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The global epidemic of obesity is clearly associated with the increasing incidence 
of diet-related diseases, such as cardiovascular diseases (CVD) and type II diabetes 
mellitus (T2D)1. Obesity is often associated with various metabolic disturbances, such as 
abnormal lipid and carbohydrate metabolism and a pro-inflammatory state of the body. 
These lipid and non-lipid risk factors of metabolic origin predispose to the development 
of the metabolic syndrome (�����
�). The metabolic syndrome in clinical practice is most 
frequently diagnosed according to the guidelines of the National Cholesterol Education 
Program Third Adult Treatment Panel (NCEP ATPIII)2. It defines the metabolic syndrome 
when 3 of the following criteria are present: waist circumference � 102 cm in men and 
� 88 cm in women, HDL cholesterol � 1.03 mmol/L in men and � 1.3 mmol/L in women, 
triglycerides � 1.7 mmol/L and elevated blood pressure (systolic blood pressure � 130 
mmHg or diastolic blood pressure � 85 mmHg). These conditions increases the risk of 
developing CVD and T2D3. 

The exact mechanisms underlying the metabolic syndrome are still unknown, 
but potential molecular targets to treat and prevent this metabolic disturbance are 
peroxisome proliferator-activated receptors (PPARs). PPARs are one of the central 
regulators of nutrient–gene interactions and involved in various metabolic processes. 
Understanding the physiological and molecular effects of PPARs in these processes 
will therefore provide insight in potential targets for the prevention of the metabolic 
syndrome 
This chapter will give a general introduction to the metabolic processes involved in the 
metabolic syndrome and the role of PPARs herein and provides the outline of this thesis.

›�����
�.	 Metabolic disturbances and diseases associated with the metabolic syndrome.
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A large part of morbidity and mortality in the Western population is related to 
disturbances in lipid metabolism. Therefore, many attempts have been made in 
human studies and animal studies to modulate specific lipids and constituents of 
lipoprotein particles in order to understand and to prevent the consequences of 
these disturbances. This paragraph will briefly describe the regulation of lipid and 
lipoprotein metabolism.

���	 ������������
Lipoproteins are particles found in plasma that transport the fat-soluble 
cholesterol and triglycerides. There are various lipoprotein classes: chylomicrons, 
very low density lipoprotein (VLDL), intermediate dense lipoproteins (IDL), 
low density lipoproteins and high density lipoproteins (HDL). Each class varies 
in size, weight, lipid composition, density and apolipoprotein content (�� ��
 �). 
Lipoproteins consist of a hydrophobic core containing esterified cholesterol and 
triglycerides, surrounded by a monolayer of phospholipids. The polar phospholipid 
surface allows the lipoproteins to travel in the aqueous blood plasma. The 
lipoprotein membrane also contains apolipoproteins, the major protein 
components of lipoproteins. Apolipoproteins are among others responsible for 
the recognition of the lipoprotein particle by a specific receptor.  Importantly, 
within their class, lipoproteins are in a constant flux following a continuum of 
decreasing size and density. This means that within each class, lipoproteins 
can be further divided into subclasses4. For example, LDL can be divided in the 
subclasses light (LDL1 and 2), intermediate (LDL3), or dense (LDL4 and 5).

�� ��
��	 Composition and properties of lipoprotein classes.

Lipoprotein 
class

Density (g/
mL)

Diameter 
(nm)

Protein (%) Cholesterol 
(%)

Phospho
lipid(%) 

Triglycerides 
(%)

Chylomicron <0.95 100-500 1-2 8 7 84

VLDL 0.95-1.006 30-80 10 22 18 50

LDL 1.006-1.019 25-50 18 29 22 31

IDL 1.019-1.063 18-28 25 50 21 4

HDL 1.063-1.21 5-15 33 30 29 8

���	 ��������������������������	�����
The digestion and absorption of dietary fat are part of the so-called exogenous 
pathway (�����
 �). Dietary fat consists mainly of triglycerides (TG), which are 
insoluble in the aqueous environment of the gut.  Due to the action of bile 
salts, fat is emulsified yielding mixed micelles to transport dietary lipids to the 
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›�����
��	 Schematic overview of lipoprotein metabolism. 
	 ABC: ATP binding cassette transporter, Apo: apolipoprotein, CETP: cholesteryl ester transfer 

protein, FFA: free fatty acids, HDL: high density lipoprotein, HDLR: HDL receptor, HL: 
hepatic lipase, HSL: hormone sensitive lipase, IDL: intermediate density lipoprotein, LCAT: 
lysolecithin cholesterol acyltransferase,  LDL: low density lipoprotein, LDLR: LDL receptor, 
LPL: lipoprotein lipase, PL: pancreatic lipase, SR-BI: scavenger receptor class B member 1, 
TG: triglycerides, VLDL: very low density lipoproteins.

