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Abstract

Excess of insulin in the circulating blood relative to the level of glucose
(Hyperinsulinemia) may be linked to systemic low-grade inflammation
and some chronic disease such as the metabolic syndrome, type 2
diabetes (T2D), and cardiovascular disease (CVD). The function of high
levels of insulin in vascular smooth muscle cells (VSMCs), endothelial
cells (ECs), and macrophages in relation to CVD has been investigated,
but exact role of high insulin levels in monocytes, as an important cell
type in the pathogenesis of CVD, is largely unknown. In order to better
understand the physiological consequences of high levels of insulin in
monocytes, we investigated the cellular effects of insulin in THP-1
human monocytic cell line by cell counting, resazurin assay, and flow
cytometry cell cycle phase analysis in a dose- and time-dependent

manner.

We found that insulin induces dose- and time-dependent
hyperproliferation of THP-1 cells, as observed by cell counting
(significant and most evident increase in cell numbers by 23 % following
24 h at 100 nM insulin). Insulin did not change THP-1 monocytic
morphology and color of culture medium, as monitored by microscopy.
Insulin treatment also did not trigger cell adhesion to the bottom of
culture flasks or clustering of cells. These findings are in agreement with
a hyperproliferative effect of insulin in THP-1 monocytes as observations
suggest that insulin may not promote differentiation of monocytes to
macrophages. Insulin increases metabolic activity of monocytes in a cell
density-, time- and dose-dependent fashion (significant increase in

metabolic activity following 24 h with a seeding density of 20000



cells/well at 20 nM and 100 nM insulin, each by 5 %), as shown by
resazurin bioassays. These stimulatory effects of insulin on cell
proliferation and metabolic activity subsided following longer exposure
periods. Finally, by flow cytometry, we demonstrated that insulin alters
cell cycle phase distribution supporting that insulin may indeed be a
dose- and time-dependent inducer of mitosis (significant and most
evident alteration following 24 h at 100 nM insulin), hence this result
validates the findings by cell counting and resazurin assay in favor of

increased proliferation by insulin.

In conclusion, the results of this study suggest that insulin increases
monocyte proliferation, and hence may affect important aspects of

monocyte function, for instance immune and vascular function.
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1. INTRODUCTION

1.1 Insulin and metabolic processes

Insulin is a peptide hormone that regulates metabolism of glucose, lipid,
and protein. The hormone also controls gene expression and activities of
some metabolic enzymes. All these insulin’s effects are performed by a
complex network of signaling pathways (Figure 1). Based on information
thereof, insulin acts as a vital hormone in mammals [1], and defect(s) in
cellular processes coordinated by insulin signaling could have severe

consequences.
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Figure 1 Complex network of signaling pathways in response to insulin. Insulin binds
to its receptor that induces the tyrosine phosphorylation of IRS. IRSs activate the
regulatory subunit of PI3K, and PI3K results in activation of PDK1, which activates
Akt. Akt has a key role in metabolism. INS, insulin; INSR, insulin receptor; IRS, insulin
receptor substrates; PI3K, phosphoinositide 3-kinase; PDK1, 3-phosphoinositide-
dependent protein kinase 1; JNK, JUN N-terminal kinase; IKK, IxB kinase; mTOR,
mammalian target of rapamycin; ERK, extracellular signal-regulated kinase [2].
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1.1.1 Insulin and the regulation of glucose metabolism

Consumption of diets high in glycemic carbohydrates causes postprandial
hyperglycemia, which in turn induces the primary role of insulin;
reducing blood glucose [3]. The concentrations of insulin after a meal in
normal and insulin-resistant individuals are ~0.3- 0.4 nM and ~1.4- 1.5

nM, respectively [4].

Under normal conditions, insulin is secreted from the B-cells of the islets
of Langerhans in the pancreas in response to an escalation in blood
glucose levels. Insulin then suppresses hepatic glucose production (HGP)
in the liver. The hormone stimulates glucose uptake, utilization, and
storage in fat and muscle [5-8] by stimulating the translocation of the
glucose transporter GLUT4 from intracellular sites to the plasma
membrane of fat and muscle cells. Insulin promotes glycogen storage
through a coordinated increase in glucose transport and glycogen
synthesis [5]. Thus, the islet response returns elevated plasma glucose,

for instance after a meal, to baseline [6].

In insulin resistance, a condition associated with dietary and/or genetic
factors that causes obesity, glucose homeostasis is conserved by capacity
of the islets of Langerhans to escalate insulin secretion in a compensatory
way. If islet dysfunction prevents the increase of insulin secretion needed
to overcome insulin resistance, glucose intolerance will arise. The

progress of islet dysfunction involves increased HGP and reduced tissue
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glucose uptake that eventually lead to overt hyperglycemia and diabetes

[6].

1.2 Insulin resistance

Insulin resistance is defined as a condition where target tissues, such as
the skeletal muscle, liver, and adipocytes, decrease the response to insulin
[9, 10]. The insulin resistance is characterized by defect at many steps,
with reduction in receptor concentration and kinase activity [11], IRS-1
and -2 concentration and phosphorylation, PI3K activity, translocation of
glucose transporter, and intracellular enzymes activity [5].
Hyperinsulinemia per se may promote insulin resistance [12]. Genetic
and acquired factors can affect insulin sensitivity. Genetic defects in the

insulin receptor represent the most severe form of insulin resistance [5].

There is no evidence that insulin resistance addresses every tissue on
which insulin has effects. The muscle and adipose tissue are the main
tissues in which insulin resistance takes place [13]. The pathophysiology
of type 2 diabetes (T2D) is caused by combination of insulin resistance in
classic target tissues, such as liver, muscle, and fat, coupled with insulin
resistance in B-cell, brain, and other tissues [5]. In addition, insulin

resistance is known as a predictor of cardiovascular disease (CVD) [14].
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1.2.1 Insulin resistance and inflammation

Insulin resistance is known as a chronic low-level inflammatory state.
Hyperinsulinemia and insulin action may be associated with
hypertension, low high-density lipoprotein (HDL) cholesterol,
hypertriglyceridemia, abdominal obesity, and glucose intolerance, linking
all these conditions (metabolic syndrome) to the development of CVD
[15].

The similarities of insulin resistance with another inflammatory state,
atherosclerosis, have been characterized. Insulin resistance and
atherosclerosis show similar pathophysiological mechanisms, primarily
due to the roles of the two crucial proinflammatory cytokines, TNF-o and
IL-6 [15]. The metabolic inflammation caused by postprandial
hyperinsulinemia is involved in the lifestyle disease development
including obesity-associated metabolic disorders, T2D, and CVD [3].

1.3 Mitogenic action of insulin

Insulin induces cell growth and differentiation [5]. Insulin acts on tissues
through different mechanisms. The functions of insulin in glucose
homeostasis appear to be mediated by the classical insulin receptor while
the functions of insulin on cell growth are mediated by insulin-like
growth factor 1 (IGF-1) receptor. Thus, if one signaling pathway interacts
with insulin resistance, the other may still be accessible [13]. Some

studies have shown that insulin’s effects on cell growth involve multiple
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kinases [16, 17] including the mitogen-activated protein kinase (MAPK)
extracellular signal-regulated kinase (ERK) [5] and PI3K. PI3K has a
critical role in the metabolic and mitogenic actions of insulin and IGF-1
[5, 18-20] (Figure 2). Inhibitors of class Ia PI3K, or transfections with
dominant negative constructs of the enzyme suppress most metabolic
functions of insulin, including stimulation of glucose transport, glycogen,
and lipid synthesis [5]. Insulin induces proliferation, such as VSMCs
proliferation, through a mechanism involving the PI3K [19, 21].

~
Glucose Insulin/IGF-1

receptors

Glucose
transport
-« Akt aPKC P Gabde v
¥ 4 N MAP kinase
p7O=k PP1 GSR / ¢
\ ‘ / Cell growth General gene
Differentiation expression

Glucose metabolism
Glycogen/lipid/protein synthesis
Specific gene expression

Figure 2 Signaling pathway in insulin action related to cell growth. The insulin
receptor experiences autophosphorylation, and catalyses the phosphorylation of
intracellular proteins such as members of the insulin receptor substrate (IRS) family,
She, and Cbl. Upon tyrosine phosphorylation, these proteins interact as docking sites
with proteins that contain SH2 (Srchomology-2) domains [5, 22], culminating in a
various series of signaling pathways, including activation of PI3K and downstream
PtdIns(3,4,5)Ps-dependent protein kinases, Ras and the MAPK cascade, and Cbl/CAP
and the activation of TC10. IGF-1, insulin-like growth factor 1; p70"*, p70 ribosomal
S6 kinase [5]. Modified figure [5].
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It has been confirmed that metabolic and mitogenic insulin signaling
pathways present distinct sensitivity to some common stimuli, are
independently regulated, and may act on VSMCs migration, proliferation
and inflammation in chronic hyperinsulinemia that indicate VSMCs are
responsive to insulin [5, 23]. The inhibition of metabolic insulin signal
increases insulin-stimulated proliferation of endothelial cells [24].
Hyperinsulinemia in association with increased levels of fatty acids may
impair glucose homeostasis simultaneously with the overactivation of
smooth muscle cell of arterial wall, proliferation and inflammation; these

events could make arterial plaques [23].

