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Abstract

Chronic fatigue syndrome (CFS) is a medically unexplained disorder, characterized
by profound fatigue, infectious, rheumatological and neuropsychiatric symptoms.
There is, however, some evidence that CFS is accompanied by signs of increased
oxidative stress and inflammation in the peripheral blood. This paper examines
the role of the inducible enzymes cyclo-oxygenase (COX-2) and inducible NO
synthase (iNOS) in the pathophysiology of CFS. Toward this end we examined the
production of COX-2 and iNOS by peripheral blood lymphocytes (PBMC) in 18
CFS patients and 18 normal volunteers and examined the relationships between
those inflammatory markers and the severity of illness as measured by means of
the FibroFatigue scale and the production of the transcription factor nuclear factor
kappa beta (NFxp).

We found that the production of COX-2 and iNOS was significantly higher in CFS
patients than in normal controls. There were significant and positive intercorrela-
tions between COX-2, iNOS and NFkp and between COX-2 and iNOS, on the one
hand, and the severity of illness, on the other. The production of COX-2 and iNOS
by PBMCs was significantly related to aches and pain, muscular tension, fatigue,
concentration difficulties, failing memory, sadness and a subjective experience of
infection.

The results suggest that a) an intracellular inflammatory response in the white blood
cells plays an important role in the pathophysiology of CFES; b) the inflammatory
response in CFS is driven by the transcription factor NFkp; ¢) symptoms, such as
fatigue, pain, cognitive defects and the subjective feeling of infection, indicates the
presence of a genuine inflammatory response in CFS patients; and d) CFS patients
may be treated with substances that inhibit the production of COX-2 and iNOS.
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INTRODUCTION

There is now evidence that chronic fatigue syndrome
(CFS) is accompanied by signs of severe oxidative and
nitrosative stress and activation of the inflammatory
response system (IRS).

There are reports showing that CFS is accompanied
by a decreased antioxidant status in the blood. Thus,
Maes et al. [1,2] found significantly lower serum levels of
zing, a strong antioxidant, and dehydroepiendrosterone-
sulfate, a hormone with strong antioxidant properties,
in patients with CFS as compared with normal controls.
Other findings point toward increased oxidative and
nitrosative stress in CFS. The findings include: increased
isoprostane levels and oxidized low density lipoproteins
(LDL) [3]; higher LDL thiobarbituric acid reactive
substances (TBARS) [3]; ¢) elevated protein carbonyl
levels [4]; and d) an increased response to incremental
exercise, which is associated with a lengthened and ac-
centuated oxidative stress [5]. Also, in animal models for
CFS an increased oxidative stress had been described [6].
We found that CFS is accompanied by increased levels of
IgM antibodies directed against fatty acids (oleic acid),
by-products of lipid peroxidation (MDA and azelaic
acid), and anti-S-farnesyl-L-cysteine, and NO derivates,
such as nitro-tyrosine, nitro-phenylalanine, nitro-ar-
ginine, nitro-tryptophan and nitro-cysteine [7]. This
shows that CFS is characterized by an IgM-mediated im-
mune response directed against autoepitopes, which are
normally hidden from the immune system, but which
have become immunogenic through different mecha-
nisms, such as a) oxidative damage to lipid membranes
and synthesis of by-products of lipid peroxidation; and
b) modification of endogenous proteins by nitrosative
stress (NO and peroxynitrite). In conclusion, CEFS is
accompanied by decreased antioxidative defences and
by increased oxidative and nitrosative stress, which has
generated a variety of oxidatively modified neoepitopes,
which have acquired immunogenicity and thus may
serve as a trigger to impair or bypass immunological
tolerance [7].

Besides increased oxidative stress there is also an
activation of the IRS in CFS. Thus, CFS is accompanied
by a) immune activation, characterized by an increased
expression of T cell activation markers, such as CD26
and CD38 [8] and alterations in cytokine production
[9-11]; b) increased plasma concentrations of the
alpha2 globulin fraction obtained by electrophoresis
and decreased serum zinc levels [1]; and c) signs of
decreased cellular immune responses (another hallmark
of an IRS response), such as decreased mitogen-induced
lymphocyte responses and specific defects in early T cell
activation, i.e. a diminished mitogen-induced expression
of the early activation marker CD69 [8,12-14].