���	 �����������������
������	�������������
A feature of the metabolic syndrome is a deregulation of lipid and lipoprotein 
metabolism, resulting in an atherogenic lipoprotein profile characterized by small 
dense LDL, decreased high density HDL, and increased TG7. The lipid overflow 
in the metabolic syndrome can lead to the accumulation of fat in non-adipose 
tissues, such as muscle, heart and liver, which contributes to the development of 
insulin resistance8. Normally, in response to a meal, our body will produce insulin. 
Insulin stimulates LPL and inhibits hormone-sensitive lipase (HSL)9 (�����
 
). 
This will result in an increased triglyceride and fatty acid synthesis in adipose 
tissue and liver. The metabolic syndrome, however, is often associated with an 
insulin-resistant state. Insulin is overproduced, but tissues do not adequately 
respond to insulin anymore. This leads to lipid metabolic disturbances (�����

). 
In the insulin resistant state, the inhibitory effect of insulin on HSL is diminished 
or lost, leading to increased activity of HSL. This results in an increased release 
of FFA from the adipose tissue9. Also, LPL will be inhibited in the insulin resistant 
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state resulting in the accumulation of TG-rich VLDL particles. TG from these 
VLDL particles can be transported via CETP to HDL, resulting in smaller TG-
rich HDL particles. Small HDL a better substrate for HSL and therefore quickly 
cleared from the circulation10. As a consequence, less HDL particles are available 
for the reverse cholesterol transport. All together, this will ultimately lead to 
dyslipidemia, an important characteristic of the metabolic syndrome.

›�����

�	 Schematic overview of lipid metabolism and disturbances in the metabolic 
syndrome.

	 FFA: free fatty acids, HDL: high density lipoprotein, HL: hepatic lipase, HSL: hormone 
sensitive lipase, IDL: intermediate density lipoprotein, LDL: low density lipoprotein, LDLR: 
LDL receptor, LPL: lipoprotein lipase, PL: pancreatic lipase, SR-BI: scavenger receptor class 
member 1, TG: triglycerides, VLDL: very low density lipoproteins.

��	 ����������
���
������������
��
�������
���� �����
Disturbances in lipid and glucose metabolism in the metabolic syndrome are 
inter-related. Excess of adipose tissue is associated with an increased secretion 
of insulin, leading to hyperinsulinemia. Insulin plays an important role in lipid 
metabolism, but is also the predominant regulator of glucose metabolism. 
Insulin lowers blood glucose by suppression of gluconeogenesis in the liver and 
stimulation of glucose uptake by peripheral tissues, mainly muscle and adipose 













21

��������������������

����������
1	 James PT. Obesity: the worldwide epidemic. Clin Dermatol, 2004; 22: 276-280.
2	 Executive Summary of The Third Report of The National Cholesterol Education Program (NCEP) Expert Panel 

on Detection, Evaluation, And Treatment of High Blood Cholesterol In Adults (Adult Treatment Panel III). Jama, 
2001; 285: 2486-2497.

3	 Salmenniemi U, Ruotsalainen E, Pihlajamaki J
������	 Multiple abnormalities in glucose and energy metabolism 
and coordinated changes in levels of adiponectin, cytokines, and adhesion molecules in subjects with 
metabolic syndrome. Circulation, 2004; 110: 3842-3848.

4	 Otvos JD, Jeyarajah EJ, Bennett DW
������	 Development of a proton nuclear magnetic resonance spectroscopic 
method for determining plasma lipoprotein concentrations and subspecies distributions from a single, rapid 
measurement. Clin Chem, 1992; 38: 1632-1638.

5	 Bjornheden T, Babyi A, Bondjers G
������	 Accumulation of lipoprotein fractions and subfractions in the arterial 
wall, determined in an in vitro perfusion system. Atherosclerosis, 1996; 123: 43-56.

6	 Tribble DL, Rizzo M, Chait A
� ��� ��	 Enhanced oxidative susceptibility and reduced antioxidant content of 
metabolic precursors of small, dense low-density lipoproteins. Am J Med, 2001; 110: 103-110.

