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ABSTRACT

Chronic fatigue syndrome (CFS) is a complex, heterogeneous disease affecting more
than one million Americans, mostly women. Despite extensive research, no definitive
cause has been determined, even though some evidence suggests an infectious etiology.
Many CFS patients demonstrate abnormal hypothalamic-pituitary-adrenal (HPA) axis
activity and high anxiety. Corticotropin-releasing hormone (CRH) and neurotensin (NT),
secreted under stress, could activate mast cells (MC), which are involved in comorbid
diseases with CFS, such as fibromyalgia, to release inflammatory mediators contributing
to CFS symptoms. Abnormal overexpression of MC has been linked to skin
hypersensitivity in fiboromyalgia patients.

Most current murine “models” of CFS use forced swim daily for 7-43 days, with or
without an immunological trigger, including lipopolysaccharide (LPS) and/or
polyinosinic:polycytidylic acid [poly(l:C)], to induce “chronic fatigue,” assessed by
behavioral and biochemical parameters. | used C57BL/6 and/or BALB/c mice, subjected
to forced swim, daily for up to twenty one days, with or without LPS or poly(l:C), which
did not result in chronic fatigue, as reported previously by similar studies on albino
LACA mice. Fatigue symptoms in either C57BL/6 or BALB/c mice were present only for
the first three days and were best documented by decreased locomotor activity.

Poly(I:C) treatment decreased mouse locomotor activity and increased inflammatory
mediator levels in the serum, as well as their brain and skin expression. High isoflavone
diet (daidzein, genistein) reversed these effects. Poly(l:C) alone increased tumor necrosis
factor (TNF) gene expression in cultured MC, and when used together with CRH, NT or

substance P (SP), for 24 hours (hr), TNF gene expression was significantly enhanced.



To circumvent the challenge of obtaining skin biopsies from CFS patients, | analyzed
skin and serum samples from atopic dermatitis (AD) and psoriasis (PS) patients, who
exhibit similar skin sensitivity as CFS patients. | demonstrated that NT and CRH serum
levels are increased in patients with both diseases, as is NT gene expression in affected
skin from AD patients. NTR-1 skin gene expression in AD patients was unchanged,
while NT and NTR-1 skin gene expression in PS patients, as well as CRHR-1 skin gene
expression in AD and PS patients, were reduced suggesting downregulation. High
expression of NT and CRH in the serum and skin of AD and serum of PS patients, and
increase in TNF gene expression after stimulation of human cultured MC with NT and
CRH, suggest that these peptides, which are secreted under stress, could activate MC to
release inflammatory mediators contributing to CFS symptoms.

In summary, poly(l:C) treatment induced “fatigue behavior” after 24 hr which was

reversed by isoflavones known to inhibit MC.
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Introduction

Chapter 1. Chronic Fatigue Syndrome (CFS)
1.1. Demographics/Prevalence

CFS is a complex and heterogeneous disease that affects more than one million
Americans (http://www.cfids.org/about-cfids/prevalence-study.asp). Its prevalence may
be as high as 1%®. Previous reports show a female to male ratio of 1.3 to 1%; however,
U.S. Centers for Disease Control and Prevention (CDC) report a female:male ratio of
4:13. CFS affects all ethnic groups and can be observed in all socioeconomic groups*®.
The estimated prevalence of CFS is significantly lower among children and adolescents
than among adults”®. Patients with CFS have overwhelming fatigue that is not improved
with bed rest and worsens after physical activity or mental exertion. This excessive
fatigue prevents individuals from performing everyday tasks and limits their daily
activities. Despite extensive research for over two decades, the causes of CFS still remain

a controversial topic among practitioners, scientists, and patients.

1.2. Case Definition

CFS has also been known as “neurasthenia,” “post viral fatigue,” and “chronic
mononucleosis™**2. CFS is often comorbid with other disorders that include
fibromyalgia, pelvic bladder syndrome/interstitial cystitis, irritable bowel syndrome,
migraines, post-traumatic stress disorder, and temporomandibular joint disorder, all of
which are worsened by stress***°.
CFS-like cases were noticed throughout the 1960s and 1970s without any advances

in diagnostic tools or definition until 1985"". The initial CFS definition (Holmes, CDC

2



USA, 1988) *® was used during an outbreak of what can only be described as distinct
myalgic encephalomyelitis (ME) in Nevada at Lake Tahoe in the mid-1980s **%°. CFS
was defined as a syndrome, a complex of potentially related symptoms tending to occur
together that may have several causes based on signs and symptoms. The 1988 case
definition was intentionally restrictive to delineate a more uniform patient population and
maximize the chances that research studies will detect significant associations with
causative agents'®. In the absence of diagnostic tests, CFS was merely a collection of
symptoms and a diagnosis of exclusion®®,

Two Australian CFS definitions appeared shortly after the US definition® #*, and
another came out of Great Britain?’. All of these latter definitions focused on fatigue
without excluding psychiatric illness as a cause of the fatigue. The CDC and the
International Chronic Fatigue Syndrome Study Group revised the 1988 CFS definition in
1994 (summarized in Table 1)?. The new definition removed all physical signs from the
inclusion criteria, because their presence had been unreliably documented in past studies,
lowered the required number of symptoms from eight to four, and decreased the list of
symptoms from eleven to eight 2. It is currently in use for research and clinical
diagnosis in the US and most countries abroad (http://www.cfids.org/about-
cfids/prevalence-study.asp and http://www.cdc.gov/cfs/diagnosis/index.html). Another
accepted case-definition is the pediatric case-definition®. In 2003, a Canadian clinical
case-definition placed more emphasis on the symptoms other than fatigue. The definition
makes it compulsory that in order to be diagnosed with CFS, a patient must become
symptomatically ill after exercise and must also have neurological, neurocognitive,

neuroendocrine, dysautonomic, circulatory, and immune manifestations?. Neither the



1988 case-definition nor the 1994 revision were intended to be used by physicians for the

clinical diagnosis of CFS*?’. However, almost all studies use the 1994 CDC case-

definition or the Canadian case-definition?® ?°.

Table 1. The CDC Definition for Chronic Fatigue Syndrome

A case of chronic fatigue syndrome must meet both the following major and minor
criteria 2*;

1. Major Criteria

Clinically evaluated, unexplained persistent or relapsing chronic fatigue that:
e isof new or definite onset (i.e. not lifelong)
e is not the result of ongoing exertion
e is not substantially alleviated by rest
e results in substantial reduction in previous levels of occupational,
educational, social, or personal activities
All other medical conditions associated with fatigue must be ruled out.

2. Minor criteria

The concurrent occurrence of four or more of the following symptoms:
(These symptoms must have persisted or recurred during six or more consecutive
months of illness and must not have predated the fatigue)

e substantial impairment in short-term memory or concentration

e sore throat

e tender lymph nodes

e muscle pain

e multi-joint pain without swelling or redness

e headaches of a new type, pattern, or severity

e unrefreshing sleep

e post-exertional malaise lasting more than 24 hr

http://www.cdc.gov/cfs/case-definition/1994.html

Individuals with CFS have been found to differ in functional comorbidity, viral,

immunological, neuroendocrine, autonomic and genetic biomarkers, resulting in a


http://www.cdc.gov/cfs/case-definition/1994.html

discrepancy among findings from different studies in this field™. Therefore, recent
studies demonstrate the need to revise or replace this definition in the future, including

specific subtypes and case definitions'® .

1.3. Symptoms/Clinical Manifestations

CFS patients meet specific criteria and experience persistent severe fatigue lasting
longer than six months that is not alleviated with rest, but most patients also complain of
muscle pain and cognitive dysfunction®’. Symptoms include myalgia, impaired memory
or concentration, gastrointestinal problems, headaches, pain in muscles or several joints,
dizziness, nausea, anorexia, and night sweats?®. In almost all cases, symptoms have
substantially reduced a person’s everyday activities and quality of life ** (Table 1).

Moreover, according to CDC, patients may also experience brain fog, difficulty
maintaining an upright position, irritable bowel, chills and night sweats, visual
disturbances and depression or mood swings (http://www.cfids.org/about-
cfids/prevalence-study.asp), and (http://www.cdc.gov/cfs/diagnosis/index.html)*. CDC
studies show that CFS can be as debilitating as multiple sclerosis, lupus erythymatosus
and similar chronic conditions. CFS symptoms tend to affect patients in cycles with
periods of illness, followed by periods of remission. Although these are the common
symptoms among CFS patients, not all patients have every symptom. The severity of
CFS varies from patient to patient.

Many CFS patients demonstrate abnormal hypothalamic-pituitary-adrenal (HPA)
axis activity®* *®. Anxiety symptoms are high in children with CFS*, who appear to be

particularly vulnerable to stress'®, through the possible release of inflammatory molecules



that could affect brain function®”*%. Many patients report an acute onset of symptoms

after an infectious flu-like illness®®.

1.4. Causes/Possible Etiologies
There is no universal known cause for CFS and multiple causes may result in the

3,28,31

same symptoms . Nevertheless, there is a general agreement that there is a

triggering physical or psychological event®, as well as an immune dysfunction % i

n
CFS. However, the neuroimmune and neuroendocrine interactions involved are still

unknown.

1.4.1. Infectious Etiology

Different publications support the theory that attempts to describe CFS as either a
post-infectious state or the result of a chronic inflammation. An acute onset of symptoms
is often reported after an infectious flu-like illness®" *****; therefore, clinical and
subclinical viral infections have been suspected*® #’. A multitude of studies have
attempted to link viral infections to CFS {21160, 21160, 21163, 14805}, although the
evidence of their association is controversial.

Retroviruses, like xenotropic murine leukemia virus-related virus (XMRV), have
been associated with CFS “®. However, subsequent studies found no association of
XMRV with CFS**°. Furthermore, it was proven that the PCR test for XMRV was

49, 50

positive only if mouse DNA was contaminating the human sample and this was

confirmed by other studies {21164, 21165, 21166}. Early studies found high antibody



titers to Epstein-Barr virus (EBV) in patients with CFS™, but subsequent studies failed to
discern a difference in antibody titers between CFS patients and healthy controls®*>2,
High rates of CFS have also been reported after Q fever and Lyme disease ** but no

causal evidence exists. Other infectious agents considered to have been linked to CFS

54, 55 56, 57

include borna disease virus® >, enterovirus® *’, parvovirus B19°* > glandular fever®,
Nipah virus encephalitis®, as well as EBV and cytomegalovirus (CMV) leading to
infectious mononucleosis®?. The human herpes viruses 6 and 7 have also been implicated
in CFS?%2%4 byt another study found no association between human herpes virus 6 and
7 viral load and disease state®.

Although studies have found associations between some of these pathogens and

CFS, there is no evidence that any one of these viruses causes CFS.

1.4.2. Genetic Etiology

CFS is sometimes seen in members of the same family ® and has a higher
concordance rate in monozygotic female twins than dizygotic female twins®’. However,
no specific genes or mutations have been linked to CFS. Some studies have isolated
different mMRNA expression patterns in CFS patients compared to healthy controls® ©,

but these findings were not confirmed by other studies’. Hence, additional work is

necessary to determine if there is a true genetic link.

1.4.3. Endocrinology/Metabolism Etiologies
CFS is suspected to have an abnormal immune component, but the neuroimmune and

neuroendocrine interactions involved are still unknown. HPA axis abnormalities have



been linked to CFS* 33 ™ Studies have shown both HPA hypoactivity and higher
chronic adrenocorticotropic hormone (ACTH) autoantibody levels in CFS™* . Anxiety
symptoms are high in children with CFS*, who appear to be particularly vulnerable to

stress®® 74

, through the possible release of inflammatory molecules that could affect brain
function®” % ™, However, another study showed no role for deficiency in central opioids
or the HPA axis in the symptoms of CFS™. Nevertheless, HPA dysfunction does occur
in some CFS patients and cannot be overlooked as possessing a possible etiological

role’’.

1.4.4. Mental/Neurologic Etiology

As stated above, most experts agree that there is a triggering physical or
psychological event leading to CFS*2. Psychosocial factors are frequently thought to
contribute to fatigue. Serious life events, such as the loss of a loved one or other stressful
situations have been found to precipitate CFS’ ™. Although stress by itself cannot cause

CFS, it can be a contributing factor to the development and prolonging of CFS®.

1.4.5. CFS and Inflammation
1.4.5.1. Serum Cytokine Profiles

In an attempt to define specific biomarkers for CFS, studies to profile serum
cytokine concentrations in CFS patients have produced contradictory results*. Some
studies reported increase on specific inflammatory mediator levels, including tumor
necrosis factor (TNF)®3* Interleukin (IL)-10®* %, 1L-1p%* 2% and 1L-6%°, while others

reported no changes in TNF> 8894 1| _-1¢% 1L-1% %% and 1L-6%% %% Anti-



inflammatory 1L-10 serum levels were shown to remain unchanged® * %% while IL-13
was reported in different studies to remain unchanged ** or to be decreased®. These
differences in cytokine profiles contribute to the notion that there is a need to define
specific patient subgroups in the CFS symptoms spectrum™® *°,

Studies on cytokines mediating T helper cell (Th) 1 response are controversial as

d® %1% \while other

well. Interferon (IFN) y serum levels were found to remain unchange
studies reported I1L-12 to be elevated ®® or remain unchanged® *. The same is true for IL-
2; some studies reported increase 2 while others reported no change®®® . Studies on
cytokines mediating Th2 response have similar results. IL-4 serum levels are either

d®8 919294 and 1L-5 serum levels are either

reported to be elevated ® or unchange
increased ®° or unchanged®. Lastly, IL-18 and 1L-23 levels (Th17 response) are
unchanged, although upregulation of transforming growth factor (TGF)-p1 gene
expression was noted in peripheral blood mononuclear cells of CFS patients®’.

Other evidence for inflammatory status includes increased amyloid § and I1L-8
concentrations in the cerebrospinal fluid of CFS patients®™ %. Alternatively, the
persistence of symptoms in CFS long beyond the initial inflammatory insult could be
explained by the persistence of inflammatory mediators due to luck of anti-inflammatory
functions in the brain'® *. Moreover, inflammatory hyperalgesia, as part of CFS
sickness behavior might be attributed to loss of descending inhibition of pain pathways in
CFS. The cytokine IL-1B contributes in hyperalgesia'®, which is mediated through
substance P (SP) and increase of nitric oxide (NO) production within the spinal cord™®*

194 Interestingly, it is also found that cerebrospinal NO fluid concentrations in CFS

patients are increased'®.



While there is still an ongoing debate regarding the role of inflammatory cytokines in

the etiology of CFS'®

, there is a general agreement that chronic inflammation or even an
acute inflammatory event would be sufficient to induce long-term pathology through the
neuroimmunoregulatory modulation in brain physiology.

IFN-a was shown to cross blood-brain barrier (BBB), leading to the release of other
inflammatory cytokines”, including IL-6 that is known to be related to decreases in a
breakdown product of serotonin by inhibiting monoamine oxidase (MAQO) enzyme,
contributing to symptoms of depression, often present with chronic fatigue®.
Additionally, people given IFN-a developed insomnia, which is related to fatigue®.
IFN-a has also been shown to cause changes in the secretion of cortisol, with increased
evening levels, similar to the changes in cortisol found in CFS patients and in breast
cancer survivors with fatigue™® .

