
Introduction

Mainly via a reductionistic approach using animal mouse 
models of mainly genetically engineered mice, new insight 
with (single genes or cluster of genes) were obtained in the 
pathogenesis of Insulin Resistance (IR) and Type 2 Diabetes 
(DM2) [1]. By eliminating certain genes (knock-out) or inserting 
mutations into specific genes, creating transgenic animals, 
(knock-in) some genetic mechanisms became clear. The different 
mouse strains gave for single gene defects valuable information 
e.g. for syndromes of severe IR [2], mitochondrial diabetes [3], 
the different obese mouse strains like ob/ob, db/db and fa/
fa [1]. These mouse models have been added a very important 
contribution in understanding the different processes/
steps in the pathogenesis of DM2 [1] and Islet of Langerhans  
Degeneration [4]. In the review of Saltiel & Kahn [5] in Table  

 
1 one a list of mice-phenotypes with single-gene knockouts in 
signalling pathways and the regulation of glucose and lipid 
metabolism is given regarding the gene for: the Insulin receptor, 
IGF-1 receptor, IRS-1, IRS-2, IRS-3 and IRS-4, Akt2, GLUT4, P85α 
(hetero), PTP1B and SHIP2. While in the same review in Table 
2 the defects in tissue-specific knockout mice are given for the 
gene regarding: the Insulin receptor, GLUT4 and glucokinase 
[5]. These knockout mice models let us to the Insulin-
stimulated glycogen synthesis and GLUT4 translocation: PDK/
PKB hypothesis [6,7]. This hypothesis proposes that binding of 
insulin to its receptor phosphorylates insulin receptor substrate 
1 (IRS-1) causing it to attract p85, which binds to and activates 
phosphatidyllinositol-3 kinase (PI-3 kinase), which binds to and 
activates phosphatdidyllinositol-3 kinase (PI-3 kinase). This 
forms phosphatidyllinositol 3,4,5-trisphosphate, which binds 
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Abstract

In this mini-review via a Reductionistic one gene approach with rodent models versus the System Biological approach with Lipidomics based 
LCMS techniques we will compare the molecular mechanisms of Insulin Resistance (IR) and Type 2 Diabetes (DM2). Through a reductionist one 
gene knock-in and knock-out approach with mouse models -starting from the eighties previous century- researchers succeeded to unravel the 
molecular mechanism of IR/DM2. Recently, via a System Biological LCMS lipidomics approach, our research group succeeded to find two clear 
biomarkers for IR/T2DM: a 20:3 Cholesterylester (dihomo-γ-linolenic; 20:3 n-6) earlier classified as a DM2 biomarker in a human cohort of 
the Uppsala Longitudinal Study of Adult Men (ULSAM). The second biomarker was C36:1-Phosphatidylcholine for which we hypothesized its 
concentration rose significantly in non-adipose tissue due to the evolving hypoxic conditions as a consequence of a High-fat diet induced IR/
T2DM. As an earlier defined prerequisite, both compounds were not found in the food. This LCMS Systems Biology Lipidomics approach has 
large potential to find biomarkers for Liver cancer (HCC) such as primary liver cancer (PLC) organoids and its PLC subtypes: hepatocellular 
carcinoma (HCC), cholangiocarcinoma (CC) and combined HCC/CC (CHC) tumors. In future studies we will follow this approach using a novel, 
near-physiological organoid culture system with primary human healthy liver cells that retain liver tissue function and genetic stability.
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both protein kinase B (PKB) and phosphoinositide-dependent 
kinase 1 (PDK-1), juxtapositioning them in the membrane and 
enabling PDK-1 to phosphorylate and activate PKB (=Akt). PKB 
in turn phosphorylates and inactivates glycogen synthase kinase 
3 (GSK-3). Because GSK-3 is constitutively active and inhibits 
glycogen synthase, inactivation of GSK-3 permits glycogen 
synthesis. PKB also phosphorylates proteins involved in GLUT4 
translocation [6,7].

Table 1: Mice phenotypes with single-gene knockouts in signalling 
pathways (modified [5] Saltiel & Kahn 2001).