7	 Berneis K and Rizzo M. LDL size: does it matter? Swiss Med Wkly, 2004; 134: 720-724.
8	 Bergman RN, Kim SP, Hsu IR
������	 Abdominal obesity: role in the pathophysiology of metabolic disease and 

cardiovascular risk. Am J Med, 2007; 120: S3-8; discussion S29-32.
9	 Lewis GF, Carpentier A, Adeli K
������	 Disordered fat storage and mobilization in the pathogenesis of insulin 

resistance and type 2 diabetes. Endocr Rev, 2002; 23: 201-229.
10	 Lewis GF and Rader DJ. New insights into the regulation of HDL metabolism and reverse cholesterol transport. 

Circ Res, 2005; 96: 1221-1232.
11	 Wellen KE and Hotamisligil GS. Inflammation, stress, and diabetes. J Clin Invest, 2005; 115: 1111-1119.
12	 Esposito K and Giugliano D. The metabolic syndrome and inflammation: association or causation? Nutr Metab 

Cardiovasc Dis, 2004; 14: 228-232.
13	 Libby P. Inflammation and cardiovascular disease mechanisms. The American journal of clinical nutrition, 

2006; 83: 456S-460S.
14	 Frohlich M, Imhof A, Berg G
� ��� ��	 Association between C-reactive protein and features of the metabolic 

syndrome: a population-based study. Diabetes Care, 2000; 23: 1835-1839.
15	 Visser M, Bouter LM, McQuillan GM
������	 Elevated C-reactive protein levels in overweight and obese adults. 

Jama, 1999; 282: 2131-2135.
16	 Haffner SM. Insulin resistance, inflammation, and the prediabetic state. Am J Cardiol, 2003; 92: 18J-26J.
17	 Ross R. Atherosclerosis is an inflammatory disease. Am Heart J, 1999; 138: S419-420.
18	 Smith J, Al-Amri M, Dorairaj P
������	 The adipocyte life cycle hypothesis. Clin Sci (Lond), 2006; 110: 1-9.
19	 Dandona P, Aljada A and Mohanty P. The anti-inflammatory and potential anti-atherogenic effect of insulin: a 

new paradigm. Diabetologia, 2002; 45: 924-930.
20	 Delerive P, Fruchart J and Staels B. Peroxisome proliferator-activated receptors in inflammation control. J 

Endocrinol, 2001; 169: 453-459.
21	 Evans RM, Barish GD and Wang YX. PPARs and the complex journey to obesity. Nat Med, 2004; 10: 355-361.
22	 Martens FM, Visseren FL, Lemay J
� ��� ��	 Metabolic and additional vascular effects of thiazolidinediones. 

Drugs, 2002; 62: 1463-1480.
23	 Auboeuf D, Rieusset J, Fajas L
������	 Tissue distribution and quantification of the expression of mRNAs of 

peroxisome proliferator-activated receptors and liver X receptor-alpha in humans: no alteration in adipose 
tissue of obese and NIDDM patients. Diabetes, 1997; 46: 1319-1327.

24	 Desvergne B and Wahli W. Peroxisome proliferator-activated receptors: nuclear control of metabolism. Endocr 
Rev, 1999; 20: 649-688.

25	 Grimaldi PA. Lipid sensing and lipid sensors : Peroxisome Proliferator-Activated Receptors as sensors of fatty 
acids and derivatives. Cell Mol Life Sci, 2007; 64: 2459-2464.

26	 Forman BM, Chen J and Evans RM. Hypolipidemic drugs, polyunsaturated fatty acids, and eicosanoids are 
ligands for peroxisome proliferator-activated receptors alpha and delta. Proc Natl Acad Sci U S A, 1997; 94: 
4312-4317.



22

C��������

27	 Kliewer SA, Sundseth SS, Jones SA
������	 Fatty acids and eicosanoids regulate gene expression through direct 
interactions with peroxisome proliferator-activated receptors alpha and gamma. Proc Natl Acad Sci U S A, 
1997; 94: 4318-4323.

28	 Krey G, Braissant O, L’Horset F
������	 Fatty acids, eicosanoids, and hypolipidemic agents identified as ligands of 
peroxisome proliferator-activated receptors by coactivator-dependent receptor ligand assay. Mol Endocrinol, 
1997; 11: 779-791.

29	 Fruchart JC. Peroxisome proliferator-activated receptor-alpha activation and high-density lipoprotein 
metabolism. Am J Cardiol, 2001; 88: 24N-29N.

30	 Schoonjans K, Staels B and Auwerx J. Role of the peroxisome proliferator-activated receptor (PPAR) in 
mediating the effects of fibrates and fatty acids on gene expression. J Lipid Res, 1996; 37: 907-925.

31	 Schoonjans K, Watanabe M, Suzuki H
������	 Induction of the acyl-coenzyme A synthetase gene by fibrates 
and fatty acids is mediated by a peroxisome proliferator response element in the C promoter. The Journal of 
biological chemistry, 1995; 270: 19269-19276.