1.4 Monocytes

Leukocyte subsets are distinguished by physical and functional
characteristics. They originate from hematopoietic stem cells and evolve
along distinct differentiation pathways in response to internal and
external signals [25]. The mononuclear phagocyte system comprises a
subcategory of leukocytes originally defined as a population of bone
marrow-derived myeloid cells that circulate in blood as monocytes and
populate tissues as macrophages in the steady state and during
inflammation [25, 26]. Monocytes circulate in the bone marrow, blood,
and spleen and do not proliferate in a steady state [25]. In other words,
monocytes are deemed circulating, whereas macrophages and dendritic
cells (DCs) are tissue resident and mainly sessile [27]. Based on levels of
CD14 and CD16, monocytes can be divided into three types: classical
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(CD14""CD167), non-classical (CD14'CD16™) and intermediate
(CD14""CD16") [26, 28-30]. CD14 is the most substantial endotoxin
(LPS) receptor on monocytes and neutrophils involved in activation of
these cells by LPS [31]. CD14 is a 55 kD polypeptide [32] which is
linked to the membranes of differentiated myeloid cells [33]. LPS-
binding protein (LBP), existing in the serum of healthy human beings,
mediates and boosts the binding of LPS to CD14. The different cytokines
and also LPS itself can alter the number of surface-expressed CD14 and
the amount of released sCD14 on monocytes and neutrophils. There are
diverse diseases that are accompanied by alterations of systemic or local
sCD14 levels or CD14 expression on cells. High numbers and activation
of CD14™ monocyte subsets are linked to hyperglycemia and
cardiovascular complications in obese patients [26]. These findings
suggest that the expression of CD14 might be important in the regulation
of the inflammatory process [31]. THP-1 monocytic cells are known to
express CD14 (+) [31-35].

Monocytes are crucial immune cells in the blood [3], equipped with a
wide variety of receptors [27] such as chemokine receptors and adhesion
receptors that mediate migration from the blood to the tissue during
infection. They generate inflammatory cytokines and take up toxic
molecules and cells. They can also differentiate into inflammatory DCs
or macrophages during inflammation and perhaps, less effectively, in the
steady state. Migration of monocytes to tissues and differentiation to
inflammatory DCs and macrophages are presumably regulated by the
inflammatory milieu and pathogen-associated pattern-recognition

receptors [25].
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1.4.1 Postprandial monocyte activation and the risk of CVD

High-glycemic load diets (consumption of diets high in carbohydrate)
have been implicated in obesity, insulin sensitivity, circulating lipid
concentrations, endothelial function, and likely the risk of CVD [36].
There is a relation between high-glycemic load diets, high insulin levels,
hyperlipidemia, and monocyte activation (production of cytokines), all
significant risk factors for T2D and CVD [3, 36]. CVD may be triggered
and progressed by inflammation events. Activation of immune cells such
as monocytes triggers inflammation, an important process in CVD.
Activation of circulating monocytes facilitates accumulation and
sequestration of monocytes into the arterial intima, one of the early steps
in plague formation [36-39]. The production of cytokines including TNF-
a and IL-1B (a hallmark of monocyte activation) activates the
endothelium and causes augmented vascular permeability and expression

of adhesion molecules, crucial events in CVD [36].

1.4.2 The human monocytic cell line THP-1 and cell growth

THP-1 is a human leukemia cell line derived from the blood of a boy
suffering from acute monocytic leukemia. They are cultured in vitro as a
suspension culture at 37°C in the atmosphere of 5 % CO,. Differentiation
of monocytic THP-1 cells into macrophage-like cells is mainly performed

using phorbol myristate acetate as this reagent triggers differentiation
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[40-42]. THP-1 monocyte has a round shape, clear cytoplasm with a
bean-shaped nucleus [43]. Figure 3 demonstrates THP-1 cells under a

light microscope.

Figure 3 THP-1 monocytic cells growing in suspension (x20). [Credit: J. Naderi]

Since it is difficult to acquire large amounts of pure monocytes in human
beings, the utilization of a human monocytic cell line such as THP-1
might provide a beneficial tool for studying monocytic leukemia and the
function of monocytes, especially in the human immune response as
THP-1 retains its monocytic properties and resembles the human
monocyte [43]. In contrast to native human monocytes, the THP-1 cell
line presents the extra asset of a homogeneous population, which
distinctly facilitates further biochemical research [40, 44, 45]. The
several studies reported that THP-1 is a suitable model-system for
mimicking human monocytes and macrophages in metabolic

inflammation, diabetes and vasculature-related research [46, 47].
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The eukaryotic cell cycle is divided into four different phases (Figure 4):
The G1- (first gap) phase is the preparation stage, where somatic cells
grow in size and synthesise proteins and other components required for
DNA synthesis. S- (synthesis) phase is the period where the cell
replicates the chromosomes. G2- (second gap) is the period where the
cell prepares for division. These three phases altogether are known as the
interphase. The cell division, which consists of the division of the nucleus
and then cytoplasm, happens in the M- (mitotic) phase; the M-phase is
divided into several stages [48, 49].

M PHASE

i
' mitosis
+ (nuclear oy
1 division) cytokinesis
(cytoplasmic
division) .-~

G, PHASE

INTERPHASE

i

S PHASE G, PHASE

(DNA replication)

Figure 4 The cell cycle contains four different phases. G1-phase is the gap between M-
phase and S-phase. DNA replication is limited to S-phase. G2-phase is the gap between
S-phase and M-phase. These three phases altogether are known as the interphase. In M-
phase, the nucleus and then the cytoplasm divide [49].

Cells in culture usually grow in a standard pattern of growth consisting of
three phases: lag phase, log phase, and plateau phase. The lag phase is a

period after subculturing cells where they adjust to the medium, with
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little or no increase in cell number. In the log phase, cells are in
exponential growth and most reproducible stage. In the plateau phase,
cell growth is more or less equivalent to cell death, i.e. no net increase in
cell numbers. Adhesive monolayer cells reach plateau phase, when they
are in a very high density, due to contacting cells to each other.
Suspension cells, like THP-1, do not demonstrate same plateau and
saturated density, but will finally reach a plateau because of exhaustion
of the medium [50].

Prior to experiments, it is recommended that cells should exist in log
phase. Cells are randomly distributed in the cell cycle during log phase.
Thus, cells should be synchronized prior to experiments [50]. This
process can be attained through serum starvation of cells that may cause

cells to enter the Go-phase, referred to “out of cycle” [51].
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1.5 Chronic high insulin levels, Obesity, T2D and CVD; a
strong-hypothesized connection

The glycemic index (the rate of carbohydrate absorption after a meal)
significantly affects postprandial hormonal and metabolic responses.
High-glycemic index meals cause an initial period of high blood glucose
and insulin levels, followed in many human beings by reactive
hypoglycemia, counterregulatory hormone secretion, and increased
concentrations of serum free fatty acid. This situation may contribute to
excessive food intake, B-cell dysfunction, dyslipidemia, and endothelial
dysfunction. Thus, the diet high in glycemic index may elevate the risk
for obesity, T2D, and CVD, a hypothesis that elicits hefty support from
studies [52].

Monocytes, macrophages, and lymphocytes are known as mononuclear
cells (MNCs). MNCs proliferation and accumulation account for
inflammation in both obesity/hyperinsulinemia and atherosclerosis. In
obesity-associated  hyperinsulinemia/insulin-resistant  patients, the
elevated concentrations of several inflammatory mediators (e.g. TNF-a,
IL-6, monocyte chemoattractant protein-1 (MCP)-1, and matrix
metalloproteinase-9 (MMP-9; gelatinase B)) likely promote MNC
infiltration of adipose tissue and the wvessel wall. Susceptible
atherosclerotic lesions are characterized by elevated numbers of MNCs,
potentially promoting plaque rupture through their excess levels of
MMP-9 expression [53].
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1.6 Aims of the thesis

The escalated incidence of obesity, insulin resistance, T2D, CVD, and
other metabolic diseases in the western world calls for a better
understanding of the mechanisms underlying these disorders and the
outcomes thereof [54-57].

