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Abstract 

Obesity is an increasing health problem which is causally associated with insulin resistance 

and type 2 diabetes. Oxidative stress, i.e. overproduction of reactive oxygen species, is 

associated with insulin resistance and obesity and may be a major risk factor in the onset and 

progression of diabetes. Bernlohr Lab at University of Minnesota has studied oxidative stress 

in adipocytes by silencing the enzyme glutathione S-transferase A-4 (GSTA4), an enzyme 

detoxifying 4-hydroxynonenal formed during oxidative stress. Their results indicate that 

lysine acetylation, an important post-translational modification, may be involved during 

oxidative stress.  

In this study lysine acetylation has been investigated in condition of oxidative stress in 3T3-

L1 adipocytes and subcutaneous adipose tissue from mice using SDS-PAGE gel 

electrophoresis and western blot. Lysine acetylation was analyzed in different compartments 

of the cell such as in cytoplasm, mitochondria as well as in whole cell extracts. Silencing of 

GSTA4 and stimulation by TNF-α in 3T3-L1 adipocytes resulted in an increase of lysine 

acetylation in cytoplasm. Furthermore, stimulation by IL-6 did not have any effect on lysine 

acetylation. Surprisingly, subcutaneous adipose tissue from mice fed on a high-fat diet 

showed a decrease of lysine acetylation in cytoplasm compared to mice fed on a chow diet.  

In conclusion, lysine acetylation seems to change during oxidative stress and may be an 

important factor during insulin resistance, type 2 diabetes and obesity. Therefore, studying 

lysine acetylation and enzymes modulating acetylation may potentially increase our 

understanding of insulin resistance, type 2 diabetes and obesity and could lead to new 

therapies.  
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1 Introduction 

1.1 Obesity, insulin resistance and diabetes 

Worldwide obesity has more than doubled since 1980 and 2.8 million people die each year as 

a result of being overweight or obese. In 2008, 1.5 billion people were overweight and 500 

million of these were obese meaning that more than 1 of 10 of the world´s population was 

obese (1). Chronic nutrient overload leads to obesity which is casually associated with 

metabolic disorders such as insulin resistance and type 2 diabetes (1-3). Insulin resistance is 

characterized by impaired sensitivity to insulin of its main target organs, i.e. adipose tissue, 

liver, and muscle (2-4). Insulin lowers blood glucose levels by stimulating glucose transport 

into muscle and adipose cells, and by inhibiting glucose production in the liver (3,4). When 

normal doses of insulin are incapable of stimulate these metabolic responses insulin resistance 

occurs (3,5). This leads to a compensatory insulin secretory response, in effort to remain 

blood glucose to relatively normal levels (3). However, when insulin-producing pancreatic β 

cells no longer can compensate for the decreased insulin sensitivity in tissues glucose 

homeostasis impairs leading to development of type 2 diabetes (2,3,5). In 2000, diabetes 

affected more than 170 million people worldwide and this number is expected to double when 

reaching year 2030 (6).  

1.2 Obesity is associated with chronic inflammation 

Obesity is characterized by a chronic low-grade inflammation determined by increased 

plasma levels of inflammatory cytokines such as tumor necrosis factor (TNF)-α and 

interleukin (IL)-6 (2,5,7,8). TNF-α has been shown to induce insulin resistance by inhibiting 

intracellular signaling from the insulin receptor (9) and is a well-validated experimental 

model of insulin resistance in vitro (10,11). Adipose tissue produces large amounts of 

inflammatory cytokines and chemokines, collectively called adipokines (2,7,12), and 

increasing evidence suggests that adipose tissue modulates systemic insulin sensitivity by 

secreting a variety of signaling molecules (12-14). Interestingly, adipose tissue produce 

adipokines such as TNF-α and IL-6 and it have been shown that adipose tissue is a main 

contributor to elevated systemic TNF-α concentrations in obesity (2,7,12).   

1.3 Diabetes and oxidative stress 

Type 2 diabetes and insulin resistance is associated with oxidative stress and it may be a 

major risk factor in the onset and progression of diabetes (4,8,10,11,15). Many of the common 

risk factors in type 2 diabetes, such as obesity, increased age, and unhealthy eating habits, all 

contribute to an oxidative environment (4,8). Oxidative stress results from overproduction of 

reactive oxygen species (ROS) and/or decreased system efficiency of scavengers such as 

vitamin C and glutathione (4,15).   

Mitochondrial energy metabolism is the major source of cellular ROS (Figure 1). Glycolysis, 

glucose oxidation, begins in the cytoplasm and generates pyruvate and the reduced form of 

nicotinamide adenine dinucleotide, NADH. Pyruvate entering the tricarboxylic acid (TCA) 

cycle in mitochondria where it becomes oxidized and produce CO2, H2O, NADH and the 

reduced form of flavin adenine dinucleotide, FADH2. NADH, from the glucose oxidation and 
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Figure 1 Production of superoxide anion by electron transport chain in mitochondria. During 

hyperglycemia substrates entering the tricarboxylic acid cycle increases leading to an increase 

of NADH and FADH2 and subsequently an increase of donated electrons to complex I and II. 

Protons, which are transferred across the mitochondrial inner membrane, increase leading to 

a high mitochondrial membrane potential (ΔμH+).  Once the electron transport chain reaches a 

threshold voltage across the membrane the electrons begin to back up at complex III. These 

electrons are then donated to molecular oxygen leading to an increase of superoxide anion 

production (16). The figure is taken from reference 16.  

 

from the TCA cycle, donates electrons to complex I of the electron transport chain (ETC) and 

FADH2 donates its electrons to complex II. Complex I and II then transfer the electrons to 

ubiquinone that passes its electron to complex III, cytochrome c, and finally to complex IV 

which donates the electron to molecular oxygen to produce water. As the electrons are 

transferred through the ETC the energy is used to shuttle protons across the membrane. This 

creates a voltage across the inner and outer membrane of the mitochondria and drives ATP 

synthesis. Under hyperglycemic conditions, the number of substrates entering the TCA cycle 

is greatly increased leading to an increase of electrons donated to complex I and II. Once the 

ETC reaches a threshold voltage across the membrane the electrons begin to back up at 

complex III. These electrons are then donated to molecular oxygen leading to an increase of 

superoxide anion (O2
.-
) production, i.e. an increase of ROS (16).  

 

1.4 Oxidative stress leads to lipid peroxidation and protein carbonylation 

Large quantities of ROS can lead to cellular damage of lipids, membranes, proteins and DNA 

(4,15,17). ROS initiates lipid peroxidation leading to formation of lipid-derived reactive 

aldehydes such as 4-hydroxynonenal (4-HNE) which is associated with oxidative disease due 

to its high abundance and strong reactivity (18,19). 4-HNE is metabolized (detoxified) mainly 

by being conjugated to glutathione by an enzyme called glutathione S-transferase A4 

(GSTA4) (Figure 2) (20,21). However, if 4-HNE escapes metabolism it can covalently 

modify proteins by reacting with the side chains of histidine, lysine and cysteine, a process 
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that is called protein carbonylation which often results in loss of function (22,23). 

Interestingly, insulin-resistant mice fed on a high-carbohydrate, high-fat diet shows a 2-3 

increase of protein carbonylation and a 3-4 decrease of GSTA4 in adipose tissue (18). 

Furthermore, 3T3-L1 adipocytes treated with TNF-α becomes insulin-resistant within several 

days and shows a 50% increase of protein carbonylation (10) and a downregulation of 

GSTA4. Consistently, GSTA4 expression is also downregulated in adipose tissue of obese 

insulin-resistant humans (24).  

 

1.4.1 GSTA4-silenced adipocytes 

Studies have shown that insulin resistance and obesity is associated with an increase of 

protein carbonylation and a decrease of GSTA4 in adipose tissue (10,18,24). Therefore, Curtis 

et al. designed GSTA4-silenced 3T3-L1 adipocytes to investigate the molecular mechanism 

during these conditions (24). GSTA4-silenced adipocytes showed a decrease of total 

NAD
+
/NADH ratio and a decreased expression of peroxisome proliferator-activated receptor 

gamma (PGC)-1α, nuclear respiratory factor (Nrf)-1 and mitochondrial transcription factor A 

(Tfam). Furthermore, the TCA cycle were compromised as the intracellular levels of 

pyruvate, succinate and citrate were significantly increased in GSTA4-silenced adipocytes 

Figure 2 Cellular fates of 4-hydroxynonenal (4-HNE). 4-HNE is generated by lipid 

peroxidation during oxidative stress and is mainly metabolized (detoxified) by being 

conjugated to glutathione, a reaction catalyzed by glutathione transferase A4 (GSTA4), and 

the product is then transported out of the cell. 4-HNE could also be metabolized by 

oxidation, catalyzed by aldehyde dehydrogenase, or reduction, catalyzed by enzymes such 

as alcohol dehydrogenase, converting the strong reactive aldehyde to a less toxic molecule. 

However, if 4-HNE escapes metabolism it can covalently modify proteins by reacting with 

the side chains of histidine, cystein and lysine, a process that is called protein 

carbonylation (22). The figure is taken from reference 22. 
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(24). Consistently, a reduction of PGC-1α has been shown in adipose tissue of humans with 

insulin resistance (25) and obesity (26).  

1.5 Lysine acetylation 

Post-translational modification (PTM) is important for regulating the functions of many 

proteins in eukaryotic cells. Lysine acetylation has been known for a long time to be a major 

PTM on histones and transcriptional factors (27). However, recent studies have shown a large 

number of acetylated proteins in the cytoplasm and mitochondria as well.  Actually, more 

than 2000 proteins are acetylated in mammalian cells making the regulatory scope of 

acetylation comparable to those by other major PTM such as phosphorylation and 

ubiquitination (28). It has been shown that almost all enzymes participating in intermediate 

metabolism are acetylated, including enzymes in glycolysis, gluconeogenesis, the TCA cycle, 

the urea cycle, fatty acid metabolism and glycogen metabolism.  Acetylation regulates 

metabolic enzymes by multiple mechanisms such as enzymatic activation or inhibition or by 

influencing protein stability. In addition, acetylation of metabolic enzymes have been shown 

to change in response to the alterations of extracellular nutrient availability providing 

evidence that acetylation may play a key role in the coordination of different metabolic 

pathways in response to extracellular conditions (29).  

Enzymes that catalyze reversible acetylation are called histone acetyltransferases, which 

transfer an acetyl group from acetyl-CoA to a lysine residue, and histone deacetylases, which 

removes the acetyl group from the lysine residue (Figure 3) (28). Metabolic dysregulation is 

frequently linked to diseases such as diabetes and obesity and enzymes modulating 

acetylation could therefore be attractive therapeutic targets for these diseases (28,30).  

 

 

 

 

Figure 3 Enzymes catalyzing reversible acetylation, an essential post translational 

modification. Histone acetyltransferases catalyze acetylation by transferring an acetyl 

group from acetyl-CoA to a lysine residue on a protein. Sirtuins are a group of histone 

deacetylases which removes the acetyl group from the lysine residue on the protein to 

produce O-acetyl-ADP-ribose using NAD
+
 as an obligatory substrate (28,33).   
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1.5.1 Sirtuins 

Silence information regulator 2 (sirtuins) are a group of histone deacetylases that possess 

NAD
+
-dependent deacetylase meaning that NAD

+
 is an obligatory substrate in the 

deacetylation reaction resulting in the production of O-acetyl-ADP-ribose (Figure 3) (31,32).  