Gene Phenotype

Insulin receptor Normal intrauterine growth; die of diabetic 
ketoacidosis at 3-7 days

IGF 1 receptor Intra-uterine and postnatal growth retardation; 
norm al glucose homeostasis

IRS-1 Insulin Resistance/Impaired glucose tolerance; 
IGF resistance; growth retardation

IRS-2 Insulin Resistance/decreased β-cell development; 
type 2 diabetes

IRS-3 Normal growth/normal glucose tolerance

IRS-4 Normal growth/normal glucose tolerance

Akt2 Insulin Resistance in Liver and Muscle

GLUT4 Cardiac hypertrophy/failure; normal glucose 
tolerance

P85α (hetero) Increased Insulin sensitivity; hypoglycaemia

PTP1B Increased Insulin sensitivity, resistance to diet-
induced obesity

SHIP2 Increased Insulin sensitivity

Table 2: Defects in tissue-specific knock-out mice (modified [5] Saltiel 
& Kahn 2001).

Gene Tissue Phenotype

Insulin 
receptor

Skeletal 
muscle

Normal glucose tolerance; increased fat 
mass; increased triacylglycerols and FFAs

Liver
Impaired glucose tolerance, 

hyperinsulinaemia and reduced insulin 
clearance, decreased hepatic function

β-cell
Loss of glucose-stimulated insulin secretion, 

progressively impaired glucose-tolerance; 
decreased β-cell growth in adults

Brain
Increased appetite; increased fat and 

leptin; Insulin Resistance; Hypothalamic 
hypogonadism

GLUT-4 
glucose 

transporter

Skeletal 
muscle

Reduced basal, insulin and contraction-
stimulated glucose transport; severe Insulin 

Resistance; glucose intolerance

Fat
Impaired glucose tolerance, 

hyperinsulinaemia; secondary Insulin 
Resistance in Muscle and Liver

Glucokinase β-cell Die within a few days of birth with severe 
diabetes

Liver

Mild hyperglycaemia; pronounced defects 
in glycogen synthesis and glucose turnover; 

impaired glucose-stimulated insulin 
secretion

Coming back to the pathogenesis of DM2 which can be 
generally described by two main characteristics:

A).  Impaired ability of the pancreatic β-cells to produce or 
secrete insulin or even loss of β-cells [8] gave in his review 4 
possible reasons: A-1). Fatty acids are converted in β-cells to 
toxic compounds like ceramides leading to β-cell loss/death; 
A-2). The fatty acid toxicity results in a failure of the β-cells to 
secrete insulin; A-3). Fatty acid toxicity can lead to an inactivation 
of the insulin receptor in the β-cells; A-4). Uncoupling protein-2 
is a negative regulator of Insulin secretion. 

B).  Diminished ability of insulin to exert its effect on the 
target tissue (muscle, adipose tissue and liver function). For the 
latter cause the following 4 major reasons can be mentioned [6,7]: 
B-1). The secretion of insulin of β-cells is inadequate (insufficient 
or too slow); B-2). The released insulin is structurally abnormal 
and thus only partial functional; B-3). Defects could be in the 
tissues targeted by Insulin especially skeletal muscle, adipose 
tissue and the liver; B-4). The insulin receptor is defective or 
the transduction and/or amplification of the insulin signal to 
intracellular metabolic processes is impaired.

The reductionistic approach has led using animal rodent-
models [1,4] has uncovered many potential candidate for 
diabetes susceptibility genes. However an “one single gene” 
approach might only in a few percentages of the DM2 be the cause. 
However, in general it as assumed DM2 is a polygenic disorder 
[9]. Therefore a Systems-Biology approach is clearly warranted. 
The Reductionistic versus Systems-Biology approach is related 
to a discipline e.g. reductionism is propagated in Sciences like 
Chemical Engineering [10], Biochemistry and Biophysics [11], 
while Systems-Biology is propagated in Sciences like e.g. Biology 
and Medical-Biology [12]. The major “drive” and interest for a 
Systems-Biology approach is linked to the progress in collecting 
tremendous experimental datasets and at the system-level 
understanding of native biological and pathological systems to 
provide potential therapeutic targets [13,14] (Figure 1). 