Insulin serves as the primary regulator of blood glucose concentration [5,
6] and is an essential hormone for metabolic homeostasis in mammals
[1]. Insulin also stimulates cell growth and differentiation [5].
Hyperinsulinemia may stimulate various proliferative events e.g. in
VSMCs [24] and ECs [58]. Insulin resistance as well as
hyperinsulinemia, linked to T2D, promotes largely the progression of
hypertension and atherosclerotic lesions [19]. Obesity-associated insulin
resistance thrives in the existence of activated inflammatory signaling in
liver, white adipose tissue (WAT), skeletal muscle, and even in the

central nervous system (CNS) [59].

Monocytes may have a role in the risk of CVD [53]. Role of insulin in
monocytes, linked with hyperinsulinemia and lifestyle diseases
development, is largely unknown. This justifies a further research on
characteristic of cellular effects of insulin on monocytes; this master’s
thesis investigates cellular effect of insulin on THP-1  monocytic
proliferation, which might be pivotal in monocyte function, for instance,
immune and vascular function in atherosclerotic process and/or CVD. In
these areas of metabolic research, some questions remain unanswered

that we aim to elucidate them in the present study:
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Could the human THP-1 monocytic cell line be employed as a suitable
model-system to study the effect of high levels of insulin at the cellular

level?

Would THP-1 monocytes respond to increased level of insulin in vitro?

Will high insulin levels affect proliferation of monocytes in vitro?

May high levels of human insulin affect immune and vascular function?
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2. MATERIALS AND METHODS

2.1 Reagents and solutions

The reagents and solutions, which were used in this study, are listed in

Table 1.
Reagents and solutions Company Catalog no.
RPMI 1640-medium Sigma-Aldrich | R0883
Fetal Bovine Serum ( FBS) Gibco 10270
Gentamicin solution Sigma-Aldrich | G1397
L-Glutamine Sigma-Aldrich | G5792
B-Mercaptoethanol Sigma-Aldrich | M6250
Milli-Q (MQ) water Millipore N/A

Corporate

Resazurin R&D Systems AR002
Insulin solution human Sigma-Aldrich | 19278
Phosphate buffered saline (PBS) Oxoid BR0014G
RNase Sigma-Aldrich | R6513
Methanol Merck 1.06009.1000
Trypan Blue Sigma-Aldrich | T8154
Propidium lodide (PI) Sigma-Aldrich | P4864

Table 1 Reagents and solutions.
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2.2 Cell culture

2.2.1 Cell cultivation

The experiments were performed on human monocytic cell line THP-1
(American Type Culture Collection, Manassas, VA, Catalog No. TIB-
202). THP-1 cells were maintained in suspension for passage and growth
in RPMI-1640 supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 1% L-glutamine, 0.002% gentamicin, and 0.05 mM j-
mercaptoethanol [3, 43]; the suspension cells were incubated at 37 °C in a
humidified 5% CO; incubator.

2.2.2 Thawing of cells

Monocytic THP-1 cells, in CryoTubes, were taken from the liquid N,
tank and immediately thawed in lukewarm water (37°C). To avoid
explosive pressure inside of the CryoTube, its screw cap was loosened
slightly before holding it in the water bath, carefully avoiding water to
enter the vial. When the content of CryoTube became slush, its cap was
tightened. The cells were transferred to a 15 ml tube using a transfer
pipette, and 10 ml pre-warmed (37 °C) growth medium was added very
carefully (drop by drop), to avoid a rapid osmotic change and reduction
of cell viability [50]. THP-1 suspension cells were centrifuged at 700 rpm
at 25 °C for 5 minutes, and the supernatant (DMSO and medium) was

discarded. DMSO is applied for freezing cells by impeding the cooling
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rate and decreasing generation of ice crystal inside of the cell. However,
DMSO is a toxic compound and should be removed from the cell culture
[50]. The pellet was resuspended in 5 ml pre-warmed growth medium
and placed in a 25 cm? tissue culture flask (T25). The flask was incubated
at 37 °C in a humidified 5% CO; incubator for 24 h. It is important to
know the cap of tissue culture flask should be loosened slightly in the
incubator for gas exchange. At 24 h, to discard the rest of DMSO, THP-1
cells were centrifuged; the pellet was resuspended in 5 ml pre-warmed

growth medium, and cells were incubated.

2.2.3 Establishing growth curves of THP-1 monocytes

THP-1 cells were subcultured to initial cell densities of 1.0x10°,
2.0x10°% and 3.0x10° cells/ml, and seeded in three different 25 cm?
tissue culture flasks. The number of cells was counted using a counting

chamber every 24™ h for 8 days, and plotted against time.

2.2.4 Growth and experimental conditions

Human THP-1 monocytes were cultivated in maintenance tissue culture
flasks with an initial density of 3x10° cells/ml. The cells were
subcultured before they reach to 8x10° cells/ml (plateau phase). The cell
density was not allowed to exceed 8x10° cells/ml in order to ensure the

exponential growth. If cells exceed 8x10° cells/ml, the mitosis rate will
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decrease, and cells may clump or have an irregular and blebbing
appearance. If cells start to look like this, they should be terminated,
since they will not recover [60]. Thus, the new vials of cells, from the
liquid N tank, would be thawed.

Based on the growth rate, cells were subcultured once or twice a week to
ensure a continuous and logarithmic growth. The experience with THP-1
cells has shown that they grow very slowly after thawing and cultivation
for around three to four weeks, and then grow as normal. It is maybe
better to thaw two or three CryoTubes of cells simultaneously and culture

in one flask in order to speed the growth process.

For maintenance or subculturing of culture, pre-warmed fresh medium
was added, or medium was replaced to dilute back to 3x10° cells/ml
[61]; it should be noted that replacing of medium is not usually
performed in suspension cultures [50]. In other words, the suspension
cultures are: (1) diluted and expanded, (2) diluted and the excess
discarded, or (3) the high volume of the cell suspension is withdrawn and
residue is diluted back to a proper seeding density [50]. These actions are
applied based on how many cells are needed for performing experiments.
In theory, THP-1 cells should be utilized during five passages as their
characteristics might alter over time [60]. In routine, this was not
observed; the morphology and properties of THP-1 cells more commonly
changed when they reached an approximate passage-number of 30. Thus,
in our routine, THP-1 cells were terminated before getting to a passage-
number of 30, and a new batch of cells was thawed.

Prior to all experiments in this master’s project, THP-1 cells were

subcultured to 3x10° cells/ml. Then, during the next four days the cells
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reached a density of ~7x10° cells/ml. The withdrawn cells with a density
of ~7x10° cells/ml were centrifuged at 1600 rpm at 25 °C for 5 min and
resuspended in pre-warmed 0.5% FBS-supplemented medium, as the

serum starved state, prior to the different treatments.
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2.3 Cell proliferation and viability methods

2.3.1 Estimating proliferation by cell counting

In this method, cell viability is validated by Trypan Blue staining [62-64].
For viability assessment, the cell suspension is diluted 1:2 in Trypan Blue
dye ready-to-use solution. 10 pl cell suspension is aspirated by
micropipette and diluted by pipetting with 10 ul of Trypan Blue. 10 pl of
the diluted cell suspension is transferred into chamber for analysis [63].

The Biirker chamber has 9 large squares (1 mm? each), divided by double
lines (0.05 mm apart) into 16 group squares (Figure 5). In this cell
counting method, first, a cover slip was placed on the chamber and
tightened carefully. The cell sample was mixed thoroughly, and 10 ul cell
suspension was aspirated. The cell suspension was transferred
immediately to the edge of chamber and dispensed; they were let to be
drawn under the cover slip through capillary force. The chamber was not
allowed to be over filled or under filled by cells, since its dimensions
may change due to alteration to the surface tension. The cells were
counted in minimum 4 large squares identified by the triple lines. If cell
numbers in each square are close to each other, one can be calculated as
the average. If numbers are not close to each other, 6 or 9 large squares
would be counted. At the end of procedure, the average of counted large
squares was calculated, and cell concentration per 1 ml was determined

as follows [63]:
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- Mean value number of cells = Y (1 square corresponds 0.1 mm?® (1 cm®
=1ml))
- Number of cells/ml = Y x10* [63].

i"e

.

|
o o.o
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005
1 mm

o Cells to count

. Cells not to count

Figure 5 The surface of Biirker chamber. The Blirker chamber contains 9 large squares
(1 mm? each), split in double lines (0.05 mm apart) into 16 group squares. The cells are
counted in minimum 3 or 4 large squares, identified by the triple line and shaded in the
figure [63].

