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ABSTRACT

Development of T2DM is usually preceded by an increased metabolic demand for insulin due to
insulin resistance in several tissues. We would like to elucidate the effect of insulin on glucose
metabolism under insulin sensitive and resistant conditions, using TNF-a to induce insulin resistance
in differentiated 3T3L1 cells.

As a pilot study first in vitro and in vivo NAD(P)H-linked enzyme assays were set up for the
glycolytic enzymes. Overall the activity of the enzymes measured under in vitro conditions was
slightly higher.

Using 2.5 nM TNF-a and 100 nM insulin, four cell conditions were made: without TNF-a without
insulin, without TNF-o with insulin, with TNF-o without insulin and with TNF-o with insulin. In the
four conditions differences in glucose-consumption, lactate-production, pyruvate concentration and
glycolytic enzymes activities were determined. Glucose consumption was measured over 24 hours.
TNF-a did not induce insulin resistance. However, it did decrease glucose consumption of cells.
Insulin did increase glucose consumption. Lactate and pyruvate were measured in the medium at the
24 hour time point. Lactate production was increased by insulin and TNF-a, but no effects were seen
on pyruvate concentration. The in vitro assays were used to measure enzyme activities. Insulin
increased the activity of the enzymes, TNF-a had no effect on activity.

To conclude, no insulin resistance was induced. However, TNF-a still had an effect on the glucose
metabolism. It caused decreased glucose consumption and more glucose to be converted to lactate.
The mechanism behind this is unknown. A remarkable effect of insulin was the increased enzyme
activities. A lot of research still has to be done to optimize the conditions of the experiment. In the
future, in vivo conditions should be used and with these results a quantitative computer model of the
glucose metabolism can be developed.




INTRODUCTION

Diabetes

The prevalence of diabetes is increasing worldwide and is a significant problem that needs to be
addressed. Diabetes is a group of metabolic diseases characterized by hyperglycemia. Hyperglycemia
is an increased blood glucose concentration and is the result of defects in insulin secretion, insulin
action or both (American Diabetes Association, 2014). There are various types of diabetes, however
this report will focus on type 2 diabetes mellitus (T2DM) (Al-Goblan et al., 2014; Karalliedde et al.,
2014). Around 90% of the individuals with diabetes have T2DM (WHO, 2015). It is one of the most
serious public health problems worldwide and is still increasing in prevalence (Feng et al., 2012).
Currently, T2DM affects over 371 million people worldwide (Lai et al., 2014). Figure 1 shows that the
prevalence is highest in North America and Caribbean, with a prevalence of 11.4% (International
Diabetes Federation, 2014). Historically T2DM has been a disease mostly present in older adults,
however it is nowadays also increasingly present in young adults and children. The increase in
presence of T2DM in the younger population is due to increasing rates of obesity in the younger
population (Karalliedde et al., 2014). Both genetic and environmental factors contribute to the
development of T2DM. The environmental factors that promote T2DM are particularly high-caloric
diets and a sedentary lifestyle, which also often lead to obesity (Al-Goblan et al., 2014; Goldstein et
al., 2002; Lai et al., 2014; WHO, 2015).

Figure 1. Worldwide distribution of diabetes (International Diabetes Federation, 2014).

Development of diabetes

Development of T2DM is usually preceded by an increased metabolic demand for insulin due to
insulin resistance in several tissues (Kasuga et al., 2006; Al-Goblan et al., 2014). Insulin resistance
causes a reduced sensitivity to insulin action in peripheral target tissues. Peripheral target tissues
include skeletal muscle, adipose and liver tissues (Capursoa et al., 2014; Feng et al., 2012; Goldstein
et al., 2002). Figure 2 shows the insulin actions when no insulin resistance is present.

In order to develop T2DM, insulin resistance and pancreatic p-cell dysfunction have to exist
simultaneously (Al-Goblan et al., 2014). In the pre-stage of T2DM, when only insulin resistance is
present, blood glycaemia levels are near normal. In this stage pancreatic B-cells compensate for the
insulin resistance by hyper secretion of insulin. However, in the long run the B-cells will fail to
compensate, the pancreas secretes insufficient insulin and diabetes arises (figure 3) (Kasuga et al.,
2006; Al-Goblan et al., 2014).
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Figure 2. Insulin response to an increased glucose concentration in the blood. The pancreas senses an increased
concentration of glucose in the blood and secretes insulin in response. Insulin increases glucose uptake in the body and
storage of glycogen and fat and it decreases production and release of glucose by the liver and breakdown of fat in the adipose
tissue (Goldstein et al., 2002; Kasuga et al., 2006).

Insulin resistance
Insulin resistance in the body affects many tissue functions and a variety of metabolic processes. There
are various proposed mechanisms by which insulin resistance can be caused:

Tumor necrosis factor-a

Tumor necrosis factor-a (TNF-a) is an inflammatory cytokine and is mainly expressed in adipose
tissue and macrophages (Capursoa et al., 2014). TNF-a inhibits the activity of many components in the
insulin-signaling cascade (Kim et al., 2015). For instance, TNF-a inhibits insulin-stimulated tyrosine
phosphorylation of the insulin receptor (IR) and leads to inactivation of the insulin receptor substrate 1
(IRS-1). TNF-a inactivates the IRS-1 via two mechanisms; first a dephosphorylation of tyrosine and
second a serine phosphorylation at the serine 312 residue. With its effects on the IR and the IRS-1,
TNF-a causes a down regulation of translocation of the insulin-sensitive glucose transporter GLUT-4
to the cell surface (Capursoa et al., 2014; Hotamisligil, 2000). Normally the GLUT-4 is translocated
from cellular vesicles to the cell surface; there it mediates glucose transport into the cell. The glucose
transport into the cell is decreased by TNF-a (Capursoa et al., 2014).