Probably, activation of the IRS and the increased oxi-
dative and nitrosative stress are intertwined phenomena
in CFS [7]. Indeed, activation of the IRS is accompanied
by an increased production of oxygen radicals, e.g. H,0,

(peroxides) and 202~ (superoxide), which may damage
lipid membranes in the brain, muscle, and nerve cells;
and by nitrosative stress formed by activated neutro-
phils and monocytes, e.g. nitrogen monoxide (NO) or
peroxynitrite (ONOO-).

One mechanism which may explain both activation
of the IRS and increased oxidative/nitrosative stress
in CFS is an increased intracellular production of the
important inflammatory and oxidative mediators, i.e.
cyclo-oxygenase-2 (COX-2) and inducible NO synthase
(iNOS). COX-2 is a key enzyme which catalyzes the
transformation of arachidonic acid to prostaglandins and
prostacyclins. COX-2 is undetectable in most normal
tissues and is an oxidatant-inducible gene, which expres-
sion is upregulated during inflammation. It becomes
abundant in activated macrophages and other cells at
sites of inflammation [15]. iNOS is preferentially local-
ized in macrophages and upon stimulation by specific
cytokines can generate nitric oxide (NO). NO synthesis
by macrophages and neutrophils has multiple roles in
the development of inflammation and in oxidative and
nitrosative stress and it plays an important role in the
cytotoxic activity and in the pain syndrome associated
with inflammation [16,17]. Since CFS is accompanied by
oxidative stress and by activation of the IRS we expect
to find an increased production of COX-2 and iNOS in
those patients.

Recently, we have shown that nuclear factor kappa
beta (NFkf), the major upstream, molecular mecha-
nism which regulates many inflammatory and oxidative
stress mediators, is highly significantly increased in CFS
patients as compared to normal volunteers [18]. Upon
activation NFkp is translocated from the cytoplasma
to the nucleus where NFkf binds specific promoter se-
quences of DNA and induces transcriptional activation
of amongst other things iINOS and COX-2 [19,20]. Based
on the above, we expect to find significant positive corre-
lations between increased COX-2 and iNOS production
and the increased production of NFkf in CFS.

The aims of the present study were to examine 1)
whether CFS is accompanied by an increased production
of COX-2 and iNOS; 2) whether the increased COX-2
and iNOS production are driven by an increased produc-
tion of NF«p; and 3) the symptom profiles of increased
COX-2 and iNOS production in CFS.

SUBJECTS AND METHODS

Subjects
Thirty-six subjects participated in the present study, 18

patients with CFS and 18 age-sex matched and unrelated
controls. The patients were admitted to the M-Care4U
Outpatient Clinics, Belgium. The diagnosis of CFS was
made by means of the Centers for Disease Control and
Prevention (CDC) criteria [21]. These criteria include:
the patient must have a severe chronic fatigue of six
months or longer, while there is no other known medical
condition which can explain the fatigue; and the patient
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must have four or more of the following symptoms: sub-
stantial impairment in short-term memory or concen-
tration, sore throat, tender lymph nodes, muscle pain,
multi-joint pain without swelling or redness, headache
of a new type, pattern or severity, unrefreshing sleep, and
post-exertional malaise lasting more than 24 hours. The
total sum on the FibroFatigue scale, i.e. the Fibromyalgia
and Chronic Fatigue Syndrome Rating Scale [22] was
used to compute the severity of illness. This scale mea-
sures 12 CFS (and fibromyalgia) symptoms, i.e. pain,
muscular tension, fatigue, concentration difficulties,
failing memory, irritability, sadness, sleep disturbances,
autonomic disturbances, irritable bowel, headache, and
subjective experience of infection.