Using brain scans, including magnetic resonance imaging (MRI) and positron
emission tomography (PET), IFN-o was shown to affect two separate brain regions,
including the basal ganglia and the dorsal anterior cingulate cortex (JACC)™*. The basal
ganglia regulate motor activity and motivation, as well fatigue symptoms and the effect

of IFN-a on the basal ganglia has been linked with symptoms of fatigue'**

. Ongoing
studies at CDC are currently evaluating whether similar changes in the basal ganglia
occur in patients with CFS. The dACC is a brain region associated with arousal and

alarm, and changes in this brain region have been found in connection to anxiety™*.
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1.4.5.2. Cell Mediated Immunity

Similar to the controversy on the role of inflammatory cytokines in the etiology of
CFS, the evidence on the role of cellular immunity in CFS is also conflicting. Natelson et.
al. (2002) reviewed in great detail the immunological aspects of CFS and concluded that
according to the majority of authors, there is no significant differences between CFS
patients and controls regarding total T cell, CD4+ or CD8+ populations, B cells, NK cells

or monocytes'*?

. Moreover, there was no significant difference in terms of the activity of
the cells mentioned above, except for NK cells, whose activity was impaired according to

the majority of investigations™.

1.4.5.3. Oxidative and Nitrosative Stress Pathways

CFS may have an abnormal immune component®**, but the interactions of the

d 14115 are still unknown, nor is the

neuroimmune and neuroendocrine systems involve
identity of any reliable biomarkers **® known. A recent proposal on the cause of CFS, is
the upregulation in the inflammation and oxidative and nitrosative stress pathways
following a nonspecific trigger that activates inflammatory responses marked by
increased proinflammatory cytokines'*’. The proinflammatory stimuli increase oxygen
radicals, such as peroxides and superoxides, which lead to oxidative damage of the cell
membranes causing them to be immunogenic. Inflammatory cytokines also activate
neutrophils and monocytes that produce nitrogen monoxide and peroxynitrite (ONOO-).

The free radicals that cause oxidative stress are also linked to muscle fatigue and muscle

pain®,

11



Nitration causes chemical modifications of proteins, which render them
immunogenic**’. Systemic inflammation can lead to a central neuroinflammation with
increased levels of proinflammatory cytokines, that remain for several months*™. There
is a strong correlation between inflammation and symptoms of depression, sleep

disorders and psychomotor retardation**®.

1.4.5.3.1. Studies Demonstrating Increased Oxidation Products in CFS

Increased lipoprotein peroxidation, decreased serum antioxidant activity, decreased
vitamin E and A'®, as well as persistent low serum magnesium correlated with low
glutathione®, have been reported in CFS patients. Studies have also shown increased
concentrations of protein carbonyls in CFS patients compared to controls *** and
increased lipid peroxidation, as well as increased catalase and glutathione peroxidase
activity in muscle biopsy samples from CFS patients™® *2*. The immune response to
antigenic determinants, as a result of damage to lipids and proteins by oxidative and
nitrosative stress (OS and NS) in CFS patients, was measured by serum concentrations of

1, 124
L8

plasma peroxides and oxidized LD and were found to be increased in CFS patients

124 Moreover, it was shown that there is a correlation between CFS

compared to controls
symptoms and concentrations of isoprostane and oxidized LDL in CFS patients with no

significant cardiac disease risk factors'®.

1.4.5.3.2. Studies demonstrating Antioxidant Depletion in CFS
Several studies have shown increased oxidative stress and decreased antioxidant

levels in CFS patients as compared to healthy controls'** *®, Richards et al. presented

12



evidence of oxidative damage in the red blood cells of CFS patients by showing
statistically significant increases in methemoglobin and malondialdehyde®. Urinary

concentrations of oxidative DNA damage in CFS patients was shown to be increased"?’

while serum concentrations of coenzyme Q10 were low in depressed patients with
chronic fatigue®.

The presence of stress factors (acute infection or physical activity) in the history of
CFS patients is associated with severe oxidative stress and the suppression of protective
heat shock protein (HSP) HSP27 and HSP70 responses to exercise'?’. Parameters of
oxidant/antioxidant balance significantly correlated to muscle fatigue symptoms,
including muscle hyperalgesia™°. Specifically, plasma levels of vitamin E, C, and HSP

90, 130-132

were found to be decreased in CFS patients , While lipid peroxidation was

increased®® 1*°,

1.4.6. Management of CFS

Since there is no cure for CFS, multiple treatment options aim to relieve CFS
symptoms and to improve the quality of life for CFS patients. Treatment strategies for
CFS include psychological, physical, and pharmacological intervention®. Most
treatment regimens start with well-balanced nutrition habits and encouragement to
exercise mildly as a way to boost their immune system® 310813313 cEg hopulation is
very heterogeneous, and all treatment options must be discussed on an individual patient
basis instead of using one treatment for all CFS patients.

Vitamins and other supplements can also be helpful in alleviating symptoms*®.

There are a few trials assessing the effectiveness of alternative medicine (fatty acids,

13



magnesium supplements, Acetyl-L-carnitine and propionyl-L-carnitine, effects of NADH
on symptom scores)**"*!: however, most of these studies are poorly designed and their
overall effectiveness cannot be ascertained™*? 3,

Physicians have prescribed drugs to treat various symptoms, such as sleep-aids for

31,144 nain-relievers for joint or muscle pain * and

insomnia and restless sleep
antidepressants**>*8. However, these drugs have well-known side effects and are rarely
prescribed for CFS patients {21153, 16911} . Potential serious side effects limit the use
of antiviral medications in CFS patients, and therefore, are only prescribed when a

proven infection is present**®**, Currently, there are no approved drugs for the treatment

of CFS™2. More possible treatment approaches will be discussed later.

1.4.7. CFS Murine Models

Several researchers have been focused on establishing a “murine model” for the
study of CFS. Previous studies reported either the chronic use (7-42 days) of forced swim
(Table 2), either an immunological trigger (Table 3) or combination of both (Table 4) as a
way to induce “fatigue behavior.” Experimental paradigms varied greatly, with swim
stress applied for 7-42 days, and Brucella abortus antigen (BA), lipopolysaccharide (LPS)
or polyinosinic:polycytidylic acid (polyl:C) used as immunological triggers. Fatigue was
established via assessment of post swim fatigue-like behavioral parameters compared to
normal conditions, including locomotor activity. Biochemical parameters were also
reported, including brain oxidative stress. Typically, mice with “fatigue behavior” would

demonstrate reduced activity, accompanied with increased brain oxidative stress.
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In the first experimental paradigm, researchers (Sachdeva AK 2010 **® and 2011 ***
from Chopra K group; Kuo YH 2009, Lyle N 2009**®, Singh A 2002 **" and Dhir A
2008 **® from Kulkarni SK group; Surapaneni DK 2012"*°, and Kumar A 2008 *° and
2011 reported the chronic use of swim stress (forced swim test, FST) (six minutes to
exhaustion time, daily, for one week to six weeks), as a way to induce fatigue (Table 2).
Animals used included mice (Albino LACA) and rats (Wistar, Sprague Dawley and
Charles Foster albino).

Fatigue was assessed via specific behavioral parameters compared to normal
conditions, that included endurance capacity (EC), post swim fatigue as measured by
time to start grooming after forced swim (PSF), locomotor activity (LA), assessment of
cognitive behavior as measured by plus-maze test (PMT_1), assessment of anxiety as
measured by plus-maze test (PMT_2) and mirror chamber (MC) assessment of muscle
coordination as measured by rota rod test (RRT), assessment of stress induced
hyperalgesia as measured by tail withdrawal test (TWL), body weight (BW), food intake
(FI), water intake (W1I), immobility time while in water (Imblt), locomotor activity (LA),
and fatigue as measured by immobility time in water. Fatigue symptoms would
encompass decreased locomotor activity, increased hyperalgesia and anxiety and
decreased cognitive behavior.

Once the “chronic fatigue behavior” was established, further biochemical parameters
were assayed, including brain oxidative and nitrosative stress as measured by
malondialdehyde content (MDA), superoxide dismutase enzyme activity (SOD), reduced
glutathione levels (GSH), catalase activity (CA) and myeloperoxidase activity (MPO).

Some papers investigated the mitochondrial complex activity measuring NADH

15



dehydrogenase (NADH dehy, complex I activity), succinate dehydrogenase (SDH,
complex Il activity), cytochrome oxidase (Cyt ¢ oxid, complex IV activity), and F1-FO
synthase (ATP synthase, complex V activity), as well as mitochondrial membrane
potential (MMP) and MTT reduction (MTT, mitochondrial respiration assessment).
Lastly, some papers measured specific neurotransmitters in the brain, including
norepinephrine (NE), serotonin (Ser) and dopamine (DO), while others measured TNFa

serum levels and corticosterone plasma levels.
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Table 2. CFS Murine Models using FST

Conditions

Behavioral assessments

Biochemical measurements

*wistar rats male (n=5-6/group)
Model: weight loaded FST->until excaustion
—>for 28d

EC| PSF1 LAt PMT 1| RRT|

TWL1 BW| FI| WI|

MDA?T SOD| GSH| CA?
NS1 TNFa serum?

Treatment: EGCG (50, 100 mg/kg, p.0.)>1/2h before FST

53Albino LACA mice (n=5-6/group)
Model: FST->6 min, for 15d

Imblt? PSF} LAT RRT| PMT 1]

MCH| BW| FI| WI|

MDA1® SOD| GSH| NSt
TNFa serum?

Treatment: EGCG (25, 50, 100 mg/kg, p.0.)>1/2h before FST

1%5Sprague Dawley male rats (n=6/group)
Model: weight loaded FST->until excaustion
—>for 43d+food intake restriction

EC|

Spleenocytes:
Proliferation |
IL-2(THL)/IL-4(TH2)}

Treatment: AMF* (20, 50, 100 mg/kg, p.0.)=>1/2h before FST (*11.51+0.03mg/g flavon

oid content)

B8\istar rats male (n=7/group)
Model: FST->15min for 21d

Imblt? LA| PMT 21

MDA CA| SOD? NS?

Treatment: NJE (200, 500 mg/kg, p.0.)->1h befor

e FST

(Panax ginseng, as prototype anti-stress agent, 100 mg/kg)

B7Albino LACA mice (n=6/group)
Model: FST->6 min, for 15d

Imblt 1

MDA SOD| GSH| CA|

Treatment: Carvedilol (5 mg/kg, ip) or melatonin

(5 mg/kg, ip) or Withania somnifera (100 mg/kg, p.0.) or quercetin
(50 mg/kg, p.o.) or Hypericum perforatum (St.John’s wort, 10 mg/kg, p.o.) =>daily, 1/2h

before FST

%Charles Foster albino rats (n=6/group)
Model: FST->15min for 21d

Imblt? PMT 21

Plasma corticosterone |
NADH dehy| SDH|

Cyt c oxid| ATP Synthase|
MTT| MPP|

MDA1? CA| SOD1 NS1*

Treatment: Shilajit (25,50,100mg/kg) p.0.~>1h be

fore FST

(Withania somnifera, as positive control, 100 mg/kg)

%8 Albino LACA mice (n=6-8/group)
Model: FST->6 min, for 15d

Imblt? LAT RRT| TWL| MCH|

PMT 1]

MDA?1 GSH| NSt MPO?
Adrenal ascorbic acid|
NE|, Ser|, DO|

Treatment: Venlafaxine (8, 16mg/kg ip)—>daily, 1/2h before FST

1%0Albino LACA mice (n=6/group)

Immobility?: 1, 3, 5, 7d

MDA NST CA| GSH|

Model: FST->6 min, for 7d LA| PMT| MC|
Treatment: TRD (5, 10mg/kg ip)—>daily, 1/2h Immobility: L-arg: MDA NST CA|

before FST
L-arg (100mg/kg) and L-NAME (5mg/kg ip)—>
daily, 15min prior TRD

L-argt TRD| L-NAME|
TRD+L-NAME| |

LA and PMT and MC:
L-arg] TRDT L-NAME?}
TRD+L-NAME11

GSH|
TRD, L-NAME: MDA | NS|
CA? GSH?

TRD, L-NAME: MDA | |
NS|| CA11 GSH11

61Albino LACA mice (n=10/group)
Model: FST->6 min, for 7d

Immobility?: 1, 3,5,7d LA|
PMT| MCH|

MDA NS? CA| GSH|

Treatment: CIT (5, 10mg/kg ip) and IMP (10,
20mg/kg)->daily, 1/2h before FST

L-arg (100mg/kg), L-NAME (5mg/kg ip) and
MB (10mg/kg ip)-> daily, 1h prior CIT and
IMP

Immobility:

L-arg?

CIT| IMP| MB| L-NAME|
MB+L-NAME-+CIT or IMP ||
LA and PMT and MC:

L-arg|

CIT1 IMP? MB1L-NAME?
MB+L-NAME+CIT or IMP 11

L-arg: MDA NS1 CA|
GSH|

CIT, IMP: MDA | NS| CA?{
GSH1t

MB+L-NAME+CIT or IMP :
MDA || NS|| CA11 GSH11

1%2Albino LACA mice, male (n=6/group) Imbltt MDAt GSH|
Model: FST->6 min, for 7d
Polyphenols in green tea extract (GTE) (25, Imblt| MDA | GSH?

50mg/kg) and catechin (50,100mg/kg)
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Overall, the papers reported that chronic use of swim stress alone would induce
“fatigue behavior” as was evidenced by reduced activity and under these conditions
oxidative stress in the brain would be increased. Details on these models and comparison
with my experimental protocol will be analyzed extensively in Discussion.