Free fatty acids

Increased levels of circulating free fatty acids (FFAs) also play a role in development of insulin
resistance (Boden, 2003). Obese individuals often have excess visceral adiposity, which contributes to
a chronic increase in circulating FFAs (Lai et al., 2014). The increased amount of circulating FFAs
can cause insulin resistance (Capursoa et al., 2014, Feng et al., 2012). Insulin resistance causes an
increased lipolysis in adipocytes, which then leads to an even more increased amount of circulating
FFAs (Goldstein et al., 2002).

The increased levels of FFAs cause increased FFA uptake by muscle, liver and adipose tissue. When
the FFA flux exceeds the ability of the tissues to dispose them, intermediates of the fatty-acid




metabolism accumulate. The intermediates are diaglycerol, phosphatidic acid, lysophosphatidic acid
and ceramide. FFAs themselves or their intermediates can cause insulin resistance by having a
negative impact on the activation and signaling cascade of the insulin receptor pathway. Like TNF-a,
FFAs cause a phosphorylation of the serine 312 residue of IRS-1, which causes an interruption of the
IR/IRS interaction and this interrupts the insulin-signaling pathway (Capursoa et al. 2014).

Insulin resistance
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Figure 3. Development of type 2 diabetes mellitus. The development of T2DM is usually preceded by development of
insulin resistance. At first the pancreatic -cells compensate for insulin resistance by hyper secretion of insulin. However,
at some point B-cell compensation is followed by B-cell failure and diabetes arises (Kasuga et al. 2006).

Outline

To obtain a better understanding of the mechanism underlying T2DM we investigated the effects of
insulin on glucose metabolism. This resulted in the following research question: what is the effect of
insulin on glucose metabolism under insulin sensitive and resistant conditions?

We will study the effect of insulin on glucose metabolism in a 3T3L1 pre-adipocyte fibroblast cell
line, which will be differentiated to adipocytes. Adipocytes are used because they are one of the most
highly insulin-responsive cell types. In adipocytes, insulin promotes glucose uptake and storage of
glycogen and fat and it inhibits breakdown of fat, as shown in figure 2 (Kahn & Flier., 2000). In order
to elucidate the effects of insulin on glucose metabolism we examined cells under two conditions,
insulin sensitive and insulin resistant conditions. We induced insulin resistance using TNF-a. Previous
research already showed that TNF-a has an effect on glucose transport. Insulin-dependent glucose
transport is reduced when cells are incubated with TNF-a and insulin sensitivity is decreased, as
shown in figure 4 (Lo et al., 2013). However, it has not yet been shown what the effect of TNF-a
induced insulin resistance is on the rest of glucose metabolism. Here we will try to elucidate the effect
of TNF-a-induced insulin resistance on the glucose-consumption and lactate-production rates, the
pyruvate concentration and the activity of the glycolytic enzymes.
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Figure 4. Insulin resistance by TNF-a. Glucose uptake in four conditions. Blue: without TNF-a without insulin, Red:
without TNF-o with insulin, Green: with TNF-a without insulin and Purple: with TNF-a with insulin (Lo et al, 2013).



MATERIALS AND METHODS

Materials

Chemicals used were purchased from Sigma-Aldrich, Roche Applied Sciences and Santa Cruz
Biotechnology. Culturing media were purchased from Gibco. Used equipment were a Synergy H4
Hybrid Multi-Mode Microplate plate reader from Biotek, a Vibra-cell sonicator from Sonics and a cell
counter from Biorad.

Cells

Culturing

C2C12 cells and 3T3L1 cells were used for the experiments and cultured in Dulbecco's Modified
Eagle Medium (DMEM) with 25 mM glucose 10 % Fetal Calf Serum (FCS) and 1 % Penicillin-
Streptomycin (PS). Cells were cultured in a 37 °C stove with an atmosphere of 5 % CO,. For passing
the cells, medium was discarded; cells were rinsed two times with 5mL Hanks' Balanced Salt Solution
(HBSS) and detached with 1 mL trypsin. Cells were passed at 70 % confluence.

Differentiation

3T3L1 cells were plated out in 6-wells plates with a cell density of 1.0-1.5*10° cells/mL.
Differentiation started 48 hours after the cells reached confluence. For differentiation we used DMEM
medium with 25 mM glucose, 10% Hyclone Fetal Bovine Serum, 1% PS, 960 nM insulin, 0.5 M 3-
isobutyl-1-methylxanthine, 1 uM dexamethasone (in EtOH) and 2 uM rosiglitazone. After 48 hours
the medium was changed to differentiation medium enriched with only 960 nM insulin (without the 3-
isobutyl-1-methylxanthine, dexamethasone and rosiglitazone). Again 48 hours later the medium was
changed to merely standard DMEM medium with FCS and PS. From the fifth day on medium was
changed every other day to normal culturing medium. Differentiation was finished after two to three
weeks when 70-80% differentiation into adipocytes was reached.

Enzyme activity assays

Activity assays of the glycolytic enzymes were done NAD(P)H-linked with freshly prepared cell
extracts of undifferentiated C2C12 cells and differentiated 3T3L1 cells at 37 °C in a 96-wells plate.
Samples were taken from the -80 °C and thawed on ice. 1 mM dithiothreitol (DTT) was added and
samples were sonicated for 30 seconds with a pulse every other second and an amplitude of 20 %.
Two, four and eight times dilutions of the cell extract were made using 0.01 M potassium phosphate
buffer pH 7.0 with 1 mM DTT. Pre-warmed (37 °C) assay mixture was added to the four dilutions of
the cell extracts and the water (control). The assay mixture contained the in vitro or in vivo medium
mentioned in the sections below.

First a baseline measurement was done containing sample and assay mixture. Then 25 pL of a start
reagent was added and the production or consumption of NAD(P)H was measured at 340 nM in a
plate reader. The slope of the NAD(P)H production or consumption represented the activity of the
enzyme. The activity of the enzymes was expressed in wmol per minute per mg protein.