Subjects with a life-time diagnosis of psychiatric
DSM-1V disorders, such as bipolar disorder, depression,
anxiety disorders, schizophrenia, substance use disorders
and organic mental disorders were excluded to partici-
pate in the present study. Also, subjects with medical ill-
nesses, e.g. diabetes type 1 or type 2, inflammatory bowel
disease, essential hypertension, and arteriosclerosis; and
subjects who ever had been treated with anti-psychotic
drugs, anticonvulsants or mood stabilizers and subjects
who had been taking other psychotropic drugs during
the last year prior to the studies were omitted. None of
the subjects suffered from acute inflammatory and aller-
gic reactions for at least 2 months prior to the study. All
subjects had normal values for routine blood tests, such
as alanine aminotransferase (ALT), alkaline phosphatase
(ALP), blood urea nitrogen (BUN), calcium, creatinine,
electrolytes, thyroid stimulating hormone (TSH), total
protein, and iron or transferrin saturation. No one had
positive IgM antibody titers for EBV or CMV. Patients
and controls gave written informed consent after the
study protocol was fully explained. The study has been
approved by the local ethical committee.

Methods

COX-2, iNOS and NFkp concentrations were deter-
mined on the cell lysates of unstimulated mononuclear
cell isolates. PBMCs were obtained through histopaque -
1077 density gradient centrifugation of peripheral blood
samples of patients and controls. Isolated cells were
resuspended in RPMI 1640 medium (Sigma R-0278)
supplemented with 10% foetal calf serum and cultured
overnight (18 hours). After harvesting the cells and
washing with PBS/PIB (phosphate inhibitor buffer) cells
were lysed with Nonidet P-40 and a nuclear cell extract
was obtained after resuspension of the pellet in complete
lysis buffer according to the protocol of the TransAM™
NFkp p50 Transcription Factor Assay kit (Cat 41°096
& 41596; Active Motif, Carlsbad, California). Lysates of
the unstimulated PBMCs were tested in batch for their
iNOS concentrations through the Quantikine Human
iNos immunoassay of R&D Systems (Minneapolis) and
for their COX-2 content through the TiterZyme® EIA
for human cyclo-oxygenase-II (catalog no 900-094,
Assay Designs, Inc, Ann Harbor). Concentrations are

expressed in ng/ml for the COX-2 and iNOS concentra-
tions and in ng/well for NFxf p50. All lysates were stored
frozen at —-80 °C until the measurements were performed
simultaneously on the complete batch of samples. The
intraassay coefficients of variation were less than 6%.

Statistics

Group mean differences were assessed by means
of analysis of variance (ANOVA) and covariance
(ANCOVA). Relationships between variables were as-
certained by means of Spearman’s rank order correlation
coefficients, and by means of multiple regression analy-
ses and canonical correlation analysis. The diagnostic
performance of increased iNOS and COX-2 was checked
by means of ROC (receiver operating characteristics)
analysis with computation of the area under the ROC
curve, sensitivity, specificity and predictive value of a
positive test result (PV+) and with kappa statistics. The
significance was set at a=0.05 (two tailed).

RESULTS

There were no significant differences in age (F=0.01,
df=1/34, p=0.9) between normal controls (mean age
+SD=42.7+8.9 years) and CFS patients (43.0+9.2
years). There were no significant correlations between
age and either COX-2 (r=0.02, NS) and iNOS (r=0.06,
NS).

Figure 1 shows the production of COX-2 and iNOS in
both study groups. ANOVA shows significantly higher
COX-2 production in CFS patients than in normal
controls (F=86.2, df=1/34, p=0.0000004). ANOVA
showed significantly higher iNOS production in CFS
patients than in normal volunteers (F=28.1, df=1/34,
p=0.00005). Covarying for age in ANCOVAs did not
change any of these results.

ROC analysis performed on the COX-2 and iNOS
values showed that the area under the ROC curve (AUC)
was highly significant for COX-2 (AUC=99.4%) and
iNOS (AUC=90.7%). Using a cut off value for COX-2
>4.6ng/mL, we found a significant discrimination of
CFS patients from normal controls with a sensitivity of
100%, specificity=94.4 % and a PV+=94.5% (x=0.94,
t=17.22, p<10-4). Using a cut off value for iNOS
>14.2ng/mL, we found a significant discrimination of
CFS patients from normal controls with a sensitivity of
77.8%, specificity =94.9% and a PV+=93.3% (k=0.72,
£=6.26, p<10-4).