In the second experimental paradigm, researchers (Ottenweller JE 1998,
Fomicheva EE 2010'**, Katafuchi T 2003'®, 2005 **® and 2006'®”, Cunningham C
2007%%, Chen R 2008 **° and 2009'7°, and Sheng R, 2009'"*) used an immunological
trigger systemically or by direct delivery to the brain, once on Day 1 or repetitively to
induce fatigue (Table 3). Different concentrations of BA or polyl:C were used. Animals
used included mice (BALB/c, ICR, C57BL/6) and rats (Wistar). Fatigue was assessed via
behavioral parameters, including running activity (RA), cerebral weight over body weight
(CW/BW), FI, forced swim until exhaustion (used here as behavioral assessment), open
field test (OFT, assessment of locomotor and exploratory behavior in the novel
circumstances), step down latency of passive avoidance (SDL, assessment of learning
activity), and running wheel activity (RW), PSF, running wheel activity (RW), along with
peak activity (PA, assessment of normal pace-running activity) and total activity (TA,
assessment of normal duration-running wheel). Once the chronic fatigue behavior was
established, further biochemical parameters were assayed, including NK cell activity,
serum corticosterone, CD4+/CD8+ T lymphocytes, spleen T lymphocytes proliferation
activity, brain serotonin levels (5-HT), brain gene expression of TNFa, I1L-6, IL-1p,
IFNa, p38 mitogen activated protein kinase (MAPK), IkB, and COX-2, as well as TNFa,

IL-6, IL-1B, and IFNp, serum levels.
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Table 3. CFS Murine Models using Immunological Activation

TJ-41 (500mg/kg) p.o./4 wk or
TJ-41 + IFNy (08.5 millionU/kg) ip /4 wk

BW, FI, BT: no change

Conditions Behavioral assessments Biochemical measurements
1™Female BALB/c mice (n=5/group) RA|

Model: BA-> 6 injections (0.2ml)/tail vein/2

wk (compare to baseline level)

Treatment: RA?T NK cell activity: only group31

Hippocampus: Bcl-2, BDNF expr:
no change

1%°Female BALB/c mice (n=5/group)
Model: BA-> 6 injections (0.2ml)/tail vein/2
wk (compare to baseline level)

RA|
CW/BW|

Treatment:
TJ-41 (500mg/kg) p.o./4 wk

RAt BW?1 FC BT no
change

Hippocampus: Bcl-2, BDNF expr:
no change

11CR male mice (3/group)

Model: poly(I:C)=>ip (5 mg/kg) on 4d
FSTon1,4,7,10, 13d was used as behavioral
assessment

FST with tail load until
fatigue|,up to 7d
OFT| on Day 1

SDL1 on Day 18

Serum Corticosterone on Day 18
CD4+/CD8+ T lymphocyte?
Spleen T lymphocytes proliferation
ability |

—
166, 167

Wistar rats male (n=4-5/group)
Model: poly(1:C)->3 mg/kg ip

Treatment: PRP (100, 200, 400 mg/kg)>P.O. Only PRP 400 mg/kg: Only PRP 400 mg/kg:

for 17d FST1, up to 7d Serum Corticosterone? on Day 18
BW1 CD4+/CD8+ T lymphocyte |
OFT1-1d Spleen T lymphocytes proliferation
SDL |-18d ability?
RW| -1d, 8d Brain gene expression:

TNF, IL6-> no change

IFNa1(On Day 1, 8), p38MAPK?
(On Day 1, 8)

IL-1B1(only on Day 1)

1kB7 (only on Day 1)

5-HTT? (on Day 1, 8) (+ western)
Prefrontal 5-HT levels| up to 8d

Treatment:

IMP -> local brain perfusion=>10uM, once,
before poly(l:C)

5-HT, 4 agonist-> 0.3mg/kg, ip on 5d, 6d, and
7d

5-HTa (but not 5-HT,, 5-
HTj3, or D3 agonist) blocks
5-HT syndrome

IMP blocks prefrontal 5-HT levels
decrease

1%3Female BALB/c mice (n=5/group)
Model: BA (0.1, 2, 4, 8*108 particles /0.2ml) /
tail vein, on Dayl

RW | (Only max C)

PA| up to 4d

TA| up to 23d

lower doses recovered earlier

%wistar rats male (n=2/group)

Model: Poly(l:C)->3mg/kg ip with or without
cool stress for 30min, 1h before poly(l:C) > up
to 14days

And ACTH (250 mg/kg) or hydrocortisone
(50mg/kg) on Day7,9,14

Corticosterone? (1* peak on Day 1,
2" peak on Day 7)

Stress and poly(I:C)> 1

HPA axis impairment: up to 14d

165 Wistar rats male (n=4-9/group)
Model: Poly(l:C)>1, 3 mg/kg ip
Positive control: heat stress—> 1h, for 3d

RW-TA |up to 4d (1mg/kg)
RW-TA |up to 9d (3mg/kg)
T1 up to 7h (3mg/kg)
OFT| on Dayl only
BW->no change

Brain IFNat-7d

Brain IL-1B->no change
ACTH - no change
Catecholamines—>no change

1%8Female C57BL/6 mice (n=3-5/group)
Model: poly(1:C)->ip (2, 6, 12mg/kg)

Test tolerance:

Rechallenge with poly(l:C): 1week or 3 weeks
after 1% challenge

1% Poly(1:C) 12mg/kg:
OFT|-> up to 12h

FI|->up to 26h

BW |->up to 48h
Rechallenge: no differences-
maybe quicker recovery

1% poly(l:C) 12mg/kg:

Serum levels: max3h-up to 24h
IFNB1,-1L-61, IL-1B1, TNFa
Brain gene expression:

IL-67, IFN-B1: max3h-24h
IL-181, TNFaf: max 24h
COX-21:max 6h-up to 24h
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Different experimental paradigms were reported (Table 3) and results varied

considerably, depending on the route of administration, the type of the immunological

trigger and the number of challenges. However, in most of the cases the behavioral

changes were maintained between 1-7 days.

Table 4. CFS Murine Models using FST and Immunological Activation

Conditions

Behavioral assessments

Biochemical measurements

2Albino LACA mice (n=6/group)
Model: LPS—>ip injection(1mg/kg) or
BA->ip (0.2ml) on Dayl

+ FST->10min for 19d

Imblt? TWL| PSF1
BW| FI| WI|

MDA1® NS1
TNFa serum 1 TGFp serum 1

Treatment: EGCG (50,100mg/kg) p.o. > 1/2h before FST

13Albino LACA mice (n=6-7/group)
Model: LPS—>ip injection(1mg/kg) or
BA->ip (0.2ml) on Dayl

+ FST->10min for 19d

Imblt? TWL|

MDA1® GSH| NSt
TNFo serum 1

Treatment: Naringin (50,100,200mg/kg) p.o.

- 1/2h before FST

1 Albino LACA mice (n=6-7/group)
Model: LPS—>ip injection(1mg/kg) or
BA->ip (0.2ml) on 1d

+ FST->10min for 19d

Imbltt TWL|

MDA1® GSH| NSt
TNFo serum 1

Treatment: Curcumin (5,30,60mg/kg) p.o. > 1/2h before FST

1Albino LACA mice (n=6-7/group)
Model: LPS—>ip injection(1mg/kg) or
BA->ip (0.2ml) on Day 1

+ FST—>10min for 19d

Imbltt TWL]

MDA?T GSH| NS?1
TNFa serum 1

Treatment: Olive extract (50,300,400mg/kg) p.o.~> 1/2h before FST

Lastly, in the third experimental paradigm, there are some studies published

(Sachdeva AK 20092, Vij G'"®, 2009, Gupta A 2009 "* and 2010, all from Chopra K

group) where a combination of forced swim and immunological stimulation was used to

induce fatigue behavior (Table 4). Chopra’s group used forced swim daily for nineteen

days, along with intraperitoneal (ip) injection of LPS and BA on Day 1. Albino LACA

mice were used and fatigue was assessed via assessment of behavioral parameters

compared to normal conditions. Behavioral parameters included Imblt, TWL, BW, FI,

20




and WI. Once the “chronic fatigue behavior” was established, further biochemical
parameters were assayed, including brain oxidative and nitrosative stress, as measured by
MDA, GSH, and NS, as well as TNFo and TGFf3 serum levels. Overall, the studies
reported a reduction on mouse activity and body weight, as well as an increase on brain
oxidative stress and TNFo serum levels.

Overall, in previous studies, “fatigue behavior” was established via assessment of
post swim fatigue-like behavioral parameters compared to normal conditions, including
decreased locomotor activity and increased hyperalgesia. Moreover, some biochemical
studies would show increased oxidative stress in the brain and increased TNF.

In some of these “models,” treatment with specific flavonoids with antioxidant and
anti-inflammatory properties, like epigallocatechin 3-gallate (EGCG), curcumin and
naringin, ameliorated the FST-induced “fatigue” behavior and oxidative stress, showing a
potential treatment approach on the fatigue symptoms. In the Discussion | will refer to
these papers, find similarities and differences with my experimental protocol and

comment on the outcome of each study.
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Chapter 2. Flavonoids
2.1.1. Major Classes of Flavonoids

Flavonoids belong to a large family of polyphenolic coumpounds synthesized by
plants and it is a class that shares a common chemical structure. The basic structure of
flavonoids consists of two aromatic rings, A and B, and an oxygen-containing
heterocyclic ring C (Figure 1). Flavonoids are divided into six subclasses, depending on
the oxidation levels of the heterocyclic ring C*’®: flavonols, flavones, isoflavones,
flavanols (also called catechins), flavanones, and anthocyanidins. Flavonols, such as
quercetin, kaempferol and myricetin, are widely available and are abundant in onions,
broccoli, lettuce, blueberries, apples and tea. Flavones, like luteolin and apigenin, are
found in high amounts in parsley, celery, thyme and peppers. The isoflavones daidzein
and genistein, which are the ones | am using in Chapter 2, are found mainly in legumes,
such as soy beans. Flavanols, mainly as monomeric catechins and epicatechins are found
in tea, cocoa, grapes and red wine, apples, apricot and beans. Flavanons include
naringenin and hesperetin and are abundant in citrus fruits like oranges, lemons and
grapefruits. Lastly, the anthocyanidins cyanidin, delphinidin and pelargonidin are

abundant in berries and pomegranate.

2.1.2. Absorption and Metabolism

The biological effects of flavonoids in humans depend on the absorption,
distribution, metabolism and excretion of these compounds®"®"®. The absorption of
flavonoids liberated from food depends on the gastrointestinal metabolism, the molecular

size, configuration, lipophilicity, solubility and pKa.

22



Figure 1. Flavonoid subclasses
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Most flavonoids, except catechins, are usually present in the diet in glycosylated
forms. Glycosides are more hydrophilic in contrast to aglycones. Flavonoids, in the form
of glycosides (glucosides, galactosides, arabinosides, xylosides, and rhamnosides) are
therefore hydrolyzed in the small intestine by lactase phloridzin hydrolase (LPH) in the
brush border of the small intestine epithelial cells to release aglycones that can enter the
cell by passive diffusion'®®#2, Alternatively, glycosides can also enter the cells through

the intestinal Na*-dependent glucose cotransporter (SGLT1) ‘&

where cytosolic -
glycosidase (CG) hydrolyzes them. Within the cells, UDP-glucuronosyltransferases,
sulfotransferases and/or catechol-O-methyltransferases convert the aglycones to their

respective glucuronide, sulfate and/or methylated metabolites and enter the circulation.

Conversely, multidrug resistance-associated proteins (MRP) or P-glycoproteins are
23



transporting them back to the intestinal lumen. Glycosides that are not substrates for LPH
and SGLT1, and aglycones not absorbed in the small intestine, as well as conjugated
metabolites are transported towards the large intestine. In the colon, bacteria are able to
hydrolyze flavonoid glycosides, glucuronides, and sulphates, demethylate, reduce double
bonds and cleavage rings, resulting in minimal absorption capacity in the colon®*#2,

In contrast with other flavonoids, catechins occur as aglycones and galloylated forms
and as such are absorbed from the small intestine®. Recent studies suggest that the
clinical effectiveness of isoflavones might be due to their ability to produce metabolites
in the gut™®>*®_ In particular, daidzein metabolites include dihydrodaidzein, O-
desmethylangolensin and equol, while genistein metabolite is dihydrogenistein®® *¥’_ In
contrast, the isoflavone daidzein 7-O-glycoside has noticeable low hydrolysis rate and is
converted into equol by colon bacteria, that can act as an agonist of the estrogen receptor
type B in the S enantiomer form*®'%°. Ring fission results in phenolic acids that can be
absorbed and subjected to phase 11 metabolism in the liver.

Importantly, aglycones and other flavonoid metabolites are subjected to Phase | and
Il metabolism in the liver, including cytochrome P450 mediated oxidation and
conjugation reactions. Liver metabolites go through the circulation to the tissues and then
reach the kindeys for excretion, while some of the conjugated metabolites are excreted in
bile and return to the small intestine, metabolized and reabsorbed. In humans, the main
metabolite for isoflavones'®*** for catechins'® 1%, for flavanones'®’, and for

198, 199

anthocyanins are glucuronides. The known concentrations of catechin aglycones

196

that can be present in plasma range from 10% up to 80% . Conjugation percentage for

phenolic acids (flavonoid metabolites in the colon from bacteria) ranges from 13% to
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100% depending on the type of phenolic acid®. Flavonoid aglycones, whose plasma
concentration is very low, due to extensive metabolism and conjugation reaction in the
small intestine and liver, bind strongly to plasma proteins®®*.

Urinary excretion usually correlates with the amount of intact flavonoid metabolite
in plasma. Therefore, even though absorption of quercetin glycosides is high, excretion of
intact quercetin in urine is low, suggesting lower bioavailability than isoflavones, whose
excretion is the highest of all flavonoids'’” 2% 2%,

Peak plasma concentration (Cmax) of flavonoids and conjugates after consuming
flavonoid-rich foods or drink ranges from 0.06-7.6 uM*"® 2% while absorption can be
very rapid to very slow, as Tmax after a single meal dose ranges between < 30 min-9
ht77:202.208 1n general, isoflavones have the highest bioavailability, followed by
flavonols, flavanones, and flavanols'®® ?®*, Isoflavones max concentrations in humans can

reach 3-5 pmol/L?% 27

, although concentrations as high as 25 uM have been achieved
after supplementation®®. It is noticeable that the absorption of isoflavones is slow,
suggesting absorption from the colon, in accordance with the finding that LPH has a
weak affinity for daidzein-7-O-glycoside®. Chronic or long-term consumption of
flavonoid-rich foods also does not result in accumulation of significant amount of
flavonoids in plasma, as shown by steady-state concentration of quercetin in human
plasma (less than 1 uM). Plasma concentrations are therefore expected to be in the low
uM range, depending on the food content.

Soybeans contain isoflavones at concentrations as high as 1-3mg/g ?°® and
although consumption of soya in Asian countries is 10-35 g/d, which is equivalent to a

209

mean intake of 25-40 mg/day isoflavones with a maximum of 100 mg/day”, Americans
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consume only a few milligrams/day. Interestingly, in a Spanish-conducted study, mean

intake of polyphenols was 8210 mg/day with flavonoids 433 mg/day?'® #*.

2.1.3. Flavonoid Properties
Flavonoids have strong antioxidant activity but also show anti-inflammatory,

neuroprotective, anticancer and cardiovascular effects'’® 2,

2.1.3.1. Antioxidant Properties

Flavonoids exert their antioxidant properties by directly scavenging ROS, metal
chelating activity, activation of antioxidant enzymes and inhibition of oxidases and ROS-
generating enzymes, as well as inhibition of inducible NO synthase activity which leads
to oxidative stress by NO and scavenging NO?0% 23214,

The antioxidant effects of flavonoids are mediated by the Keap1/Nrf2 pathway. Nrf2
is a member of the nuclear factor-E2 family and upon induction the complex with Keapl
in the cytoplasm is disrupted and Nrf2 translocates to nucleus, where it binds to
antioxidant response elements (ARES) and induces detoxifying enzymes an antioxidant
proteins®> 2. Interestingly, Nrf2 can be regulated though multiple signal transduction
pathways, including MAPKSs, phosphatidylinositol-3-kinase (PI3K/AKT), and protein
kinase C (PKC)*82%.