32	 Staels B, Dallongeville J, Auwerx J
������	 Mechanism of action of fibrates on lipid and lipoprotein metabolism. 
Circulation, 1998; 98: 2088-2093.

33	 Heller F and Harvengt C. Effects of clofibrate, bezafibrate, fenofibrate and probucol on plasma lipolytic 
enzymes in normolipaemic subjects. Eur J Clin Pharmacol, 1983; 25: 57-63.

34	 van Raalte DH, Li M, Pritchard PH
� ��� ��	 Peroxisome proliferator-activated receptor (PPAR)-
alpha: a pharmacological target with a promising future. Pharm Res, 2004; 21: 1531-1538.

35	 Bruckert E, Dejager S and Chapman MJ. Ciprofibrate therapy normalises the atherogenic low-density 
lipoprotein subspecies profile in combined hyperlipidemia. Atherosclerosis, 1993; 100: 91-102.

36	 Chinetti G, Lestavel S, Bocher V
������	 PPAR-alpha and PPAR-gamma activators induce cholesterol removal 
from human macrophage foam cells through stimulation of the ABCA1 pathway. Nat Med, 2001; 7: 53-58.

37	 Staels B and Auwerx J. Regulation of apo A-I gene expression by fibrates. Atherosclerosis, 1998; 137 Suppl: 
S19-23.

38	 Carey DG, Cowin GJ, Galloway GJ
������	 Effect of rosiglitazone on insulin sensitivity and body composition in 
type 2 diabetic patients [corrected]. Obes Res, 2002; 10: 1008-1015.

39	 Kersten S. Peroxisome proliferator activated receptors and obesity. Eur J Pharmacol, 2002; 440: 223-234.
40	 Zierath JR, Ryder JW, Doebber T
� ��� ��	 Role of skeletal muscle in thiazolidinedione insulin sensitizer 

(PPARgamma agonist) action. Endocrinology, 1998; 139: 5034-5041.
41	 Raman P and Judd RL. Role of glucose and insulin in thiazolidinedione-induced alterations in hepatic 

gluconeogenesis. Eur J Pharmacol, 2000; 409: 19-29.
42	 Ye JM, Dzamko N, Cleasby ME
� ��� ��	 Direct demonstration of lipid sequestration as a mechanism by 

which rosiglitazone prevents fatty-acid-induced insulin resistance in the rat: comparison with metformin. 
Diabetologia, 2004; 47: 1306-1313.

43	 Feige JN, Gelman L, Michalik L
������	 From molecular action to physiological outputs: peroxisome proliferator-
activated receptors are nuclear receptors at the crossroads of key cellular functions. Prog Lipid Res, 2006; 
45: 120-159.

44	 Esteve E, Ricart W and Fernandez-Real J. Dyslipidemia and inflammation: an evolutionary conserved 
mechanism. Clin Nutr, 2005; 24: 16-31.

45	 Aronoff S, Rosenblatt S, Braithwaite S
� ��� ��	 Pioglitazone hydrochloride monotherapy improves glycemic 
control in the treatment of patients with type 2 diabetes: a 6-month randomized placebo-controlled dose-
response study. The Pioglitazone 001 Study Group. Diabetes Care, 2000; 23: 1605-1611.

46	 Fonseca V, Rosenstock J, Patwardhan R
������	 Effect of metformin and rosiglitazone combination therapy in 
patients with type 2 diabetes mellitus: a randomized controlled trial. Jama, 2000; 283: 1695-1702.

47	 Kipnes MS, Krosnick A, Rendell MS
������	 Pioglitazone hydrochloride in combination with sulfonylurea therapy 
improves glycemic control in patients with type 2 diabetes mellitus: a randomized, placebo-controlled study. 
Am J Med, 2001; 111: 10-17.

48	 Lebovitz H, Dole J, Patwardhan R
� ��� ��	 Rosiglitazone monotherapy is effective in patients with type 2 
diabetes. J Clin Endocrinol Metab, 2001; 86: 280-288.

49	 Delerive P, Gervois P, Fruchart JC
������	 Induction of IkappaBalpha expression as a mechanism contributing to 
the anti-inflammatory activities of peroxisome proliferator-activated receptor-alpha activators. The Journal 
of biological chemistry, 2000; 275: 36703-36707.



23

��������������������

50	 Ergas D, Eilat E, Mendlovic S
������	 N-3 fatty acids and the immune system in autoimmunity. IMAJ, 2002; 4: 
34-38.

51	 Liew C-C, Ma J, Tang H
������	 The peripheral blood transcriptome dynamically reflects system wide biology: a 
potential diagnostic tool. J Lab Clin Med, 2006; 147: 126-132.