Enzyme activity was normalized for protein concentration of the cell extracts. Protein concentration in
the extract was measured with a Bicinchoninic Acid kit (BCA Protein assay kit; Pierce) with Bovine
Serum Albumin (BSA) (2 mg/mL stock solution; Pierce) containing 1 mM DTT as standard. A
standard curve was made in a range of 0 to 1.2 mg/mL BSA in 0.01 M potassium phosphate buffer pH
7.0 with 1 mM DTT. 10 pL of each BSA standard was added in duplo to a 96 well plate. 10 uL of the
undiluted and the two, four and eight times diluted cell extracts were also added in triplo. 200 pL of
the BCA reagent of the BCA Protein Assay Kit was added to the wells and the plate was incubated at
37 °C for 30 minutes. Afterwards absorbance was measured using a plate reader at 562 nanometer.




In vitro assays
Hexokinase (HXK) converts glucose to glucose-6-phosphate. The following reaction was used to
measure the activity of the HXK enzyme:

Glucose + ATP <« ADP + Glucose-6-phosphate
HXK

Glucose-6-phosphate + NADP* > 6-Phosphogluconolactone + NADPH
G6PDH

The buffer of the assay mixture contained 0.5 M imidazole (pH 7.6) and 0.5 M magnesium chloride
(MgCl,). 0.1 M glucose was used as a substrate and 0.04 M NADP was used as a cofactor. The
coupling enzyme used in this reaction was 1750 U/mL glucose-6-phosphate dehydrogenase (G6PDH).
This mixture was added to 25 pL of cell extract. The reaction was started with 0.01 M ATP.

Phosphoglucose-isomerase (PGI) converts fructose-6-phosphate to glucose-6-phosphate. The
following reaction was used to measure the activity of the PGI enzyme:

Fructose-6-phosphate > Glucose-6-phosphate
PGI

Glucose-6-phosphate + NADP* > 6-Phosphogluconolactone + NADPH
G6PDH

The buffer of the assay mixture contained 1 M Tris-HCI (pH 8.0) and 0.5 M MgCl,. 0.04 M NADP
was used as a cofactor. The coupling enzyme used in this reaction was 1750 U/mL G6PDH. This
mixture was added to 5 pL of cell extract. The reaction was started with 0.02 M fructose-6-phosphate.

Glucose-6-phosphate dehydrogenase converts glucose-6-phosphate to 6-phosphogluconolactone.
The following reaction was used to measure the activity of the GEBPDH enzyme:

Glucose-6-phosphate + NADP* > 6-Phosphogluconolactone + NADPH
G6PDH

The buffer of the assay mixture contained 1 M Tris-HCI (pH 8.0) and 0.5 M MgCl,. 0.04 M NADP
was used as a cofactor. This mixture was added to 25 pL of cell extract. The reaction was started with
0.05 M glucose-6-phosphate.

Phosphofructokinase (PFK) converts fructose-6-phosphate to glucose-6-phosphate. The following
reaction was used to measure the activity of the PFK enzyme:

Fructose-6-phosphate  + ATP > Fructose-1,6-bisphosphate + ADP
PFK

Fructose-1,6-bisphosphate > DHAP + Glyceraldehyde-3-phosphate
ALD

DHAP > Glyceraldehyde-3-phosphate
TPI

2 DHAP + 2 NADH > 2-Glycerol-3-phosphate + 2 NAD*
G3PDH




The buffer of the assay mixture contained 1 M Tris-HCI (pH 8.0), 0.5 M MgCl, and 1 M potassium
chloride (KCI). 0.015 M NADH and 0.1 M ATP were used as cofactors. The coupling enzymes used
in this reaction were 90 U/mL fructose-1,6-bisphosphate aldolase, 620 U/mL glycerol-3-phosphate
dehydrogenase and 1800 U/mL triose phosphate isomerase. This mixture was added to 25 uL of cell
extract. The reaction was started with 0.02 M fructose-6-phosphate.

Fructose-1,6-bisphosphate aldolase (ALD) converts fructose 1,6-bisphosphate to glyceraldehyde-3-
phosphate. The following reaction was used to measure the activity of the ALD enzyme:

Fructose-1,6-bisphosphate <« Glyceraldehyde-3-phosphate + DHAP
ALD

Glyceraldehyde-3-phosphate > DHAP
TPI

2 DHAP + 2 NADH > 2-Glycerol-3-phosphate + 2 NAD*
G3PDH

The buffer of the assay mixture contained 1M Tris-HCI (pH 7.5) and 1 M KCI. 0.015 M NADH was
used as a cofactor. The coupling enzymes used in this reaction were 620 U/mL glycerol-3-phosphate
dehydrogenase and 1800 U/mL triose phosphate isomerase. This mixture was added to 5 pL of cell
extract. The reaction was started with 0.02 M fructose-1,6-bisphosphate.

Triose phosphate isomerase (TPI) converts glyceraldehyde-3-phosphate to DHAP. The following
reaction was used to measure the activity of the TPl enzyme:

Glyceraldehyde-3-phosphate > DHAP
TPI

2 DHAP + 2 NADH > 2-Glycerol-3-phosphate + 2 NAD*
G3PDH

The buffer of the assay mixture contained 1M triethanolamine-HCI (pH 8.2). 0.015 M NADH was
used as a cofactor. The coupling enzyme used in this reaction was 1700 U/mL glycerol-3-phosphate-
dehydrogenase. This mixture was added to 5 uL of cell extract. The reaction was started with 0.058 M
glyceraldehyde-3-phosphate.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) converts 3-phosphate-glycerate to 1,3-
diphosphoglycerate. The following reaction was used to measure the activity of the GAPDH enzyme:

3-phosphate-glycerate + ATP > 1,3-diphosphoglycerate + ADP
GAPDH

1,3-diphosphoglycerate + NADH > Glyceraldehyde-3-phosphate + NAD"
PGK

The buffer of the assay mixture contained 1 M triethanolamine-HCI (pH 7.6), 0.02 M EDTA and 0.1
M MgSO,. 0.015 M NADH and 0.1 M ATP were used as cofactors. The coupling enzyme used in this
reaction was 4500 U/mL 3-phosphoglycerate kinase. This mixture was added to 5 uL of cell extract.
The reaction was started with 0.05 M 3-phosphoglyceric acid.