The protective effects of flavonoids are mainly due to their ability to transfer
electrons free radicals, chelate metal catalysis and activate antioxidant enzymes®’. There
IS a structure-activity relationship, depending on the substitutions on the rings. Higher

Trolox equivalent antioxidant activities (TEAC) values reflect greater antioxidant
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capability. A free 3-hydroxyl group and 3',4'-catechol (dihydroxy) structure, a 2-3 double
bond, and a 4-oxo group gives the flavonoid increased activity compared to flavonoids
lacking these features. Glycosidic substitution decreases TEAC™®’. For example,
quercetin (3,5,7,3’, 4’-OH) and epigallocatechin gallate (3,5,7,3°,4°,5’-OH, 3-gallate)
exhibit a TEAC of around 4.7, while catechin (3,5,7,3°, 4’-OH) around 2.5, luteolin
(5,7,3’,4’-OH) around 2.1, genistein (5,7,4’-OH) around 2.9, daidzein (7,4’-OH) around
1.25, and naringenin (5,7,4’-OH) around 1,53 . Although the flavonoid metabolites
themselves are biologically active, metabolism alters their anti-oxidant and anti-
inflammatory activity***.

Genistein reversed the fatigue symptoms by down-regulating oxidative stress level
and up-regulating antioxidant enzymatic activity probably through extracellular signal-

regulated kinase (ERK) 1/2 signaling pathway®**

. More specifically, genistein reduced
and improved muscle fatigue resistance and enzymatic activity of glutathione peroxidase,
catalase, and superoxide dismutase. Additionally, quercetin and genistein showed an
antioxidant activity towards lipid oxidation and the myofibrillar proteins carbonylation

pathway, which involves the oxidative deamination of lysine residues to finally form

Schiff bases structures??.

2.1.3.2. Anti-inflammatory Properties

Flavonoids exert potent anti-inflammatory effects via various pathways, including
inhibition of NF-xB pathway at multiple steps, but also of TBK-1 and AP-1 transcription

factor?® 218 220. 223 Flayonoids can also interfere with soluble N-ethylmaleimide-sensitive
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factor attachment protein receptor (SNARE) proteins inhibiting inflammatory mediator
release®®*,

In one study, the effects of genistein, daidzein, and soy protein on paraoxonase and
arylesterase activity, MDA levels, and lipid profiles of arthritic rats in vivo were
investigated. Arthritis-induced decreases in paraoxonase and arylesterase activity was
restored after treatment with soy protein and isoflavones and MDA concentrations were
lower after treatment with all tested compounds®®.

Another study investigated the influence of quercetin on CRH-induced anxiogenic
and depressant-like effects in mice, assessed by changes in social interaction time and
immobility time in forced swim test. Quercetin increased social interaction time and

decreased immobility time indicating anxiolytic- and antidepressant-like effect and

produced just opposite effects to that of CRH on these parameters®°.
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Chapter 3. Mast Cells (MC)

MC and their mediators have been implicated in CFS %”?* put also in the comorbid

234-236
S

conditions with CF , all of which worsen by stress™>™*. MC derive from a bone

marrow progenitor and mature in tissues depending on microenvironmental conditions®*”

290 MC are important for allergic reactions,?** but also in innate and adaptive

242-244 245, 246

immunity and many inflammatory diseases

3.1. MC Activation
MC are activated through the classic pathway that involves crosslinking of the
immunoglobulin (IgE) receptor (FceRI) and degranulation, but also through other

247

mechanisms, that result in selective release of mediators”*’. Two alternative ways include

activation by neuropeptides, via their G protein coupled receptors (GCPRs) MrgX224%°,

and by molecules of microbial origin via Toll-like receptors (TLRs)*" 22,

3.1.1. IgE/Antigen
The most studied pathway of MC activation involves crosslinking of the FceRI

through the IgE binding to a specific antigen?***°, followed by degranulation®®2%. IgE

is produced by B cells *° in response to a specific antigen. There is a strong correlation
between the IgE levels and the allergic symptoms?®®?®%, IgE can also be produced on
specific tissues, like lungs, where it initiates local allergic reactions?®® 2%,

The MC cell surface membrane has around 500 copies of the high affinity FceRlI,
which is also expressed by basophils and other cells of the immune system, but in a lower

levels®®®. FceRl is a tetramer, consisting of a heterodimer of . and B subunit and a
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homodimer of y subunits. A-subunit is located within the cell membrane and carries the
region for the IgE binding, while B and y subunits are responsible for the downstream
signaling®®. Exposure to the antigen causes phosphorylation of Lyn and Syk kinases®®,
activation of phospholipase Cy (PLCy), followed by formation of inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). IP3 leads to endocellular increase of

2+)265

calcium (Ca , while DAG activates protein kinases (PK), including PKC isoenzymes

266-269 and MAPKS, leading to activation of transcription factors and cytokine production.
ERK, c-Jun N-terminal kinase (JNK) kot p38 MAPK are all activated after FceRI

activation®*.

3.1.2. Neuropeptides

MC communicate with cells of the nervous system?** #"%2’8 'Neuropeptides released
from sensory neuronal endings in the periphery activate MC**"*2"°. Neuropeptides, like
SP, CRH, calcitonin gene-related peptide (CGRP) and NT can activate MC through their
G protein-coupled receptors (GPCR)**#2 |ike NTR-1 2%* % and CRHR-17%.

MC also synthesize NT precursor, which is secreted and cleaved to give the active

form?%

. MC-derived NT might serve autocrine and paracrine roles and it is tightly
regulated since there is rapid degradation of NT from MC-derived carboxypeptidase-like
enzymes, modulating the level and form of NT-related peptides in various states
involving activation of MC?’. For example, NT (1-12 amino acids) was effective in

releasing histamine from MC in vitro and increasing vascular permeability in vivo, NT

(1-11 amino acids) was not.
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SP can activate MC through the MrgX2 receptor 2%% 28 239 and the high affinity
neurokinin 1 receptor (NK1R), which leads to nuclear factor-kappa B (NF-«kB) activation
and cytokine production®®. Depending on the trigger, different subunits of the guanosine
nucleotide-binding protein (G protein) are activated, followed by distinct signaling
pathways. For example, activation of receptors bound to Gs protein, like CRHR-1, leads
to increase of CAMP and although it does not cause degranulation, it activates p38
MAPK causing eventually selective release of specific mediators, like vascular
endothelial growth factor (VEGF)?®> %!, Activation of receptors bound to G proteins,
like MrgX2, cause intracellular Ca** increase, although extracellular presence of Ca?* is

not necessary for degranulation?®® 2%,

3.1.3. Molecules of Microbial Origin

MC have traditionally been known for their roles in allergy and immunity to multi-
cellular parasites®®?, but currently are also being recognized for their crucial roles in
immune defense against bacteria and viruses®"?**, MC can be activated by direct and
indirect mechanisms as a result of exposure to pathogens®?%®, Direct interactions are

mediated by Toll-like receptors (TLRs) ?°% %

and usually do not lead to degranulation,
but to increased expression of cytokine, chemokine and lipid mediators, as well as
mannosylated receptors, like CD48?%% 29 2%

Indirect activation includes: (1) Fcy-receptor (FcyR)-mediated activation, either from
antigen-specific interactions with antibody or of B-cell superantigens, leading to the
297-302.

degranulation of MC and the production of multiple newly generated mediators

Although human MC usually express FceRI (the high-affinity receptor for IgE) and
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FcyRII (a low-affinity receptor for 19gG), the expression of FcyRI (the high-affinity
receptor for 19gG) and FcyRIII (a low affinity receptor for IgG) are induced after exposure
to IFN-gamma*®. FcyR mediated activation leads to the degranulation of MC and the
production of multiple newly generated mediators. (2) complement-receptor (CR)-
mediated activation, either from complement components (such as CR3) or receptors for
split products (such as the C3aR)*"3%3%_CR expression level varies depending on the

differentiation status of the MC and the microenviroment of each MC subtype®*> %%,

Degranulation seems to occur mainly as a result of the C5aR®"

. (3) Cytokine receptors,
like IL-1R, IFN-yR, IL-10R and IL-12R that play a immunoregulatory role®* 3% 307-310.
(d) chemokine receptors, like CCR3, CCR5 and CXCR4, that mediate MC

chemoattraction®? 293 311,312,

3.1.3.1. Toll-like Receptors (TLR)

Molecules of microbial origin are recognized cells of the immune system through
TLRs, which are a type of pattern recognition receptors (PRRs). Besides TLRs, other
PRR families have been described, including nucleotide-binding oligomerization domain
protein (NOD)-like receptors (NLRs)*** % RIG-I-like receptors (RLRs)*°, and the cell-
surface C-type lectin receptors (CLRs)*!®. PRR signals trigger intracellular pathways,

including those mediated by NF-kB, MAPKs and interferon regulatory factors (IRFs)®"

318

NOD1 and NOD2 are cytosolic proteins that recognize bacterial peptidoglycan
fragments and activate NF-kB pathway*", while some NLRs assemble inflammasomes,

leading to activation of caspase 1 which cleaves and releases IL-1p and I1L-18 *!° %% and
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others regulate type | interferon (IFN) production®. RLRs, retinoic acid-inducible gene |
(RIG-1), melanoma differentiation gene 5 (MDAJS) and LGP2, are cytosolic proteins that
sense nucleic acids, such as viral DNA. MDAD5 is thought to bind to double-stranded
RNA322

PPRs are expressed by cells of the immune system and are associated with pathogen-

322

associated molecular patterns (PAMPSs) “““triggering intracellular pathways, including

those mediated by MAPKs, NF-kB and interferon regulatory factors (IRFs)*" 38,
Expression of TLR1-10 with the exception of TLR8 has been identified on human MC,
although some studies were unable to identify TLR1, 4, 6, or 92232332 Expression of
TLR1-4 and 6-9 was identified at least at the mRNA level in murine MC3%3 329334 \yhile
expression of TLR5 has not been demonstrated yet®?% 331 332,335

Studies have identified TLRs that recognize PAMPS from bacteria, parasites, fungus
and viruses®*®*¥" Each TLR has a distinct function in terms of PAMP recognition and
immune responses ** and molecules released following activation of TLR signaling

cascades result in innate responses>*¢3#!

, as well as the initiation of an adaptive immune
response®* 33 While the TLRs mainly responsible for the detection of bacterial products
(TLR 1, 2, 4, 5, and 6) are expressed on the cell surface, the subset of TLRs that sense
viral components (TLR 3, 7, 8 and 9) are located mainly intracellularly on endosomal
membranes®*. Examples include nucleic acid double-stranded RNA from viruses
(dsRNA) and poly(l:C), recognized by TLR-3; bacterial lipopolysaccharide (LPS), an
endotoxin found on the gram-negative bacterial cell membrane, and BA, specifically

recognized by TLR-4; bacterial flagellin, recognized by TLR-5; single-stranded RNA

(ssRNA) from viruses, recognized from TLR-7 and 8; and bacterial and viral CpG DNA
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motifs, recognized by TLR-9. In addition, TLRs can be activated by endogenous ligands
such as heatshock proteins, hyaluronate and single-stranded RNA, the detection of which
may contribute to the development of autoimmune disorders®**.

Signaling pathways involved can generally be grouped into the MyD88-dependent
pathway, used by all TLRs but TLR3, and MyD88-independent/TRIF-dependent
pathway, mainly used by TLR3%**. Downstream events lead to the activation of NF-kB
and members of the IRF family of transcription factors, ultimately resulting in the
production of pro-inflammatory cytokines and type-1 interferons®®.

In the case of TLR4, activated pathways involve (1) activation of IKK complex,
degradation of IkB, and translocation of NF-kB to the nucleus to produce
proinflammatory cytokines; (2) activation of JNK and p38, leading to AP-1 activation
and the production of proinflammatory cytokines; (3) activation of IRF5. Additionally,
there is the alternative MyD88 pathway that occurs in plasmacytoid dendritic cells with
the activation of TLR-7 and TLR-9 leading to the activation of IRF7, which translocates
to the nucleus to produce IFN-o and IFN-inducible genes**. In the case of TLR3,
MyD88-independent/TRIF-dependent pathway involves the either of TBK-1 leading to
the activation of IRF3, a transcription factor that translocates to the nucleus to produce
IFN-inducible genes or activates of RIP1 feeding into the MyD88 pathway and

eventually activating NFx-B and AP-1 to produce proinflammatory cytokines®** 3.

3.2. MC Mediators and Inflammation
Depending on the localization and role, MC present great diversity on the size and

content of their granules, as well as in the cytokine and receptor expression, since they
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can produce and release many different mediators®*" 3*3-**! Such mediators include
preformed mediators, which are stored in the secretory granules, newly formed lipid

mediators (eicosanoids), and a wide variety of cytokines and chemokines®?%%,

3.2.1. Preformed Mediators
MC granules contain proteases, vasoactive amines and proteoglycans®’ 2% McC
release NO, superoxide radicals, and other antimicrobial peptides, that play a bactericidal

363-365

role®*3%2 MC store serine proteases, mainly of trypsin family including tryptase

and chymase, and these have been shown to have various roles in tissue remodeling and
cellular recruitment®®©37,

It is estimated that lung and skin MC contain 12-35 pg serine proteases per cell*,
Tryptase contributes to allergic asthma and rhinitis, urticaria and angiogenesis*®*. Some
of its action is mediated through activation of protease-activated receptor 2 (PAR-2)%",
MC chymase offers protection against external venoms *’® and have anti-inflammatory
role as they degrade cytokines and chemokines, such as IL-3, IL-5, IL-6, TNF, as well as
peptides that can stimulate MC, such as calcitonin gene-related peptide-CGRP), SP and
NT (18162, 5120}. Chymase acts mainly in the cardiocascular system via convertion of
angiotensin | to 11°%°, but also contributes to the rupture of atheromatous plaques®™* %’

MC, along with basophils and enterochromaffin cells, contain large quantities of
vasoactive amines, like histamine and serotonin®”®. They have potent effects on vascular
permeability and have been implicated in many of the symptoms of acute allergic

diseases®””. Histamine receptor (H) activation, mainly H1, leads to increased vascular

permeability, urticaria and smooth muscle cell contraction®”®**°. H1 antagonists are used
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for allergic rhinitis, atopic dermatitis, conjunctivitis, PS, and urticaria®*

. MC granules
also contain highly sulfated glycosaminoglycan heparin or other highly sulfated
structures®®* 3%, MC can increase vascular permeability by heparin-initiated bradykinin

formation in vivo, as shown in mice and humans®®*,

3.2.2. Eicosanoids

Eicosanoids are produced rapidly, de novo from arachidonic acid, in response to MC
activation ** through ERK activation **® and include mainly PGD,, PGE,, and
leukotrienes B4 and C,4 (LTB4, LTCy). These recruit effector cells, regulate immune
responses, and promote angiogenesis, edema and bronchoconstriction contributing to the
pathogenesis of many diseases, like asthma®®’.