A high ratio of cellular NAD
+
:NADH indicates a low energy status raising a possibility that 

one or multiple sirtuins might link extracellular nutrient levels to the acetylation of various 

metabolic enzymes inside the cell through sensing the intracellular NAD
+
:NADH ratio 

(28,33). Indeed, Zhao et al has recently shown that acetylation of metabolic enzymes changes 

in response to the alterations of extracellular nutrient availability (29).   

1.5.2 SIRT1 

Silence information regulator 2-like 1 (SIRT1) has been located in both the cytoplasm and the 

nucleus (28) and regulates many metabolic adaption’s linked with obesity (30,34-37). 

Furthermore, SIRT1 is upregulated by calorie restriction and fasting (30,38,39) and 

downregulated in insulin-resistant cells and tissue (34) as well as in obesity (40,41).   

SIRT1 has been shown to deacetylate / activate PGC-1α, a key regulator of metabolism and 

mitochondrial biogenesis (30,33,37), which activates mitochondrial regulators such as Nrf-1 

and Tfam (42). During low energy status SIRT1 activity increases as NAD
+
 amount increases 

leading to alterations in mitochondrial capacity by activating PGC-1α resulting in metabolic 

fitness. However, during high energy status acetyl-CoA increases leading to increased activity 

of histone acetyltransferase general control of aminoacid synthesis 5 (GCN5) which acetylate 

/ inactivate PGC-1α resulting in metabolic complications (Figure 4) (33,37).  

 

Figure 4 Cellular sensing of energy status through acetylation of PGC-1α, regulating 

energy expenditure. In situations of low energy status NAD
+
 increases which enhance 

SIRT1 activity leading to the activating deacetylation of PGC-1α. Active PGC-1α increases 

mitochondrial biogenesis and function resulting in metabolic fitness. During high energy 

status acetyl-CoA increases which enhance the activity of GCN5, a histone acetyltransferas 

enzyme, leading to the inhibiting acetylation of PGC-1α. Inactivation of PGC-1α can 

subsequently lead to metabolic complications (33,37). 
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Furthermore, SIRT1 has been shown to inhibit adipogenesis, i.e. inhibits maturation of fat 

cells, and activates lipolysis during fasting (30,43). SIRT1 is downregulated during insulin 

resistance and obesity which may lead to an increase of adipogenesis and subsequently an 

increase of adipose tissue (30,34,40,41,43).  

Additionally, SIRT1 is also involved in the regulation of insulin sensitivity, as a positive 

regulator, by modulate insulin signal transduction (34,35). Studies have shown that 

knockdown or inhibition of SIRT1 leads to reduced phosphorylation / activation of the insulin 

receptor. SIRT1 represses protein tyrosine phosphatase 1B transcription, a negative regulator 

of the insulin signal transduction cascade which functions as a key insulin receptor 

phosphatase, leading to increased activity of the insulin receptor (34). Furthermore, 

knockdown or inhibition of SIRT1 leads to reduced phosphorylation / activation of insulin 

receptor substrate-2 (IRS-2). SIRT1 has been shown to interact with IRS-2 leading to 

deacetylation which is a critical step for insulin-induced IRS-2 tyrosine phosphorylation / 

activation (35). Additionally, knockdown or inhibition of SIRT1 has also been shown to be 

sufficient to induce insulin resistance in hepatocytes (34). 

 Interestingly, resveratrol, a SIRT1 agonist present in red wine and grapes, can prevent diet-

induced obesity and insulin resistance in mice by increasing mitochondrial biogenesis (44,45). 

Some investigators have therefore suggested that altering SIRT1 activity may be a promising 

new therapy for type 2 diabetes (30).  

1.5.3 SIRT3 

Silence information regulator 2-like 3 (SIRT3) has been located in mitochondria together with 

SIRT4 and SIRT5 (28). However, SIRT3 have been shown to regulate global lysine 

acetylation in mitochondria (46) including enzymes involved in the TCA cycle (47). 

Consistent with SIRT1, SIRT3 is upregulated during calorie restriction and fasting (47) and 

downregulated in obese and diabetic subjects (48). Interestingly, SIRT3 has been shown to 

protect the cell from oxidative stress (49,51) by enhancing the mitochondrial glutathione 

antioxidant defense system during caloric restriction and thereby reducing oxidative damages 

(49).  Additionally, livers from mice fed on a high-fat diet showed a decrease of SIRT3 

activity and a hyperacetylation of proteins involved in metabolic pathways compare to control 

mice fed on a chow diet (50). Interestingly, PGC-1α, which is downregulated under insulin-

resistant conditions, has been shown to regulate SIRT3 expression by increasing its 

expression in muscle cells and hepatocytes (51).  

1.6 Origin of 3T3-L1 adipocytes 

3T3-L1 adipocytes are originally derived from Swiss mouse embryo tissue by Dr. Howard 

Green of Harvard Medical School. The 3T3-L1 cells have a fibroblast-like morphology but 

under appropriate conditions the cells differentiate into an adipocyte-like phenotype. This 

phenotype includes increase of the synthesis and accumulation of triglycerides and a 

sensitivity to lipogenic and lipolytic hormones such as epinephrine and insulin (52).  

1.7 Generation of GSTA4-silenced 3T3-L1 adipocytes 

The 3T3-L1 fibroblasts were transduced with lentivirus carrying short hairpin RNA (shRNA) 

sequences directed toward GSTA4 mRNA (24) a method used to silence gene expression via 
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RNA interference, a highly conserved cellular defense mechanism which appears to have 

evolved to protect cells from viruses. The shRNA hairpin structure is cleaved by a double-

stranded RNA-specific endonuclease into small interfering RNAs (siRNAs). These siRNAs 

binds to corresponding mRNA, in this case it binds to GSTA4 mRNA, and assembles to the 

RNA-induced silencing complex (RISC) which reduces the mRNA of GSTA4 (53). The 

GSTA4-silenced 3T3-L1 adipocytes used in this study had a 60-70% decrease of GSTA4 

(24). 

1.8 Animals 

C57BL/6J mice had been placed on a normal chow diet or a high-fat diet at weaning. Mice 

fed on a normal chow diet had around 4% fat by weight and mice fed on a high-fat diet had 

around 35% fat by weight. The mice had been housed on a 12 hours light-dark cycle and did 

have continual access to food and water. At 12-16 weeks of age the mice were killed by 

cervical dislocation and tissues were harvested, frozen in liquid nitrogen and stored at -80 ˚C 

(24).    

1.9 Aim of study 

Relatively little is known about the role of sirtuins and lysine acetylation under condition of 

oxidative stress. Lysine acetylation is an important PTM regulating enzymes involved in 

metabolism (27-29) and sirtuins are NAD
+
-dependent protein deacetylases that mediate 

adaptive responses to a variety of stresses such as calorie restriction and metabolic stress (30-

32,38,39). Understanding sirtuins function and regulation in adipocytes under conditions of 

oxidative stress may potentially increase our understanding of insulin resistance, type 2 

diabetes and obesity.   

Recent studies have shown that GSTA4-silenced 3T3-L1 adipocytes have a decrease of total 

NAD
+
 (24) which may lead to a decreased activity of sirtuins in the cell or in some 

compartments of the cell. Consistently, PGC-1α, Nrf1 and Tfam has been shown to be 

downregulated in GSTA4-silenced adipocytes (24) which may due to a decreased activity of 

SIRT1 because PGC-1α is deacetylated / activated  by SIRT1 and active PGC-1α activates 

Nrf1 and Tfam  (42). Furthermore, GSTA4-silenced adipocytes showed that the TCA cycle 

was compromised (24). Interestingly, SIRT3 has been shown to regulate enzymes in the TCA 

cycle (47) so the compromised TCA cycle could depend on a decreased activity of SIRT3. 

These data indicates that there could be a decreased activity of sirtuins in GSTA4-silenced 

adipocytes which would lead to a hyperacetylation of proteins in this cell line. Furthermore, 

the hyperacetylation should be most abundant in mitochondria where intermediate 

metabolism mostly is located. Additionally, as GSTA4 is downregulated during insulin 

resistance and obesity (18,24) hyperacetylation should also be seen in adipose tissue of mice 

feed on a high-fat diet as well as in 3T3-L1 adipocytes treated with TNF-α or IL-6.        

The aim of this study was to investigate lysine acetylation in different models of oxidative 

stress in 3T3-L1 adipocytes and adipose tissue from mice. Whole cell, cytoplasm and 

mitochondria extracts were analyzed in GSTA4-silenced 3T3-L1 adipocytes and wild type 

3T3-L1 adipocytes treated with TNF-α. Cytoplasm and mitochondria extracts were analyzed 
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in wild type adipocytes treated with IL-6 and subcutaneous adipose tissue from high-fat diet 

mice.   

2 Materials and methods 

2.1 Cell culture 

2.1.1 Growing GSTA4-silenced 3T3-L1 fibroblast 

The 3T3-L1 fibroblasts (provided by Jessica Curtis, Bernlohr Lab, BMBB, University of 

Minnesota, USA) were grown in 10 cm plates or 6 well plates with 8 mL Dulbecco’s 

modified Eagle’s medium (DMEM) (Appendix 1) respectively 1.5 mL DMEM containing 

10% of calf serum (Lonza, USA) and 0.1% of blastocidine (Sigma). The cells were incubated 

at 37 ˚C with 5% CO2  (Type 37900 Culture Incubator, Thermolyne, USA) and new media 

was added every other day.  

2.1.2 Growing wild type 3T3-L1 fibroblast 

The 3T3-L1 fibroblasts (provided by Joel M. Reynolds, Bernlohr Lab, BMBB, University of 

Minnesota, USA) were grown in 10 cm plates or 6 well plates with 8 mL DMEM respectively 

1.5 mL DMEM containing 10% of calf serum. The cells were incubated at 37 ˚C with 5% 

CO2 (Type 37900 Culture Incubator, Thermolyne, USA) and new media was added every 

other day.  

2.1.3 Subculture procedure 

When the cells had reached approximately 80% confluence they were sub cultured. The 

media was removed and the monolayer was washed 2 times with phosphate buffered saline 

(PBS). 1.25 mL trypsin solution (0.05%) (Gibco, Invitrogen, Canada) was added to each dish 

and incubated for maximum 5 minutes. 1.25 mL calf serum was added and the cells were 

triturated and transferred into a sterile, 15 mL snap-top tube. The cells were centrifuge for 4 

minutes on speed 4 (IEC Clinical centrifuge, IM-174, International Equipment Company, 

USA). The supernatant was removed and the cells were resuspended in DMEM media. 8 mL 

media was added to each 10 cm plate and 1.5 mL was added to each well on a 6 well plate 

with a sub cultivation ratio of 1:4, except at the first plating of control cells when the sub 

cultivation ratio was 1:2.5.  

2.1.4 Thawing procedure 

The cells were thawed by rapid agitation at 37 ˚C. One ampule was added to one 10 cm dish 

containing 8 mL DMEM media and incubated at 37 ˚C with 5% CO2 over night. The day after 

thawing new DMEM media was added to the cells. GSTA4-silenced cells were carried for 6 

passages and then a new ampule was brought up whereas wild type adipocytes were carried 

for maximum 5 passages. The passage number limitation has been determined by testing 

insulin stimulated glucose transport.  