Actively proliferating THP-1 cells (passage number < 30), with a density
of ~7x10° cells/ml, were centrifuged and serum starved in 0.5% FBS-

supplemented medium for 24 h. At 24 h of starvation, cells were treated
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with 20 nM, 100 nM, and 1uM insulin for 24 h to 72 h. The THP-1
viable cells were counted at each exposure periods through a counting

chamber.

2.3.2 Resazurin (Alamar Blue) assay to estimate cell
proliferation

Resazurin (Alamar Blue) is a non-toxic, redox indicator that can be
reduced, by enzymatic or chemical reaction in viable cultured cells, to
make resorufin; metabolically active living cells convert a blue non-
fluorescent dye (resazurin) into a pink fluorescent end product
(resorufin), which accumulates in the medium [65]. Nonviable cells are
not metabolically active, and do not convert the resazurin to resorufin.
The specific cellular mechanisms of resazurin reduction in viable cell are
unknown, but probably involve responses generating reducing
equivalents such as NADH. The resazurin transforms non-fluorescent
resazurin to fluorescent resorufin by mitochondrial reductase [66]. The
resazurin bioassay is a non-toxic quantitative method for measuring
metabolic activity, cell proliferation, viability, and cytotoxicity of cell
cultures. Cells exposed to resazurin can be reverted to culture or utilized

for other experiments [67-69].

Resazurin should be added equal to 10% of cell culture volume, and the
change in color can be recorded at various time courses in order to
determine the optimal resazurin metabolisation time in a specific cell
model system. The optimal resazurin metabolization time depends on cell

type (duration of cell cycle of a cell type) and its metabolic capacity [67,
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70]. Longer incubation time periods may give rise to enhanced detection
sensitivity, however there may be a loss in detection due to converting
resorufin to hydroresorufin [67]. After an appropriate incubation time, the
change in color is determined by a microplate-reading spectrophotometer,
equipped with a filter set for 560-nm excitation and 590-nm emission
wavelengths (in theory) [67], which is a preferred method due to
providing the optimal sensitivity [67]. For data analysis, color intensity
fold changes, compared to control, are plotted against stimulation time
courses [67, 69, 71].

To optimize the Resazurin assay, THP-1 monocytic cells (passage
number < 30), with a density of ~7 x 10 cells/ml, were deprived of
serum in 0.5% FBS-supplemented medium (for 0 h). 5000, 10000, and
20000 starved cells/well were seeded in a 96-well tray and treated with 1
UM INS. The 96-well tray incubated for 24 h. Following 24 h
stimulation, 10 pl resazurin (equal to 10 % of content’s volume of well)
was added to each well and incubated for 1 h to 4 h. The color change of
metabolic reduction of the blue resazurin to pink resorufin was
determined at each resazurin metabolisation’s exposure periods by Termo
Labsystems Multiskan Ascent 354 at OD 550 with 595 nm correction.

The experiments were repeated 3 times with 6 technical replicates each.

For the dose response experiments, THP-1 monocytic cells (passage
number < 30) with a density of ~7 x 10° cells/ml were synchronized in
0.5% FBS-supplemented medium (for 0 h). 20000 starved cells/well were
seeded in a 96-well tray and treated with 20 nM, 100 nM or 1 uM INS.
The 96-well tray incubated for 8 h. At 8 h, 10 ul resazurin (equal to 10%

of content’s volume of well) was added to each well, and the tray
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incubated for 4 h resazurin metabolisation. At 4 h, the color change was
measured by Termo Labsystems Multiskan Ascent 354 at OD 550 with
595 nm correction. After measuring, the plate was discarded. The process
of adding resazurin and determination of metabolic reduction were
repeated with different plates at 16, 24, 36, and 48 h time courses. The

time points were selected based on results of cell counting.

2.3.3 Flow cytometry to analyze cell cycle phase distribution

Cell proliferation has until recent years been investigated by methods
which quantify total cell division over a short time, or recognize cells
which have recently divided, but could not ascertain how many
generations have arisen, nor permit the restoration of viable cells for

additional analysis [72].

The measurement of S-phase fraction (SPF) calculated from DNA
histograms has been one of the earliest applications of flow cytometry to
investigate cell proliferation. SPF is a sketchy approach that does not
provide details of rate of cell proliferation. One of the methods of flow
cytometry involves bromodeoxyuridine (BrdU) DNA incorporation that
offers more detailed analysis of cell cycle and the rate of cell
proliferation [73]. The total DNA staining is performed through

propidium iodide (PI) and analyzed by flow cytometry that measures
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cells in the various stages of the cell cycle. This method separates cells in
G1-phase from S-phase and S-phase from G2/M-phase [64].

One of the flow cytometric approaches for cell cycle analysis is based on
a single time point measurement of the cell population. This approach
can rely on measurement of DNA content solely or in addition to DNA
content, another characteristic of cells is measured. The measured
characteristic is expected to provide the knowledge about metabolic or
molecular attribute(s) of the cell that matches with a rate of cell
progression by cycle or is a biomarker cell proliferative potential or
quiescence. The single time point measurement shows the distribution of
cells in G1 vs S vs G2/M, but it does not reveal direct knowledge on cell
cycle kinetics. However, the length of G1, S, or G2/M phase can be
evaluated from the cells percentage in the respective phase if length of
the cell cycle, or duration of doubling of cells in the culture, is recognized
[67]. Quantitation of the total DNA per cell is very effective in analyzing
the progress of cells via the cell cycle (G1 -> S -> G2 -> M). Flow
cytometry is a precise technique for sorting of cells based on DNA
content [74].

THP-1 cells (passage number < 30) with a concentration of ~7x10°
cells/ml were resuspended in 0.5% FBS-supplemented medium. 800000
starved cells/well were seeded in a 6-well tray and treated with 20 nM,
100 nM, or 1 puM INS for 16 h to 36 h. These time-points selected
according to results of resazurin assay. At each time course, cell
suspension was transferred to 15 ml- tubes. The cells were centrifuged at
1600 rpm for 5 min, and the pellet was drop-by-drop resuspended in 2 ml

ice-cold (-20 °C) methanol to fix and permeate cells. With fixed cells, the
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light and fluorescence scatter’s properties are stable, and data acquisition
can be postponed for days or weeks. Methanol also permeates cell
membrane to propidium iodide (PI) [74]. The fixed cells were stored in
—20 °C until analysis. For analysis, they were spun at 1600 rpm for 5
min. The pellet was resuspended in 1.5 ml of 200 pg/ml RNase and left
in room temperature for 30 min in order to discard RNA. The content of
tube was spun at 1600 rpm for 5 min, and supernatant was discarded. The
pellet was resuspended in 1 ml of 40 pg/ml P1 and left for a proper DNA
staining in a dark environment for 15 min; PI is sensitive to the light.
After 15 min, all samples were covered with aluminum foil and kept in
refrigerator until the measurement by a flow cytometer. The analyses of
DNA content and cell cycle phase distribution were performed in three
independent experiments (n = 3) using the Beckman Coulter flow
cytometer with 20000 cells (events) per sample analyzed. The percentage
of cells in the G1-, S- and G2/M-phases quantified by the software
Kaluza v1.1.

2.4 Statistical analysis

Statistical analyses of cell counting tests, resazurin assays, and flow
cytometry tests were performed using t-test with 95% confidence interval
in SPSS (IBM SPSS Statistics 21); the p values < 0.05 were considered

significant.
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3 RESULTS

3.1 The growth curve of THP-1 cells

The optimal method of determining the proper seeding concentration is to
carry out a growth curve at different seeding densities and thereby
determine the density that will present a very short lag phase and early
entry in rapid log phase (a short population-doubling time) but will reach
the top of the log phase at a time that is suitable for the next subculture
[50].