MC are the main source of PGD,** 33% \which worsens the hypersensitivity of the
airways and causes erythematous skin reactions*®. The PGD, receptors, DP1 and DP2,
mediate lung allergic inflammation *** and have chemoattractant action to eosinophils

393 Activated mast cell

and Th2 cells respectively®®. LTB release is energy dependent
induced chemotaxis of effector, but not central memory, CD8+ T cells through
production of leukotriene B4 (LTB4)***. LTB, levels are found to be increased in lungs

of patients with asthma or chronic lung diseases®* 3%

, while LTB,4 endodermal injection
induces erythymatous skin rush, accompanied with neutrophil increase®’. LTC4 is one of
the most bronchoconstrictive substances known and it is involved in the pathogenesis of

asthma®®%,
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3.2.3. Cytokines/Chemokines/Growth Factors

Cytokines and chemokines that are produced by MC include classical pro-
inflammatory mediators, such as TNF, IL-1a, IL-1p, IL-6, IL-18, GM-CSF, LIF, IFN-a,
and IFN-B>*%! as well as cytokines that are associated with immunomodulatory effects
and angiogenesis, such as 1L-10, TGF-B and VEGF*?. Some cytokines, like TNF-a, are
found stored in the granules ** and play an important role in the initiation of an immune
response. However, most of the cytokines are formed de novo, depending on the MC
subtype, location, and trigger.

Although frequently described as a source of T helper 2 (TH2)-type cytokines™*,
including IL-3, IL-4, IL-5, IL-9, IL-13, IL-15 and 1L-16%**% MC can also produce
TH1-type cytokines, such as interferon-y (IFN-y), IL-12 and 1L-18%° 4" all of which

participate in chronic inflammatory conditions. TNF-a can be released along with

4 409, 410
C, 08

histamine from rat brain M and is involved in both brain inflammation and

increased vascular permeability®®.

MC can be an important source of several chemokines, including those associated
with TH2-type responses, such as CCL2, CCL3, CCL4, CCL5, CCL11 and CCL20 that
are shown to recruit effector cells, including dendritic cells, and regulate immune
responses* ™. MC can be an important source of several chemokines, including those
associated with TH1-type responses, CXCL1, CXCL2, CXCL8, CXCL9, CXCL10 and
CXCL11 that are shown to recruit effector cells and regulate immune responses*'® 47,
More specifically, CXCL8 and CXCL10, are important for the recruit of neutrophils,

eosinophils, T, B, dendritic cells and mononuclear cells*®> #1841,
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Lastly, MC can release growth factors*®, like VEGF*" %, an isoform of which is
particularly vasodilatory*"*?, VEGF is involved in wound healing*?®, cancer *** and

inflammatory diseases*?.

3.3. MC in Clinical Syndromes

The range of diseases in which MC participate, is wide. First, MC play an important

363, 371, 405, 426 427 428-432

role in allergic diseases, like anaphylaxis , allergic rhinitis™", asthma

and atopic dermatitis (AD)****", but also in autoimmune diseases, **%, like rheumatoid

439-442 443-447
, PS

arthritis and multiple sclerosis (MS)*##*2_MC and their mediators have

been implicated in the comorbid conditions with CFS?*#*. Previous studies reported

abnormal increase and expression of MC?#" 232433

, as well as increased hypersensitivity
skin reaction in patients with CFS%.

Even though there is skin hypersensitivity in many CFS patients, skin lesions are not
apparent in these patients. However, since AD patients also have similar skin
hypersensitivity and lesions, | obtained and analyzed biopsies and serum from patients
with AD. | focused my studies on NT and CRH serum levels, as well as gene expression
in those patients. Another group of patients that has skin hypersensitivity and
inflammation that involves MC is psoriasis (PS). Additionally I analyzed biopsies and
serum from patients with PS.

AD is a chronic allergic skin disease, characterized by inflammation and severe

itching. Serum levels of IgE are increased in 80% of AD patients*®

, and moreover MC
number is increased in AD lesions*’. Although MC are located in the papillary dermis,

in AD skin are found to translocate to epidermis**. Histamine levels are not always

38



increased in AD patients and antihistamines are not very effective even though they are
used extensively*®®. Nevertheless, tryptase contributes to urticaria, via PAR-2 receptors
4% and there is a polymorphism in the promoter of chymase that is related to AD**.
Chymase can weaken skin barrier, allowing allergen permeability**. Also, in the AD
skin there exists an increased number of contacts between MC and neuronal cells ***
allowing neuropeptides including SP, vasoactive intestinal peptide (VIP) and nerve
growth factor (NGF) to activate MC*®°.

PS is a chronic inflammatory skin disease characterized by excessive proliferation of
keratinocytes and increased epidermal vasculature, associated with high skin VEGF
expression*>. Neuropeptides have been implicated in PS***; however, their mechanism of
action is not well understood. Studies show increased MC number in lesions from PS
patient biopsies in comparison to non-lesion skin from PS patients or biopsies from

healthy subjects**® **®. MC number is also increased in patients with psoriatic arthritis*®.

S 4 and stimulation of MC with

Neuropeptides play an important role in P
neuropeptides leads to release or pro-inflammatory mediators, as mentioned above.
Moreover, studies show increased number of contacts between SP-positive neuronal cells
with MC in PS*’, and there is increased number of neuronal endings that contain SP in
close proximity to perivascular areas with increased degranulated MC in PS patients with
intense itching-urticaria in comparison with PS patients without itching*>. NT is a

457

vasoactive peptide™’ which increases histamine release from rodent skin in a MC-

dependent manner*®. NT also augments the effect of CRH, secreted under stress, to

increase MC-dependent skin vascular permeability**®.
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T cells are important players in autoimmune diseases, but MC interact and regulate T

cell responses. Close interaction between the two cell types is noticed in specific

460

tissues™". MC can attract T cells and induce their activation as shown with the use of

461-464 465

rodent and human cells™". These interaction can be mediated by TNF-a and
costimulatory molecules, like OX-40 ligand (CD134)*3 44,

MC and their mediators have been implicated in the comorbid conditions with
CFS®*2% ‘including fibromyalgia, painful bladder syndrome/interstitial cystitis, irritable
bowel syndrome, migraines, post-traumatic stress disorder, and temporomandibular joint
disorder, all of which worsen by stress***°. Some papers suggest there may be altered
MC function in bronchial and oral tissues of CFS patients??” %%, Additionally, immediate

22
Sg

hypersensitivity skin reactions are noted in patients with CFS*~, while there are dermal

IgG deposits and increase of MC with abnormal overexpression of MC in skin biopsies

453 231, 232

of CFS and fibromyalgia patients , and such patients also show increased skin
hypersensitivity??®. Moreover, CU that involves MC, is usually associated with
fibromyalgia®*® *®®, MC are implicated in CFS, but the mechanism and the triggers

remain unknown.
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Working Hypothesis

The main focus of this dissertation is to investigate the effects of isoflavones on
poly(l:C) and/or swim-treated mouse fatigue-related behavioral parameters and
inflammatory mediators in the brain, serum and skin.

Our hypothesis is that using an immunological trigger alone or in combination with a
stress trigger would induce “fatigue behavior”, as assessed with the use of specific
behavioral parameters, as well as increased inflammation in the brain and the periphery,
as measured with inflammatory mediators in the brain, serum and skin. The use of
isoflavones with antioxidant and anti-inflammatory properties would ameliorate the

“fatigue behavior” and decrease the inflammatory related parameters.
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Materials and Methods

Chemicals and Reagents

Polyinosinic-polycytidylic acid-TLR3-based adjuvant (Poly(l:C)), HMW
VacciGrade, Cat# vac-pic) was purchased from Invivogen (San Diego, CA, USA) and
aliquots were prepared according to the manufacturer’s instructions. Lipopolysaccharide
from Escherichia coli (LPS, Cat# L4391) was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and aliquots were prepared according to the product sheet instructions.

Neurotensin (NT, Cat# N6383), and Corticotropin-Releasing Factor (CRF, Cat#
C3042) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and aliquots were
prepared according to the manufacturer’s instructions. 1L-33 (3625-IL) was purchased
from R&D Systems, Minneapolis, MN, USA. Teklad lab animal diets (Cat# 2918X, and

2920X) were purchased from Harlan (Indianapolis, IN, USA).
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Chapter 1. Mouse Studies - CFS Mouse Model
1.1. Animals

C57BL/6 and BALB/c female mice, 20-25 mg (Jackson Laboratories, Bar Harbor,
ME) were kept in virus-free sections of a modern animal facility and were allowed ad

libitum access to food and water. They were maintained on a 14:10 hr light-dark cycle.

1.2. Treatment Conditions

Mice were provided with chow containing low to non-detectable isoflavone levels
(non-detectable-20 mg/kg, Teklad 2920X) or chow high in isoflavones (150-250 mg/kg
expected range of daidzein plus genistein, Teklad 2918X) ad libitum -standard chow used
by DLAM for at least two weeks before experiments. Both diets were purchased by
Harlan (South Easton, MA, USA).

Mice were divided into the following groups: control/no swim (saline ip injection),
control/swim, LPS/no swim, LPS/swim, poly(l:C)/no swim, and poly(l:C)/swim. Mice
were injected, ip, with LPS (1 mg/kg) or poly(I:C) (10 and 20 mg/kg or normal saline on
Day 1. Subsequently, they were subject to swim for 15 min, daily, individually in a
transparent plastic cylindrical jar (17 cm x 25 cm) containing 15 cm-deep water at room
temperature (23 = 1 °C) for up to 21 days. This approach reflects both exercise and the
stress of water immersion. A warm pad underneath the cages was used for mice when
taken out of the forced swim test to keep them warm.

Ethovision software from Noldus Inform. Technol. (Leesburg, VA, USA) was used
to videotape mice while swimming. Percent weight change for each mouse was

calculated on specific days in comparison to the weight of that specific mouse on day 1. |
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assessed behavioral parameters, including time to immobility, immobility time, time to
start grooming and locomotor activity.

Mice were euthanized at the end of the experiments using isoflurane overdose and
thoracotomy and samples were collected. Blood was collected by cardiac puncture. Brain
samples were snap-frozen in liquid nitrogen and stored at -80C until analyzed for

oxidative stress.

1.3. Behavioral Parameter Assessment

Immobility time: Defined as the total time the mouse does minimal movements to
sustain its nose out of the water over the 15 min of swimming.

Time to start grooming: Defined as the time for mice to start grooming their fur for
more than 5 seconds, after the forced swim is over. A warm pad underneath the cages
was used for mice when taken out of the forced swim test to keep them warm. Cut-off
time was 600 seconds.

Locomotor activity: Defined as “Total Distance Travelled” (in cm). After the
experiments, animals were placed individually into standard plastic housing cages with
food and water available ad libitum and overnight locomotor activity (16 hr) was
monitored with the Neuroscience Behavior Core’s mouse SmartFrame® Cage Rack
System (Kinder Scientific, Poway CA, USA). This system consists of 20 PC-interfaced
horizontal photobeam frames. The frame (containing 12 photocells; 8Lx4W) surrounds 1
home cage environment and continuously tracks the animal’s movement. This fully
automated system allows the user to quantify horizontal ambulation by counting breaks in

infrared photocell beams arranged on a 4 x 8 (X x Y) grid using MotorMonitor®
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software (Hamilton/Kinder). Data was collected and subsequently analyzed in time bins
(e.g. every hour) or as a total over the course of collection to the “Total Distance

Travelled” (in cm) parameter for each zone.

1.4. Biochemical Parameter Assessment
1.4.1. Assessment of oxidative stress

Estimation of lipid peroxidation. Determination of MDA content, a measure of lipid
peroxidation, was performed in Dr. Blumberg’s lab (Director of Human Nutrition
Research Center, Tufts University), according to a previously published method *’. The
method uses reverse phase HPLC, in which a thiobarbituric acid-MDA conjugate
derivative was injected onto a C18 column and fluorometrically quantified at an
excitation wavelength of 515 nm and emission wavelength of 553 nm. MDA
concentration was calculated using calibration curves of an authentic standard. Intra- and

inter-assay CV in brains was 3.8 and 4.7%, respectively.

1.5. Statistics

| present behavioral parameters data in the figures as mean + SEM. Data from
immobility time and time to groom assessments was analyzed by one-way ANOVA,
followed by Dunnett’s test. Data from percent weight change assessments were analyzed
using two-way ANOVA, followed by Bonferroni post-test for multiple comparisons.
Data from locomotor activity was analyzed using one-way ANOVA, followed by

Dunnett’s test and non-parametric Mann-Whitney U test.
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In the oxidative stress assessment, each value represents the MDA content (nmol/g
protein) in the whole brain of an individual mouse. Data was analyzed using two-way
ANOVA, followed by Bonferroni post-test for multiple comparisons. Significance of
comparisons is denoted by p<0.05. I used GraphPad Prism 5 for the graphs and statistical

analysis.
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Chapter 2. Mouse Studies - Poly(l:C) and Isoflavones Effect
2.1. Animals

C57BL/6, CRHR-1 KO and their wild type (WT) littermates female mice, 20-25mg
(Jackson Laboratories, Bar Harbor, ME) were kept in virus-free sections of a modern
animal facility and were allowed ad libitum access to food and water. They were
maintained on a 14:10 hr light-dark cycle. Female mice were chosen as CFS occurs more

often in females than males.

2.1.1. Knockout (KO) Animals

CRHR-1 breeding pairs were generously given to us by Dr. Douglas Vetter (Tufts
University, Boston, MA). The mice were bred in-house and genotyped by PCR analysis
of tail DNA. The KO mice and their wild-type littermates were used to explore the role of

CRH in the swim and poly(l:C)-induced fatigue parameters.

2.1.1.1. Mouse Genotyping

2.1.1.1.1. Isolation of Ear DNA for Genotyping

At the time of weaning (i.e., 21 days), ear tissue was harvested by ear punching. The
tissue sample was stored in an Eppendorf tube at -80°C. Mice had their tail tattooed to
identify individual mice. DNA was isolated by incubating the ear tissue sample in 150 pl
DirectPCR Lysis Reagent (Cat# 401-E , Viagen Viotech, Los Angeles, CA, USA) with
0.4 mg/ml Proteinase K (Cat# P6556, Sigma, St Louis, MI, USA) at 55°C for 5 h, and

85°C for 45min. For the PCR reaction, 1 ul from the supernatant was used.
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2.1.1.1.2. PCR Conditions for CRHR-1 Genotyping

Two PCR reactions were performed each in a total volume of 20 ul. The first
reaction used primers CR1-1 and CR1-2, whereas the second reaction used primers CR1-
1 and PGK (Table 5). Both reactions contained 0.8uM of the appropriate primers
(10uM), 2X GoTaq Green Master Mix (Cat# 9PIM712, Promega, Madison, W1, USA)
and H,0 up to 20 ul. PCR conditions: 95 °C for 2 min, followed by 30 cycles of 95°C for
30 s, 55°C for 30s, 72°C for 30s with a final extension at 72°C for 10 minutes. The PCR
products were run on an agarose gel and visualized under UV light. The wild type band is

200bp and the mutant band is 400bp.