Spearman’s rank order correlation analyses showed
significant relationships between COX-2 production and
the total score on the FibroFatigue scale (r=0.65, p=0.004).
COX-2 production was significantly related to aches
and pain (r=0.51, p=0.03), fatigue (r=0.82, p=0.0001),
concentration difficulties (r=0.52, p=0.02), failing
memory (r=0.77, p=0.0004), sadness (r=0.47, p=0.04),
and subjective experience of infection (r=0.68, p=0.002).

Spearman’s rank order correlation analyses showed
significant relationships between iNOS production and

Neuroendocrinology Letters Vol.28 No.4 2007 - Article available online: http://node.nel.edu

465



466

Michael Maes, Ivanka Mihaylova, Marta Kubera & Eugene Bosmans

50

40_

304

204

COX-Il (ng/mL)

10 4

NV CFS

50

40-

30 4

204 .

10 4 -f-

NV CFS

iNOS (ng/mL)

mn|-+.|uo s e

70

total score FibroFatigue scale

20 T T L} T T
3 2 -1 0 1 2 3
COX-ll and iNOS production

3
5
— [ ] L]
S 2 ¢
=
o
<
o
[72]
o]
=
o
=
L]
x
(o]
o

-3 T T T T

0.0 0.2 0.4 0.6 0.8 1.0

unstimulate NF kB production (ng/well)

Figure 1. Scatter plot of the measurements of cyclo-oxygenase-2
(COX-2) and inducible NO synthase (iNOS) in 18 patients with
chronic fatigue syndrome (CFS) and 18 age-sex matched normal
volunteers (NV).

the total score on the FibroFatigue scale (r=0.51, p=0.03).
Spearman’s rank order correlation analyses showed that
iNOS production was significantly correlated to fatigue
(r=0.60, p=0.008), concentration difficulties (r=0.61,
p=0.007), failing memory (r=0.71, p=0.001), and subjec-
tive experience of infection (r=0.61, p=0.008).

Table 1 shows the results of canonical correlation
analyses with the symptoms of the FibroFatigue scale as
dependent variables and the production of COX-2 and
iNOS as independent variables. Inspecting the loadings
on the first component shows that aches and pain, fatigue,
concentration difficulties, failing memory, sadness and a
subjective feeling of infection are significantly related to
the production of COX-2 and iNOS.

Asan integrative index for the intracellular inflamma-
tion in CFS, we computed the first principal component
(PC) extracted from both the COX-2 and iNOS values.
The first PC explained 95.5% of the variance in the
COX-2 and iNOS data. Figure 2 shows that there was

Figure 2. Regressions of the total score on the FibroFatigue scale on
the integrated index of COX-2 and iNOS production (the first PC
subtracted from both data) and of the integrated index of COX-2
and iNOS production on the unstimulated production of nuclear
factor kappa beta (Nfkf) in 18 subjects with chronic fatigue syn-
drome.

a significant and positive correlation (r=0.55, p=0.01)
between the total score on the FibroFatigue scale and
the first PC.

We also computed the intercorrelations between
iNOS, COX2 and the production of NFkp. The produc-
tion of NFkf was significantly higher (F=20.1, df=1/34,
p=0.0002) in the CFS patients (0.357 +0.244 ng/well)
than in the normal volunteers (0.087 +0.092 ng/well). In
the total study group, Spearman’s rank order correlation
analyses showed significant and positive intercorrelations
between the production of COX-2 and iNOS (r=0.89,
p=0.0000). The unstimulated production of NFxp was
significantly correlated to the production of iNOS
(r=0.76, p=0.0000) and COX-2 (r=0.78, p=0.0000). Also,
in the subgroups of patients with CFS and in normal
controls, the above relationships remained significant.
Figure 2 shows that the first PC subtracted from the
COX-2 and iNOS values was significantly and positively
correlated (r=0.78, p<10-4) to the production of NFkf.