THP-1 cells were subcultured to initial cell densities of 1.0x 10° 2.0x
10° and 3.0x 10° cells/ml. The number of cells was counted using a
counting chamber every 24 hours for 8 days, and plotted against time. As
shown in figure 7, cells that were seeded into 3.0x10° cells/ml entered
the log phase immediately, while cells with initial density of 1.0x10° and
2.0x10° were in the lag phase the first 24 hours. Cells with an initial
density of 3.0x10° also had a short log phase compared to others and
reached near the top of log phase at 96 h, a convenient time-period for
starting an experiment or the next subculture. Thus, seeding density of
3.0x10° cells/ml was selected as an ideal seeding density for a cell
maintenance flask prior to experimental use or the next subculture. For
cells with a seeding density of 3.0x10° cells/ml, a plateau phase was
observed when cells entered a density of 8x10° cells/ml. Cells for
experimental procedure should be withdrawn in near the top of log phase

before they have entered the plateau phase, in order to ensure that cells
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are in an actively proliferating state. As a result, cells should be taken for

experiments when they reach to a density of ~7x 10° cells/ml (Figure 6).

le+6

—&— 1.0x10° cells/ml
—O— 2.0x10° cells/ml
8e+5 —¥— 3.0x10° cells/ml

6e+5 -

4e+5

Number of cells per ml

2e+5

0 T T T T T T T T T
0 24 48 72 96 120 144 168 192
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Figure 6 Growth curves obtained from three different seeding densities (1.0x10°,
2.0x10° and 3.0x10° cells/ml) of THP-1 cells by cell counting. The cell density is
represented as the mean + SD of three independent experiments (n=3). Error bars
denote + SD.

41



3.2 Insulin increases proliferation in THP-1 cells

Hyperproliferation of monocytes has been implicated in CVD [75, 76].
As introduced previously, there is a link between obesity and/or T2D and
insulin resistance-associated hyperinsulinemia [14]. Obesity and T2D are
two risk factors for CVD [5]. In this study we aimed to clarify if there is a
relationship between the high levels of insulin and hyperproliferation of

monocytes.

By cell counting, we measured changes in cell proliferation in response
to insulin after 24, 48 and 72 h. Following 24 h, 100 nM insulin
significantly increased cell proliferation (23 % increase in cell numbers, n
=5, * p =0.01 - 0.05). Cells significantly responded to 10 % FBS by 36
% increase in cell numbers (n = 5, ** p = 0.001 - 0.01). The treatment
with 20 nM insulin did not affect cell proliferation. 1 uM insulin
treatment resulted in 13 % non-significant increase in cell numbers
(Figure 7 A).

Following 48 h, treatment with 20 nM and 100 nM insulin did not affect
cell proliferation at all. Cells treated with 1 puM insulin did not show a
significant increase in cell proliferation (11 % non-significant increase in
cell numbers). The cells responded to 10 % serum by significantly
increasing cell numbers by 45 % (n =5, ** p = 0.001 - 0.01) (Figure 7
B).

At 72 h, the cells did not respond to 20 nM, 100 nM and 1 pM insulin
treatment. The treatment of cells with 10 % FBS induced a significant
increase in cell numbers by 71 % (n =5, *** p < 0.001) (Figure 7 C). See
Appendix A for data as means + SD.
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Figure 7 Dose- and time course-dependent changes in cell proliferation, as shown by
cell counting. a Following 24 h of treatment, 100 nM insulin was found to significantly
increase cell proliferation. b Following 48 h, a non-significant trend was found towards
an increase in insulin-stimulated proliferation in response to 100 nM and 1 uM INS, but
not at 20 nM INS (no effect at 20 nM INS). ¢ Following 72 h, there was a non-
significant trend towards a decrease in insulin-induced proliferation in response to 20
nM, 100 nM and 1 uM INS treatments. The data is represented as mean + SD where
Ctrl is set to 100 % proliferation (n = 5). * p = 0.01 - 0.05, ** p = 0.001 - 0.01, *** p <
0.001 versus untreated cells. INS, insulin; Ctrl, untreated cells.
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In summary, insulin-induced proliferation was the most potent at 24 h at
100 nM insulin. This stimulatory effect on proliferation was reduced
following longer exposure periods. Based on results of cell counting,
there was an increased trend of insulin-induced proliferation at each time-
point of 24 h and 48 h (except from 20 nM insulin treatment at 48 h), an
effect was no longer evident following 72 h of treatment; rather, there
was a non-significant trend in  which insulin reduced proliferation

following 72 h.

3.3 Insulin treatment may not change THP-1 cell morphology

We also inspected cells while counting cells in order to find whether
insulin affects morphology of THP-1 monocytes. We monitored each
culture flask related to each insulin treatment (20 nM, 100 nM and 1 uM
INS) and compared to untreated cells by a microscope following 24, 48
and 72 h. We found that insulin did not change THP-1 cell morphology
and color of culture medium. Insulin treatment did not stimulate cell

adhesion to the bottom of culture flasks or clustering of cells (Figure 8).
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Figure 8 There were no significant differences between cell morphology of each of
insulin treatment (20 nM, 100 nM and 1uM INS) and cell morphology of untreated cells
following 24 h. The photos were taken from one representative experiment. (x20).

3.4 Optimization of time of resazurin metabolization and cell-
seeding density

Having shown by cell counting that insulin may increase proliferation in
THP-1 cells, we aimed to confirm the finding by the use of resazurin as
an indicator of metabolic activity or proliferation. Thus, the results of
resazurin assays must be confirmed by an additional method, in order to
demonstrate whether possible resazurin metabolization is due to
increased metabolic activity or proliferation. First we performed a series
of resazurin assays to identify the experimental conditions (time of
resazurin metabolization and cell-seeding density) where insulin-induced

metabolic activity is most evident. It is important to consider that an
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increased metabolic activity may indicate cell proliferation or a state of

metabolically-active living cells [67, 68].

In these series of experiments, all insulin-treatments were performed at 1
MM insulin. Following 24 h of insulin treatment of cells and 1 h of
resazurin metabolization, we found that insulin significantly increased the
metabolic activity in cells seeded at 20000 cells/well by 5 % (n = 3, *** p
< 0.001), whereas insulin did not affect metabolic activity in cells seeded
at 5000 and 10000 cells/well (Figure 9 A).

It seems 10 % FBS-supplemented medium (FBS 10 %) significantly
decreased resazurin metabolization in all varying seeding densities (5000,
10000 and 20000 cells/well) and in all time courses (24 h insulin
treatment and 1- 4 h resazurin metabolization) relative to untreated cells.
That may be explained by extensive cell metabolic activity leading to
formation of hydroresorufin which is colorless and not detected
spectrophotometrically [67] (Figure 9 A-D). To minimize this
phenomenon, the proportion of FBS was reduced to 2 %, and the effect of

2 % FBS was investigated in the next section (3.5).

After 24 h of insulin treatment of cells and 2 h of resazurin
metabolization, the cells at 20000 cells/well responded to the insulin
treatment by significantly increasing their metabolic activity by 5 % (n =
3, *** p < 0.001) while cells seeded at 10000 and 5000 cells/well did not

respond to insulin (Figure 9 B).

Following 24 h of insulin treatment of cells and 3 h of resazurin

metabolization, insulin significantly increased metabolic activity in

47



20000 cells/well by 8 % (n = 3, *** p < 0.001), whereas insulin did not
affect metabolic activity at 20000 and 5000 cells/well (Figure 9 C).

After 24 h of insulin treatment and 4 h of resazurin metabolization,
insulin induced a significant increased metabolic activity in 20000
cells/well by 9 % (n = 3, *** p < 0.001) while the cells seeded in 10000
and 5000 cells/well did not respond to insulin (Figure 9 D). See
Appendix B for data as means + SD.
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Figure 9 Insulin treatment (1 uM) significantly increased the metabolic activity in the
cells seeded in 20000 cells/well that is most evident following 24 h of insulin treatment
and 4 h of resazurin metabolization (d), as shown by resazurin assay. Insulin (1 uM) did
not affect metabolic activity in the cells seeded in 5000 and 10000 cells/well following
24 h of insulin treatment and 1-4 h of resazurin metabolization. The resazurin
metabolization is indicated as mean + SD where Ctrl is set to 100 % metabolic activity
(n=3). *** p <0.001 versus untreated cells. INS, insulin; Ctrl, untreated cells. a, b, ¢ &
d The cell metabolic activity following 24 h of insulin treatment and 1, 2, 3 and 4 h of
resazurin metabolization, respectively.
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We observed a trend that metabolic activity increases when the seeding
density increases. The insulin-induced metabolic activity was found to be
most apparent in 20000 cells per well at 4 h of resazurin metabolization.
We selected these experimental conditions as the ideal seeding density
and ideal time of resazurin metabolization for performing subsequent
resazurin assays in order to investigate the most potent dose of insulin

treatment.