Phosphoglycerate kinase (PGK) converts 3-phospho-glycerol phosphate to glyceraldehyde-3-
phosphate. The following reaction was used to measure the activity of the PGK enzyme:

3-phospho-glycerate + ATP > 3-phospho-glycerol phosphate + ADP
GAPDH

3-phospho-glycerol phosphate + NADH<«— Glyceraldehyde 3-phosphate + NAD"
PGK

The buffer of the assay mixture contained 1 M triethanolamine-HCI (pH 7.6), 0.02 M EDTA and 0.1
M MgSQO,. 0.015 M NADH and 0.1 M ATP were used as cofactors. This mixture was added to 5 pL
of cell extract. The reaction was started with 0.05 M 3-phosphoglyceric acid.

Phosphoglycerate mutase (PGM) converts 3-phospho-glycerate and 2,3-diphosphoglycerate to 2-
phospho-glycerate and 2,3-diphosphoglycerate. The following reaction was used to measure the
activity of the PGM enzyme:

3-phospho-glycerate + > 2-phospho-glycerate + 2,3-diphosphoglycerate
2,3-diphosphoglycerate PGM
2-phospho-glycerate > Phosphoenolpyruvate
ENO
Phosphoenolpyruvate + ADP > ATP + Pyruvate
PYK
Pyruvate + NADH — Lactate + NAD"
LDH

The buffer of the assay mixture contained 1 M triethanolamine-HCI (pH 7.6) and 0.1 M MgSQO,. 0.015
M NADH, 0.1 M ADP and 0.125 M 2,3-diphospho-glyceric acid were used as cofactors. The coupling
enzymes used in this reaction were 250 U/mL enolase, 2599 U/mL pyruvate kinase and 2859 U/mL
lactate dehydrogenase. This mixture was added to 5 pL of cell extract. The reaction was started with
0.05 M 3-phosphoglyceric acid.

Enolase (ENO) converts 2-phospho-glycerate to phosphoenolpyruvate. The following reaction was
used to measure the activity of the ENO enzyme:

2-Phosphoglyceric acid > Phosphoenolpyruvate
ENO

Phosphoenolpyruvate + ADP > ATP + Pyruvate
PYK

Pyruvate + NADH — Lactate + NAD"
LDH

The buffer of the assay mixture contained 1 M triethanolamine-HCI (pH 8.0) and 0.1 M MgSQO,. 0.015
M NADH and 0.1 M ADP were used as cofactors. The coupling enzymes used in this reaction were
1813 U/mL pyruvate kinase and 2750 U/mL lactate dehydrogenase. This mixture was added to 25 uL
of cell extract. The reaction was started with 0.01 M 2-phosphoglyceric acid.




Pyruvate kinase (PYK) converts phosphoenolpyruvate to pyruvate. The following reaction was used
to measure the activity of the PYK enzyme:

Phosphoenolpyruvate + ADP > Pyruvate + ATP
PYK

Pyruvate + NADH — Lactate + NAD*
LDH

The buffer of the assay mixture contained 0.5 M cacodylic acid (pH 6.2), 0.5 M MgCl, and 1 M KCI.
0.015 M NADH, 0.1 M ADP and 0.02 M fructose-1,6-biphosphate were used as cofactors. The
coupling enzyme used in this reaction was 5000 U/mL lactate dehydrogenase. This mixture was added
to 5 uL of cell extract. The reaction was started with 0.02 M phosphoenolpyruvate.

Lactate dehydrogenase (LDH) converts pyruvate to lactate. The following reaction was used to
measure the activity of the LDH enzyme:

Pyruvate + NADH — Lactate + NAD"
LDH

The buffer of the assay mixture contained 0.5 M hepes (pH 7.4), 0.5 M MgCl, and 1 M KCI. 0.015 M
NADH was used as a cofactor. This mixture was added to 5 pL of cell extract. The reaction was
started with 0.01 M pyruvate.

In vivo assays

In the enzyme assay with the vivo medium the same buffer was used for all the glycolytic enzymes.
The in vivo medium conditions that were used were a 1 M Tris-HCI buffer pH 7.0 (Barany, 1996;
Bruch et al., 1976; Civelec et al., 1996; Groen et al., 1983; Ishibashi & Cottam, 1978; Oudard et al.,
1996), a phosphate concentration of 5 mM (Conley et al., 1997; Guynn et al., 1973), a potassium
concentration of 140 mM (Guynn et al., 1973; @stergaard, 1986; Rorsman & Trube, 1985; Tschopp &
Schroder, 2010), a sodium concentration of 15 mM (Guynn et al., 1973; Lidofsky et al., 1993), a
chloride concentration of 155 mM (Breitwieser et al., 1990; Janssen & Sims, 1992), a magnesium
concentration of 0.5 mM (Guynn et al., 1973; Ingwall, 1982; Murphy et al., 1969), and a calcium
concentration of 0.5 mM. In order to acquire these concentrations in the buffer of the assay mixture, a
mixture of; 1 M of KCI, 150 mM of NaCl, 0.1 M of MgSQO,4and 0.5 mM CaCl, was used.

In addition to the buffer, the substrates, cofactors, coupling enzymes and start reagents necessary for
the reaction to measure the activity were added as mentioned in the previous section. The same
amount of sample was used in the in vitro and in vivo assays.

Glucose consumption experiment

The differentiated 3T3L1 cells were used for this experiment. The 6-wells plates were divided in four
conditions; without TNF-a without Insulin, without TNF-a with Insulin, with TNF-a without Insulin
and with TNF-a with Insulin.