52	 van Erk MJ, Blom WA, van Ommen B
� ��� ��	 High-protein and high-carbohydrate breakfasts differentially 
change the transcriptome of human blood cells. The American journal of clinical nutrition, 2006; 84: 1233-
1241.

53	 Wibaut-Berlaimont V, Randi AM, Mandryko V
� ��� ��	 Atorvastatin affects leukocyte gene expression in 
dyslipidemia patients: in vivo regulation of hemostasis, inflammation and apoptosis. J Thromb Haemost, 
2005; 3: 677-685.

54	 van Leeuwen DM, Gottschalk RW, van Herwijnen MH
������	 Differential gene expression in human peripheral 
blood mononuclear cells induced by cigarette smoke and its constituents. Toxicol Sci, 2005; 86: 200-210.

55	 Connolly PH, Caiozzo VJ, Zaldivar F
������	 Effects of exercise on gene expression in human peripheral blood 
mononuclear cells. J Appl Physiol, 2004; 97: 1461-1469.

56	 Achiron A and Gurevich M. Peripheral blood gene expression signature mirrors central nervous system 
disease: The model of multiple sclerosis. Autoimmun Rev, 2006; 5: 517-522.





25

������� �
������������������
���������

�������������������
������	������
���������

Marjolijn C.E. Bragt-van Wijngaarden1,2, Ronald P. Mensink1,2

1	 Dutch Nutrigenomics Consortium, Top Institute Food and Nutrition, Wageningen, 
The Netherlands

2	 NUTRIM School for Nutrition, Toxicology and Metabolism, Department of Human 
Biology, Maastricht University Medical Centre+, Maastricht, The Netherlands



26

C��������

� ������
Gene expression profiling can be used to understand the effects of external 
factors on the metabolic state or condition of specific target tissues. In humans, 
such studies are complicated by the inaccessibility of these tissues. Therefore, 
blood cells are used as a surrogate, because blood is more readily accessible. 
Blood cells circulate through the body and may serve as sentinels, which pick up 
physiological and pathological changes and capture these changes by altering 
their transcriptome. This characteristic of blood cells is interesting to understand 
underlying mechanisms and to identify transcriptional biomarkers of responses 
to external stimuli, such as nutrition, pharma, toxicological agents, and exercise. 
In this way, it may be possible to detect metabolic disturbances before a clinical 
event occurs. Furthermore, gene expression profiling in blood cells may also 
provide biomarkers for disease diagnosis, disease progression and survival, and 
the effectiveness of disease treatment. However, more information is needed 
before it will be possible to widely implement the use of gene expression profiling in 
blood cells into clinical practice. Little is known, for example, about inter- and intra-
individual variation in blood cell gene expression. Furthermore, sample processing 
and the resulting complex mixture of cell types affect the gene expression profile, 
independent of the research question. The purpose of this review is to provide 
an overview of the use of gene expression profiles in blood cells, with emphasis 
on the use of Peripheral Blood Mononuclear Cells (PBMCs), and to discuss the 
applicability of these expression profiles to detect gene expression changes 
reflecting the condition of specific target tissues and metabolic changes. 
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Gene expression profiling can be used to understand the effects of external 
factors, such as diet, on the metabolic state or condition of specific target tissues 
(����� �). In humans, such studies are complicated by the inaccessibility of these 
tissues. Therefore, blood cells have been suggested as a surrogate, because blood 
is more readily accessible in humans. To be used as a surrogate, it is important 
that for the processes studied a relationship exists between the gene expression 
profiles in blood cells and those in the target tissues. More specifically, when 
studying changes in gene expression profiles as induced by an intervention, it is of 
importance that at the given dose and duration of exposure, the changes in gene 
expression profiles in blood cells correlate with those in the target tissue. Over 
80% of the genes expressed in human blood cells are found in the brain, colon, 
heart, kidney, liver, lung, prostate, spleen or stomach. In addition, many of these 
genes are responsive to environmental changes1. These findings contributed to 
the formulation of the so-called “Sentinel Principle”, in which blood cells circulate 
as “sentinels” that respond to changes in the macro and micro environment of 
organs1.

Gene expression profiling of surrogate cells or tissues can be very useful, not 
only to understand underlying molecular mechanisms, but also in the search for 
biomarkers that reflect early changes in gene expression caused by exposure to 
external stimuli. In this way, by using genetic biomarkers, it may be possible to 
already detect metabolic disturbances before a clinical event occurs. Surrogate 
tissue can also be useful for disease diagnosis, or for the prediction of disease 
progression and survival, or the effectiveness of disease treatment.