2.1.5 Freezing procedure 

When the cells had reached approximately 80% confluence the media was removed and the 

monolayer was washed 2 times with PBS. 1.25 mL trypsin solution (0.05%) was added to 

each dish and was incubated for maximum 5 minutes. 1.25 mL calf serum was added and the 

cells were triturated and transferred into a sterile, 15 mL snap-top tube. The cells were 

centrifuged for 4 minutes on speed 4 (IEC Clinical centrifuge IM-174, International 

Equipment Company, USA). The supernatant was removed and the cells were resuspended in 

DMEM containing 10% calf serum and 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 
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USA). 1 mL was added to each dish of cells and each dish of cells was then transferred to one 

ampule. The ampoules were transferred to a container containing isopropanol and incubated 

in a -80 ˚C freezer over night and then stored in liquid nitrogen.  

2.1.6 Cell differentiation procedure 

About 2 days after reaching confluence cells were differentiated by incubating the cells for 48 

hours in DMEM media containing 10% fetal bovine serum (ATLAS Biologicals, USA), 

methylisobutylxanthine (115 μg/mL) (Sigma-Aldrich, USA), insulin (10 μg/mL) (Sigma-

Aldrich, Brazil) and dexamethasone (390 ng/mL) (Sigma-Aldrich, China). Also troglitazone 

(2.24 μg/mL) (Parke-Davis Pharmaceutical Research Division of Warner-Lambert Company, 

USA) was added to GSTA4-silenced cells and their control cells. Two days after 

differentiation the cells were fed with DMEM containing 10% fetal bovine serum and insulin 

(10 μg/mL). Four days after differentiation and every two days thereafter the cells were fed 

with DMEM containing 10% fetal bovine serum.  

2.2 Sample preparation 

2.2.1 Whole cell extract from 3T3-L1 adipocyte 

Seven to nine days after differentiation the cells were washed 2 times in PBS and then 200 μL 

Western lysis buffer (50 mM Tris, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1 

mM Na P207, 1% triton-X100, 0.1% SDS, 1 tablet/10 mL protease inhibitor, 2 μg/mL 

pepstatin, 10 μl/mL phosphatase inhibitor II, 10 μl/mL phosphatase inhibitor III, pH 7.4) was 

added to each well on the 6 well plates. The cells were detached using a cell scraper and 

transferred into a 1.5 mL tube. The cells were sonicated on setting 3-4 for 10 seconds on ice 

(Ultrasonic Processor XL, Misonix, USA) and then centrifuged  for 10 minutes (1,000 x g, 4 

˚C, Microfuge Lite Centrifuge, Beckman Coulter, USA). The supernatant was transferred into 

a 1.5 mL tube and stored at -80 ˚C.  

2.2.2 Isolation of cytoplasm and mitochondria from 3T3-L1 adipocyte 

Seven to nine days after differentiation the cells were washed 2 times in PBS and then 1 mL 

Mito wash buffer (20 mM Tris, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.1 mM 

EGTA, 1 tablet/10 mL protease inhibitor, 2 μg/mL pepstatin, 10 μl/mL phosphatase inhibitor 

II, 10 μl/mL phosphatase inhibitor III, pH 7,4) was added to each 10 cm plate. The cells were 

detached using a cell scraper and 2-3 plates were pooled into a 15 mL tube. The cells were 

homogenized using a glass Teflon homogenizer (Glas-Col, USA) at speed 15 (around 1,600 

rpm) doing 20 strokes on each sample. The cells were centrifuged for 10 minutes (700 x g, 4 

˚C, Allegra 6R Centrifuge, Beckman Coulter, USA).  The supernatant was collected and 

transferred to another tube and centrifuge for 10 minutes (10 000 rpm, J2-MC Centrifuge, JA-

17 rotor, 4 ˚C). The supernatant (cytoplasm) was collected and transferred to 1.5 mL tubes 

and stored at -80 ˚C. The pellet (mitochondria) was resuspended in 200 μl Western lysis 

buffer (50 mM Tris, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1 mM Na P207, 

1% triton-X100, 0.1% SDS, 1 tablet/10 mL protease inhibitor, 2 μg/mL pepstatin, 10 μl/mL 

phosphatase inhibitor II, 10 μl/mL phosphatase inhibitor III, pH 7.4) and transferred to 1.5 

mL tubes. The mitochondria were sonicated on setting 3-4 for 10 seconds on ice (Ultrasonic 

Processor XL, Misonix, USA) and then centrifuged for 10 minutes (10,000 x g, 4 ˚C, 

Microfuge Lite Centrifuge, Beckman Coulter, USA). The supernatant were transferred to 1.5 

mL tubes and stored at -80 ˚C.  

2.3 Protein concentration determination 

5 μL of bovine serum albumin (BSA, Sigma-Aldrich, USA) standard (5, 2.5, 1.25, 0.625, 

0.3125, 0.156 and 0.00 mg/mL) and unknowns was loaded onto a 96 assay plate in duplicate. 
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200 μL BCA master mix (Bicinchoninic Acid solution (Sigma, USA) containing 1/50 volume 

Cu2SO4) was added to each well, covered with parafilm and incubated at 37 ˚C for 30 minutes 

(Cell incubator, HERA cell 150, Thermo scientific, USA). The absorbance was measured at 

555 nm and the protein concentration was calculated using linear regression of the standard 

curve.  

2.4 SDS-PAGE gel electrophoresis 

2.4.1 SDS-PAGE gel preparation 

If needed, the bottom was sealed with 1 mL separating gel solution (Appendix 2) containing 5 

μL tetramethylethylenediamine (TEMED) and then the separating gel solution was added to 

the glass plate structure. Water containing 0.1% sodium dodecyl sulfate (SDS) was added to 

get rid of bubbles. When the separating gel had polymerized the water containing 0.1% SDS 

was removed and the stacking gel solution (Appendix 3) was added.  

2.4.2 Sample preparation 

1/3 parts of DNS (40 mM Tris pH 6.8, 4 mM EDTA, 4% SDS, 20% beta-mercaptoethanol, 

30% glycerol, a pinch of bromophenol blue) was added to each sample. All samples was 

boiled at 95 ˚C for 5 minutes (Standard heatblock, VWR Scientific products, USA), 

centrifuged at max speed for 5 minutes (Brushless Microcentrifuge, Denville 26OD, Denville 

scientific, USA) and then loaded onto the gel.  

2.4.3 Electrophoresis 

 The gel was set up in the running apparatus and SDS-PAGE running buffer (25 mM Tris, 192 

mM Glycine, 0.1% SDS) was added. Mini gels were run at 100 voltages for around 2 hours 

and large gel at 45-60 voltage over night. The running was stopped when the blue band could 

be seen in the bottom of the gel.  

2.4.4 Transfer protein from gel to PVDF Immobilion-FL membrane 

The stacking gel was removed and the separating gel was equilibrated in Transfer buffer (25 

mM Tris, 192 mM Glycine, 20% methanol) for around 5 minutes. The PVDF Immobilion-FL 

membrane (Millipore, USA) was activated by briefly wetting it in 100% methanol and then 

equilibrated in Transfer buffer. The gel and the PVDF Immobilion-FL membrane was put 

together in a cassette in the following order: clear cassette – pad – filter paper – PVDF 

Immobilion-FL membrane – gel – filter paper – pad – black cassette. The cassette was put in a 

container and Transfer buffer was added. The transfer was made at 100 voltages for 90-120 

minutes (Electrophoresis Systems FB 135, FisherBiotech, Fisher Scientific, USA). Either an 

ice cube was put in the container and the transfer was made in room temperature or the 

transfer was made at 4 ˚C in a cold room. 

2.4 Western Blot  

2.5.1 Detection of lysine acetylation 

The membrane was rinsed in PBS and then Blocking buffer (50% Licor Blocking buffer 

(Odyssey, LI-COR, USA), 50% PBS) was added and incubated over night at 4 ˚C or for at 

least 2 hours at room temperature with gentle shaking. The Blocking buffer was removed and 

primary antibody (1:1000 rabbit anti-acetylated-lysine antibody (Cell Signaling 

TECHNOLOGY) diluted in 5% BSA/0.1% Tween-20 (SigmaUltra, Sigma-Aldrich, USA 

)/PBS) was added and the membrane was incubated at 4 ˚C with gentle shaking over night. 

The membrane was washed 5 times for around 5 minutes in PBS/0.1% Tween-20 at room 

temperature with gentle shaking. Secondary antibody (1:10 000 goat anti-rabbit antibody 
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(ODYSSEY, LI-COR Biosciences), diluted in 50% 5% BSA/PBS/0.1% Tween-20 and 50% 

PBS/0.1% Tween-20) was added and   the membrane was incubated at room temperature for 

60 minutes with gentle shaking, protected from light. The membrane was washed 8 times for 

around 5 minutes in PBS/0.1% Tween-20 at room temperature with gentle shaking, protected 

from light. The membrane was rinsed in PBS and then lysine acetylation was detected at 700 

nm in the Odyssey scanner (LI-COR Biosciences, USA). The scanning was done with a 

resolution of 84 μm, a medium quality and an intensity of 6. The quantification was made in 

program Odyssey V3.0 and calculated in Microsoft Office Excel 2007. 

2.5.2 Re-blotting with β-actin 

The dried PVDF Immobilion-FL membrane was re-activated by briefly wetting it in 100% 

methanol. It was washed 5 times for around 5 minutes in PBS/0.1% Tween-20 at room 

temperature with gentle shaking. Primary antibody (1:2000 mouse anti-β-actin antibody 

(Sigma-Aldrich, Israel) diluted in 5% BSA/PBS/0.1% Tween-20) was added and the 

membrane was incubated at room temperature for 2 hours with gentle shaking. The membrane 

was washed 5 times for around 5 minutes in PBS/0.1% Tween-20 with gentle shaking. 

Secondary antibody (1:10 000 goat anti-mouse antibody (Odyssey, LI-COR Biosciences) 

diluted in 50% 5% BSA/PBS/0.1% Tween-20 and 50% PBS/0.1% Tween-20) was added and 

the membrane was incubated at room temperature for 60 minutes with gentle shaking, 

protected from light. The membrane was washed 8 times for around 5 minutes in PBS/0.1% 

Tween-20 at room temperature with gentle shaking, protected from light. The membrane was 

rinsed in PBS and then detected at 800 nm in the Odyssey scanner. The scanning was done 

with a resolution of 84 μm, a medium quality and an intensity of 6. The quantification was 

made in program Odyssey V3.0 and calculated in Microsoft Office Excel 2007.  

2.5.3 Detection of lysine acetylation and β-actin 

The membrane was rinsed in PBS and then Blocking buffer (50% Licor Blocking buffer, 50% 

PBS) was added and incubated over night at 4 ˚C or for at least 2 hours at room temperature 

with gentle shaking. The Blocking buffer was removed and primary antibody (1:1000 rabbit 

anti-acetylated-lysine antibody diluted in 5% BSA/0.1% Tween-20/PBS) was added and the 

membrane was incubated at 4 ˚C with gentle shaking over night. The membrane was washed 

5 times for around 5 minutes in PBS/0.1% Tween-20 at room temperature with gentle 

shaking. The second primary antibody (1:2000 mouse anti-β-actin antibody diluted in 5% 

BSA/0.1% Tween-20/PBS) was added and the membrane was incubated at room temperature 

for 2 hours with gentle shaking. Secondary antibody (1:10 000 goat anti-rabbit antibody and 

1:10 000 goat anti-mouse antibody diluted in 50% 5% BSA/0.1% Tween-20/PBS and 50% 

PBS/0.1% Tween-20) was added and   the membrane was incubated at room temperature for 

60 minutes with gentle shaking, protected from light. The membrane was washed 8 times for 

around 5 minutes in PBS/0.1% Tween-20 at room temperature with gentle shaking, protected 

from light. The membrane was rinsed in PBS and then lysine acetylation was detected at 700 

nm and β-actin was detected at 800 nm in the Odyssey scanner. The scanning was done with a 

resolution of 84 μm, a medium quality and an intensity of 6. The quantification was made in 

program Odyssey V3.0 and calculated in Microsoft Office Excel 2007. 