Copyright © 2007 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu
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Table 1. Results of the canonical correlation analysis with the
symptoms of the Fibrofatigue scale as dependent variables and the
production of cyclo-oxygenase (COX-2) and inducible NO synthase
(INOS) as explanatory variables.

Dependent variables
(FibroFatigue scale)

Loadings on the
first eigenvector

aches and pain 0.57
muscular tension 0.28
fatigue 0.78
concentration difficulties 0.43
failing memory 0.71
irritability 0.09
sadness 0.43
sleep disturbances -0.31
autonomic disturbances 0.15
irritable bowel -0.14
headache 0.24
subjective experience of infection 0.50
Independent variables

COX-2 0.95
iNOS 0.58

The significant loadings (>0.40) are in bold and underlined.

DISCUSSION

This is a first study which shows that CFS is accom-
panied by a significantly increased production of COX-2
and iNOS. Thus, the results of the present study confirm
those of previous studies (see Introduction) that CFS is
accompanied by inflammation and increased oxidative
stress. 1) Indeed, COX-2 is a key regulatory enzyme in
the synthesis pathway of eicosanoids, which are respon-
sible for multiple inflammatory actions in tissues [23].
COX-2, which is located in the endoplasmatic reticulum
and in the perinuclear envelope, extracts arachidonic
acid from the membrane and decores it with peroxides.
The resulting molecule is modified by peroxides and
other enzymes yielding mature prostaglandins. The lat-
ter modulate pain signaling, inflammation and smooth
muscle contraction [24]. 2) iNOS is preferentially local-
ized in macrophages and upon stimulation by specific
cytokines can generate nitric oxide (NO). NO is a major

signalling molecule in neurons and in the immune sys-
tem, either acting within the cell in which it is produced
or by penetrating cell membranes to affect adjacent cells.
NO is central to the early macrophage immune responses
to invading microorganisms [25]. NO toxicity is linked
to its ability to combine with superoxide anions (O%-)
to form peroxynitrite (ONOO-), an oxidizing free radi-
cal that can cause DNA fragmentation, lipid oxidation
and tyrosine nitration [16,17,26]. Thus, increased iNOS
production in CFS may - in part - explain the signs of
oxidative and nitrosative stress in CES (for review: see
Introduction).

Another major finding of the present study is that the
increased COX-2 and iNOS production are significantly
related to core symptoms of CFS, such as fatigue, pain
symptoms, cognitive symptoms (concentration difficul-
ties and failing memory), sadness, and the subjective
experience of infection. These findings extent those
of earlier results showing that signs of inflammation
and oxidative or nitrosative stress are related to those
symptoms profiles. Indeed, there is now a vast literature
that inflammation may induce fatigue and depression
[27-29]. Also, in CFS significant correlations are found
between 1) the severity of fatigue and increased oxida-
tive stress and decreased antioxidant defences [30]; 2)
fatigue and pain symptoms and the IgM-related immune
responses mounted to neoepitopes formed by oxidative
and nitrosative damage to lipid and protein structures
[7]; and 3) isoprostane levels and joint pain and postex-
ertional malaise [3]. Moreover, a causal role for oxida-
tive stress in muscle fatigue and pain of CFS patients is
provided by research showing that the response of those
patients to incremental exercise associates a lengthened
and accentuated oxidative stress response with marked
alterations of the muscle membrane excitability [5] and
that administration of NAC, a strong antioxidant, may
delay muscle fatigue during repetitive handgrip exercise,
supporting the hypothesis that oxidative stress is a causal
factor in human muscle fatigue [31].