This review will give an overview of the use of gene expression profiles in blood 
cells in different settings, specifically focussing on Peripheral Blood Mononuclear 
Cells (PBMCs). In addition, the applicability of these blood cells as surrogate cells 
to detect gene expression changes reflecting the condition of specific target 
tissues will be discussed.
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To obtain insight into the normal variation between and within subjects, the 
variation in gene expression over time and variation associated with specific 
subject characteristics (such as age, BMI and gender), it is fundamental to 
understand the extent, nature and sources of variation in gene expression. 
To validate the use of blood cells as surrogate to detect potential changes in 
inaccessible tissues, information on the degree of variation in gene expression 
and responsiveness to environmental factors is essential. Independent of the 
research question, temporal variation, together with intra- and inter-individual 
variability, are important factors contributing to differences in gene expression 
patterns in blood cells. These sources of variation are especially important, 
when only small changes in gene expression are expected, such as in nutritional 
intervention studies in healthy subjects.

At least three studies have addressed inter- and/or intra-individual variation 
in expression profiles of blood cells from healthy volunteers8-10. Although these 
studies resulted in variable outcomes possibly due to differences in array 
platforms, genes represented on arrays, analytical procedures, and variation 
in leukocyte subsets, some important general conclusions can be drawn. Gene 
expression patterns in samples from the same individual were very consistent8-10. 
Eady �����	 showed that intra-individual differences were relatively small, that is 
<20% for 80% of the 8489 genes examined8. This was confirmed by clustering 
analysis, in which samples from the same subject clustered together8. A cluster 
of 25 immunoglobulin genes showed the highest intra-individual variation. 
Differences in gene expression profiles between individuals were much larger 
compared to intra-individual differences8-10. 39% of the genes examined by Eady�
�����	 differed significantly between sample sets from different donors and thus 
contributed to inter-individual differences in gene expression levels8. Individual 
specific gene sets, which overlapped between the studies of Eady �����	8, Radich ���
��.9, and Whitney �����	10, contained genes encoding for MHC class II molecules and 
interferon regulated genes. There were marked differences in gene expression 
between whole blood and PBMCs, at least partly due to differences in cellular 
composition of the samples10. Therefore, it is better to use PBMCs than whole 
blood to minimize variation between samples caused by differences in cellular 
composition. Other factors that can contribute to inter-individual variation are 
gender, age and BMI8-10.

Inter- and intra-individual variations are common in biological research and 
this information is, for example, needed for power calculations during the design 
phase of a study. The consistency of gene expression profiles in PBMCs over time 
within individuals is very promising for the application of microarray technology 
in intervention studies.
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PBMCs could also play an important role as surrogate cells to measure toxicant 
exposure. The effect of toxicant exposure partly depends on the oxidative 
metabolism of toxic compounds, mediated by cytochromes P450 (CYPs) in the 
liver. These proteins are involved in detoxification, elimination, and activation of 
a wide variety of compounds. Furukawa �����	 compared gene expression levels 
of CYPs in PBMCs and liver tissue from patients with hepatocellular carcinoma19. 
From the 19 CYPs measured, 6 genes could be detected in both PBMCs and 
non-tumour tissue from liver.  From these genes, only the expression of CYP4B1 
correlated between PBMCs and liver tissue, which indicate that PBMCs are no 
appropriate to study CYP expression in liver.

The relationship between the expression of early onco suppressor genes 
(�����, Ha-��
 and ���) in rat PBMCs and potential target tissues (lung, liver, 
lymph nodes, kidneys and spleen) was investigated by Ember �����	
 24 and 48 
hours after intraperitoneal exposure to the carcinogen 1-nytropene20. The ����� 
oncogene could not be used as biomarker, because of its low expression level in 
all tissues studied. Similar changes in gene expression patterns were only found 
between PBMCs and spleen, where early changes in Ha-��
 and ��� expression 
matched. No associations between gene expression changes with the other 
tissues were reported.