2.5.4 Detection of MnSOD  

The membrane was rinsed in PBS and then Blocking buffer (50% Licor Blocking buffer, 50% 

PBS) was added and incubated over night at 4 ˚C or for at least 2 hours at room temperature 

with gentle shaking. The Blocking buffer was removed and primary antibody (1:1000 rabbit 

anti-MnSOD antibody (Assay designs, Stressgen, Enzo Life Sciences) diluted in 5% 

BSA/0.1% Tween-20/PBS) was added and the membrane was incubated at 4 ˚C with gentle 

shaking over night. The membrane was washed 5 times for around 5 minutes in PBS/0.1% 
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Table 1 Total differentiation when harvested, extracts 

from GSTA4-silenced adipocytes and their control 

cells.  

Tween-20 at room temperature with gentle shaking. Secondary antibody (1:10 000 goat anti-

rabbit antibody diluted in 50% 5% BSA/0.1% Tween-20/PBS and 50% PBS/0.1% Tween-20) 

was added and   the membrane was incubated at room temperature for 60 minutes with gentle 

shaking, protected from light. The membrane was washed 8 times for around 5 minutes in 

PBS/0.1% Tween-20 at room temperature with gentle shaking, protected from light. The 

membrane was rinsed in PBS and then detected at 700 nm in the Odyssey scanner. The 

scanning was done with a resolution of 84 μm, a medium quality and an intensity of 6. The 

quantification was made in program Odyssey V3.0 and calculated in Microsoft Office Excel 

2007. 

2.6 Statistical analysis 

Statistical significance was determined using the two-tailed Student t test. P values < 0.05 are 

considered significant (*) with an increased significance of P value < 0.01 and < 0.001 

indicated (**) and (#) respectively.  

3 Results 

3.1 Sample preparation  

The cells were harvested 7-9 days after differentiation. Passage 3-6 was used for experiments 

with GSTA4-silenced adipocytes whereas only passage 3 and 4 was used for experiments 

with wild type adipocytes. All passages had a total differentiation of 60-90% when harvested 

(Table 1 and 2). BCA analysis was used to estimate the protein concentration in each sample.  

To calculate the protein concentration linear regression of the standard curve from Bovine 

Serum Albumin (BSA) was used (Figure 10).  

The protein concentration from GSTA4-silenced adipocytes and their control cells in whole 

cell extract were ranging from 1.8-4.3 mg/mL, cytoplasm extracts were ranging from 0.7-1.8 

mg/mL and mitochondria extracts were ranging from3.2-8.7 mg/mL (Appendix 6). The 

protein concentration from wild type adipocytes in whole cell extract were ranging from 1.7-

2.3 mg/mL, cytoplasm extract were ranging from 0.5-0.9 mg/mL and mitochondria extract 

were ranging from 1.8-2.9 mg/mL (Appendix 7).  

   

        

 

 

 

Sample Diff. % 

Whole cell 

Passage 3 70 

Cytoplasm/Mitochondria 

Passage 3 80 

Passage 4 80 

Sample GSTA4  (%) Control  (%) 

Whole cell 

 

  

Passage 3 90 85 

Passage 5 90 70 

Passage 6 80 60 

Cytoplasm/Mitochondria     

Passage 4 90 80 

Passage 5 90 90 

Passage 6 80 60 

Table 2 Total differentiation when 

harvested, extracts from wild type 

adipocytes. 
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3.2 Method Optimization 

To evaluate the detection ability of acetylated-lysine antibody in 3T3-L1 adipocytes two 8% 

mini gels were run with samples of different extracts and different protein amounts (provided 

by Wendy Hahn, Bernlohr Lab, BMBB, University of Minnesota, USA). One gel was loaded 

with 40 μg protein in each well containing whole cell and mitochondria extracts from 

GSTA4-silenced adipocytes and their control cells (Figure 5A). The other gel was loaded with 

10 μg protein respectively 100 μg protein containing mitochondria extracts from the control 

cells (Figure 5B).  

As seen in figure 5, acetylated-lysine could be detected in both whole cell extract and 

mitochondria extract (Figure 5A) and the acetylation were detectible within the range of 10-
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Figure 5 Detection of lysine acetylation in 3T3-L1 adipocytes.  SDS-PAGE gel 

electrophoresis on 8% mini gels followed by Western Blot using acetylated-lysine antibody 

(1:1000) and then a fluorescently labeled goat anti-rabbit antibody (1:10 000). A) 40 μg 

protein in each well. 1 and 9) Ladder.  2-3) Whole cell extract from control cells.  4-5) Whole 

cell extract from GSTA4-silenced adipocytes.  6-7) Mitochondria extracts from GSTA4-

silenced adipocytes.  8) Mitochondria extracts from control cells.   B) Detection limit. 1) 

Ladder.  2 and 4) 10 μg protein amount.  3 and 5) 100 μg protein amount.    

 

Figure 10 Bovine Serum Albumin (BSA) standard curve from a BCA analyze made on whole 

cell extract from GSTA4-silenced adipocytes, passage 3. Absorbance was measured at 555 

nm and the concentration of BSA was 5, 2.5, 1.25, 0.625, 0.3125, 0.156 and 0 mg/mL. Linear 

regression of the standard curve (y) was used to calculate the protein concentration (C) in 

each sample.   
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100 μg protein (Figure 5B). Unfortunately, the separation ability of the gel was not sufficient 

enough thou only eight out of ten standard protein bands of the ladder were visible on these 

gels. 

To improve the separation ability a 15% mini gel was used for the second experiment. Six 

samples of GSTA4-silenced adipocytes and control cells (whole cell extract) were loaded 

onto the gel with a protein amount of 20 μg per well (provided by Wendy Hahn, Bernlohr 

Lab, BMBB, University of Minnesota, USA). The separation was improved, as all ten 

standard protein bands of the ladder were visible (Figure 6).  

To evaluate the incubation time of the primary antibody (acetylated-lysine antibody) the 

membrane was incubated at room temperature for 60 minutes. Only a very weak signal was 

seen (Figure 6A) so the membrane was incubated with primary antibody for a second time at 

4 ˚C over night. The signal was improved (Figure 6B) but the acetylation pattern was not the 

same as in the first experiment as only 2 bands could be seen on this gel. Interestingly, reused 

primary antibody was used in this experiment while fresh antibody was used in the first 

experiment (Figure 5).  

 

 

 

To improve the separation ability even more a 15% large gel was used for the third 

experiment. Six samples from GSTA4-silenced adipocytes and their control cells (whole cell 

extract) were loaded onto the gel with a protein amount of 70 μg per well (provided by Jessica 

M. Curtis, Bernlohr Lab, BMBB, University of Minnesota, USA). The separation was 

improved and a lot of new protein bands were seen (Figure 7). This type of gel was chosen to 

be used in further experiment.   

Figure 6 Detection of lysine acetylation in whole cell extract (20 μg) from GSTA4-silenced 

adipocytes. SDS-PAGE gel electrophoresis on a 15% mini gel followed by Western Blot using 

acetylated-lysine antibody (1:1000) and then a fluorescently labeled goat anti-rabbit antibody 

(1:10 000). A) Primary antibody incubated for 60 minutes. B) An additional incubation time 

with the primary antibody over night. L = Ladder, Kd = Knockdown of GSTA4, C = Control 

cells   
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The experiment was made in triplicate where the first gel were incubated with fresh primary 

antibody (acetylated-lysine antibody) and the second and third gel were incubated with reused 

primary antibody spiked with 3 μL fresh antibody. All three gels showed a similar acetylation 

pattern with abundant acetylation around 15 kilo Dalton (kDa) (Figure 7). However, the 

difference between GSTA4-silenced adipocytes and their control cells that could be seen on 

the first membrane, incubated with fresh primary antibody, when comparing protein band 

250-20 kDa were starting to disappear on the other two membranes which had been incubated 

with reused primary antibody (Appendix 4). Additionally, the error bars were larger when 

using reused primary antibody. Furthermore, protein band at 36 and 49 kDa showed a 

significant difference between GSTA4-silenced adipocytes and the control cells on the 

membrane incubated with fresh primary antibody but they was not  significant on the other 

two membranes incubated with reused primary antibody (Appendix 5).  

The fourth experiment was made on whole cell extract from own growing adipocytes. Six 

samples of GSTA4-silenced adipocytes and six samples of control cells were loaded onto the 

gel with a protein amount of 70 μg per well and every sample was made in duplicate. The first 

membrane was incubated with fresh primary antibody (acetylated-lysine antibody) whereas 

the second membrane was incubated with reused primary antibody spiked with 3 μl fresh 

antibody. As seen in figure 8 the fluorescence signal was significantly decreased when using 

reused primary antibody. Furthermore, the significant difference that was seen between 

GSTA4-silenced adipocytes and control adipocytes when quantifying the membrane 

incubated with fresh primary antibody (Figure 9A) could not be seen on the membrane 

incubated with reused primary antibody (Figure 9B). These findings resulted in the decision 

to only use fresh antibody for detection of lysine acetylation.  

Figure 7 Detection of lysine acetylation in whole cell extract (70 μg) from GSTA4-silenced 

adipocytes (Gel 1). SDS-PAGE gel electrophoresis on a 15% large gel followed by Western 

Blot using acetylated-lysine antibody (1:1000) and then a fluorescently labeled goat anti-

rabbit antibody (1:10 000). L= Ladder, Kd = Knockdown of GSTA4, C = Control cells 
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3.3 GSTA4-silenced adipocytes  

3.3.1 Whole cell 

The first two experiments that were made with acetylated-lysine antibody on whole cell 

extracts seemed to have an increase of acetylated proteins in GSTA4-silenced adipocytes 

compare to control cells. In the first experiment there was a visible difference (Figure 5). 

Furthermore, the second experiment showed also a visible increase of acetylated proteins in 

 Figure 8 Detection of lysine acetylation in whole cell extract (70 μg) from GSTA4-silenced 

adipocytes and control cells from passage 3. SDS-PAGE gel electrophoresis on a 15% 

large gel followed by Western Blot using acetylated-lysine antibody (1:1000) and then a 

fluorescently labeled goat anti-rabbit antibody (1:10 000). A) Fresh primary antibody. B) 

Reused primary antibody spiked with 3 μL fresh antibody. L = Ladder, Kd = Knockdown 

of GSTA4, C = Control cells 

 

Figure 9 Quantification of lysine acetylation on whole cell extract from GSTA4-silenced 

adipocytes. A) Fresh primary antibody. B) Reused primary antibody spiked with 3 μl fresh 

antibody.   * = p < 0.05  ** = p < 0.01 
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GSTA4-silenced adipocytes compared to control cells so quantification was made on the two 

bands located around 15 kDa, i.e. protein band 16 and 13 kDa (Figure 6B). Interestingly, 

these results showed that GSTA4-silenced adipocytes had a significant increase of acetylated 

proteins when both band were compared together (p < 0.05) (Figure 11). This increase in 

GSTA4-silenced adipocytes was about 46% compared to control cells. When comparing the 

two protein bands separately only the upper band, protein band at 16 kDa, showed significant 

increase of acetylation in GSTA4-silenced adipocytes (p < 0.01) whereas the lower band, 

protein band at 13 kDa, were close to significance (p = 0.07).  Protein band at 16 kDa had a 

59% increase of lysine acetylation in GSTA4-silenced adipocytes whereas protein band at 13 

kDa had an increase of 43%. 