Experimental procedure and sample collection

Medium was removed from the cells and cells were washed two times with 2 mL Phosphate-buffered
saline (PBS). Afterwards cells were incubated with serum-free medium; DMEM with 5 mM glucose
and 1 % PS for three hours. After three hours half of the cells were incubated with 2.5 nM TNF-a for
24 hours. After 24 hours cells were stimulated with 100 nM insulin for 30 minutes and also a control
without insulin was included. After the incubation with insulin the experiment started. The medium




was removed from the cells and fresh medium was added. The medium contained serum-free DMEM
with 1 % PS, 1 or 5 mM glucose and for half of the cells 100 nM insulin. Glucose concentration was
dependent on the experiment; experiment 1 is with 1 and 5 mM and experiment 2 only with 5 mM of
glucose. Insulin was added when the cells were incubated with insulin in the previous phase of the
experiment. Every hour a 50 pL. medium sample was taken of all the wells (experiment 1: t=0 - 4
hours and 24 hours; experiment 2: t=0 - 10 hours). At t=24h for the first experiment and t=10h for the
second experiment a 200uL medium sample was taken and 20uL of 35% perchloric acid (PCA) was
added to this sample. This sample with PCA was used for lactate and pyruvate measurements. The
samples and remaining medium were stored in -80°C. The cells were harvested at t=24h (first
experiments) or t=10h (second experiment) as described in in the section below. In figure 5, an
overview of the experiment is shown.

Harvesting of the cells

Medium was removed of the 6-wells plates and cells were washed with PBS. Cells were detached
from the wells using trypsin followed by scraping of the wells, cells were taken up in medium
(DMEM, 10% FCS and 1% PS) and transferred to tubes. Tubes were centrifuged at 94 rcf at 4 °C and
supernatant was discarded. Pellets were resuspended in 300 uL. 100 mM phosphate buffer pH 7, and
stored in -80 °C.

Glucose concentration determination
Glucose concentration in the medium samples was enzymatically determined by measuring the
amount of NADPH produced according to the following reactions:

Glucose + ATP > ADP + Glucose-6-phosphate
HXK

Glucose-6-phosphate + NADP* > 6-Phosphogluconolactone + NADPH
G6PDH

First a standard curve was made with a range of 0.1 — 1 mM glucose, diluting 10 mM glucose in a 100
mM pipes buffer pH 7.0. The 5 mM glucose samples were 10 times diluted with 100 mM pipes buffer
to fit within the standard curve. 25 uL of the standards and glucose samples were added in duplo to a
96-wells plate. 55 uL demi water was added to the wells. Afterwards 125 pL of a solution of 3 mL 100
mM pipes buffer, 150 pL 40 mM NADP, 120 uL 100 mM ATP, 60 pL 0.5 M MgSO, and 2 mL demi
water was added to each well. After that 10 pL of a solution of 480 uLL 100 mM pipes buffer, 10 puL
1389 U/mL hexokinase and 10 uL 1750 U/mL glucose-6-phosphate dehydrogenase was added to each
well. This started the reaction. The NADPH absorbance was measured at 340 nm in a plate reader,
when the reaction was finished after about 45 minutes.

Lactate and pyruvate concentration

Samples collected during the glucose consumption experiment of 200 pL culture medium with 20 pL
35 % PCA solution were taken from the -80 °C freezer and thawed on ice. All samples were vortexed
two times. 150 uL of the sample was transferred into a fresh tube. The sample was neutralized with

15 uL 5 M KOH in 0.2 M MOPS and vortexed once more. Afterwards samples were centrifuged for 5
minutes at 21130 rcf at 4 °C. The supernatant was transferred to a fresh tube and lactate and pyruvate
concentrations were measured in the solution.

To measure lactate concentrations the increase of absorbance of NADH was measured using the
following reaction:

Lactate + NAD" > Pyruvate + NADH
LDH




With pyruvate the decrease in NADH absorbance was measured according to the following reaction:

Pyruvate + NADH > Lactate + NAD*
LDH

With the changes in NADH absorbance at 340 nm the concentration of lactate and pyruvate were
calculated (Bergmeyer, 1970).

3 hour starvation 24 hour 2.5 nM 30 minutes 100 nM Fresh medium + Serum samples
Serum-free medium TNF-a incubation insulin incubation Glucose +/- Insulin t=24h/t=10h:
Start experiment Harvest cells

Without TNF-a without insulin

Without TNF-a

Without TNF-a with insulin

Differentiated
3T3L1 cells

With TNF-a without insulin

With TNF-a

S

Figure 5. Schematic overview of the insulin-resistance experiment with differentiated 3T3L1 cells.

Statistical analysis

A Two-Way ANOVA with a Bonferroni post-test was used for statistical analysis. Differences were
significant when p > 0.05 (*), p > 0.01 (**) or p > 0.001 (***). Data was analysed using Excel 2010
and GraphPad Prism 5.00.



RESULTS

In this study we have tried to elucidate the mechanism behind the development of insulin resistance in
adipocytes. We expected that in insulin-resistant cells, the glucose consumption, lactate production
and the activity of the glycolytic enzymes would be decreased. Because when insulin resistance is
present glucose uptake is decreased, and for that reason probably also the metabolism of glucose.
Figure 6 gives an overview of the project.

»  Glucose metabolism

TNF-a
\ 4
Insulin resistant - Lactate/Pyruvate P Insulin sensitive
3T3L1 cells = production [~ 3T3L1 cells
> Enzyme activity <

Figure 6. Overview of the project.