3.5 Insulin increases metabolic activity in THP-1 cells

Having shown by cell counting that insulin increases cell proliferation, it
was required to confirm or support that finding. Based on results of
previous resazurin assays in section 4.4, we performed a series of
resazurin assays to investigate if insulin induces metabolic activity in a
dose- and time-dependent manner, as the increased metabolic activity
may represent the proliferation of cells or a general activation of viable
cells [67, 68, 77]. THP-1 cells (20000 cells/well) were serum starved
prior to treatment with varying doses of insulin (20 nM, 100 nM and 1
HM) in 96-well trays for 8 h to 36 h before 4 h resazurin metabolization
in order to investigate the most potent dose of insulin. We selected 2 %
FBS as the positive control of experiments, since resazurin
metabolization was not detected by 10 % FBS in previous resazurin

assays.
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At 8 and 16 h, the varying doses of insulin (20 nM, 100 nM and 1 uM)
did not affect cell metabolic activity (Figure 10). We found a (non-
significant) trend of increased metabolic activity at 2 % FBS for 8 and 16
h time-points (data not shown).

At 24 h, 20 nM and 100 nM insulin treatments induced significant
increases in the metabolic activity by 5 % for each treatment (n =4, ** p
= 0.001 - 0.01). The cells did not respond to 1 uM insulin treatment.
There was no significant difference between 20 nM and 100 nM insulin-
induced cell metabolic activity. We found that 20 nM and 100 nM
insulin-treated cells significantly were different from 1 pM insulin-
treated cells in their metabolic activity (Figure 10). 2 % FBS significantly
increased the cell metabolic activity by 9 % relative to untreated cells
(data not shown). Hence, the interpretation regarding effect of 10 % FBS,
in previous section, was confirmed. The metabolic activities were
attenuated following longer exposure period (after 36 h) of insulin and
serum treatments (data not shown). See Appendix C for data as means +
SD.
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Figure 10 Insulin-induced metabolic activity appears to be the most potent at 24 h at
20 nM and 100 nM insulin. These stimulatory effects, on the metabolic activity of cells,
were reduced following longer incubation period, as shown by resazurin assay. The
resazurin metabolization is indicated as mean + SD where Ctrl is set to 100 %
metabolic activity. For 8 h (n = 3), for 16 and 36 h (n = 4), for 24 h (for Ctrl and 1 pM
INS, n=7. For FBS 2%, 20 nM INS and 100 nM INS, n = 4). ** p = 0.001 - 0.01 versus
untreated cells and 1 uM INS-treated cells. INS, insulin; Ctrl, untreated cells.
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3.6 Insulin treatment alters cell cycle phase distribution in
THP-1 cells in support of onset of mitosis

Increased metabolic activity shown by resazurin assay in section 4.5 may
indicate cell proliferation or a general activation of cells. Hence, we
performed flow cytometry to determine whether the increase in metabolic
activity measured by resazurin assays were due to an increased cell

activation or cell proliferation [67].

By flow cytometry, we analyzed the effect of insulin in cell cycle phase
distribution. The cell cycle phase distribution following 16 h of 100 nM
insulin treatment is shown as a representative analysis of cell cycle
phases (Figure 11, A-D).
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Figure 11 Dot plots and histograms of cell cycle phase distribution obtained from the Beckman
Coulter flow cytometer and Kaluza v1.1 software. The dot plots and histograms refer to one
sample from one experiment following 16 h of 100 nM INS treatment. In this figure, the general
process was that Pl-stained cells were subjected to gated major population from the histograms A
and B, and they showed gated cells on histogram C. A) The cellular debris and/or doublet cells are
in part circumvented by the correct forward/side scatter signals. Doublets were detected by
collecting forward scatter peak (Y-axis) against integrated signals (X-axis). FS, forward scatter;
TOF, time of flight; Singletter, single cells; Doubletter, doublet cells. B) Dot plot gating to
exclude subcellular debris and/or clumps using fluorescent intensity of Propidium lodide- (Pl)-
stained cells (Y-axis) against size of cells (X-axis) estimated by forward scatter. The combination
of fluorescent and scattered light were detected and analyzed. FL3, fluorescent channel3; INT,
intensity C) The gated cells on the fluorescent (FL3) histogram. Fluorescence intensity was
detected in all cells at channel FL3 for PI. Count, cell numbers. D) Total gate was set manually to
exclude cell debris and/or aggregates of cells from percentages of cell cycle phases. — denote cell
debris and/or aggregates of cells.

54



For flow cytometry data analysis, total gated phases were set to exclude
cell debris and/or aggregates of cells from final analysis and percentages
of cell cycle phases. In addition, total gated phases were defined to 100%
in each sample, and each respective phase was calculated relative to that.
Thus, the percentages of G1+S+G2/M add up to 100% in each sample.
All data is presented in the table 2 below.
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Table 2 Effect of insulin on cell cycle phase distribution.

G1 (%) S (%) G2/IM (%) S+G2/M (%)

16 h

ctrl 65.35+2.70 1824 +2.02 16.41+0.92  34.65+2.70
20nM INS  59.73+6.08 23.49+3.86 16.78+4.53  40.27 + 6.08
100nM INS  62.78+9.35 2241+ 429 1480+596  37.224+9.35
1uM INS 65.24 + 252 1729+ 0.48 1747 4+249 3476+ 2.52
FBS 2 % 62.61+4.28 1814+ 3.78 1924+ 448  37.38 4+ 4.29
FBS 10 % 6558 + 422 1956+ 1.70 14.86+4.00  34.42 4+ 4.22
24 h

ctrl 67.384+ 238 19.39+2.19  1323+3.03 32.624+2.38

20nM INS 6351 +657 2028+332 1621 +3.94 36.49 +6.57

100nM INS  59.87 + 1.63* 2225+ 185  17.88+250 40.13 + 1.62*
1 uM INS 66.41+ 3.77 1375+ 1.67F 19844291 33.59 4+ 3.77

FBS 2 % 68.04 +2.14  14.59 + 3.20 17.37 + 4.80 31.96 + 2.14

FBS 10 % 6455+ 4.76  13.71+2.22*  21.73+3.98% 35.45+4.76

36 h

Ctrl 5433 +9.84 2401+517 2167+491 45674984

20nM INS  48.15+328 2639+208 2546+3.11 51.85+3.28

100 nM INS 4846 +2.46 2390 +3.64  27.65+2.00 51.54 +2.46

1 uM INS 49524248 3124+182 1925+ 0.66 5048 + 2.48
FBS 2 % 58.29 + 10.06 2227 +5.61 1944 +562  41.71 + 10.06
FBS 10 % 63.75+592 17.79+ 355 1846 +502 36.25+5.92

The data present the percentages of mean + SD (%) of three independent experiments (n=3). The

asterisks denote a significant difference from the respective untreated cells (* p = 0.01- 0.05).
INS, insulin; h, hours.
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Following 16 h, each treatment (FBS 2%, FBS 10%, 20 nM, 100 nM and
1 uM INS) did not significantly alter the amount of cells in G1, S and
G2/M compared to untreated cells. There were no significant differences
between the mitotic index (S+G2/M) in response to each treatment (FBS
2%, FBS 10%, 20 nM, 100 nM and 1 uM INS) and the mitotic index
(S+G2/M) in untreated cells (Table 2) (Figure 12 A).