 

 

 

 

However, the third experiment made on whole cell extract showed surprisingly the opposite 

result, i.e. GSTA4-silenced adipocytes had a decrease of acetylated proteins compare to 

control cells (Figure 12). Approximately a 17% decrease of acetylated proteins was seen in 

GSTA4-silenced adipocytes when comparing all protein bands, however, only one of three 

analyses showed that the decrease were significant (p < 0.01). Because the protein bands 

around 15 kDa had a much stronger signal than the protein bands ranging from 250-20 kDa 

they were analyzed separately. The decrease of acetylation in GSTA4-silenced adipocytes in 

both areas was approximately the same as when comparing all protein bands. However, the 

decrease of acetylation on protein band 250-20 kDa was starting to disappear in the other two 

analyses which were made with reused primary antibody.    

Figure 11 Quantification of lysine acetylation on whole cell extract from GSTA4-silenced 

adipocytes. * = p < 0.05 ** = p < 0.01 
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To investigate lysine acetylation in whole cell extract further, six samples from GSTA4-

silenced adipocytes and six samples from the control cells were loaded with a protein amount 

of 70 μg per well. The experiment was done on passage 3, 5 and 6. Passage 3 and 5 were 

made in duplicate but unfortunately one of the gels from passage 5 did not work properly.  

Passage 6 and the first gel made on passage 3 (Figure 8A) was incubated with fresh primary 

antibody (acetylated-lysine antibody) while passage 5 (Figure 13A) and the other gel made on 

passage 3 (Figure 8B) was incubated with reused primary antibody spiked with 3 μl fresh 

antibody.  

The acetylation pattern was similar on all four gels and also similar with experiment 3. 

However, as mentioned before, the fluorescence signal was significantly decreased when 

using reused primary antibody (Figure 8).  

The expression level of β-actin was used as the loading control on passage 5 and 6 and there 

results are therefore β-actin adjusted. Beta-actin is a cytoskeletal protein with a molecular 

weight of 42 kDa. Beta-actin was fluorescently labeled with goat-anti mouse antibody (red) 

whereas lysine acetylation was fluorescently labeled with goat-anti rabbit antibody (green) so 

both detections could be done on the same gel. The loading procedure seemed to work out 

well as β-actin seemed to be approximately in the same amount in all samples (Figure 13). 

All six samples from each passage were not included in the quantification because of staining 

defects such as undefined black spots. Usually 4-6 samples were quantified in each passage 

except in passage 3 when the control cells only included 3 of six samples, when comparing all 

protein bands.     
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Figure 12 Quantification of lysine acetylation on whole cell extract from GSTA4-silenced 

adipocytes, seen in figure 7. Control cells have an increase of acetylated proteins compared 

to GSTA4-silenced adipocytes when comparing all protein bands (250-10 kDa), protein 

band 250-20 kDa  and protein band  20-10 kDa.  
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When comparing all proteins bands 2 out of three passages had an increase of acetylated 

proteins in GSTA4-silenced adipocytes compare to control cells (Figure 14A). However, only 

passage 6 was significant with approximately a 50% increase of acetylated proteins in 

GSTA4-silenced cells (p < 0.01). Passage 3 were close to significance and had approximately 

a 20% increase of acetylated proteins in GSTA4-silenced cells (p = 0.08). Interestingly, 

passage 5 had approximately a 20% decrease of acetylated proteins in GSTA4-silenced cells.  

However, when comparing protein band 250-20 kDa all three passages had an increase of 

acetylated proteins in GSTA4-silenced adipocytes compare to control cells, where passage 5 

and 6 were significantly increased (p < 0.05 respectively p < 0.01) (Figure 14B). Passage 3 

had an increase of approximately 10%, passage 5 30% and passage 6 50%.  

When comparing protein band 20-10 kDa passage 3 had a significantly increase of acetylated 

proteins in GSTA4-silenced cells (p < 0.01), approximately a 30% increase (Figure 14C). 

However, passage 5 showed the opposite and had approximately a 30% decrease of acetylated 

proteins in GSTA4-silenced cells. Unfortunately, the region between 20-10 kDa on the 

membrane of passage 6 were blurry and could not be quantified.  

Interestingly, when comparing specific protein bands 2 protein bands, one at around 36 kDa 

(Figure 14D) and one at around 49 kDa (Figure 14E), had a significant increase of acetylated 

proteins in GSTA4-silenced adipocytes compare to control cells in all three passages (p < 

0.05). The increase of acetylation in GSTA4-silenced cells at 36 kDa was ranging from 38-

69% and at 49 kDa from 28-63%. There were also other protein bands that had a significant 

Figure 13 Detection of lysine acetylation in whole cell extract (70 μg) from GSTA4-silenced 

adipocytes (passage 5). SDS-PAGE gel electrophoresis was done on a 15% large gel.  A) 

Western Blot using reused acetylated-lysine antibody (1:1000), spiked with 3 μL newly fresh 

antibody, and then a fluorescently labeled goat anti-rabbit antibody (1:10 000). B) Membrane 

in A were stripped and then a Western Blot were done using β-actin antibody (1:2000) and 

then a fluorescently labeled goat anti-mouse antibody (1:10 000). L = Ladder, Kd = 

Knockdown of GSTA4, C = Control cells 
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increase of acetylation in GSTA4-silenced cells such as protein band at around 13, 16, 25, 30, 

46 and 65 kDa, but this was just seen in one or two of the three passages.      

 

   

 

 

3.3.2 Cytoplasm 

To investigate lysine acetylation in cytoplasm 5-6 samples from GSTA4-silenced adipocytes 

and from control cells were loaded with a protein amount of 70-100 μg per well. The 

experiment was done on passage 4, 5 and 6 and 3-6 sample of each cell line were quantified. 

β-actin was used as a loading control. 

Passage 4 and 5 showed a similar acetylation pattern while passage 6 looked different from 

the other two (Figure 15). Passage 6 was analyzed in duplicate and showed the same 

acetylation pattern in both analyses.   

Figure 14 Quantification of lysine acetylation on whole cell extract from GSTA4-silenced 

adipocytes. A) All protein bands ranging from 250-10 kDa. B) Protein band 250-20 kDa. 

C) Protein band 20-10 kDa. D) Protein band at around 36 kDa. E) Protein band at around 

49 kDa.   * = p < 0.05   ** = p < 0.01 
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When comparing all protein bands there was a significant increase of acetylated proteins in  

GSTA4-silenced cells compare to control cells in passage 4 and 6 (p < 0.05) and passage 5 

was very close to significance (p = 0.052) (Figure 16A). Passage 4 and 6 had a 33-35% 

increase of acetylation in GSTA4-silenced cells while passage 5 had an increase of 24%.  This 

increase was also seen when comparing protein band 250-20 kDa, ranging from 27-37%, but 

it was just significant in passage 6 (Figure 16B). Passage 4 and 5 had high error bars compare 

to passage 6. When comparing protein band 20-10 kDa there was some increase of acetylated 

proteins in GSTA4-silenced cells but it was not as obvious as when comparing all protein 

bands (Figure 16C). Passage 5 and 6 had an increase of 15-17% while passage 4 had an 

increase of 48%. However, passage 4 had high error bars and was just close to significance (p 

= 0.08).  

 

There were some specific protein bands that had a significant increase of acetylation in 

GSTA4-silenced adipocytes, such as protein bands at around 13, 25, 33, 43 and 49 kDa, but 

this was just seen in one of the three passages. The most dominant band was protein band at 

36 kDa where 2 out of three passages had a significant increase of acetylation in GSTA4-

silenced cells (p < 0.001) (Figure 16D). Passage 4 and 6 had a 38% respectively 61% increase 

of acetylation in GSTA4-silenced cells while passage 5 only had an increase of 13%. As seen 

in figure 16D, passage 5 had also really high error bars.   

 

Figure 15 Cytoplasm (70 μg) from GSTA4-silenced adipocytes. A) Detection of lysine 

acetylation on passage 5. B) Detection of lysine acetylation on passage 6. C) Detection of β-

actin on passage 5. D) Detection of β-actin on passage 6. L = Ladder, Kd = Knockdown of 

GSTA4, C = Control cells 
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3.3.3 Mitochondria 

To investigate lysine acetylation in mitochondria 5-6 samples from GSTA4-silenced 

adipocytes and from control cells were loaded with a protein amount of 70 μg per well. The 

experiment was done on passage 4, 5 and 6 and 4-6 sample of each cell line were quantified. 

Manganase-containing superoxide dismutase (MnSOD) was used as a loading control. 

MnSOD is a mitochondrial protein with a molecular weight of 25 kDa responsible for the 

elimination of superoxide anion.  Unfortunately, both MnSOD antibody and acetylated-lysine 

antibody were produced in the same host so they had to be detected separately because of 

possible overlapping of visible protein bands.  

All three passages looked similar and had a different acetylation pattern compare to whole 

cell extract (Figure 17). When comparing all protein bands only passage 6 had a significant 

increase of acetylated proteins in GSTA4-silenced adipocytes compare to control cells (p < 

0.05), with approximately an increase of 34%, while the other two passages did not show any 

difference at all (Figure 18A). The same result was seen when comparing protein band 

between 250-20 kDa (Figure 18B). At 20-10 kDa passage 4 had a little increase of acetylated 

proteins in GSTA4-silenced cells while passage 5 did not show any difference and passage 6 

could not be quantified because of staining defects (Figure 18C).  

Figure 16 Quantification of lysine acetylation in cytoplasm from GSTA4-silenced 

adipocytes, β-actin adjusted. Passage 6 quantification has been multiplied by 10. A) 

Protein band 250-10 kDa. B) Protein band 250-20 kDa. C) Protein band 20-10 kDa. D) 

Protein band at 36 kDa.  * = p < 0.05   ** = p < 0.01   # = p < 0.001 
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When comparing specific protein bands there were a few protein bands that had a significant 

increase of acetylation in GSTA4-silenced adipocytes such as protein bands at around 13 and 

80 kDa, but this was not consistent and was only seen in one of the three passages.  

 

 

 

 

 

 

 

 

3.4 Wild type adipocytes treated with TNF-α 

3.4.1 Whole cell 

To investigate lysine acetylation in whole cell extract from wild type adipocytes treated with 

TNF-α 12 samples from TNF-α treated cells and from control cells were loaded onto two 

different gels. The cells were treated with TNF-α for 16 hours with a concentration of 100 

ng/mL. Both gels looked similar in the acetylation pattern however Gel 2 had some staining 

defects (Figure 19).  

Figure 17 Mitochondria (70 μg) from GSTA4-silenced adipocytes. A) Detection of lysine 

acetylation on passage 5. B) Detection of MnSOD on passage 5. L = Ladder, Kd = 

Knockdown of GSTA4, C = Control cells 

 

 

Figure 18 Quantification on lysine acetylation in mitochondria from GSTA4-silenced 

adipocytes, MnSOD adjusted. A) Protein band 250-10 kDa. B) Protein band 250-20 kDa.     

C) Protein band 20-10 kDa.  * = p < 0.05 
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There was not any difference between TNF-α treated cells and control cells when comparing 

all protein band (250-10 kDa), protein band 250-20 kDa or protein band 20-10 kDa in neither 

gels (Figure 20A). However, when comparing specific protein bands, there was a difference 

in the acetylation at 49, 65 and 125 kDa (Figure 20B and C). The acetylation was decreased in 

TNF-α treated cells compare to control cells in protein band at 49 and 65 kDa. However, the 

decrease was just significant in Gel 2 (p < 0.05). Protein band at 49 kDa had a 23-33% 

decrease of acetylation in TNF-α treated cells compare to control cells while protein band at 

65 kDa had a 14-33% decrease.  Protein band at 125 kDa had a 43% significant increase of 

acetylation in TNF-α treated cells compare to control cells but this was just detectable in Gel 

2 (p < 0.05).  