Set up of the enzyme assays

Assays for the glycolytic enzymes under in vitro and in vivo conditions functioned properly

Assays to determine the activity of the glycolytic enzymes were successfully set up and activity was
measured for all enzymes in C2C12 cells. This study was a pilot study to measure enzyme activity
under different conditions. Enzyme assays were performed under two conditions, in vitro and in vivo
conditions. In vitro conditions are conditions optimized for each enzyme to get the highest activity. In
vivo conditions are conditions that closely resemble the cytosol. Enzyme assays were done under in
vivo conditions, because the results of the in vivo conditions are necessary for a quantitative computer
model. Figure 7 shows the activities of the glycolytic enzymes under the two conditions. HXK,
G6PDH, PFK, ALD and ENO were enzymes low in activity and PGI, GAPDH, PGK, PYK, LDH and
TPI were enzymes higher in activity. Overall the activity of the enzymes measured using the in vitro
conditions were slightly higher than when in vivo conditions were used. This is what was expected,
because the in vitro conditions are optimized for each enzyme to get the highest activities possible.
The enzyme assays were done using cell extracts in different dilutions. With the results of the dilutions
enzyme activities were calculated. To check whether the measured enzyme was the only limiting
factor we checked the proportionality in which we compared the enzyme activity with the fraction of
the sample present. When the enzyme is the only limiting factor, the enzyme activity and fraction of
sample would be proportional. In our experiments the proportionalities were between 0.92 and 1, so
the measured enzyme is the only limiting factor. The results of the proportionality check can be found
in supplement 1 figure 1.

To conclude, the enzyme assays are functioning properly and can be used for the following
experiments. The in vitro enzyme assays will be used for the following experiments, since they give




higher activity and therefore easier to measure in the small amount of cells available from the

experiment. However, later we need the results of the in vivo conditions for a quantitative computer

model.
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Figure 7. Activity of the glycolytic enzymes under in vitro and in vivo conditions. A) An overview of all enzymes. B)
Enzymes with lower activity. C) Enzymes with higher activity. Blue: In vitro conditions, Red: In vivo conditions. Error bars
represent the standard deviation.

Cells

3T3L1 cells were differentiated to adipocytes with different success rates

The 3T3L1 cells had to be differentiated from fibroblasts to adipocytes. In the first experiment
differentiation functioned properly, 70-80 % of the cells were differentiated after three weeks.
However, in the second experiment differentiation did not go as good, only 20- 40 % of the cells were
differentiated. In figure 8 a picture of an adipocyte is shown.

Inducing insulin resistance in adipocytes

The main goal of this experiment was to optimize the conditions to induce insulin resistance in
adipocytes. The first set of 3T3L1 cells with 70-80% differentiated cells was used for this experiment.
3T3L1 cells were first treated with TNF-a and insulin to get the four cell conditions: without TNF-a
without insulin, without TNF-o with insulin, with TNF-a without insulin and with TNF-o with insulin.
Furthermore, two glucose concentrations were used in this experiment, 1 mM and 5 mM of glucose
(figure 9-12).
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Figure 8. A differentiated adipocyte. Picture was made by bright field microscopy, Zen 2012 (blue edition) with a 100x
magnification.

An optimal time frame to determine glucose consumption rate still has to be found

To figure out the optimal time frame to measure to glucose consumption rate of the cells, we started
with a time frame of 24 hours. Medium samples were taken for the first four hours and one after 24
hours. With both concentrations of glucose there were no detectable changes in glucose concentrations
in the first four hours of the experiment. However, at the time point of 24 hours there were detectable
changes in glucose concentration in the medium (figure 9). So, the changes took place in the last 20
hours in which no additional measurements were done. Another experiment should be done in which
samples are also taken in the last 20 hours to determine the optimal time frame of the experiment.
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Figure 9. Effect of TNF-a and insulin on glucose consumption in a time frame of 24 hours at glucose concentrations of 1
and 5 mM of glucose. A) 1 mM glucose concentration. B) 5 mM glucose concentration. Blue: without TNF-a without insulin,
Red: without TNF-a with insulin, Green: with TNF-o without insulin and Purple: with TNF-a with insulin.

5 mM of glucose seemed the best glucose concentration to determine glucose consumption rate

To determine what glucose concentration was best to determine glucose consumption rate, we used 1
and 5 mM of glucose. In both concentrations a change in glucose concentration in the medium was
detected after 24 hours (figure 9). However, when 1 mM of glucose was used, the glucose was
finished before the end of the experiment for one condition. Therefore, we could not use these results
further. When 5 mM of glucose was used, there still was glucose left in all four conditions, so these
results could be used. Another advantage of using 5 mM of glucose is that this is the physiological
concentration (Kleman et al., 2009). For these reasons 5 mM of glucose seemed to be the best glucose
concentration to use to determine the glucose consumption rate of the cells. The rest of the results will
be based on the experiment with 5 mM glucose.
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TNF-a did not induce insulin resistance, however it did decrease glucose consumption of cells

This experiment was performed to determine the differences in glucose consumption between the four
conditions. With the differences between the glucose concentration in the medium at the start and end
of the experiment (figure 9B), the amount of glucose consumed over 24 hours was determined (figure
10A). Insulin significantly increased the glucose consumed over 24 hours in de conditions with and
without TNF-a. A change in insulin sensitivity (represented by the ratio of glucose consumed with and
without insulin) is observed when TNF-a is added. The insulin sensitivity seemed to increase when
TNF-a is added (figure 10B). So, TNF-a did not induce insulin resistance. However, TNF-a did have a
significant effect on glucose consumption. Total amount of glucose consumed over 24 hours is
decreased when TNF-o was added. So to conclude, TNF-a did not induce insulin resistance, however
it did decrease total glucose consumption by the adipocytes.

Lactate production was increased by insulin and TNF-a

Lactate and pyruvate measurements were done to visualize the amount of pyruvate converted to
lactate. In samples taken at the endpoint of the experiment lactate and pyruvate concentrations were
measured. Lactate production was significantly increased when insulin or TNF-a were added (figure
11A). The concentration of pyruvate did not change significantly (figure 11B).