Medicine is at the edge, clinical medicine focuses on the parts 
and the Systems-Biology on the systems. While the “traditional” 
approach in medicine is based on four principles: 1). Focus on 
a singular, dominant factor which is the deeply rooted belief 
that each disease has a potential singular target for medical 
treatment. For example, an infection has to be treated with 
antibiotics but the underlying mechanism e.g. an impaired 
immune system is not treated. 2). Emphasis on homeostasis. 
This is based on two principles: 2a). Homeostasis needs to be 
maintained by placing a deviating physiological parameter 
(e.g. high blood pressure) within its physiological range; 
2b). Reductionism often disregards the dynamic interaction 
between parts, the system is often depicted as a collection of 
static components. 3). Inexact risk modification: the often in 
medical epidemiology “one risk-factor to one-disease” approach 
has certain limitations. 4). Additive treatments which can be 
characterized by a reductionistic approach, an one risk to one-
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disease analysis which ultimately results the inability e.g. for 
diseases with multiple risk factors like Obesity or IR/DM2 to 
calculate their collective influences [14]. The need to make sense 
of complex genetic interactions has led some researchers from a 
component-level to system-level perspective. In understanding 
the difficulty of complex biological systems research like e.g. a 
complex disease like DM2 has to be directed to the components 
of a biological system, their interactions and the behaviors and 
properties of the whole system. This is the basis for a Systems-

Biology approach which aims to understand phenotypic 
variation to assemble comprehensive data and models of 
cellular organization and biochemical function, and to elucidate 
interactions and pathways for e.g. metabolites [15]. The progress 
made in this new research area of Systems-Biology is also related 
to the progress made the last decade in other research area’s like: 
Molecular Biology, Computational Science, Statistics, Chemistry, 
and Mathematics ([16] Figure 2).

Figure 1: Mechanistic representation of the signalling pathways and the regulation of glucose and lipid metabolism for which according 
to the review of [5] a list of mice-phenotypes with single-gene knockouts in is given regarding the gene for: the Insulin receptor, IGF-1 
receptor, IRS-1, IRS-2, IRS-3 and IRS-4, Akt2, GLUT4, P85α (hetero), PTP1B and SHIP2.

Metabolomics is a discipline dedicated to the systematic 
study of small molecules (i.e. metabolites) in cells, tissues, 
and different bio-fluids. Metabolite levels can be regarded 
as amplified responses of biological systems to genetic or 
environmental changes [17]. The term–omics represents the 
rigorous study of various collections of molecules, biological 
processes, or physiological functions and structures as systems 
[17]. The challenge of a “omics” approach is not only the discovery 
of changes in metabolite profile but it is figuring out what these 
changes mean which ultimately can lead to a biomarker for 
a pathogenesis (Figure 3). From Figure 4 we can see that the 
balance between “disease” or “healthy” is determined by factors 
like on one hand: environment, behavior and diet and for a 

diseased person by genetics and medical treatment.

In principle metabolomics can provide certain advantages 
relative to other -omics technologies (genomics, transcriptomics, 
proteomics) like is reviewed for DM2 research by Bain et al. [18]. 
A particular area of interest of Metabolomics based Systems-
Biology, will be identification of novel safety biomarkers that 
can be used in the assessment of new intensive treatments 
both during their discovery phase and in clinical use to study 
e.g. metabolism-related diseases like IR/DM2 in combining the 
diagnostics with the patient therapy [19]. Recent technological 
advances in metabolomics [20,21] and lipidomics [22] can 
potentially make a real contribution in increasing efficacy of 
drug development pipelines [16] and resulted recently in many 
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new physiological and biochemical insights via biomarkers [23-
27]. A biomarker is defined as a substance used as an indicator 
of a biological state. It is characteristic that it is objectively 
measured and evaluated as an indicator of normal biological 
processes, nutritional intervention, pathogenic processes, or 
pharmacological responses to a therapeutic intervention [28] 
like nutritional intervention (Figure 5).

Figure 2: Example of the Systems-Biology approach in 
combination with support from other disciplines like research 
area’s like: Molecular Biology, Computational Science, 
Statistics, Chemistry, and Mathematics. The approach is based 
on traditional animal studies towards Human studies (both 
Epidemiological and Clinical) to find a mechanism, prognosis, 
diagnosis and ultimately treatment of complex multi-factorial 
metabolic diseases like IR/DM2.