 

 

 

Figure 20 Quantification of lysine acetylation in whole cell extract from wild type 

adipocytes (passage 3) treated with TNF-α for 16 hours, β-actin adjusted. A) Gel 1. B) 

Quantification of specific protein bands on Gel 1. C) Quantification of specific protein 

bands on Gel 2.   * = p < 0.05  

Figure 19 Whole cell extract from wild type adipocytes treated with TNF-α (100 ng/mL) for 

16 hours. A) Detection of acetylated-lysine on passage 3, Gel 1. B) Detection of β-actin on 

passage 3, Gel 1.  L = Ladder, T = TNF-α treated cells, C = Control cells 
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Figure 21 Cytoplasm 

from wild type 

adipocytes (passage 4) 

treated with TNF-α (25 

ng/mL) for 16 hours. A) 

Detection of lysine 

acetylation. B) Detection 

of β-actin.    L = Ladder, 

T = TNF-α treated cells, 

C = Control cells 

3.4.2 Cytoplasm 

To investigate lysine acetylation in cytoplasm from TNF-α 

treated wild type adipocytes passage 3 and 4 was used, 

containing 3 samples of TNF-α treated cells and 2 control cells in 

each passage. The cells were incubated with 25 ng/mL TNF-α 

for 16 hours. Both passages showed the same acetylation pattern 

and the most abundant protein band in TNF-α treated cells were 

protein band at 15 kDa (Figure 21).  

When comparing all protein bands (250-10 kDa) and protein 

band 20-10 kDa there was a significant increase of acetylated 

proteins in TNF-α treated cells compare to control cells in 

passage 3 (Figure 22A). TNF-α treated cells had a 65% increase 

of acetylated proteins when comparing all protein bands and a 

67% increase when comparing protein band 20-10 kDa. Even 

protein band 250-20 kDa had a 57% increase of acetylated 

proteins in TNF-α treated cells, which was very close to 

significance (p = 0.06).  

The same trend was also seen in passage 4, however, the error 

bar in passage 4, when comparing all protein bands (250-10 

kDa) and protein band 250-20 kDa, were extremely high so only 

protein band 20-10 kDa had a significant increase of acetylated 

proteins in TNF-α treated cells compare to control cells (Figure 

22B). TNF-α treated cells had a 46% increase of acetylated 

proteins when comparing all protein bands (250-10 kDa), a 33% 

increase when comparing protein band 250-20 kDa and a 60% 

increase when comparing protein band 20-10 kDa.  

Quantification of specific protein bands showed that protein band at 15 kDa had a significant 

increase of acetylation in TNF-α treated cells compare to control cells in both passages 

(Figure 22 C and D). The increase in passage 3 was 63% and in passage 4 52%. The same 

trend was seen on protein band at 13 kDa, however, only passage 4 had a significant increase 

of lysine acetylation in TNF-α treated cells (p < 0.05), with an increase of 56%, whereas 

passage 3 were close to significance (p = 0.06), with an increase of 86%. Interestingly, protein 

band at 49 kDa in passage 4 had a significant decrease of acetylation in TNF-α treated cells 

compare to control cells, with a decrease of 41%. The same trend was also seen in passage 3, 

however, the decrease was only 27%.   
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3.4.3 Mitochondria 

To investigate lysine acetylation in mitochondria from wild type adipocytes treated with TNF-

α passage 3 and 4 was used, containing 3 samples of TNF-α treated cells and 2 control cells in 

each passages. The cells were incubated with TNF-α for 16 hours with a concentration of 25 

ng/mL. MnSOD was used as a loading control. 

Both passages showed the same acetylation pattern with abundant acetylation on protein band 

at around 70, 40, 16 and 13 kDa (Figure 23A). When comparing all protein bands there was 

no difference between TNF-α treated cells and control cells and this was also the case when 

comparing protein band 250-20 kDa and 20-10 kDa (Figure 23C and D). The only protein 

band that showed some difference was protein band at 16 kDa which had a 47-56% increase 

of acetylation in TNF-α treated cells compare to control cells but this was not significant 

(Figure 23E).  

Figure 22 Quantification of lysine acetylation in cytoplasm from wild type adipocytes 

treated with TNF-α (25 ng/mL) for 16 hours, β-actin adjusted. A) Passage 3. B) Passage 4. 

C) Specific protein bands in passage 3. D) Specific protein bands in passage 4.                    

* = p < 0.05 ** = p < 0.01 
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3.5 Wild type adipocytes treated with IL-6  

3.5.1 Cytoplasm 

To investigate lysine acetylation in cytoplasm from IL-6 treated cells passage 3 and 4 was 

used, containing 3 samples of IL-6 treated cells and 2 control cells. The cells were incubated 

with IL-6 for 16 hours with a concentration of 25 ng/mL. β-actin was used as a loading 

control.  

Both passages showed the same acetylation pattern as seen in figure 24. The quantification 

showed that there was no difference between IL-6 treated cells and control cells (Figure 24C 

and D) which could also be seen on the membrane (Figure 24A). In addition no specific 

protein band showed a difference between the treated cells and the control cells.   

Figure 23 Mitochondria from wild type adipocytes treated with TNF-α (25 ng/ml) for 16 

hours. A) Detection of lysine acetylation on passage 3. B) Detection of MnSOD on passage 

3. C) Quantification of lysine acetylation on passage 3, MnSOD adjusted. D) Quantification 

of lysine acetylation on passage 4, MnSOD adjusted. E) Quantification of lysine acetylation 

on protein band 16 kDa, MnSOD adjusted.  L = Ladder, T = TNF-α treated cells,               

C = Control cells 
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3.5.2 Mitochondria 

To investigate lysine acetylation in mitochondria from wild type adipocytes treated with IL-6 

passage 3 and 4 was used, containing 3 samples of IL-6 treated cells and 2 control cells in 

each passages. The cells were incubated with IL-6 for 16 hours with a concentration of 25 

ng/mL. MnSOD was used as a loading control. 

The acetylation pattern on both passages looked similar (Figure 25A). In passage 3 there was 

not any difference between IL-6 treated cells and control cells (Figure 25C). However, in 

passage 4 there was a decrease of acetylated proteins in IL-6 treated cells compare to control 

cells when comparing all protein band (250-10 kDa) and protein band 20-10 kDa (Figure 

25D). IL-6 treated cells had a 39% decrease when comparing all protein bands, which was 

close to significance (p = 0.07), and a 69% decrease when comparing protein band 20-10 kDa.  

When looking at specific protein bands, passage 4 had a decrease of acetylation in protein 

band at 13 and 16 kDa but this was not seen in passage 3 (Figure 25E and F). The decrease of 

acetylation in protein band at 13 and 15 kDa was 64% respectively 73%.  

Figure 24 Cytoplasm from wild type adipocytes, passage 4, treated with IL-6 (25 ng/mL) for 

16 hours. A) Detection of lysine acetylation on passage 4. B) Detection of β-actin on 

passage 4. C) Quantification of lysine acetylation on passage 3, β-actin adjusted. D) 

Quantification of lysine acetylation on passage 4, β-actin adjusted.  C = Control cells,       

IL = IL-6 treated cells, L = Ladder  
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3.6 Subcutaneous tissue from mice fed on a high-fat diet  

3.6.1 Cytoplasm 

To investigate lysine acetylation in cytoplasm from subcutaneous tissue 4 samples from obese 

mice fed on a high-fat diet and 4 samples from lean mice fed on chow diet were used and 

analyzed in duplicate. The acetylation was most abundant on protein band at 13 and 26 kDa 

(Figure 26A).  

The quantification showed that obese mice had a significant decrease of acetylated protein 

compare to lean mice when comparing all protein bands (250-10 kDa) (Figure 26C) which 

also was visible on the membrane, especially protein band at 13 kDa (Figure 26A). The 

acetylation in obese mice was decreased by 47%. The decrease of acetylation in obese mice 

were seen on all visible protein bands on the membrane however the most dominant were 

protein band at 13, 43 and 52 kDa (Figure 26C). A significant decrease of acetylation in obese 

mice compare to lean mice were seen on protein band at 13 and 52 kDa ranging from 46% 

respectively 43%. Protein band at 43 kDa had a 31% decrease of acetylation in obese mice, 

which was significant in one of the analysis (p < 0.05) and close to significance in the other 

analysis (p = 0.07).    

Figure 25 Mitochondria from wild type adipocytes treated with IL-6 (25 ng/mL) for 16 

hours. A) Detection of lysine acetylation on passage 4. B) Detection of MnSOD on 

passage 4. C) Quantification of lysine acetylation on passage 3, MnSOD adjusted. D) 

Quantification of lysine acetylation on passage 4, MnSOD adjusted. E) Quantification of 

lysine acetylation on protein band 13 kDa, MnSOD adjusted. F) Quantification of lysine 

acetylation on protein band 15 kDa, MnSOD adjusted. C = Control cells, IL = IL-6 

treated cells, L = Ladder.  
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3.6.2 Mitochondria 

To investigate lysine acetylation in mitochondria from subcutaneous adipose tissue 3 samples 

from obese mice and 2 samples from lean mice were used. 40 μg protein were loaded in to 

each well. Unfortunately, a loading control with MnSOD could not be done because of lack of 

enough sample amounts.  

The acetylation was most abundant on protein band at 30, 40 and 65 kDa (Figure 27A). The 

quantification showed a slightly decrease of acetylated proteins in obese mice compare to lean 

mice when comparing all protein bands, i.e. 250-10 kDa, which was close to significance (p = 

0.08) (Figure 27B). The acetylation was decreased by 17% in obese mice compare to lean 

mice.  Indeed, protein band at 65 kDa had a significant 70% decrease of acetylation in obese 

mice compare to lean mice (Figure 27B) and this difference was strongly visible on the 

membrane as seen in figure 27. However, protein band at 40 kDa had a 53% increase of 

acetylation in obese mice compare to lean mice (Figure 27B), which was close to significance 

(p = 0.07), and this difference was also visible on the membrane (Figure 27A).     

Figure 26 Cytoplasm from subcutaneous adipose tissue of obese and lean mice. A) Detection 

of lysine acetylation. B) Detection of β-actin. C) Quantification of lysine acetylation, β-actin 

adjusted. L = Ladder, O = Obese mice, Le = Lean mice  * = p < 0.05  ** = p < 0.01 
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4 Discussion 

Lysine acetylation has recently been shown to be an important PTM regulating a variety of 

proteins in the cell (27,28). Almost all enzymes involved in intermediate metabolism has been 

shown to be acetylated (29) leading to the possibility that enzymes regulating acetylation may 

be an important factor during metabolic dysfunctions such as obesity, insulin resistance and 

type 2 diabetes. Sirtuins, a group of deacetylases, has NAD
+
 as an obligatory substrate and are 

therefore important energy sensing proteins which change the acetylation status on proteins 

depending on nutrient availability (28,29,33). During low energy status, such as fasting and 

calorie restriction, NAD
+
 increases leading to an increased activity of sirtuins. However, 

during high energy status, such as nutrient overload which leads to obesity, acetyl-CoA 

increases leading to an increased activity of acetylases which results in an increase of 

acetylation and a decrease of deacetylation (33,37). Interestingly, a lot of studies have shown 

that sirtuins are upregulated during fasting and calorie restriction (30,38,39,47) and 

downregulated during insulin-resistant conditions and in obesity (34,40,41,48). This suggests 

that sirtuins and acetylation may play a critical role in metabolic dysfunctions. However, little 

is known about acetylation during oxidative stress which is associated with insulin resistance 

and type 2 diabetes. Acetylation has only been studied in mitochondria of hepatocytes from 

fatty liver. This study revealed a hyperacetylation of proteins in the mitochondria consistent 

with a reduced activity of SIRT3 (50).   