Table 5. Oligonucleotide primers used for CRHR-1 genotyping

CR1-1 5’-ACTGCTAGTGTGATGTCCTGC-3’
CR1-2 5’-TCTCAGGATTGCTAAGTTCAG-3’
PGK 5’-GGGAACTTCCTGACTAGGGG-3’

2.2. Treatment Conditions

Mice were provided with chow containing low to non-detectable isoflavone levels
(non-detectable-20 mg/kg) or chow high in isoflavones (150-250 mg/kg expected range
of daidzein plus genistein) ad libitum -standard chow used by DLAM for at least 2 weeks
before experiments.

Mice were injected ip with poly(l:C), 20 mg/kg for the C57BL/6 mice and 15 mg/kg
for the CRHR-1 KO mice, or normal saline on Day 1. Subsequently, they were subject to
swim for 15 min, individually in a transparent plastic cylindrical jar (17 cm x 25 cm)

containing 15 cm-deep water at room temperature (23 £ 1 °C). This approach reflects
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both exercise and the stress of water immersion. A warm pad underneath the cages was
used for mice when taken out of the forced swim test to keep them warm. Following the
forced swim test, mice were individually placed into specific cages and locomotor
activity overnight was monitored.

Mice were euthanized the following day, using isoflurane overdose and thoracotomy
and samples were collected. Blood was collected by cardiac puncture. Brain
(diencephalon), skin (back) and serum samples were collected and stored at -80C until
analyzed for gene expression in the brain, gene expression in the skin, as well as

inflammatory mediator levels in the serum.

2.3. Behavioral Parameter Assessment
Locomotor activity was measured as “Total Distance Travelled” (in cm) parameter

for each zone, as described above, in Materials and Methods, Chapter 1.

2.4. Inflammatory Mediator Measurements
2.4.1. Estimation of Inflammatory Mediator Serum Levels

TNFa, VEGFa, IL-1a, IL-1pB, IL-4, IL-6, IL-9, IL-10, IL-12p70, IL-17, KC
(human IL-8/CXCL8 murine homologue), MCP-1 (CCL2), MIP-1a (CCL3), MIP-1p
(CCL4), RANTES (CCLY5), IP-10 (CXCL10), IFNy mouse serum levels were determined
using the Milliplex microbead assay and the measurements were performed blindly by

Millipore, St. Charles, MI, USA.

49



2.4.2. Estimation of Inflammatory Mediator Gene Expression in Brain and Skin
Brain diencephalon and skin (back) from mice were isolated and immersed into
RNAlater (Cat# AM7021, Invitrogen, Grand Island, NY, USA). Total RNA from mouse

tissues was extracted using RNeasy Plus Mini kit (Cat # 74134) and RNeasy Fibrous
Tissue Mini Kit (Cat # 74704), QIAGEN, Valencia, CA, USA. Reverse transcription was
performed with 300 ng of total RNA using the iScript cDNA synthesis kit (Cat # 170-
8891, BIO-RAD, Hercules, CA).

Real-time quantitative polymerase chain reaction (qPCR) was carried out in a 7300
Sequence Detector, according to TagMan Gene Expression Assay instructions (Applied
Biosystems, Grand Island, NY, U.S.A.) using Tagman primer/probe sets (Table 6). Brain
and skin mouse gene expression of TNFa, IL-6, KC, MCP-1, MIP-18, RANTES, IP-10,
HDC, NT, NTR-1, NTR-2, IFNy, IP-9 (CXCL11), IL-4, and CRHR-1 was tested.

Thermal cycling proceeded at 50 °C for 2 min, 95 °C for 10 min, 95 °C for 15 s, for
40 cycles, and 60 °C for 1 min. Negative controls included samples with water instead of
template. Assays were performed in triplicate for each data point. Results were
normalized against the endogenous gene, GAPDH, and were expressed relative to the

mean of the control for each gene.

2.5. Statistics
| present locomotor activity data in the figures as mean £ SEM. Inflammatory

mediator serum levels and gene expression in brain and skin data are presented as
individual values from each mouse. Data was analyzed using the non-parametric Mann-
Whitney U test. Significance of comparisons is denoted by p<0.05. GraphPad Prism 5

was used for the graphs and statistical analysis.
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Table 6. Tagman primer/probes for mouse studies

Gene of interest

Tagman primer/probe set

TNF

MmO00443258_m1

VEGFa MmO01281449 _ml
IL-18 MmO00434228_m1
IL-4 MmO00445259_m1
IL-6 MmO00446190_m1
KC Mm04207460_m1

MCP-1 (CCL2)

Mm00441242_m1

MIP-1p (CCL4)

MmO01443111_ml

RANTES (CCL5) MmO01302427_m1
IP-10 (CXCL10) MmO00445235_m1
CXCL11 MmO04207460_m1
NT MmO00481140_ml
NTR-1 MmO00444459_m1
NTR-2 MmO00435426_m1
HDC MmO00456104_m1
CRHR-1 MmO00456104_m1
IFNy MmO01168134 m1
GAPDH 4352339E-1207040
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Chapter 3. Human Studies - In vitro
3.1. Human MC Culture

LAD?2 cells (kindly provided by Dr. A.S. Kirshenbaum, National Institutes of Health,
NIH) were derived from a single patient with human MC leukemia. LAD2 cells were
cultured in StemPro®-34 SFM medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 100 U/mL penicillin/streptomycin and 100 ng/mL recombinant human stem cell

factor (rhSCF) (Kindly supplied by Sweden Orphan Biovitrum AB, Stockholm, Sweden).

3.2. Mediator Assays
3.2.1. Beta-Hexosaminidase Assay

Beta-hexosaminidase (B-hex), as an index of MC degranulation, was assayed using a
fluorometric assay. Briefly, LAD2 cells (0.5x10°/tube) were stimulated for 30min,
supernatant fluids were collected and cell pellets were lysed with 1% Triton X-100.
Supernatant fluids and cell lysates were incubated in reaction buffer (p-nitrophenyl-N-
acetyl-pB-D-glucosaminide from Sigma-Aldrich) for 90 min and then 0.2 M glycine was
added to stop the reaction. Absorbance was measured at 405 nm in an enzyme-linked
immunosorbent assay reader, and the results are expressed as the percentage of B-hex

released over the total.

3.2.2. ELISA
LAD?2 cells were treated with poly(I:C) (10 png/ml), with or without SP (1uM), (NT
(1, and 10 pM) and CRH (1 uM) for 24 h. Alternatively, LAD2 cells were treated for

24 h either with NT alone (1 uM) or together with interleukin IL-33 (10 ng/mL). TNF,
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IL-8, VEGFa, IL-6, and MCP-1 release was measured by ELISA (R&D Systems,

Minneapolis, MN, USA) in the supernatant fluid of control and stimulated LAD2 cells.

3.2.3. Gene Expression

Total RNA from human MC was extracted using RNeasy Plus Mini kit (Cat # 74134,
QIAGEN, Valencia, CA, USA). Reverse transcription was performed with 300 ng of total
RNA using the iScript cDNA synthesis kit (Cat # 170-8891, BIO-RAD, Hercules, CA).
Real-time quantitative polymerase chain reaction (QPCR) was carried out in a 7300
Sequence Detector, according to TagMan Gene Expression Assay instructions (Applied
Biosystems, Grand Island, NY, USA) using Tagman primer/probe sets (Table 7). TNFa,
VEGFa and IL-8 gene expression was tested.

Thermal cycling proceeded at 50 °C for 2 min, 95 °C for 10 min, 95 °C for 15 s, for
40 cycles, and 60 °C for 1 min. Negative controls included samples with water instead of
template. Assays were performed in triplicate for each data point. Results were
normalized against the endogenous gene, GAPDH, and were expressed relative to the

mean of the control for each gene.

Table 7. Tagman primer/probes for in vitro human studies
Gene of interest Tagman primer/probe set
TNF Hs99999043 m1

VEGFa, Hs00173626_m1

IL8 (CXCLS3) Hs00174103_m1

GAPDH 4352339E-1009033
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3.3. Statistics
All in vitro conditions were performed in triplicate, and all experiments were

repeated at least three times (n = 3). | present the results as mean + SD. In vitro data
from stimulated and control samples were compared using the non-parametric Mann-
Whitney U test. Significance of comparisons is denoted by p<0.05. | used GraphPad

Prism 5 for the graphs and statistical analysis.
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Chapter 4. Human Studies - Human Samples
4.1. Sample Collection
4.1.1. Biopsies and Serum

Serum and full-length 3-mm? punch skin biopsies were collected from non-exposed
skin (back and gluteal) for diagnostic purposes, out of allergy season, from subjects with
PS and AD patients. Samples of unaffected skin were obtained from sites at least 15 cm
away from the lesional skin. Skin biopsies were immediately placed in
RNAlater® solution (Ambion Inc., Austin, TX, USA) for quantitative polymerase chain
reaction (QPCR), or in freezing medium (Triangle Biomedical Sciences, Durham, NC,
USA) for immunohistochemistry, and were stored along with the serum at —80 °C.

Patients had not received any medication for 15 days prior to biopsy and were free
from any systemic allergic or inflammatory disease and from controls, at least 2 h after
food. Patients with contact dermatitis were excluded by history. Two patients with AD
had asthma and one had allergic rhinitis. Total serum IgE was within the normal range in
all but two patients with AD. Patients were selected from the Attikon and A. Sygros
Hospitals of the Athens University Medical School (Athens, Greece). The institutional
review boards of both hospitals approved this protocol. All participants gave their written
informed consent according to the Declaration of Helsinki principles. The Psoriasis Area
and Severity Index (PASI) score was recorded for some of the patients with psoriasis; no
severity index score was obtained from the patients with AD.

There were fewer skin biopsy samples than serum samples because it was more
difficult to obtain consent. Control (healthy individuals) skin samples from abdominal

reductions were obtained from the Agios Savas Oncology Clinic (Athens, Greece), while
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control serum samples were obtained from Agios Savas and the Ano Toumba IKA
Polyclinic (Thessaloniki, Greece).
All human samples had no identifiers except for age and sex. There was no statistical

difference in the mean age between patients with psoriasis and controls.

4.1.2. Certified Stress Questionnaires
Some patients with PS and AD filled the State-Trait Anxiety Inventory (STAI),

which has been validated for the Greek population*®®

, to investigate the extent of stress.
The STAI measures separate constructs of psychosocial stress and clearly differentiates
the temporary condition of “state anxiety” (STATE now) from the more general and
long-standing quality of “trait anxiety” (STATE trait).

The SCORIing Atopic Dermatitis (SCORAD) index was calculated using the

SCORAD Index application by LinkWave Inc. (http://linkwave.com/). There was no

statistically significant difference among the SCORAD scores of any subgroups.

4.2. Inflammatory Mediator Measurements
4.2.1. Estimation of Inflammatory Mediator Serum Levels

CRH serum levels were measured using ELISA (Phoenix Pharmaceutical, Belmont,
CA, USA). NT serum levels were measured using a Milliplex array, which was

performed blind by Millipore (Millipore, St. Charles, MI, USA).

4.2.2. Estimation of Inflammatory Mediator Skin Gene Expression
Total skin RNA was extracted using the Qiagen Fibrous Tissue mini kit (Qiagen,

Valencia, CA, USA) and cDNA synthesis was performed using the iScript cDNA
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synthesis kit (Bio-Rad, Hercules, CA, USA). Real-time quantitative polymerase chain
reaction (PCR) was carried out in a 7300 Sequence Detector, according to TagMan Gene
Expression Assay instructions (Applied Biosystems, Foster City, CA, USA) using
Tagman primer/probe sets (Table 8).

Thermal cycling proceeded at 50 °C for 2 min, 95 °C for 10 min, 95 °C for 15 s, for
40 cycles, and 60 °C for 1 min. Negative controls included samples with water instead of
template. Human pituitary cDNA was used as a positive control for NT gene expression
(NTS), while cDNA from LAD2 human MC was used as a positive control for NTR-1
gene expression (NTSR1). Experiments were performed in triplicate for each data point.
Results were normalized against the endogenous gene, GAPDH, and were expressed

relative to the mean of the control for each gene.

Table 8. Tagman primer/probes for human samples studies
Gene of interest Tagman primer/probe set
CRHR-1 Hs00366363_m1

NT Hs00175048 _m1

NTR-1 Hs00901551 m1

VEGFa Hs00900055_m1

GAPDH 4352339E-1009033
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4.3. Immunohistochemistry-Biopsies
4.3.1. NT Immunohistochemistry

Paraffin sections (4 um) were cut, and immunohistochemistry was performed using
an indirect biotin streptavidin detection system (Ventana Medical Systems, Roche, Basel,
Switzerland) with the following primary antibodies: rabbit polyclonal for NTR-1 (Cat #
ab117592, 1 : 500 dilution; Abcam Inc., Cambridge, MA, USA); mouse monoclonal for
NT (E5) (Cat # sc-377503, 1 : 50 dilution; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and rabbit polyclonal for c-kit (CD117, 1 : 200 dilution; Dako Cytomation,

Carpinteria, CA, U.S.A)).

4.3.2. CRH Immunohistochemistry

Cryostat sections were prepared and fixed with acetone for three minutes and
incubated with normal blocking serum for twenty minutes. Sections were then incubated
with primary antibodies (goat polyclonal antibody to CRHR-1; Cat # ab59023, Abcam
Inc, Cambridge, MA, USA) diluted to 1:100 for thirty minutes and then immunostained
with Vectastain ABC AP kit (Vectastain Lab, Burlingame, CA, USA) and Vector Red
Alkaline Phosphatase Substrate kit (Vector Lab) as per the kit’s directions. Presence

of red color indicates a positive reaction for CRHR-1.

4.4. Statistics
Results of NT, CRH serum levels and NT, NTR-1, CRHR-1 gene expression in the

skin of patients with PS and controls were compared using the Mann—-Whitney
nonparametric U-test. Lesional and nonlesional skin gene expression results from patients

with psoriasis were compared with those of controls using the Kruskal-Wallis test,
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followed by Dunnet’s test for multiple comparisons, while the Wilcoxon signed rank test
was used to compare lesional and nonlesional psoriasis skin gene expression from the

same patients. Significance is denoted by p<0.05.
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Results

Chapter 1. Mouse Studies / CFS Mouse Model
1.1. Experiments using C57BL/6 Female Mice

C57BL/6 female mice were provided with chow containing low to non-detectable
isoflavone levels (non-detectable-20 mg/kg) or chow high in isoflavones (150-250 mg/kg
expected range of daidzein plus genistein) ad libitum -standard chow used by DLAM-
for at least 2 weeks before experiments. Mice were randomly divided into 6 groups;
control/no-swim, control/swim, LPS/no-swim, LPS/swim, poly(l:C)/no swim,
poly(Il:C)/swim (n=5-7/group). Mice were injected with LPS, 1 mg/kg or poly(l:C), 10
mg/kg on Day 1 and they were subjected to forced swim test for 15 min, daily for 21
days. Ethovision software was used to videotape mice while swimming.

Behavioral assessments included immobility time, time to groom and percent change
in weight. Brain samples were collected and analyzed for malondialdehyde content.

This protocol was repeated four times and results from a representative experiment

with chow low isoflavone diet and high isoflavone diet are presented.
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1.1.1. Behavioral Assessments (21-Days experiments)

Figure 2. Immobility time (21-Days).