In contrast, following 24 h and compared to untreated cells, 100 nM INS
treatment significantly shifted cell phase distribution towards fewer cells
in Gl-phase (n = 3, * p = 0.01- 0.05), whereas we observed a non-
significant trend towards more cells in S- and G2/M-phases. However,
the proportion of cells in S+G2/M in response to 100 nM INS
significantly was more than the proportion of cells in S+G2/M in
untreated cells (n = 3, * p = 0.01- 0.05). Taken together, this finding is in
agreement with the results from the cell counting and resazurin assay,
confirming that insulin (at 100 nM at 24 h) significantly increased a
mitotic effect in THP-1 monocytic cells. Compared to untreated cells, 1
MM INS treatment significantly shifted cell phase distribution towards
fewer cells in S-phase (n = 3, * p = 0.01- 0.05), whereas INS did not
significantly alter the amount of cells in G1- and G2/M-phases or
S+G2/M. In response to FBS 10 %, significantly fewer cells were found
in S-phase (n = 3, * p = 0.01- 0.05), whereas significantly more cells
were accumulated in G2/M-phase (n = 3, * p = 0.01- 0.05). Hence, this
finding may support the onset of cell growth and proliferation in response
to serum 10 %, although serum 10% did not significantly reduce amount
of cells in G1-phase. Each treatment of FBS 2% and 20 nM INS did not
significantly alter cell cycle phase distribution compared to untreated
cells (Table 2) (Figure 12 B).
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Finally, after 36 h, each treatment (FBS 2%, FBS 10%, 20 nM, 100 nM
and 1 uM INS) did not significantly alter the amount of cells in G1, S and
G2/M compared to untreated cells. There were no significant differences
between S+G2/M in response to each various treatment (FBS 2%, FBS
10%, 20 nM, 100 nM and 1 uM INS) and S+G2/M in untreated cells
(Table 2) (Figure 12 C).
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Figure 12 The concentration- and time-dependent alterations in the THP-1 cell cycle
phase distribution, as shown by flow cytometry. The data represent percentages of mean
+ SD (%) of three independent experiments (n = 3). * p = 0.01 - 0.05 versus untreated
cells. a Following 16 h, none of treatments significantly altered cell cycle phase
distribution compared to untreated cells. b After 24 h, each of treatments of 100 nM,
1uM INS and FBS 10% significantly altered cell cycle phase distribution. ¢ Following
36 h, none of treatments significantly changed cell cycle phase distribution.
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4 Discussion

4.1 THP-1 monocytes represent a suitable model-system for
investigating the effect of insulin on monocytes

THP-1 cells technically have some advantages over human primary
monocytes. These benefits have been taken into account before this study
was conducted: First, the homogenetic background of THP-1 cells
minimizes the rate of variability in the cell phenotype. This characteristic
is crucial when studying function of biochemicals with high variability
[78], such as insulin. A cell line with relative minimal variability in the
cell phenotype gives the most reliable findings. Second, THP-1 cells can
be stored in liquid nitrogen for several years. Following a proper
procedure, this cell line would be restored without apparent effect on
monocyte characteristics and cell viability. The ability to store cells
ensures enough cells for DNA, RNA, and protein studies [78]. Third, this
cell line has been already established as a proper cell model for metabolic
studies by our research group. In contrast, there is a limitation in the
availability of primary human monocytes; accounting for only 3-9% of
all leukocytes. Additional challenges for the employment of primary cells
include: a) the donor accessibility and variability; b) the difficulty to
acquire large amounts of pure monocytes in humans [43]; c) the
contamination with other blood constituents (such as platelets); d) a

restricted-survival period in the culture [78].

Other immortalized human monocytic cell lines also exist, including ML-

2, U937, and Mono Mac 6 cells. However, THP-1 cells demonstrate a
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more mature monocytic phenotype [78] and serve as a supplementary
model-system and relevant surrogate tissue for circulating blood
leukocytes for in vitro mechanistic studies [3]. These findings suggest
that undifferentiated THP-1 monocyte cultures are as a suitable model-
system to investigate the effect of high levels of insulin, at the cellular
level. The monocytes may prove to be appropriate tools for studying
insulin defects that lead to insulin resistance, obesity-associated type 2
diabetes, CVD, and cancer. This is important because the escalated
incidence of obesity, insulin resistance, T2D and other metabolic diseases
in the western world calls for a better understanding of the mechanisms
underlying these disorders and the outcomes thereof [54-56]. The
increased incidence of metabolic diseases place a pressure on the
scientific community for prevention and early therapeutic intervention
[79].

4.2 Monocytes respond to insulin

Insulin is well known as an anabolic hormone that reduces the level of
blood glucose. It is also a potent growth factor and anti-apoptotic factor
that regulates gene expression in various cells [80]. The cellular effects of
insulin in THP-1 monocytes were investigated in this study. THP-1 cells
respond to high levels of insulin by significantly increasing cell numbers
and proliferation, in otherwise serum starvation leads to a reduced cell
numbers, as shown by cell counting. Resazurin assays support that
insulin stimulates proliferation in THP-1 monocytes as the insulin-treated

cells significantly increased metabolic activity by 5 %. Flow cytometric
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cell cycle analysis also confirms that insulin induces activation of cells
in favor of the mitosis onset, as insulin significantly altered the portion of
cells in the S and S+G2/M phases compared to untreated cells. However,
there are tiny differences in a fraction of cells in S and G2/M phases
between insulin-treated cells and untreated cells. All responses of THP-1
cells to insulin occur in a dose- and time course-dependent manner. For
metabolic activity, cells respond to insulin in a seeding density-dependent
fashion as well. The significant differences in metabolic activity and cell
cycle phase distribution [77] between insulin-treated cells and untreated
cells are still small percentages. The findings of this study regarding the
increased metabolic activity in response to insulin are consistent with
findings of Anide Johansen, a former master student at the lab. She
studied the cellular effects of insulin in SW982 fibroblast-like
synoviocytes and reported insulin increases metabolic activity of SW982

cells in a time-, dose- and seeding density-dependent manner [81].

PI3-kinase/Akt signaling pathway has been demonstrated to play a
crucial role in cell survival and proliferation effects of insulin (high
insulin levels) and other growth factors (such as IGF-1) in some cell
types [80-83], including anti-apoptotic effect of insulin in THP-1
macrophages [80, 84]. On the other hand, a selective post-receptor defect
involving the impaired PI3-kinase signaling with an unaltered MAP-
kinase pathway has been shown in the macrophages and vasculature of
insulin resistance/diabetic animal models as well as in skeletal muscle
biopsies from insulin-resistant patients. The impaired PI3-kinase but
intact MAP-kinase signaling also has been reported to facilitate insulin-

mediated VSMCs and ECs migration in vitro [85]. The activation of
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MAP-kinase pathway has been involved in proliferation, migration and
inflammation of VSMCs derived from human coronary arteries in
response to insulin [23]. Gogg et al. [58] recently documented a
“selective” insulin resistance involving PI3-kinase signaling concomitant
with increased MAP-kinase activity in type 2 diabetes microvascular ECs
[23]. In addition, it has been demonstrated that insulin does not affect
viability and proliferation of human coronary artery endothelial cells
(HCAECS), human coronary smooth muscle cells (HCSMCs) [86], and
ECs of saphenous vein [4], whereas some studies have documented
increased proliferation of VSMCs of the arterial wall [23] and SMCs of
saphenous vein [4] in response to insulin. The findings of all
aforementioned studies might therefore be reconciled by taking into
account species differences, cell and receptor (IR and/or IGF-1R) types,
how they integrate and process the signal, relevancy of cell types, insulin

levels [3, 4, 49, 87], and in vitro and physiological in vivo conditions [3].

Diet high in easily absorbed carbohydrates primarily increases secretion
of insulin [3, 52]. Hyperinsulinemia is suggested as an important risk
factor for atherosclerosis [4, 80] and CVD in diabetic patients through
inhibited apoptosis in THP-1 monocytes [85] and increased SMC
proliferation [88]. Hyperproliferation due to high levels of insulin on
monocytes, as a finding of the current study, may be valuable information
for nutritionists, physicians and CVD patients to reduce the incidence and
progression of CVD.

Recent human cancer genomic analyses have revealed that many

components of PI3K signaling pathway are frequently mutated in
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common human tumors [89]. This alteration stimulates high rate of cell
survival and proliferation, which indicate both cancer [90]and
atherosclerotic lesion formation and CVD. This finding also may propose
a possible role of insulin signaling in both cancer and CVD. PI3K/Akt
signaling has been reported to be over-activated in some human cancers
that are associated with obesity, insulin resistance and hyperinsulinemia
[89-94]. These findings may indicate a crucial role for insulin in cancer
and CVD. Figure 14 demonstrates a mechanistic overview of the relation
between obesity, energy balance and cancer [94]. The cell counting,
resazurin assays, and flow cytometry results of the present study may be
an outcome of hyperinsulinemia signaling through activation of
PI3K/AKkt, triggering increased cell growth and proliferation. The

increased proliferation may lead to CVD and cancer.
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Figure 14 Obesity, energy balance, and cancer: a mechanistic overview. An arrow
preceding text indicates a directional effect (e.g., activity or concentration). IGF-1,
insulin-like growth factor-1; ApN, adiponectin; PAI-1, plasminogen activator inhibitor-
1; tPA, tissue-type plasminogen activator; uPA, urokinase-type plasminogen activator;
VEGF, vascular endothelial growth factor; PI3K, phosphoinositide 3-kinase; COX-2,
cyclooxygenase-2. The relevant information to this master’s project was highlighted.
Modified figure [94].