In the present study, protein acetylation in adipocytes has been investigated in different 

conditions of oxidative stress. By silencing the enzyme GSTA4 in 3T3-L1 adipocytes resulted 

in protein hyperacetylation in cytoplasm (Figure 16A) but this was not seen in mitochondria 

(Figure 18A). Protein at 36 kDa in cytoplasm were most affected and had an increase of 

Figure 27 Mitochondria from subcutaneous adipose tissue of obese and lean mice.            

A) Detection of lysine acetylation. B) Quantification of lysine acetylation.  L = Ladder,      

O = Obese mice, Le = Lean mice  * = p < 0.05 
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acetylation ranging from 28-69% (Figure 16D) . Consistently, oxidative stress induced by 

TNF-α also resulted in protein hyperacetylation in cytoplasm (Figure 22A and B) but this was 

not seen in mitochondria (Figure 23C and D) either. However, the acetylation pattern in 

cytoplasm seen in wild type adipocytes treated with TNF-α (Figure 21 A) was different 

compare to the acetylation pattern in cytoplasm seen in GSTA4-silenced 3T3-L1 adipocytes 

(Figure 15). Protein at 15 kDa was mostly affected in TNF-α treated adipocytes with an 

increase of acetylation ranging from 52-63% (Figure 22 C and D). Wild type adipocytes were 

also stimulated with IL-6, an inflammatory cytokine elevated in obesity, which did not seem 

to have any specific effect on the protein acetylation in either cytoplasm (Figure 24) or 

mitochondria (Figure 25). To investigate protein acetylation in vivo subcutaneous adipose 

tissue from mice fed on a high-fat diet were analyzed. Surprisingly, high-fat diet mice showed 

protein hypoacetylation in cytoplasm compare with mice fed on a chow diet (Figure 26). 

Taken together, silencing of GSTA4 and stimulation by TNF-α leads to a hyperacetylation in 

cytoplasm while subcutaneous adipose tissue from obese mice show a hypoacetylation in 

cytoplasm. Interestingly, Costa et al showed a decreased transcription of SIRT1 in visceral 

adipose tissue of obese patients but this was not seen in subcutaneous adipose tissue (40). 

This suggests that subcutaneous and visceral adipose tissue respond differently during obesity 

and that visceral adipose tissue may show protein hyperacetylation as seen in GSTA4-

silenced adipocytes and adipocytes treated with TNF-α. Therefore, it would be interesting to 

analyze lysine acetylation in visceral adipose tissue of high-fat diet mice.    

In extracts from cytoplasm there were always abundant protein bands around 16-14 kDa with 

strong fluorescence. Interestingly, adipocyte fatty acid binding protein (A-FABP), a 14-15 

kDa lipid transport protein, is among the most abundant proteins in the mature fat cell and has 

been shown to have positively charged lysine residue on the surface which could be 

acetylated in vivo. Furthermore, the positively charged lysine residue has been shown to be 

important for A-FABP to effectively transport fatty acids so acetylation could be important 

for regulation of A-FABP (54).  Interestingly, adipocytes treated with TNF-α showed a 

hyperacetylation of a protein located around 15 kDa which could represent A-FABP. 

Hyperacetylation of A-FABP would lead to an impairment of fatty acid transport which 

subsequently could lead to impairments of fatty acid metabolism. This hypothesis suggests an 

impairment of fatty acid metabolism during oxidative stress which needs to be further 

evaluated. However, histones, nuclei proteins which package and order DNA, are also very 

abundant proteins which are regulated by acetylation. Histones in mice have molecular 

weights of 11, 12, 15 and 22.5 kDa and could also be possible candidates for the abundant 

proteins seen in the area of 16-14 kDa. It is possible that histones are present in the extracts 

that are called cytoplasm in this study because when the cells are destroyed to extract 

cytoplasm there is a chance that the nucleus also disrupts leading to a mixture of proteins 

from the nuclei and cytoplasm.      

The present study indicates that there seems to be some changes in lysine acetylation during 

different conditions of oxidative stress.  However, some analysis needs to be repeated to get 

more reliable results. It is, for example, unclear of what is happening in the whole cell in 

GSTA4-silenced adipocytes. The results showed a high diversity pending between a decrease 
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and an increase of lysine acetylation. However, the majority showed an increase of lysine 

acetylation during oxidative stress, especially when looking at protein bands ranging from 

250-20 kDa (Figure 14B). Although, the results from cytoplasm and mitochondria extracts are 

more reliable as they did not show that much diversity.  Maybe it is difficult to evaluate lysine 

acetylation in whole cell extract as more than 2000 proteins can be involved in the analysis.   

When analyzing whole cell extract from wild type 3T3-L1 adipocytes treated with TNF-α the 

cells were stimulated with a concentration of 100 ng/mL which did not show any changes in 

lysine acetylation (Figure 20A). However, when analyzing cytoplasm the cells were 

stimulated with a concentration of 25 ng/mL which resulted in an increase of lysine 

acetylation (Figure 22A and B). The concentration was changed because of further literature 

research suggested a lower concentration of TNF-α (10,11,14,24). Therefore it would be of 

interest to evaluate in further investigations if different concentrations have different effects 

on lysine acetylation in the three different extracts. The concentration of IL-6 was decided 

based on literature research (55,56) however adipocytes needs to be stimulated with different 

concentrations to get more reliable results. Over all, a lot of experiments need to be repeated 

especially the in vivo experiment on subcutaneous adipose tissue as only a few samples were 

analyzed.  

Passage 6 in GSTA4-silenced adipocytes was different from passage 3, 4 and 5 in all three 

extracts. Lysine acetylation in passage 6 was sturdily increased in all three extracts and the 

acetylation pattern was visibly different from the other passages (Figure 15). Lysine 

acetylation was unchanged in mitochondria from passage 4 and 5 but significant increased in 

passage 6 (Figure 18A). In whole cell and cytoplasm extracts lysine acetylation was increased 

in almost all passages however the increase in passage 6 was more abundant compare to the 

other passages (Figure 14B and 16A). As passage 6 is the oldest cells used in this study this 

suggests that lysine acetylation may change due to age. It would therefore be interesting to 

investigate lysine acetylation in GSTA4-silenced adipocytes from passages 3 to passage 7 to 

see if passage 6 and 7 has the same acetylation pattern and additionally is different from 

passage 3, 4 and 5.       

Cytoplasm seems to be the major site for changes in lysine acetylation during oxidative stress 

in adipocytes, not in the mitochondria as thought. SIRT1 is the most studied cytoplasmic 

sirtuin which among others deacetylates / activates PGC-1α, a 90 kDa protein. Although a lot 

of specific proteins has been shown to have a significant increase or decrease of acetylation 

during oxidative stress this has not been seen on a protein with a molecular weight of 90 kDa. 

However, protein bands located around this molecular weight has been seen with weak 

fluorescence signals (Figure 15). As lysine acetylation changes drastically in cytoplasm it 

would be interesting to investigate the acetylation status on PGC-1α during these conditions. 

It would also be interesting to investigate SIRT1 expression and activity during these 

conditions to see if SIRT1 plays an important role for these changes. Furthermore, it would be 

interesting to identify the specific protein bands that have significantly change due to 

oxidative stress such as protein band at 36 and 49 kDa in GSTA4-silencend adipocytes, 

protein band at 15 kDa in wild type adipocytes treated with TNF-α and protein band at 13, 52 

and 65 kDa in subcutaneous adipose tissue of high-fat diet mice.  
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In conclusion, lysine acetylation in cytoplasm seems to play some kind of role during 

oxidative stress. Further acetylation analysis needs to be done to confirm and explore the role 

of lysine acetylation during this condition. Additionally, analysis on sirtuins and other 

enzymes modulating acetylation in adipocytes needs to be done to complement these studies 

for a better understanding. As lysine acetylation on proteins seems to change mostly in 

cytoplasm during oxidative stress SIRT1 may play an important role. If reduction of SIRT1 

activity causally is associated with oxidative stress then resveratrol, a SIRT1 agonist, may be 

a possible therapy for insulin resistance, type 2 diabetes and obesity.  
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7 Appendix 

 

Appendix 1 

DMEM 

DMEM Mix Powder (Dulbecco’s modified Eagle’s medium with high glucose and L-

glutamine (12100-061), Gibco, Invitrogen, USA) 

Streptomycin Sulfate 100 μg/mL 

Penicillin G 62.5 μg/mL  

Biotin 8 μg/mL 

Ca-Pantothenate 4 μg/mL 

Sodium Bicarbonate 3.7 mg/mL 

 

Appendix 2 

Separating gel 15% (Mini gel) 

3.61 mL autoclaved Milli Q water 

3.75 mL 40% Acrylamide/BIS 

2.5 mL 1.5 M Tris HCl pH 8.8 

100 μL 10% SDS (Sodium Dodecyl Sulfate dissolved in Milli Q water) 

36.7 μL 10% APS (ammonium persulfate dissolved in autoclaved Milli Q water) 

5.8 μL TEMED 

 

Separating gel 15% (Large gel) 

14.24 mL autoclaved Milli Q water 

15 mL 40% Acrylamide/BIS 

10 mL 1.5 M Tris HCl pH 8.8 

400 μL 10% SDS 

320 μL 10% APS 

40 μL TEMED 
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Appendix 3 

Stacking gel 4% (Mini gel) 

3.18 mL autoclaved Milli Q water 

500 μL 40% Acrylamide/BIS 

1.25 mL 1 M Tris HCl pH 6.8 

50 μL 10% SDS 

18.3 μL 10% APS 

2.9 μL TEMED 

 

Stacking gel 4% (Large gel) 

6.31 mL autoclaved Milli Q water 

1 mL 40% Acrylamide/BIS 

2.5 mL 1 M Tris HCl pH 6.8 

100 μL 10% SDS 

80 μL 10% APS 

10 μL TEMED 

 

Appendix 4 
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Appendix 6 

BCA analysis - Whole cell extract from GSTA4-silenced adipocytes 

Passage 3 (harvested day 8) 

Sample Abs 555 nm Abs 555 nm Abs Average C (mg/mL) 

GSTA4 Kd 1 0,84 0,85 0,85 2,9 

GSTA4 Kd 2 0,98 1,03 1,00 3,5 

GSTA4 Kd 3 0,87 0,86 0,87 3,0 

GSTA4 Kd 4 0,93 0,89 0,91 3,2 

GSTA4 Kd 5 0,67 0,66 0,67 2,2 

GSTA4 Kd 6 0,79 0,80 0,80 2,7 

Control 1 0,80 0,82 0,81 2,8 

Control 2 0,91 0,89 0,90 3,1 

Control 3 0,84 0,84 0,84 2,9 

Control 4 0,81 0,82 0,81 2,8 

Control 5 0,88 0,93 0,91 3,1 

Control 6 0,76 0,76 0,76 2,6 

 

Passage 5 (harvested day 8) 

 

 

 

 