In view of the limited number of studies, in different species and with different 
research questions, it is not possible to conclude if genes in PBMCs could be useful 
as a molecular biomarker to study toxicological exposure in target tissues. More 
research in this area is certainly warranted.
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Gene expression profiling in blood cells has already been used as a tool to study 
the effects of dietary exposure in human intervention studies. Van Erk ��� ��	 
evaluated the potential of this tool in a cross-over study investigating the effects 
of a high carbohydrate and a high protein breakfast in RNA from whole blood of 
8 healthy men21. There were 176 differentially expressed genes in response to the 
high carbohydrate breakfast and 778 genes were changed after the high protein 
breakfast. The high carbohydrate intake resulted in lower expression of genes 
involved in glycogen metabolism, whereas the high protein intake resulted in 
lower expression of genes involved in protein biosynthesis. Furthermore, the high 
protein breakfast downregulated PGC1-related coactivator (PPRC1) and Lipin, 
genes involved in energy homeostasis and lipid metabolism. Fasting has also a 
pronounced influence on gene expression in blood cells. Bouwens �����	 studied 
gene expression changes after 24 and 48h fasting in PBMCs of four healthy 
males22. A number of 1200 genes were changed after 24h fasting and 1386 genes 
after 48h fasting, with an overlap of >74% between both time-points. Pathway 
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Exercise leads to an increase in circulating PBMCs and to an increase of both 
circulating pro-inflammatory and anti-inflammatory mediators42. Connolly ���
��. examined if these changes were paralleled by alterations in gene expression 
in PBMCs after an acute bout of exercise43. For this, 15 healthy adult men (18-
30y) performed 30 minutes of constant work rate cycle ergometry (~80% 
peak O2 uptake). Gene expression was analysed pre-exercise, end-exercise and 
60 minutes in recovery. Comparing the pre- and end-exercise gene expression 
profiles, revealed (mainly upregulated) changes in 311 genes, related to stress 
and inflammation. The expression of these genes returned to baseline after 
60 minutes of recovery. Furthermore, IL1 receptor antagonist and IL6 inhibitor, 
both anti-inflammatory mediators, increased when comparing end-exercise and 
recovery profiles. Besides genes involved in inflammation, exercise also caused 
an upregulation of genes involved in growth and repair. However, it cannot be 
excluded that some of these gene expression changes in PBMC were due to 
alterations in the proportions of lymphocytes and monocytes in the circulation 
due to the exercise intervention 43. Comparable exercise-responsive genes 
were identified in a study conducted by Zieker �����. (CD14, chemokine ligand 4, 
CSF3R, HDPB1, IL1 receptor type 2, IL1 receptor antagonist, IL2 receptor beta)44. 
In this study, gene expression was analysed in whole blood obtained from 8 half-
marathon runners, before (t0), immediately after (t1) and 24 hours after exercise 
(t2). The genes represented on the custom-made microarray (384 cDNAs in 
triplicate) were selected based on their role in inflammation, apoptosis and stress 
responses. Cluster analysis revealed that 36 genes were changed comparing t1 
with t0, and 21 genes were changed when t2 was compared with t0. All changes 
were in the same direction in all 8 half-marathon runners. This study showed 
that (exhaustive) physical activity is associated with a different pattern of gene 
expression at each time-point in response to a half-marathon. 

 Endurance training leads to adaptation in oxidative metabolism in skeletal 
muscle, as shown by a relative decrease in carbohydrate utilisation and increase 
in fatty acid oxidation45. Zeibig �����. investigated whether these adaptive changes 
in skeletal muscle were also reflected in PBMCs46. They studied the expression 
levels of carnitine palmitoyl transferases 1 and 2, which transport fatty acids into 
the mitochondria, and expression levels of carnitine acetyl transferase (CRAT), 
human specific microsomal carnitine acyltransferase (GRP58), and the organic 
cation transporter OCTN2, which are all involved in the uptake of L-carnitine across 
the plasma membrane in muscle and blood cells. Gene expression analysis was 
conducted in muscle and PBMCs of 6 endurance-trained subjects, before and after 
a 6-months training period with an average low-intensity training of 12h per week, 
consisting of running, cycling and skating. There was a concordant stimulation of 
CPT1, CPT2, CRAT, GRP58 and OCTN2 in PBMCs and muscle tissue. In addition, 
CPT1A, the liver isoform of CPT1, which is not expressed in adult skeletal muscle, 
was also increased to the same extent as the muscle isoform CPT1B in PBMCs. 
Thus, PBMCs can mimic gene expression changes that occur in muscle as a result 
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of endurance training.
Overall, examining the genomic response of blood cells to exercise could reveal 

mechanisms that can explain the metabolic effects of different forms of training. 
Furthermore, gene expression fingerprints might serve as an interesting research 
tool for monitoring exercise and training loads and for diagnosis and treatment of 
exercise related stress.
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Variation of PBMC gene expression signatures observed in healthy subjects is 
markedly smaller than that observed among patients, and thus provides robust 
support for using gene expression patterns for characterisation and diagnosis 
of disease states47. Research to identify specific genes in PBMCs, which reflect 
physiological and pathological state of different tissues of the body, will help 
the clinical practice in disease diagnosis and prediction of disease progression 
of patients. Tang �����	 conducted one of the first studies in rats to demonstrate 
that gene expression profiles in blood cells could serve as fingerprint of different 
disease states, such as stroke, seizures, hypoglycaemia and hypoxia48. Their 
results suggested that gene expression profiles in PBMCs had potential to be 
used for diagnostic, mechanistic and therapeutic assessment of different disease 
states. This approach has now also been implemented in human studies. 