4.3 Insulin treatment and THP-1 monocytic morphology

Preincubation of endothelial cell line EAhy 926 with IGF-1 suppresses
human monocyte adherence in a time course- and concentration-
dependent manner. Insulin at concentrations up to 10 uM does not have
any significant effects on monocyte adhesion [95]. The microscopic
observations of the present study are consistent with findings of
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aforementioned literature, and demonstrated that each insulin treatment
(20 nM, 100 nM and 1 pM) does not promote adhesion of monocytes to
bottom of tissue-culture flasks, and does not alter morphology of
monocytes. These observations suggest insulin may not trigger
differentiation of monocytes into macrophages, hence support a role for
insulin in monocyte proliferation. However, specific methods such as
adhesion assay, migration assay, and confocal microscopy must be
carried out to validate our observation and possible implication.

4.4 Choice of insulin concentrations

The concentrations of insulin after a meal in normal and insulin-resistant
individuals are ~0.3- 0.4 nM and ~1.4- 1.5 nM, respectively [4]. Several
studies have reported using various insulin concentrations from 10" nM
to 10° nM in different in vitro cell cultures [3, 80, 86, 96]. Insulin doses
of 20 nM, 100 nM, and 1uM were used in the present study in order to
mimic a hyperinsulinemic condition. The reason for choosing these high
concentrations of insulin, which are still more than hyperinsulinemia
level in human, is that high concentrations of insulin are often required in
vitro to detect functional cellular effect; this probably reflect the
differences between in vitro functional experiments and in vivo condition
[4]. We found 100 nM insulin leads to the largest increase in THP-1
monocyte proliferation and does not have any cytotoxic effect. 100 nM
insulin also presents the most reproducible result. Insulin affects cell

proliferation in a dose- and time-dependent manner.
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4.5 Selection of cell-seeding densities for growth curves and

cell counting

The experience of former students at lab was utilized to determine proper
cell densities that should be seeded at tissue flasks at O h. Three different
densities were selected to cover saturation from low to high. The cells
with initial seeding density of 1.0x10° cells/ml reached log phase and the
top of log phase following 24 h and 144 h, respectively, as this initial cell
density was expected to have difficulty to proliferate. The cells with
initial seeding density of 3.0x10° cells/ml reached log phase and top of
log phase immediately and following 96 h, respectively (Figure 7). These
results may suggest that initiation of THP-1 monocyte proliferation
depends on indirect cell to cell and cell to extracellular matrix (ECM)
interactions. There are different types of cell-cell adhesion proteins that
facilitate intercellular interactions, including cadherins, selectins,
integrins and immunoglobulin receptors [49]. Integrins also regulate cell
to ECM communication [97]. The cells with initial seeding density of
1.0x10° cells/ml struggled to proliferate that may be outcome of
struggling with establishing intercellular and cell-ECM communications,
whereas the cells with initial seeding density of 3.0x10° cells/ml
immediately set these communications and speeded up proliferation rate.
It can be reported that there is a direct correlation between initial seeding
density and rate of proliferation. The similar correlation was observed in
subsequent resazurin optimization assays with regard to metabolic
activity (Figure 10). Finally, the initial seeding density of 3.0x10°

cells/ml was selected to perform subsequent cell counting experiments as
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this density may present more natural manner of monocytes in human

vasculatures (Figure 8).

After some subculturing (passages) of cells in the same tissue culture
flask, we observed that cells reach log phase and top of log phase earlier
than some initial cell subcultures (passages). Initiation of cell
proliferation may depend on cell-cell and cell-ECM communications that
take some time to be provided. Thus, a used flask probably has already
established the cell-ECM interaction that reduces the time to reach log
phase and top of log phase as well [81]. This also can propose that
proliferation of THP-1 monocytes firmly rely on the cell-ECM

interaction.

4.6 Choice of the resazurin assay and the technical pitfalls

Resazurin and MTT assays are two viability bioassays that can be used to
assess metabolic activity of cells. Resazurin assay has some advantages
in comparison with MTT: non-toxic, labor-saving, safe for the user, high
sensitivity, and linearity [98]. However, the detected product in MTT
assay is more stable than resazurin assay. MTT is not soluble in culture
medium and is best suited for adherent cell lines. Assay chemistry could
determine which assay may be more suited to particular cell line or may
be more applicable to adherent cells than suspension cells. In summary,
suitability must be taken to account for each application and cell model

[70]. The Alamar Blue (resazurin) has been utilized for measuring
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immune cell proliferation and function such as monocytic cell lines. This
assay does not require cell lysis and continuous assessment through time-
dependent experiments is possible [70]. Based on the aforementioned
information, resazurin bioassay was selected for performing the

experiments of present study.

The accuracy of the resazurin assay depends on some matters: precision
of cell seeding, tapping well-tray immediately after adding resazurin to
make a homogenous content, and an equal atmosphere throughout well-
tray. Thus, we applied a digital multi-channel pipette to ensure seeding
same cell density to each well, and the aspiration/dispense of cells was
always inspected. The seeding of outer edge-wells of tray was avoided
and filled with PBS instead in order to guarantee an identical
environment all over of well tray. The trays were returned to the
incubator with considering same atmosphere surrounding each tray so the
temperature and humidity were alike for each of trays. In addition,

microscopic observations confirmed resazurin results.
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4.7 Technical pitfalls of in vitro cell culture-based experiments

It should be noted there is a risk of inconsistent results when performing
in vitro compared to in vivo experiments. In vitro studies are not fully
representable for what occurs in the human body. The system in
multicellular animals is also responsive to extracellular signals from other
cells and/or cell types inducing cell division when more cells are

required, and suppressing cell division when they are not required [49].

The handling of cells, mechanical stress, the state of health of cells, pH-
changes, the differences in quality of batch of cells stored in liquid
nitrogen, and other factors are hard to control and may affect results of in
vitro cell culture-based experiments providing inconsistent and/or false
results. It should be taken into consideration that there are some inherent
limitation to in vitro studies, and the clinical relevance of the in vitro
findings needs further investigation. Clinical studies could be sought to

substantiate the hypothesis [23].
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5. Conclusion

In conclusion, the present study shows that monocytes are responsive to
insulin. Insulin appears to increase cell numbers and the metabolic
activity of monocytes that may be correlated with mitotic responses and
monocyte proliferation. These responses to insulin occur in a time- and
dose-dependent manner, within the range of high insulin levels.
Hyperproliferation of monocytes due to high levels of insulin may affect
important aspects of monocyte function, for instance immune and

vascular function.
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Appendix

A. All biological replicas (n = 5) for the representative experiment in
figure 7.

Table A.1 The data represent mean + SD where Ctrl is set to 100 %

proliferation. * p = 0.01 - 0.05, ** p = 0.001 - 0.01, *** p < 0.001 versus
untreated cells (Ctrl).

Treatment 24 h 48 h 72 h
20 nM INS 107 100 96
+SD 8 11 9
100 nM INS 123* 104 94

+ SD 12 13 1

1 uM INS 113 111 92
+SD 6 10 5
FBS 10 % 136** 145** 171***
+SD 12 5 9
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B. All biological replicas (n = 3) for the representative experiment in

figure 9.

Table B.1 The data indicate resazurin metabolization as mean + SD where Ctrl
is set to 100 % metabolic activity. The different number of cells seeded, and the
cell metabolic activity was measured following 24 h of insulin treatment (1 uM)
and 1, 2, 3 and 4 h of resazurin metabolization, respectively. *** p < 0.001

versus untreated cells (Ctrl).

Number of Cells Seeded 1h 2h 3h 4h
5000 100 100 100 100
+SD 2 3 3 4
10000 102 101 101 100
+SD 6 3 3 3
20000 105%**  105***  108*** 109***
+SD 3 3 3 3
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C. All biological replicas (For 8 h (n = 3), for 16 and 36 h (n = 4), for 24
h (for Ctrl and 1 uM INS, n = 7. For FBS 2%, 20 nM INS and 100 nM
INS, n = 4) for the representative experiment in figure 10.

Table C.1 The data represent resazurin metabolization as mean + SD where
Ctrl is set to 100 % metabolic activity. ** p = 0.001 - 0.01 versus untreated cells
(Ctrl) and 1 uM INS-treated cells.

Treatment 8h 16 h 24 h 36 h
20 nM INS 100 101 105** 100
+SD 9 8 5 4
100 nM INS 100 101 105** 99
+SD 8 6 4 5
1 uM INS 99 99 101 99
+SD 8 8 6 4
FBS 2 % 104 106 109** 101
+SD 14 11 10 10
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