Quantification of lysine acetylation on whole cell extract from GSTA4-silenced 

adipocytes. The first membrane (1) was incubated with fresh primary antibody whereas 

the second and third membranes (2 and 3) were incubated with reused primary antibody 

spiked with 3 μl fresh antibody. A) Protein band at 36 kDa B) Protein band at 49 kDa * 

= p < 0.05 ** = p < 0.01 
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Sample Abs 555 nm Abs 555 nm Abs Average C (mg/mL) 

GSTA4 Kd 1 0,98 1,01 0,99 4,0 

GSTA4 Kd 2 0,91 0,85 0,88 3,5 

GSTA4 Kd 3 0,93 0,83 0,88 3,5 

GSTA4 Kd 4 0,87 0,91 0,89 3,5 

GSTA4 Kd 5 1,05 1,08 1,06 4,3 

GSTA4 Kd 6 0,82 0,86 0,84 3,3 

GSTA4 Kd 7 0,76 0,76 0,76 2,9 

GSTA4 Kd 8 0,71 0,73 0,72 2,7 

GSTA4 Kd 9 0,68 0,70 0,69 2,6 

GSTA4 Kd 10 0,75 0,82 0,78 3,0 

GSTA4 Kd 11 0,85 0,87 0,86 3,4 

GSTA4 Kd 12 0,79 0,81 0,80 3,1 

Control 1 0,62 0,60 0,61 2,2 

Control 2 0,66 0,68 0,67 2,5 

Control 3 0,59 0,58 0,59 2,1 

Control 4 0,61 0,63 0,62 2,3 

Control 5 0,65 0,68 0,67 2,5 

Control 6 0,65 0,67 0,66 2,5 

Control 7 0,76 0,78 0,77 3,0 

Control 8 0,72 0,73 0,73 2,8 

Control 9 0,64 0,66 0,65 2,4 

Control 10 0,65 0,67 0,66 2,5 

Control 11 0,65 0,66 0,65 2,4 

Control 12 0,65 0,65 0,65 2,4 

 

Passage 6 (harvested day 8) 
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Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 0,9 1,0 0,9 3,8 

GSTA4 Kd 2 0,9 0,9 0,9 3,5 

GSTA4 Kd 3 0,8 0,8 0,8 3,2 

GSTA4 Kd 4 0,8 0,8 0,8 3,0 

GSTA4 Kd 5 0,8 0,8 0,8 3,2 

GSTA4 Kd 6 0,7 0,5 0,6 2,2 

Control 1 0,5 0,5 0,5 1,8 

Control 2 0,5 0,5 0,5 1,9 

Control 3 0,5 0,5 0,5 1,8 

Control 4 0,6 0,6 0,6 2,1 

Control 5 0,5 0,6 0,6 2,0 

Control 6 0,6 0,6 0,6 2,2 

 

BCA analysis – Cytoplasm from GSTA4-silenced adipocytes 

 

 

Passage 4 (harvested day 7) 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 0,46 0,47 0,47 1,6 

GSTA4 Kd 2 0,47 0,47 0,47 1,6 

GSTA4 Kd 3 0,47 0,48 0,48 1,6 

GSTA4 Kd 4 0,47 0,47 0,47 1,6 

GSTA4 Kd 5 0,43 0,47 0,45 1,5 

GSTA4 Kd 6 0,44 0,45 0,45 1,5 

Control 1 0,35 0,36 0,35 1,0 

Control 2 0,38 0,40 0,39 1,2 

Control 3 0,37 0,39 0,38 1,2 

Control 4 0,36 0,35 0,35 1,0 

Control 5 0,33 0,33 0,33 0,9 

Control 6 0,35 0,36 0,35 1,0 

 

y = 0,223x + 0,121
R² = 0,998

0,000

0,200

0,400

0,600

0,800

1,000

1,200

1,400

0 2 4 6

A
b

so
rb

an
ce

 a
t 

5
5

5
 n

m

BSA concentration (mg/mL) 



51 
 

Passage 5 (harvested day 9) 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 0,45 0,49 0,47 1,6 

GSTA4 Kd 2 0,48 0,48 0,48 1,6 

GSTA4 Kd 3 0,47 0,49 0,48 1,6 

GSTA4 Kd 4 0,47 0,49 0,48 1,6 

GSTA4 Kd 5 0,46 0,47 0,47 1,5 

GSTA4 Kd 6 0,54 0,52 0,53 1,8 

Control 1 0,48 0,52 0,50 1,7 

Control 2 0,47 0,45 0,46 1,5 

Control 3 0,44 0,46 0,45 1,5 

Control 4 0,45 0,45 0,45 1,5 

Control 5 0,44 0,47 0,46 1,5 

Control 6 0,48 0,51 0,49 1,7 

 

Passage 6 (harvested day 8) 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 0,42 0,43 0,42 1,4 

GSTA4 Kd 2 0,40 0,41 0,41 1,3 

GSTA4 Kd 3 0,42 0,43 0,42 1,4 

GSTA4 Kd 4 0,41 0,42 0,42 1,3 

GSTA4 Kd 5 0,47 0,51 0,49 1,7 

GSTA4 Kd 6 0,27 0,29 0,28 0,7 

Control 1 0,27 0,27 0,27 0,7 

Control 2 0,28 0,30 0,29 0,8 

Control 3 0,30 0,30 0,30 0,8 

Control 4 0,30 0,29 0,29 0,8 

Control 5 0,31 0,30 0,31 0,8 

 

BCA analysis – Mitochondria from GSTA4-silenced adipocytes 
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Passage 4 (harvested day 7) 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 0,91 0,84 0,88 6,8 

GSTA4 Kd 2 0,93 0,88 0,91 7,1 

GSTA4 Kd 3 0,93 0,86 0,89 7,0 

GSTA4 Kd 4 0,72 0,73 0,73 5,5 

GSTA4 Kd 5 0,92 0,83 0,88 6,8 

GSTA4 Kd 6 0,91 0,90 0,91 7,1 

Control 1 0,70 0,69 0,69 5,1 

Control 2 0,72 0,62 0,67 4,9 

Control 3 0,83 0,78 0,80 6,2 

Control 4 0,78 0,78 0,78 5,9 

Control 5 0,65 0,67 0,66 4,8 

Control 6 0,69 0,67 0,68 5,0 

 

Passage 5 (harvested day 9) 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 1,13 1,02 1,08 8,7 

GSTA4 Kd 2 0,91 0,87 0,89 6,9 

GSTA4 Kd 3 0,99 0,88 0,94 7,4 

GSTA4 Kd 4 0,95 0,88 0,92 7,2 

GSTA4 Kd 5 1,05 0,87 0,96 7,6 

GSTA4 Kd 6 0,65 0,63 0,64 4,7 

Control 1 1,12 0,86 0,99 7,8 

Control 2 0,81 0,78 0,79 6,1 

Control 3 0,90 0,79 0,85 6,5 

Control 4 0,97 0,76 0,87 6,7 

Control 5 0,86 0,83 0,84 6,5 

Control 6 0,55 0,55 0,55 3,8 

 

Passage 6 (harvested day 8) 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

GSTA4 Kd 1 0,73 0,74 0,74 5,5 

GSTA4 Kd 2 0,88 0,71 0,80 6,1 

GSTA4 Kd 3 0,82 0,76 0,79 6,0 

GSTA4 Kd 4 0,81 0,70 0,75 5,7 

GSTA4 Kd 5 0,90 0,84 0,87 6,8 

GSTA4 Kd 6 0,50 0,46 0,48 3,2 

Control 1 0,57 0,55 0,56 3,9 

Control 2 0,51 0,51 0,51 3,5 

Control 3 0,54 0,55 0,54 3,8 

Control 4 0,51 0,50 0,50 3,4 

Control 5 0,51 0,50 0,51 3,4 
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Appendix 7 

BCA analysis – Whole cell extract from wildtype adipocytes 

Passage 3 (harvested day 9) 

 

 

 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

TNF-α 1 0,62 0,62 0,62 2,2 

TNF-α 2 0,64 0,63 0,64 2,2 

TNF-α 3 0,54 0,54 0,54 1,8 

TNF-α 4 0,57 0,56 0,56 1,9 

TNF-α 5 0,61 0,64 0,62 2,2 

TNF-α 6 0,56 0,57 0,56 1,9 

TNF-α 7 0,58 0,57 0,57 2,0 

TNF-α 8 0,57 0,56 0,56 1,9 

TNF-α 9 0,57 0,54 0,56 1,9 

TNF-α 10 0,52 0,54 0,53 1,8 

TNF-α 11 0,59 0,59 0,59 2,1 

TNF-α 12 0,54 0,50 0,52 1,7 

Control 1 0,62 0,67 0,64 2,3 

Control 2 0,51 0,52 0,51 1,7 

Control 3 0,52 0,51 0,51 1,7 

Control 4 0,51 0,52 0,51 1,7 

Control 5 0,62 0,61 0,61 2,2 

Control 6 0,60 0,59 0,59 2,1 

Control 7 0,59 0,59 0,59 2,0 

Control 8 0,62 0,61 0,61 2,1 

Control 9 0,55 0,57 0,56 1,9 

Control 10 0,64 0,64 0,64 2,3 

Control 11 0,61 0,61 0,61 2,1 

Control 12 0,55 0,58 0,57 1,9 

y = 0,222x + 0,137
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BCA analysis – Cytoplasm and mitochondria from wildtype adipocytes 

Passage 3 (harvested day 9) 

 

 

Cytoplasm 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

TNF-α 1 0,23 0,24 0,24 0,5 

TNF-α 2 0,26 0,26 0,26 0,6 

TNF-α 3 0,25 0,26 0,25 0,6 

IL-6 1 0,26 0,28 0,27 0,7 

IL-6 2 0,27 0,28 0,28 0,7 

IL-6 3 0,29 0,30 0,29 0,8 

Control 1 0,26 0,26 0,26 0,6 

Control 2 0,28 0,28 0,28 0,7 

 

Mitochondria 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

TNF-α 1 0,53 0,53 0,53 1,9 

TNF-α 2 0,55 0,57 0,56 2,1 

TNF-α 3 0,52 0,50 0,51 1,8 

IL-6 1 0,63 0,63 0,63 2,4 

IL-6 2 0,69 0,69 0,69 2,7 

IL-6 3 0,71 0,70 0,71 2,7 

Control 1 0,69 0,70 0,69 2,7 

Control 2 0,73 0,73 0,73 2,9 
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Passage 4 (harvested day 9) 

 

 

Cytoplasm 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

TNF-α 1 0,27 0,28 0,28 0,7 

TNF-α 2 0,28 0,28 0,28 0,7 

TNF-α 3 0,27 0,27 0,27 0,7 

IL-6 1 0,30 0,30 0,30 0,8 

IL-6 2 0,30 0,29 0,30 0,8 

IL-6 3 0,31 0,31 0,31 0,9 

Control 1 0,30 0,30 0,30 0,8 

Control 2 0,28 0,30 0,29 0,8 

 

Mitochondria 

Sample Abs at 555 nm Abs at 555 nm Abs average C (mg/ml) 

TNF-α 1 0,52 0,55 0,53 1,9 

TNF-α 2 0,55 0,55 0,55 2,0 

TNF-α 3 0,54 0,52 0,53 1,9 

IL-6 1 0,61 0,65 0,63 2,4 

IL-6 2 0,63 0,62 0,63 2,4 

IL-6 3 0,65 0,63 0,64 2,5 

Control 1 0,62 0,65 0,63 2,4 

Control 2 0,63 0,61 0,62 2,4 

 

 

y = 0,207x + 0,131
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