Figure 3: One of the challenges of “omics” approach in Human 
metabolism is determining the significance of metabolomic 
changes. Finding changes in metabolite profile is not a problem 
but it is figuring out what these changes mean. This can 
eventually lead to novel safe biomarkers that can be used in 
the assessment of new intensive treatments to treat metabolic 
diseases like Metabolic Syndrome, Obesity and IR/DM2 and in 
clinical use in combining the diagnostics with the patient therapy.

Figure 4: The balance between health and metabolic disease 
states (casu quo DM2/ Obesity) are determined by several 
factors.

Figure 5: Research and discovery in nutritional genomics 
elucidate the reciprocal interactions among nutrients, metabolic 
intermediates, and the mammalian genome. Understanding 
the interrelationships among human genetic diversity, 
genome function, and dietary components will enable precise 
manipulation of genome function and stability throughout the life 
cycle for optimal human health and disease prevention.

In this respect molecular mediators in blood plasma [29] are 
important to study because they can serve as biomarkers to trace 
people vulnerable and susceptible for metabolic diseases like 
Obesity and/or IR/DM2. The process to find a proper biomarker 
is under-estimated and has to follow a long route: 

A.	 The Discovery phase, 

B.	 Qualification phase one, which encompasses: 

i.	 Identification of the biomarker, 

ii.	 Validation analysis, 

iii.	 Proof of the biomarker in a new study,

C.	 Qualification phase two, which encompasses: 

i.	 Study precision, 
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ii.	 Study robustness, 

iii.	 Study limitation, 

iv.	 Test biomarker in wider population, 

D.	 Finally the application phase in the population is 
reached [30]. 

But when an appropriate biomarker for a complex human 
disease like DM2 is found it can lead to a “Personalized medical 
treatment” (Figure 6, [19]) were per individual the effects of 
nutritional intervention should be considered part of a dietary 
lifestyle strategy to prevent or manage DM2.

Figure 6: Perspective view how medical science based on an “omics” approach will develop towards a personalized medical treatment.

Figure 7: A 36:1 Phosphatidylcholine (PC) 36:1 PC rose significantly in this same mouse model in heart muscle with 403% (P≤0.002) and 
in hindlimb muscle with 196% (P≤0.025) and in blood plasma significantly with +1493% (P≤0.00001). Both components were not found in 
the food.

Recently we succeeded to find two potential biomarkers 
for IR-DM2 in a High Fat diet obese C57Bl/6 mouse model [25]. 
The first biomarker in this mouse model was a cholesteryl-
ester (ChE) -more specific 20:3-ChE- which significantly 

increased (P≤0.016) in the fatty heart with 1317% while it 
rose very significantly (P≤0.00001) in blood plasma with 
1013% in the High-Fat diet group. Meanwhile the 20:3-ChE 
biomarker (dihomo-γ-linolenic; 20:3 n-6) has been classified 
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as a potential DM2 biomarker in a human cohort of the 
Uppsala Longitudinal Study of Adult Men (ULSAM). The second 
biomarker was a specific phosphatidylcholine C36:1-PC, which 
rose significantly (P≤0.025) mainly in heart muscle with 400% 
while concentrations increased significantly strongly (P≤0.002) 
in blood plasma with 1493% in the High-Fat diet vs. the Co-
group. As an earlier defined prerequisite, both compounds were 
not found in the food. In all other tissues there were not such 
clear indications for biomarkers Figure 7.

The 36:1-PC has until this moment not yet been classified 
in any human cohort study as a potential biomarker “above 
the disease”. But we found a plausible biochemical modelling 
related to hypoxic conditions in white adipose tissue which is 
extensively described in two other manuscripts [25-27]. In 
addition, the extensive research team of [32] recently described 
a novel, near-physiological organoid culture system, wherein 
primary human healthy liver cells form long-term expanding 
organoids that retain liver tissue function and genetic stability. 
Recently this in vitro organoid culture system was extended to the 
propagation of primary liver cancer (PLC) organoids from three 
of the most common PLC subtypes: hepatocellular carcinoma 
(HCC), cholangiocarci-noma (CC) and combined HCC/CC (CHC) 
tumors. In future studies we hope to apply the Systems Biology 
Lipidomics technique in order to find biomarkers for these forms 
of liver cancer research for which this recently developed in vitro 
3D organoid culture screening technique with human liver cells 
[32] gives great opportunities.
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