Total time of immobility-over the 15 min of forced swim was noted daily, for 21 days.

Figure 2a. Mice were provided with low in isoflavone diet.
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Figure 2b. Mice were provided with high in isoflavone diet.
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Total time of immobility, over the 15 min of forced swim test, was noted daily over
the course of 21-days experiment with low isoflavone diet (Figure 2a). Statistical analysis
of the data (1-way ANOVA followed by Dunnett’s multiple comparison test) showed
significant differences between the LPS group and the control group at days 4 and 50
(p=0.0177 and 0.0193, respectively) and poly(I:C) group and control group at day 9
(p=0.0342).

Total time of immobility -over the 15 min of forced swim test- was noted daily over
the course of 21-days experiment with high isoflavone diet (Figure 2b). Statistical
analysis of the data showed a significant difference between the LPS group and the

control group at day 9 (p=0.0199).
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Figure 3. Time to groom (21-Days).

Time to start grooming once forced swim test was over was noted daily, for 21 days.

Figure 3a. Mice were provided with low in isoflavone diet.
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Figure 3b. Mice were provided with high in isoflavone diet.
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| also noted the time to start grooming once forced swim test was over, daily over the
course of 21-days experiment with low isoflavone diet (Figure 3a). On Day 2 there was
statistically significant difference between the LPS group and the control group
(p<0.0001).

| also noted the time to start grooming once the forced swim test was over, daily over
the course of 21-days experiment with high isoflavone diet (Figure 3b). The total area
under the curve (AUC) for the poly(l:C) group, but not for the LPS group was
statistically significant different from the control group over the course of 21 days
(p=0.0145). Further analysis showed that there was statistically significant difference for
the days noted by the asterisk: On Day 2 there was a statistically significant difference
between both poly(l:C), and LPS groups and control groups (two asterisks, p=0.035),
while on Day 3, 4, 6, 8, 13, 20, and 21 there was a statistically significant difference
between the poly(l:C) group and the control group (p=0.0426, p=0.0032, p<0.0001,

p=0.0229, p<0.0001, p=0.0446, and p=0.0388, respectively).
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Figure 4. Percentage weight change (21-Days).
Percentage change for each mouse was calculated in comparison to the weight of that

specific mouse on day 1.

Figure 4a. Mice were provided with low isoflavone diet.
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Figure 4b. Mice were provided with high isoflavone diet.
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During the low isoflavone diet experiment, weight of the mice was noted on days 1,
7, 14, and 21 and percentage weight change for each mouse was calculated in comparison
to the weight of that specific mouse on day 1 (Figure 4a). Overall, percentage weight
change over the 21 days increased for all groups. There was a statistical significant
increase on the percentage weight change in all the experimental treatment groups that
were forced to swim in comparison with the groups that were not forced to swim for Day
7, 14, and 21 (2 way ANOVA followed by Bonferroni, multiple comparisons, p<0.0001,
p=0.0232, p=0.0263, respectively). Also, on Day 7 there is a significant smaller
percentage weight change in the group that were immunologically treated and underwent
swim stress, compared to control/swim mice (p=0.0414).

During the high isoflavone diet experiment, weight of the mice was noted on days 1,
6, 11, 16 and 22, and the percentage weight change for each mouse was calculated in
comparison to the weight of that specific mouse on day 1 (Figure 4b). There was
statistically significant increase in the percentage weight change in all the experimental
treatment groups that were forced to swim in comparison with the groups that were not
forced to swim for Day 6, 11, and 16 (p=0.0007, p=0.0402, p=0.0387, respectively). On
Day 16, poly(1:C)/no swim group had significant decrease in weight compared to

control/no swim group (p=0.05).
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1.1.2. Biochemical Assessment (21-Days experiments)

Table 9. Brain MDA content

Each value represents the MDA content in the whole brain of an individual mouse (nmol/g protein)

Mice stayed in cages Forced swim
Poly(1:C) | Poly(1:C) | Poly(l:C) | Poly(l:C) LPS Control

1223 179 1311 218 246 240
% 187 610 273 389 916 2063
e 182 221 262 196 220 259
c_% 132 166 133 223 151 251
3 796 203 199 2486 278 184
2 206 211 162 262 1062 185
- 201 236
- 257 324 220 160 216 387
2 221 203 223 266 309 187
£ 271 357 209 322 279 200
g 230 227 173 424 236 391
2 178 259 276 253 222 269
-;" 251 176 131 266 376

245 237
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Figure 5. Brain MDA content (21-Days).

Figure 5a. Mice were provided with low isoflavone diet.
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Figure 5b. Mice were provided with high isoflavone diet.
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Statistical analysis of the MDA content data from the brain of mice that were
provided with high isoflavone diet (2 way ANOVA, followed by Bonferroni for multiple
comparisons) showed that there was a significant increase in brain oxidative stress in
mice the underwent swim stress compared to mice that did not. Nevertheless, there were

no further differences between any of the groups (2 way ANOVA followed by
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Bonferroni post-test for multiple comparisons, p=0362) (Figure 5b). There were no

differences noted in low isoflavone diet (Figure 5a).

1.1.2.1. Conclusion

There were statistical significant differences in immobility time and time to start
grooming on specific days of experiments with low and high isoflavone diet, between the
different treatment groups. More specifically, poly(l:C) treatment increased immobility
time at day 9 in experiment with low isoflavone diet, while it did not have such an effect
in high isoflavone diet experiment. Moreover, differences in time to groom during
experiment with high isoflavone diet were noted, even though ameliorated fatigue related
behavioral parameters were expected because of the use of a high isoflavone diet.
Instead, experiment with low isoflavone diet showed increased time to groom on days 1
and 3, but the average time frames were similar with experiment with high isoflavone
diet. Unexpectedly, forced swim test resulted in positive percentage weight change in
almost all groups during experiments with high and low isoflavone diet.

Given the fact that there was no significant difference of any kind post day 10 and
that other studies have reported induction of CFS in mice within shorter period of time
(Tables 2, 3, and 4) | decided to focus on the assessment of the parameters on the first
week of experiments. Moreover, given the variability in the outcome of the behavioral
parameters, | decided to incorporate daily locomotor activity, an alternative, more
objective mean to quantify the potential fatigue the mice experience under my treatment.
Lastly, | decided to focus on the poly(l:C) effect and test higher poly(l:C) concentrations

in a number of experiments.
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1.1.3. Behavioral Assessments (7-Days experiments)

C57BL/6 female mice were provided with chow containing low to non-detectable
isoflavone levels (non-detectable-20 mg/kg, Teklad 2920X) ad libitum -standard chow
used by DLAM- for at least 2 weeks before experiments. Mice were randomly divided
into the following groups (n=5/group); control/no-swim, control/swim, poly(l:C)/no
swim, poly(I:C)/swim. Mice were injected with poly(l:C), 20 and 40 mg/kg on Day 1 and
they were subjected to forced swim test for 15 min, daily for 7 days. Ethovision software
was used to videotape mice while swimming. Behavioral assessments included
immobility time, time to groom and overnight locomotor activity. Mice were maintained
on a 14:10 hr light-dark cycle. The black bar in locomotor activity indicates the 10 hr

dark cycle.
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Figure 6. Immobility time (7-Days).

Total time of immobility-over the 15 min of forced swim test was noted daily, for 7 days.
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Figure 7. Time to groom (7-Days).

Time to start grooming once forced swim test was over was noted daily, for 7 days.
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Total time of immobility, over the 15 min of forced swim test, was noted daily over
the course of 7-days experiment with low isoflavone diet (Figure 6). Statistical analysis
of the data (one-way ANOVA followed by Dunnett’s multiple comparison test) showed
no significant differences between the groups.

Time to start grooming once forced swim test was over was noted daily over the
course of 7-days experiment with low isoflavone diet (Figure 7). On Day 3 there was
statistically significant difference between poly(I:C) group (40mg/kg) as compared to
control group (one asterisk, p=0.0223) and on Day 2 between both poly(l:C) (20 mg/kg)
and poly(1:C) (40 mg/kg) groups as compared to control group (two asterisks, both

p<0.0001).
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Figure 8. Locomotor activity (7-Days).
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Figure 8b. Locomotor activity - Day 2
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Figure 8c. Locomotor activity - Day 3
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Figure 8d. Locomotor activity - Day 4
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Figure 8e. Locomotor activity - Day 5
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Figure 8f. Locomotor activity - Day 6
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Overnight (16 hr) locomotor activity was monitored daily over the course of 7-days
experiment with low isoflavone diet (Figure 8). AUC and maximum locomotor activity
over the course of the 16 hr monitoring (AUC-16 hr, max loco-16 hr) and only during the
10 hr dark cycle (AUC-10 hr, max loco-10 hr) were calculated.

Statistical analysis of the AUC-16 hr and AUC-10 hr on Day 1, using one-way
ANOVA followed by Dunnett’s multiple comparison test, showed statistical significant
differences between the means of the control/no swim and the control/swim, poly(l:C)/no
swim and poly(l:C)/swim groups (p<0.0001). Poly(I:C) treated groups showed reduced
locomotor activity in comparison to the control/no swim group (p<0.05 for both). Further
analysis of the AUC-16 hr on Day 1 (using the non-parametric Mann Whitney U test)
showed that the poly(I:C)/no swim and the poly(l:C)/swim groups had reduced locomotor
activity compared to the control/no swim (p=0.0159) and the control/swim (p=0.0079)
respectively.

Comparison of the max loco-16 hr and max loco-10 hr on Day 1, using one-way
ANOVA followed by Dunnett’s multiple comparison test, showed statistical significant
differences between the means of the control/no swim and the control/swim, poly(l:C)/no
swim and poly(I:C)/swim groups (p<0.0001). Poly(I:C)-treated groups showed reduced
locomotor activity in comparison to the control/no swim group (p<0.05 for both). Further
analysis of the max loco-16 hr on Day 1 (using the non-parametric Mann Whitney U test)
showed that the poly(I:C)/swim groups had reduced locomotor activity compared to the
control/swim (p=0.0159), but there was not difference between the poly(1:C)/no swim

and the control/no swim group (p=0.0635) respectively.
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Moreover, further analysis of the max loco-10 hr on Day 1 (using the non-parametric
Mann Whitney U test) showed that the poly(1:C)/no swim groups had reduced locomotor
activity compared to the control/no swim (p=0.0159), but there was not difference
between the poly(l:C)/swim and the control/swim group (p=0.0556) respectively.

On Day 2, most of the statistical differences subsided and only comparison of the
AUC-16 hr, using one-way ANOVA followed by Dunnett’s multiple comparison test
showed statistical significant differences between the means of the control/no swim and
the poly(1:C)/no swim and poly(I:C)/swim groups (p=0246). By Day 3, there was no

difference noted between any of the groups.

1.1.3.1. Conclusion

Previous experiments (21 days each) were inconclusive as the protocol used did not
seem to significantly affect mouse activity level. As a result, | decided to focus on
poly(I:C) and increase the amount administered from 10 mg/kg to 40 mg/kg. Unlike
before, where mice injected with 10 mg/kg were not affected, mice injected with 20 and
40 mg/kg had reduced mobility lasting for several days, as it was assessed by the time to
start grooming, although immobility time was not different. Administration of 80 mg/kg
was lethal, while administration of 40 mg/kg was lethal for two out of ten mice
(n=5/group, 6 groups). Therefore, | proposed to use this paradigm in the subsequent
experiments.

Unfortunately, when I tried to repeat the experiment with the highest dose of
poly(I:C) (40 mg/kg), eight out of ten mice died n=5/group, 6 groups). | then tried to

repeat with the lowest dose of poly(I:C) (20 mg/kg) used, followed by forced swim test,
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for 15 min, for 6 consecutive days and | monitored the locomotor activity of the mice
overnight. As shown in Figure 8, differences were only obvious the first two days, while
forced swim test seems to have an effect on Day 1.

These results do not agree with some previous publications (Table 3) that reported
significant changes in the behavioral parameters that | studied. Our results indicate no
dramatic alterations in behavioral parameters attributable to forced swim either/and

immunological trigger.

One potential explanation is that they used either BALB/c or Albino LACA mice and

in some cases they used male mice. | used C57BL/6 female mice because | have
proposed to use CRHR knockout (KO) mice, of a similar background. Therefore, |
considered the possibility of using another strain of mice and use CRHR-antagonists
instead. In the following experiment, | used BALB/c mice and locomotor activity as
behavioral assessment as it provides a more objective and representative way to assess

fatigue in mice.

1.2. Experiments using BALB/c Female Mice

BALB/c female mice were provided with chow containing low to non-detectable
isoflavone levels (non-detectable-20 mg/kg, Teklad 2920X) ad libitum -standard chow
used by DLAM- for at least 2 weeks before experiments. Mice were randomly divided
into the following groups (n=5/group); control/no-swim, control/swim, poly(l:C)/no
swim, poly(I:C)/swim. Mice were injected with poly(l:C), 20 mg/kg on Day 1 and they

were subjected to forced swim test for 15 min, daily for 4 days. Overnight locomotor
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activity (16 hr) was monitored. Mice were maintained on a 14:10 hr light-dark cycle. The

black bar in locomotor activity indicates the 10 hr dark cycle.

Figure 9. Locomotor activity (BALB/c).
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Figure 9b. Locomotor activity - Day 2
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Figure 9c. Locomotor activity - Day 3
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Figure 9d. Locomotor activity - Day 4
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Overnight (16 hr) locomotor activity was monitored daily over the course of 7-days
experiment with low isoflavone diet (Figure 9). Statistical analysis of the AUC-16 hr on
Day 1 and 2, using one-way ANOVA followed by Dunnett’s multiple comparison test,
showed statistical significant differences between the means of the control/no swim and
the control/swim, poly(l:C)/no swim and poly(l:C)/swim groups (p<0.0001). Poly(l:C)-
treated groups showed reduced locomotor activity in comparison to the control/no swim
group (p<0.05 for both). Further analysis of the AUC-16 hr on Day 1 and 2 (using the
non-parametric Mann Whitney U test) showed that the poly(l:C)/no swim and the
poly(l:C)/swim groups had reduced locomotor activity compared to the control/no swim

(p=0.0357) and the control/swim (p=0.0159), respectively.
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Statistical analysis of the AUC-10 hr on Day 1 and 2, using one-way ANOVA
followed by Dunnett’s multiple comparison test, showed statistical significant differences
between the means of the control/no swim and the control/swim, poly(l:C)/no swim and
poly(1:C)/swim groups (p<0.0001). Poly(I:C)-treated groups showed reduced locomotor
activity in comparison to the control/no swim group (p<0.05 for both). Further analysis of
the AUC-10 hr on Day 1 and 2 (using the non-parametric Mann Whitney U test) showed
that the poly(1:C)/no swim and the poly(l:C)/swim groups had reduced locomotor activity
compared to the control/no swim (p=0.0357) and the control/swim (p=0.0159)
respectively.