When the lactate production was compared with the glucose consumption we noticed the figures had a
comparable pattern. When glucose consumption and lactate production of the both conditions without
TNF-a were compared it was evident that lactate production did not exceed glucose consumption.
However, in both conditions with TNF-qa, lactate production exceeded glucose consumption. In the
situation without insulin, glucose consumption was 0.6 mM and lactate production was 1.2 mM and in
the situation with insulin, glucose consumption was 1.5 mM and lactate production was 1.8 mM. It is
possible for lactate production to exceed glucose consumption, because one glucose molecule can be
converted into two lactate molecules. At the start of the experiment we assume that there was no
lactate present, since we used serum-free DMEM medium without lactate or pyruvate (with only L-
Glutamine added). So, TNF-a increased the conversion of glucose to lactate.
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Figure 11. Effect of TNF-a and insulin on lactate production and pyruvate concentration. A) Lactate production. B)
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Insulin increased activity of the glycolytic enzymes

To determine the effects of TNF-a and insulin on the enzyme activities, we did enzyme-activity
assays. First it is important to note that the enzyme-activity assays of the 3T3L1 cells in the four
conditions were only done once. Insulin increased the activity for most of the enzymes. The reason
that not all enzymes respond the same to insulin is unknown at this moment. TNF-a did not have an
effect on enzyme activities (Figure 12).

When the enzyme activity was compared with glucose consumption and lactate production, it became
evident that for some enzymes the pattern was similar. The patterns were similar for the enzymes for
which insulin seemed to have a stimulating effect on the activity.

To conclude, insulin had a stimulating effect on the activities of most enzymes and there was no
detectable effect of TNF-a present.
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DISCUSSION

In the current study we tried to induce insulin resistance in 3T3L1 cells by TNF-a to elucidate the
effects of insulin on glucose metabolism. In previous studies it is shown that incubation of 3T3L1 cells
with TNF-o induced insulin resistance in the glucose transport (Lo et al., 2013; Stephens & Pekala,
1991). Nevertheless, there are studies that used other methods to induce insulin resistance, for instance
high levels of FFAs, dexamethasone and high insulin (Lo et al, 2013; She et al, 2014; Tan et al, 2015).
One reason to choose TNF-a was that mice lacking TNF-a or the TNF-a receptor are protected to the
development of insulin resistance (Hotamisligil, 2003). Which indicates that TNF-a really plays a role
in insulin resistance. In our study, however, we did not observe insulin resistance based on the glucose
consumption. TNF-o. even seemed to increase insulin sensitivity in our glucose consumption
experiment, while we tried to induce insulin resistance using a similar protocol as Lo et al., 2013 and
Stephens & Pekala, 1991. However, our read out of insulin resistance was different, since we
measured glucose consumption instead of glucose uptake. TNF-a could have different effects on these
two mechanisms. At this moment, we cannot explain our deviating results.

But even though TNF-o did not induce insulin resistance, it did have some effects on the glucose
metabolism. First, it decreased the glucose consumption of the cells. Second, it caused an increase in
lactate production. These effects were observed when the cell conditions with and without stimulation
of TNF-o were compared. The activity of the glycolytic enzymes was not changed by the addition of
TNF-a. However, stimulation with insulin did have an effect. Insulin increased the activity for most of
the enzymes. Moreover, insulin increased glucose consumption and lactate production.

Our results showed that the graphs of the enzyme-activities resemble the graphs of glucose
consumption and lactate production. Enzymes in earlier stages of the glycolysis resemble the glucose
consumption more, while the enzymes in later stages of the glycolysis resemble the lactate production
more. HXK for example resembled the glucose consumption pattern and PGK resembled the lactate
production pattern. The mechanism of insulin might influence the first glycolytic enzymes and the
glucose consumption in the same way and also influence the later glycolytic enzymes and lactate
production in the same way. And even though TNF-o had a lesser effect it probably also played a
similar role in the resemblance of the patterns.

Insulin seemed to increase the activity of the GAPDH enzyme, while this GAPDH as often used as
loading control assuming that its concentration is constant. The increased GAPDH activity could be
explained in two ways. In previous studies it is shown that there is an insulin response element (IRE)
in the upstream regulatory region of the GAPDH gene. It has been shown that IRE-A and IRE-B
interact to enhance GAPDH transcription levels (Zhang et al., 2015). This suggests that insulin
increases GAPDH expression by enhancing transcription (Zhang et al., 2015). This would mean that
GAPDH is not a protein with such a constant concentration after all. However, a second option is that
insulin can enhance phosphorylation of GAPDH by activation of Akt. If Akt phosphorylates GAPHD,
the enzyme activity of GAPDH increases (Baba et al., 2010). This way it has no effect on the
concentration, and could it still be constant. Since insulin might increase GAPDH concentration by
increased expression, GAPDH should not be used as a loading control when insulin is used in the
experiment.

Lactate production was increased by TNF-a. Pyruvate produced by the glycolysis can be converted
either to acetyl CoA, after which it can enter the TCA cycle for oxidative phosphorylation or lactate by
LDH (Phypers & Pierce, 2006). NADH is produced in the glycolytic pathway using NAD". NAD" can
be regenerated in two ways, via oxidative phosphorylation or via the conversion of pyruvate to lactate
(Berhane et al., 2015). If TNF-a negatively affects the oxidative phosphorylation, the conversion of




pyruvate to lactate could be increased to regenerate NAD*. However, if this is the true mechanism
behind the increase in lactate by TNF-a is unknown. Lactate is also increased in early stages of
diabetes (Berhane et al., 2015), so the increase of lactate production when TNF-a is added could
indicate a pre-stage of diabetes.

We used differentiated 3T3L1 cells for our experiments. We mentioned earlier in the result section,
that the cells used in the second experiment were less differentiated. For this reason the results are not
as reliable as the results of the first experiment. There are a few possibilities why fewer cells were
differentiated. First, the cells were of lesser quality, since the cells grew evidently slower than the first
batch of cells we differentiated. A second possibility is that during culturing we passed the cells once
when the cell density was too high.

The protocol that we used for differentiation of the 3T3L1 cells was similar to other studies (She et al.,
2014; Zebisch et al., 2012). The moment to start the differentiation and time frame of differentiation
were alike and compounds used were mostly the same (She et al., 2014; Zebisch et al., 2012).
Compared to the protocol of She et al. (2014) we even added a compound that increased the amount of
differentiated cells, namely Rosiglitazone. The mechanism behind this probably is the activation of
PPARYy, which helps overcome the differentiation block (Zebisch et al., 2012). With this information
we can conclude our protocol for differentiation is appropriate.