It is well-known that COX-2 is implicated in the
production of musceloskeletal pain and that COX-2
inhibitors may alleviate these symptoms [32]. COX-2-
selective inhibition has also a beneficial effect on muscle
fatigue resistance in elderly patients with inflammation
of infectious origin [33]. iNOS has been shown to play a
role in fibromyalgia, a disorder which is highly comorbid
with CFS and which shows a highly significant symp-
tomatic overlap with CFS. Thus, iNOS protein content in
muscle biopsy is increased in fibromyalgia and is nega-
tively correlated with total exercise time. Moreover, the
higher iNOS contents are related to reduced responses
to aerobic exercise and reduced maximal exercise time.
The increased dialysate lactate in response to stimula-
tion of iNOS suggests that fibromyalgia patients may be
more sensitive to the suppressive effects of nitric oxide
on oxidative phosphorylation [34]. COX-2 overexpres-
sion may induce specific cognitive deficits and COX-2
inhibition may alleviate cognitive defects [35,36]. The
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correlation between the FibroFatigue scale item the
subjective experience of infection and COX-2 and iNOS
production shows that this symptom reflects genuine
inflammatory responses in patients with CFS . Previ-
ously, we have reported that the subjective experience of
infection is related to another marker of IRS activation in
CFS, i.e. lowered serum zinc [1].

The third major finding of this study is that both the
production of iNOS and COX-2 are significantly related
to the production of NFkf in CFS patients and normal
volunteers. It is known that NF«P plays a critical role
mediating COX-2 [19] and iNOS production [37,38].
Thus, our findings indicate that the increased production
rates of both iNOS and COX-2 in CFS are at least partly
driven by increased NF«xp production.

In summary, CFS is accompanied by an increased
production of COX-2 and iNOS, which is driven by an
increased production of NFkf and which is related to the
severity of key symptoms, such as fatigue, pain, sadness,
cognitive disorders and a subjective feeling of infection.
Therefore, it may be hypothesized that an intracellular
inflammatory response in the white blood cells plays an
important role in the inflammatory pathophysiology of
CFS, which points towards IRS activation and increased
oxidative stress; and that the symptoms expressed by CFS
reflect a genuine inflammatory response. The results
also suggest that CFS patients should be treated with
substances that inhibit COX-2 and iNOS.

ACKNOWLEDGEMENTS

The research reported was supported by a NARSAD
Distinguished researcher award to M.Maes and by M-
CARE4U and CRC-MH, Antwerp, Belgium.

REFERENCES

1 Maes M, Mihaylova I, De Ruyter M: Lower serum zinc in Chronic
Fatigue Syndrome (CFS): Relationships to immune dysfunctions
and relevance for the oxidative stress status in CFS. J Affect Dis-
ord 2005; 26: 745-751.

2 Maes M, Mihaylova |, De Ruyter M: Decreased dehydroepiandros-
terone sulfate but normal insulin-like growth factor in Chronic
Fatigue Syndrome (CFS): Relevance for the inflammatory re-
sponse in CFS. Neuroendocrinol Lett. 2005; 26(5): 487-492.

3 Kennedy G, Spence VA, McLaren M, Hill A, Underwood C, Belch
JJ: Oxidative stress levels are raised in chronic fatigue syndrome
and are associated with clinical symptoms. Free Radic Biol Med.
2005; 39(5): 584-589.

4 Smirnova IV, Pall ML: Elevated levels of protein carbonyls in sera
of chronic fatigue syndrome patients. Mol Cell Biochem.2003;
248(1-2): 93-95.

5 Jammes Y, Steinberg JG, Mambrini O, Bregeon F, Delliaux S:
Chronic fatigue syndrome: assessment of increased oxidative
stress and altered muscle excitability in response to incremental
exercise. J Intern Med. 2005; 257(3): 299-310.

6 Singal A, Kaur S, Tirkey N, Chopra K: Green tea extract and cate-
chin ameliorate chronic fatigue-induced oxidative stress in mice.
J Med Food. 2005; 8(1): 47-52.

7 Maes M, Mihaylova |, Leunis JC: Chronic fatigue syndrome is ac-
companied by an IgM-related immune response directed against
neopitopes formed by oxidative or nitrosative damage to lipids
and proteins. Neuroendocrinol Lett 2006; 27(5): 615-621.

