networks 

in the metabolic tissues and obesity induced diseases and thus further research is needed in this 

field. Cai et al. (2011) showed a connection between these 2 families and carcinogenesis. In 

particular, it seems that ROS generation due to nickel exposure is involved in the regulation of 

signaling leading to NFAT and NF-κB activation, the COX-2 induction and finally lung carcinogenesis 

[71]. Moreover, a tight connection has been demonstrated between NFATc1 and NF-κB in B [72] 

and T lymphocytes regulation [73, 74]. Finally, there is limited data that NF-κB NFATc1 cross talk is 



OBM Hepatology and Gastroenterology 2019; 3(2), doi:10.21926/obm.icm.1902020 

 

Page 21/29 

involved in obesity-induced white adipose tissue inflammation, contributing to the pathogenesis 

of metabolic syndrome, atherosclerosis and insulin resistance [75]. 

ΝFκB-ERβ cross-talk, has been studied mostly in cancer including prostate [76], breast, colon 

and CNS malignancies [77]. This interaction also plays an important role in human endometrial 

epithelial cells and alterations in the cross-talk between the ER and NF-κB signaling pathways may 

contribute to early pregnancy loss and infertility [78]. Estrogens are known to have anti-

inflammatory actions, whereas activated NF-κB mediates inflammatory responses [79]. There is 

data in the literature regarding the negative cross-talk between NF-κB and ERs both in vitro [80] 

and in vivo [81]. For example, direct communication between ERα or ERβ and p65 [80, 82], as well 

as cofactor-mediated cross talk and modulation of IκBa expression by estradiol have been 

reported. However, other studies have demonstrated a positive interaction between NF-κB and ER 

signaling [78]. For example, Adamson et al (2008) [83] published that treatment with estradiol and 

TNFa had a synergistic effect on estrogen response element (ERE)-dependent stimulation of the 

human prolactin gene in GH3 pituitary cells. Additionally, pro-inflammatory cytokines (TNFa, IL-1b 

or IL-6) and estradiol can also act synergistically to up-titrate expression of prostaglandin E 

synthase (PGES) mRNA levels in MCF7 breast cancer cells [84]. 

4.5 NF-κB -Mediated Transcription is Co-Repressed by Pgc1a in all Investigated Metabolic Tissues 

We identified significant negative correlations between NF-κB and PGC1a expression in several 

tissue pairs as described extensively above. There is evidence of cross-talk between NF-κB and 

PGC1a in human metabolism and inflammatory diseases, but we still need to clarify their exact 

role in obesity and its related commorbidities. For example, Alvareez-Gardia et al. (2010) 

published that the p65 subunit of NF-κB binds to PGC-1a, linking inflammation and metabolic 

disturbances in the heart [85]. NF-κB activation is triggered by several factors, including high 

glucose levels and pro-inflammatory cytokines and is associated with cardiac hypertrophy and 

heart failure. It has been reported that NF-κB-mediated suppression of PGC-1a might explain the 

change in glucose metabolism seen in heart diseases, which is caused by pro-inflammatory stimuli. 

The underlying mechanism involves exposure to TNFa, which results in PGC1a down-regulation in 

cardiac cells, leading to a reduction in pyruvate dehydrogenase kinase 4 (PDK4) expression and 

finally to the metabolic dysregulation seen in cardiac conditions [85]. 

Moreover, it has been demonstrated that PGC1 coactivators inhibit the transcriptional activity 

of NF-κB in skeletal muscle [86, 87]. PGC1s are metabolic coactivators whose function is impaired 

in skeletal muscle in numerous chronic diseases and they also regulate the NF-κB pathway and 

thereby the inflammatory process. These findings represent an exquisite example of cross-talk 

between metabolic and immune pathways in skeletal muscle. Moreover, a bidirectional negative 

regulation of PGC1α and NF-κB may be the key for the mutual antagonism between oxidative 

metabolism and inflammation in skeletal muscle [88]. In conclusion, targeting PGC1 in chronic 

diseases such as obesity, type II diabetes and NASH, might prevent inflammation and disease 

progression and therefore improve metabolic health [87]. 

4.6 Study Limitations 

One of the limitations of our study is the lack of a lean control group that would allow for direct 

comparisons between biomarkers’ expression in the two categories. Although there is limited data 
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in the literature regarding the expression of the investigated biomarkers in healthy, lean 

individuals [89-94], we are still far from understanding the tissue-specific differences in 

biomarkers’ expression between obese and non-obese subjects. Further research is required for 

unmasking the distinct biomarkers’ roles as well as their communication networks in human 

homeostasis and the subsequent alterations in obesity-induced diseases. Moreover, quantitative 

methods would have been helpful for confirming our immunohistochemical findings and 

strengthening our study results. 

5. Conclusions 

In summary, NF-κB appears to be a master regulator of human metabolism which acts in a 

tissue specific manner and links metabolic and immune signaling pathways. Our findings represent 

a prime example of such a cross-talk and demonstrate that NF-κB dysregulation may be implicated 

in obesity and its associated comorbidities, including insulin resistance and NASH. 

While weight loss and physical exercise have provided clear benefits, targeted therapy remains 

still an unmet need. The development of novel pharmacological agents requires a detailed and in-

depth knowledge and understanding of the underlying, complex pathophysiological mechanisms. 

It is clear that NF-κB inflammatory pathways induce metabolic disease and successful therapeutic 

agents may include directly targeting NF-κB genes. Although inhibitors of specific NF-κB pathways 

are not yet clinically available, there is progress in the development of more selective anti-NF-κB 

pharmaceutical agents. We hope that our findings, along with the explosion of information 

witnessed in this field during the last few years, will contribute to unmasking the systemic details 

of obesity and eventually lead to new, targeted and personalized therapies. There is no doubt that 

further research in this field of interest and larger scale studies are needed in order to confirm our 

findings. 
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