To make sure future differentiations will be satisfactory, there are some recommendations we would
like to make for the differentiation process. First, cells could be plated out in different densities. 48
hours after confluence cells are the most receptive to the differentiation compounds. When the cells
are plated out in a few different cell densities there is a better chance that one of cell densities is in the
best receptive state to start differentiation. Cells with the highest differentiation percentage can then be
used for the experiments. The second recommendation concerns documentation. It would be good to
document the amount of differentiated cells before the start of an experiment. Quantitative amounts of
differentiated cells can be compared accurately between experiments using documentation. There are
at least two ways to document the amount of differentiated cells. A picture could be taken of a few
representative places of the wells. This can be compared between experiments. Another way to
guantify is to count the differentiated cells. A way to do this is to choose a representative area of the
well, for instance in the middle of the wells, and count the differentiated and the undifferentiated cells
and determine the ratio. For best comparison it might be best to use both methods. In our opinion it is
sufficient to document only once, just before you start the experiment.

Another point of discussion is what time frame to use for the experiment. In the first experiment a time
frame of 24 hours was taken to measure glucose consumption, lactate production and changes in
enzyme activity. However, changes took place only in the last 20 hours of the experiment, in which no
measurement were done. For this reason we cannot make conclusions about the glucose-consumption
rate. It might be that glucose consumption decreased steadily after the first four hours, or it could be
that changes happened only after for example ten hours. We did a second experiment in which we
tried to measure glucose consumption in a time frame of ten hours. Results are shown in supplement 2
figure 1, no detectable glucose consumption seems to be taking place over ten hours. However, these
results are not reliable because of a lower amount of differentiated 3T3L1 cells. There are two
possibilities: i) the results are correct, which means that there is a lag phase of glucose consumptions
in the cells and the consumption of glucose starts after ten hours and ii) the glucose consumption
happens within ten hours and the results of the second experiment are incorrect because the cells were
not differentiated. To confirm one of the options, the experiment should be repeated. This has not been
done because of insufficient time.




In other studies glucose consumption experiments were also done over a time frame of 24 hours (Li et
al., 2007; Yin et al., 2002). However these studies were only interested in the endpoint of glucose
consumption, to see the effects of different substances on glucose consumption. In literature we could
not find other studies with a good time frame to determine the rate of glucose consumption.

During the experiments we also stimulated the cells with 100 nM of insulin. When cells are incubated
with insulin for longer time, insulin resistance can be induced. In previous studies a decrease in insulin
sensitivity was induced by 100 nM of insulin (for 24 or 48 hours) in 3T3L1 cells on glucose transport
(Franekova et al., 2015; Lo et al., 2013). However, insulin sensitivity was less reduced than by TNF-a
(Lo et al., 2013). Because insulin can induce insulin resistance over time, it is best to use a time frame
as short as possible. But it is also important that changes in glucose concentrations are still detectable
in time. Of course this all has an effect on the lactate production and enzyme activities as well. It is a
possibility to stimulate glucose consumption with a lower concentration of insulin, for example 1 nM
of insulin (Li et al., 2007), that way it will have less of an effect on inducing insulin resistance.

In the future we would like to harmonize our experiments with signalling experiments, to see what the
mechanisms behind the changes are. The short time scale of signalling experiments must also be taken
into account when searching for an optimal time frame.

In the experiments two concentrations of glucose were used, 1 mM and 5 mM. We continued with the
concentration of 5 mM of glucose, because 1 mM was too low for the 24-hour experiment and because
5 mM is a physiological concentration (Kleman et al., 2009). Other studies also used about 5 mM of
glucose in their glucose consumption experiments (Li et al., 2007; Yin et al., 2002). However, since
we would like to measure in a shorter time frame in the future, it might be better to go back to a lower
concentration of glucose, since otherwise the decrease in glucose concentration in the medium will not
be large enough to detect.

Since there are still a few optimizations to make for the conditions of the experiment, it might better to
switch to a cell type that does not have to be differentiated. This will save time of the differentiation,
and decreases the chance that results are useless because of low quality differentiation. First optimize
the conditions mentioned above, after that all cell types can be used.

To get to the stage where we can elucidate the complete glucose metabolism, a lot of research has to
be done. When the conditions are optimal, enzyme assays can also be done under in vivo conditions
and these results can be used to develop a quantitative computer model of the glucose metabolism.
When a quantitative computer model is made, this can provide clarity about the effects of insulin on
glucose metabolism. With this model predictions can be done about the effects of perturbations, like
insulin resistance, on the glucose metabolism. This might help understanding the mechanisms behind
insulin resistance and T2DM.
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Supplement 1 figure 1. Average activity of the enzymes in dilutions in the in vitro medium. A) Hexokinase. B)
Phosphoglucose isomerase. C) Glucose-6-phoshate dehydrogenase. D) Phosphofructokinase. E) Aldolase. F) Triose
phosphate isomerase. G) Glyceraldehyde-3-phosphate dehydrogenase. H) Phosphoglycerate kinase. 1) Phosphoglycerate
mutase. J) Enolase. K) Pyruvate kinase. L) Lactate dehydrogenase. R? represents proportionality.
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Supplement 1 figure 2. Average activity of the enzyme dilutions in the in vivo medium. A) Hexokinase. B)
Phosphoglucose isomerase. C) Glucose-6-phoshate dehydrogenase. D) Phosphofructokinase. E) Aldolase. F) Triose
phosphate isomerase. G) Glyceraldehyde-3-phosphate dehydrogenase. H) Phosphoglycerate kinase. I) Phosphoglycerate
mutase. J) Enolase. K) Pyruvate kinase. L) Lactate dehydrogenase. R? represents proportionality.
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Supplement 2 Figure 1. Glucose consumption in 3T3L1 cells with a time frame of 10 hours. Blue: without TNF-a
without insulin, Red: without TNF-a with insulin, Green: with TNF-o without insulin and Purple: with TNF-a with insulin.