Blood cells can be representative surrogate cells to study multifactorial 
diseases, such as cardiovascular diseases (CVD) or type II diabetes. Gene 
expression analysis has been shown to discriminate patients with hypertension49, 

50, atherosclerosis51, and coronary artery disease patients52 from healthy controls. 
Another study with type II diabetic subjects showing the diagnostic potential 
of gene expression analysis in PBMCs, revealed that genes involved in the JNK 
pathway may be candidate markers for hyperglycemia-induced stress, whereas 
genes from the OXPHOS pathway may be markers of morbidity of type II diabetes53. 
Gene expression analysis in PBMCs is not only useful for disease diagnosis, but 
may also help to unravel the aetiology of a disease. For example, PBMCs respond 
to changes in plasma lipid levels by regulating genes involved in lipid and fatty acid 
synthesis and inflammation, which can shed more light on the relation between 
plasma lipids and the development of diseases, such as atherosclerosis and CVD54. 

In the field of oncology, gene expression profiling in target tissues revealed 
differences between signatures from normal and malignant tissues55, 56. In search 
for markers in surrogate tissue, Twine ��� ��	 identified a set of eight mainly 
inflammatory related genes, which distinguished PBMCs from advanced renal cell 
carcinoma patients and healthy volunteers57. In addition, later research in this 
field even showed that gene expression patterns in PBMCs of patients with renal 
cell carcinoma correlated with disease prognosis58. Not only gene expression 
target tissue, but also in blood cells, as surrogate cells, can be influenced by the 
early stages of breast cancer development. Using gene expression analysis of 
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1368 genes in women with breast cancer and women with no signs of the disease, 
Sharma �����	 identified a gene set of 37 genes in RNA from whole blood, which 
predicted the existence of breast cancer in more that 80% of the cases59. Distinct 
transcriptional profiles in blood cells were also identified for other types of cancer, 
such as bladder, colorectal and prostate cancer60.

For many other diseases, the use of gene expression profiling may have 
potential for disease diagnosis, prognosis and progression, as has been suggested 
for haematological diseases, neurological disorders, psychiatric disorders and 
auto-immune diseases60. The clinical applicability of gene expression profiles in 
blood cells as surrogate cells in predicting disease prognosis and progression 
was illustrated by Deng �����	61. They demonstrated the clinical potential of gene 
expression profiles in PBMCs by the use of a predictive gene panel to identify 
recipients with moderate or severe rejection of an allograft transplant from 
patients who tolerated the transplant61, 62. Thus, the development of gene-
expression based tests seem promising, although subsequent additional research 
is warranted for thorough validation and evaluation of cost-effectiveness of these 
assays in clinical practice. 
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At this moment, the application of blood transcriptomics is still in its infancy, 
although more and more studies are performed to identify biomarker genes 
related to responses to interventions, disease diagnosis, and prediction of 
disease progression. Overall, as sentinels that serve as an individual’s health 
sensor, gene expression profiles in blood cells are able to reflect changes 
caused by diet, medicine intake, toxicant exposure and exercise. When 
studying gene expression in blood cells, standardisation of study procedures is 
important, including the choice of blood cells and RNA isolation technique and 
a strict control of blood handling time and temperature. Furthermore, the use of 
(specific) PBMC cells is preferred above the use of whole blood, to prevent the 
disturbing impact of reticulo-derived globin transcripts and granulocytes on gene 
expression. Challenges in future will be a) the selection of the most responsive 
cell population, as variation in amounts of specific cell types can influence gene 
expression profiles regardless of the question studied, b) well-controlled gene 
expression studies with well-characterised populations to decrease variation due 
to confounding variables (e.g. environmental factors) c) large trials specifically 
designed to validate the use of possible biomarkers, d) translation of gene 
expression profiles to the clinical practice, which include the study of associations 
between gene expression with relevant and objective clinical endpoints, the 
clinical applicability of expression assay, and the evaluation of cost-effectiveness. 
In future, analysis of candidate genes selected from microarray studies in PBMCs 
can potentially provide an efficient and sensitive tool to be implemented for 
routine use in the clinical practice and may provide additional information beyond 
already existing traditional biomarkers. 
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