8 Klimas NG, Salvato FR, Morgan R, Fletcher MA: Immunologic ab-
normalities in chronic fatigue syndrome. J Clin Microbiol 1990;
28(6): 1403-1410.

9 Visser J, Blauw B, Hinloopen B, Brommer E, de Kloet ER, Kluft
C, Nagelkerken L: CD4 T lymphocytes from patients with
chronic fatigue syndrome have decreased interferon-gamma
production and increased sensitivity to dexamethasone. J Infect
Dis 1998; 177(2): 451-454.

10 Patarca R, Klimas NG, Lugtendorf S, Antoni M, Fletcher MA: Dys-
regulated expression of tumor necrosis factor in chronic fatigue
syndrome: interrelations with cellular sources and patterns of
soluble immune mediator expression. Clin Infect Dis 1994; 18
Suppl 1: S147-153.

11 Linde A, Andersson B, Svenson SB, Ahrne H, Carlsson M, Forsberg
P, Hugo H, Karstorp A, Lenkei R, Lindwall A, et al: Serum levels of
lymphokines and soluble cellular receptors in primary Epstein-
Barr virus infection and in patients with chronic fatigue syn-
drome. J Infect Dis 1992; 165(6): 994-1000.

12 Lloyd A, Hickie I, Hickie C, Dwyer J, Wakefield D: Cell-mediated
immunity in patients with chronic fatigue syndrome, healthy
control subjects and patients with major depression. Clin Exp
Immunol 1992; 87(1): 76-79.

13 Barker E, Fujimura SF, Fadem MB, Landay AL, Levy JA: Immuno-
logic abnormalities associated with chronic fatigue syndrome.
Clin Infect Dis 1994; 18, Suppl 1: S136-141.

14 Mihaylova I, Bosmans E, Maes M: Deceased expression of CD69
in chronic fatigue syndrome in relation to inflammatory markers:
evidence for a severe disorder in the early activation of T lym-
phocytes and natural killer cells. Neuroendocrinol Lett 2007.

15 Feng L, Xia Y, Garcia GE, Hwang D, Wilson CB: Involvement of re-
active oxygen intermediates in cyclooxygenase-2 expression in-
duced by interleukin-1, tumor necrosis factor alpha, and lipo-
polysaccharide. J Clin Invest 1995; 95(4): 1669-1675.

16 Lipton SA: Neuronal protection and destruction by NO. Cell
Death Differ 1999; 6, 943-951.

17 Brown GC: Nitric oxide and mitochondrial respiration. Biochim
Biophys Acta. 1999; 1411: 351-369.

18 Maes M, Mihaylova |, Bosmans E: Not in the mind of neurasthenic
lazybones but in their cell nucleus: patients with chronic fatigue
syndrome have increased production of nuclear factor kappa
beta. Neuroendocrinol Lett 2007.

19 Chen J, Zhao M, Rao R, Inoue H, Hao CM: C/EBP{beta} and its
binding element are required for NF{kappa}B-induced COX2
expression following hypertonic stress. J Biol Chem 2005; 280:
16354-16359.

20 Nadjar A, Tridon V, May MJ, Ghosh S, Dantzer R, Amedee T, Parnet
P: NFkappaB activates in vivo the synthesis of inducible Cox-2 in
the brain. J Cereb Blood Flow Metab 2005; 25(8): 1047-1059.

21 Fukuda K, Straus SE, Hickie I, Sharpe MC, Dobbins JG, Komaroff
A: The chronic fatigue syndrome: a comprehensive approach to
its definition and study. International Chronic Fatigue Syndrome
Study Group. Ann Intern Med 1994; 121(12): 953-959.

22 Zachrisson O, Regland B, Jahreskog M, Kron M, Gottfries CG: A
rating scale for fibromyalgia and chronic fatigue syndrome (the
FibroFatigue scale). J Psychosom Res 2002; 52(6): 501-509.

23 Khanapure SP, Garvey DS, Janero DR, Letts LG: Eicosanoids in in-
flammation: biosynthesis, pharmacology, and therapeutic fron-
tiers. Curr Top Med Chem 2007; 7(3): 311-340.

24 Goodsell DS: The molecular perspective: cyclooxygenase-2. On-
cologist. 2000; 5(2): 169-171.

25 Fehr T, Schoedon G, Odermatt B, Holtschke T, Schneemann M,
Bachmann MF, Mak TW, Horak |, Zinkernagel RM: Crucial role of
interferon consensus sequence binding protein, but neither of
interferon regulatory factor 1 nor of nitric oxide synthesis for
protection against murine listeriosis. J Exp Med 1997; 185(5):
921-931.

26 Murad F. Nitric oxide signaling: would you believe that a simple
free radical could be a second messenger, autacoid, paracrine
substance, neurotransmitter, and hormone? Recent Prog Horm
Res 1998; 53: 43-60.

27 Maes M: Major depression and activation of the inflammatory re-
sponse system. Adv Exp Med Biol 1999; 461: 25-46.

28 Wichers M, Maes M: The psychoneuroimmuno-pathophysiology
of cytokine-induced depression in humans. Int J Neuropsycho-
pharmacol 2002; 5(4): 375-388.

Copyright © 2007 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



Increased production of cyclo-oxygenase-2 and inducible NO synthase in chronic fatigue syndrome

29 Wichers MC, Koek GH, Robaeys G, Praamstra AJ, Maes M: Early in-
crease in vegetative symptoms predicts IFN-alpha-induced cog-
nitive-depressive changes. Psychol Med 2005; 35(3): 433-441.

30 Vecchiet J, Cipollone F, Falasca K, Mezzetti A, Pizzigallo E, Buc-
ciarelli T, De Laurentis S, Affaitati G, De Cesare D, Giamberardino
MA: Relationship between musculoskeletal symptoms and blood
markers of oxidative stress in patients with chronic fatigue syn-
drome. Neurosci Lett 2003; 335(3): 151-154.

31 Matuszczak Y, Farid M, Jones J, Lansdowne S, Smith MA, Taylor
AA, Reid MB: Effects of N-acetylcysteine on glutathione oxida-
tion and fatigue during handgrip exercise. Muscle Nerve 2005;
32(5): 633-638.

32 Luan Y, Xu W: The function of the selective inhibitors of cycloox-
ygenase 2. Mini Rev Med Chem 2006; 6(12): 1375-1381.

33 Mets T, Bautmans |, Njemini R, Lambert M, Demanet C: The influ-
ence of celecoxib on muscle fatigue resistance and mobility in
elderly patients with inflammation. Am J Geriatr Pharmacother
2004; 2(4): 230-238.

34 Mclver KL, Evans C, Kraus RM, Ispas L, Sciotti VM, Hickner RC: NO-
mediated alterations in skeletal muscle nutritive blood flow and
lactate metabolism in fibromyalgia. Pain 2005; 120(1-2): 161-
169.

35 Melnikova T, Savonenko A, Wang Q, Liang X, Hand T, Wu L,
Kaufmann WE, Vehmas A, Andreasson Kl: Cycloxygenase-2 activ-
ity promotes cognitive deficits but not increased amyloid bur-
den in a model of Alzheimer’s disease in a sex-dimorphic pat-
tern. Neuroscience 2006; 141(3): 1149-1162.

36 Cernak |, O'Connor C, Vink R: Inhibition of cyclooxygenase 2 by
nimesulide improves cognitive outcome more than motor out-
come following diffuse traumatic brain injury in rats. Exp Brain
Res 2002; 147(2): 193-199.

37 Wong HR, Finder JD, Wasserloos K, Lowenstein CJ, Geller DA, Bil-
liar TR, Pitt BR, Davies P: Transcriptional regulation of iNOS by IL-
1 beta in cultured rat pulmonary artery smooth muscle cells. Am
J Physiol. 1996; 271(1 Pt 1): L166-171.

38 Brasier AR: The NF-kappaB regulatory network. Cardiovasc Toxi-
col 2006; 6: 111-130.

Neuroendocrinology Letters Vol.28 No.4 2007 - Article available online: http://node.nel.edu

469