Comparison of the max loco-16 hr on Day 1 and 2, using one-way ANOVA followed
by Dunnett’s multiple comparison test, showed statistical significant differences between
the means of the control/no swim and the control/swim, poly(l:C)/no swim and
poly(1:C)/swim groups (p<0.0001). Poly(l:C)-treated groups showed reduced locomotor
activity in comparison to the control/no swim group (p<0.05 for both). Further analysis of
the of the max loco-16 hr on Day 1 and 2 (using the non-parametric Mann Whitney U
test) showed that the poly(l:C)/no swim and the poly(l:C)/swim groups had reduced
locomotor activity compared to the control/no swim (p=0.0357) and the control/swim
(p=0.0159) respectively.

Comparison of the max loco-10 hr on Day 1 and 2, using one-way ANOVA followed
by Dunnett’s multiple comparison test, showed statistical significant differences between
the means of the control/no swim and the control/swim, poly(I:C)/no swim and
poly(1:C)/swim groups (p<0.0001). Poly(l:C)-treated groups showed reduced locomotor

activity in comparison to the control/no swim group (p<0.05 for both). Further analysis of
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the of the max loco-10 hr on Day 1 and 2 (using the non-parametric Mann Whitney U
test) showed that the poly(l:C)/no swim and the poly(l:C)/swim groups had reduced
locomotor activity compared to the control/no swim (p=0.0357) and the control/swim
(p=0.0159) respectively.

Most of the statistical differences were maintained through Days 2 and 3 and

subsided on Day 4.

1.2.1. Conclusion

These results do not agree with some previous publications that reported significant
changes in the behavioral parameters that | studied. One potential explanation is that they
used either BALB/c or Albino LACA mice. | used C57BL/6 because | had proposed to
use similar background CRHR-1 KO mice, and because one paper stated that C57BL/6

mice are susceptible to stress*®®

. Therefore, I considered the possibility of using another
strain of mice and testing the same end points. | used BALB/c female mice with ip
injection of the lowest dose of poly(I:C) (20 mg/kg) on Day 1, followed by forced swim
test, for 15 min, for 4 consecutive days and | monitored locomotor activity of the mice
overnight. As shown in Figure 9, the difference in locomotor activity was back to normal
by day 3. There seems to be no difference on the locomotor activity regarding on the
mouse strain (C57BL/6 versus BALB/c strain).

Additionally, I utilized CRHR-1 KO mice that | have been breeding. I repeated the
protocol with female CRHR-1 KO animals and the corresponding control animals.

Unfortunately, even though most of the C57BL/6 mice survived in the early experiment

with the highest dose of poly(I:C) (40 mg/kg), seven out of nine CRHR-1 KO mice died.
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Moreover, in order to investigate the potential effect of NT, C57BL/6 mice were treated
with ip injection of 10 mg/kg poly(l:C) and/or 1-10 mg/kg NT (n=5/group) and low in
isoflavone chow. They were monitored for one day. There were no obvious changes in
the behavior of the mice, as NT is rapidly degraded once injected.

Taking into consideration the results above, it is clear from the experiments so far
that the protocols copied from previous publications do not produce “chronic fatigue”.
Therefore, | decided to focus on the first day of the experiments, use female C57BL/6
mice and locomotor activity in order to investigate the effect of poly(l:C)(20mg/kg) and
isoflavone diet on inflammatory mediator serum levels and gene expression in brain and

skin.
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Chapter 2. Mouse Studies - Poly(l:C) and the Effect of Isoflavones
2.1. Experiments using C57BL/6 Female Mice

C57BL/6 female mice were provided with chow containing low to non-detectable
isoflavone levels (non-detectable-20 mg/kg, Teklad 2920X) ad libitum -standard chow
used by DLAM- for at least 2 weeks before experiments. Mice were randomly divided
into the following groups (n=5-7/group); control/no-swim, control/swim, poly(l:C)/no
swim, poly(I:C)/swim. Mice were injected ip with 20 mg/kg poly(l:C) or saline on Day 1.
Subsequently, they were subject to swim for 15 min and then they were individually
placed into specific cages for overnight locomotor activity to be monitored.

Mice were euthanized the following day and serum, brain and skin samples were
collected. Assessment of inflammatory mediators in the serum included estimation of
TNFa, VEGFao, IL-1a, IL-1p, IL-4, IL-6, IL-9, IL-10, IL-12p70, IL-17, KC (human IL-
8/CXCL8 murine homologue) *°, MCP-1 (CCL2), MIP-1a (CCL3), MIP-1p (CCLA4),
RANTES (CCL5), IP-10 (CXCL10), and IFNy mouse serum levels, using the Milliplex
microbead assay, and was performed blindly by Millipore (St. Charles, MI, USA).
Assessment of inflammatory mediators in the brain and skin included testing for brain
and skin mouse gene expression of TNFa, IL-6, KC, MCP-1, MIP-18, RANTES, IP-10,
HDC, NT, NTR-1, NTR-2, IFNy, IP-9 (CXCL11), IL-4, and CRHR-1.

Three separate experiments were performed with n=5/group, 4 groups. Some of the
serum values were excluded as there was no result reported due to low bead count per
Millipore’s procedures (NR). NR means that no result was obtained for a specific sample
as the bead count was too low to get a valid result. The instrument is set to count 50

beads for each analyte, however sometimes something interferes, they are not sure what,
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with a particular sample with a particular analyte and the instrument is unable to reach 50
beads. They have determined that results with as few as 30 beads are acceptable, but they
do not report results obtained with fewer than 30 beads. This is to be distinguished from
values listed as <X.0 or >Y.0, that represent Millipore's evaluation of samples outside of
the reporting range of the assay and were considered equal with the detection limit of
each assay. Here | present representative results with n=5-7/ group.

Overall, poly(l:C)-treated mice with or without forced swim have decreased
locomotor activity, as well as increased serum levels of TNF, L-6, KC, MCP-1, MIP-1a,
MIP-1B, RANTES, and IP-10. Moreover, brain and skin gene expression of TNF, I1L-6,
KC, MCP-1, MIP-1B, RANTES, and IP-10 was increased in poly(l:C)-treated mice,
while HDC and NT gene expression was only increased in the skin.

High isoflavone diet reverses the reduced locomotor activity and minimizes or
reduces the serum level increase of the above inflammatory markers, as well as their
increased gene expression in the brain and the skin noted in the poly(l:C)-treated mice.

Swim stress does not increase any parameter over that of poly(l:C) but augments
the poly(l:C) effect on TNFa, MIP-1p, and RANTES. CRHR-1 KO mice showed no
reductions in any parameter.

IFNy, IL-1p, IL-4, IL-9, IL-10, IL-12p70, IL-17 and VEGF serum levels were below
the detection limit, while IL-1a serum levels were similar between the different treatment

groups.
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2.1.1. Behavioral Assessment
Mice were maintained on a 14:10 hr light-dark cycle. The black bar in locomotor

activity indicates the 10 hr dark cycle.

Figure 10. Locomotor activity - Low isoflavone diet
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Figure 11. Locomotor activity - High isoflavone diet
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Statistical analysis of the AUC-16 hr and AUC-10 hr in the low isoflavone
experiments (Figure 10), using one-way ANOVA followed by Dunnett’s multiple
comparison test, showed statistical significant differences between the means of the
control/no swim and poly(l:C)/no swim and poly(l:C)/swim group (p<0.0001). Poly(l:C)-
treated groups showed reduced locomotor activity in comparison to the control/no swim
group (p<0.05 for both). Further analysis of the AUC-16 hr and AUC-10 hr (using the
non-parametric Mann Whitney U test) showed that the poly(l:C)/no swim and the
poly(l:C)/swim groups had reduced locomotor activity compared to the control/no swim
(p=0.0079) and the control/swim (p=0.0079), respectively.

Comparison of the max loco-16 hr and max loco-10 hr in the low isoflavone

experiments (Figure 10), using one-way ANOVA followed by Dunnett’s multiple
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comparison test, showed statistical significant differences between the means of the
control/no swim and poly(I:C)/no swim and poly(l:C)/swim (p<0.0001). Poly(l:C)-
treated groups showed reduced locomotor activity in comparison to the control/no swim
group (p<0.05 for both). Further analysis of the max loco-16 hr and max loco-10 hr
(using the non-parametric Mann Whitney U test) showed that the poly(l:C)/no swim and
the poly(1:C)/swim groups had reduced locomotor activity compared to the control/no
swim (p=0.0079) and the control/swim (p=0.0079) respectively.

Statistical analysis of the AUC-16 hr and AUC-10 hr in the high isoflavone diet
experiments (Figure 11), using one-way ANOVA followed by Dunnett’s multiple
comparison test, showed statistical significant differences between the control/no swim
and poly(1:C)/no swim and poly(1:C)/swim group (p<0.0001). Poly(l:C)-treated groups
showed reduced locomotor activity in comparison to the control/no swim group (p<0.05
for both). Further analysis of the AUC-16 hr and AUC-10 hr (using the non-parametric
Mann Whitney U test) showed that the poly(I:C)/no swim and the poly(l:C)/swim groups
had reduced locomotor activity compared to the control/no swim (p=0.0079) and the
control/swim (p=0.0079) respectively.

Comparison of the max loco-16 hr in the high isoflavone diet experiments (Figure
11), using one-way ANOVA followed by Dunnett’s multiple comparison test, showed
statistical significant between control/no swim and poly(l:C)/no swim and
poly(I:C)/swim (p=0.0012). Poly(l:C)-treated groups showed reduced locomotor activity
in comparison to the control/no swim group (p<0.05 for both). Further analysis of the
max loco-16 hr (using the non-parametric Mann Whitney U test) showed that the

poly(1:C)/swim group had reduced locomotor activity compared to the control/swim
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(p=0.0079), but there was no difference in the locomotor actitivity of the poly(l:C)/no
swim group in comparison to the control/swim group (p=0.0556).

Moreover, comparison of the max loco-10 hr in the high isoflavone diet experiments
(Figure 11), using one-way ANOVA followed by Dunnett’s multiple comparison test,
showed statistical significant difference between the means of the control/no swim and
poly(1:C)/no swim and poly(I:C)/swim (p=0.244), but Dunnett’s test showed that only the
poly(1:C)/swim group had reduced locomotor activity(p<0.05), while there was no
statistical difference with the poly(I:C)/no swim group. Further analysis of the max loco-
10 hr in the high isoflavone diet experiments (Figure 11), using the non-parametric Mann
Whitney U test showed that the poly(1:C)/no swim and poly(l:C)/swim groups did not
have significant reduced locomotor activity in comparison to the control/no swim
(0.2222) and control/swim respectively (p=0.0556).

Direct comparison of the AUC-16 hr and max loco-16 hr of the groups treated the
same way between the low and high isoflavone diet experiments (Figure 10 vs 11)
showed that poly(l:C)/no swim-treated group in the low isoflavone diet had statistically
significant lower locomotor activity in comparison with the same group in the high
isoflavone diet (non-parametric Mann Whitney U test, p=0.0317). Moreover, direct
comparison of the max loco-10 hr showed that poly(l:C)/no swim-treated group in the
low isoflavone diet had statistically significant lower locomotor activity in comparison
with the same group in the high isoflavone diet (non-parametric Mann Whitney U test,

p=0.0317).
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2.1.1.1. Conclusion

Poly(I:C)-treated mice with or without forced swim show reduced max locomotor
activity in comparison to the control mice. High isoflavone diet reverses the statistically
significant reduced max locomotor activity of poly 1C/no swim and poly(l:C)/swim-
treated mice (there is no statistical significant difference in high isoflavone diet). Direct
comparison of the poly(l:C)-treated groups between low and high isoflavone diet reveals
that in the low isoflavone diet the locomotor activity is significantly reduced. Swim stress
does not increase any parameter over that of poly(l:C) over the 21 days, although there
are some differences on specific days, and CRHR-1 KO mice showed no reductions in

any parameter.
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2.1.2. Biochemical Assessment

2.1.2.1. Serum Levels of Inflammatory Mediators

Figure 12. TNF serum levels — Low vs High isoflavone diet.

(TNF serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)/swim-treated mice have increased TNF
serum levels when they are provided with low isoflavone diet. Moreover, high isoflavone
diet reduces the increased TNF serum levels noted in poly(l:C)/swim-treated mice.
Lastly, forced swim contributes to poly(l:C) effect on increasing TNF serum levels

(Figure 12).
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Figure 13. IL-6 serum levels - Low vs High isoflavone diet.

(IL-6 serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased I1L-6 serum levels when they are provided with low isoflavone diet. Moreover,
high isoflavone diet reduces the increased IL-6 serum levels noted in both poly(l:C)-
treated groups. Lastly, forced swim does not seem to have any additional effect to

poly(1:C) effect on increasing IL-6 serum levels (Figure 13).
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Figure 14. KC serum levels - Low vs High isoflavone diet.

(KC serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased KC serum levels when they are provided with low isoflavone diet. In contrast,
when they are provided with high isoflavone diet only poly(l:C)/swim-treated mice show
significant increase in KC serum levels. Moreover, high isoflavone diet reduces the
increased KC serum levels noted in poly(l:C)/no swim-treated groups. Lastly, forced
swim contributes to poly(l:C) effect on increasing KC serum levels only in the high

isoflavone diet (Figure 14).
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Figure 15. MCP-1 serum levels - Low vs High isoflavone diet.

(MCP1 serum levels below the detection limit, <800 pg/ml, are considered as 800 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased MCP-1 serum levels when they are provided with low isoflavone diet.
Moreover, high isoflavone diet reduces the increased MCP-1 serum levels noted in the
poly(l:C)/swim-treated group. Lastly, forced swim does not seem to have any additional

effect to poly(l:C) effect on increasing MCP-1 serum levels (Figure 15).
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Figure 16. MIP-1a serum levels - Low vs High isoflavone diet.

(MIP1a serum levels below the detection limit, <160 pg/ml, are considered as 160 pg/ml)
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Statistical analysis showed that poly(l:C)/swim-treated mice have increased MIP-1a
serum levels when they are provided with low isoflavone diet. Moreover, high isoflavone
diet reduces the increased MIP-1a serum levels noted in the poly(l:C)/swim-treated
group. Lastly, forced swim does not seem to have any additional effect to poly(l:C) effect

on increasing MIP-1a serum levels (Figure 16).
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Figure 17. MIP-1g serum levels - Low vs High isoflavone diet.

(MIP1p serum levels below the detection limit, <160 pg/ml, are considered as 160 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have

increased MIP-13 serum levels when they are provided with either low or high isoflavone

diet. However, high isoflavone diet reduces the increased MIP-1f serum levels noted in

poly(1:C)/swim-treated group. Lastly, forced swim contributes to poly(l:C) effect on

increasing MIP-1 serum levels when mice are provided with low isoflavone diet (Figure

17).
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Figure 18. RANTES serum levels - Low vs High isoflavone diet.
(RANTES serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased RANTES serum levels when they are provided with either low or high
isoflavone diet. However, high isoflavone diet reduces the increased RANTES serum
levels noted in poly(l:C)/swim-treated group. Lastly, forced swim contributes to
poly(l:C) effect on increasing RANTES serum levels when mice are provided with low

isoflavone diet (Figure 18).
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Figure 19. IP-10 serum levels - Low vs High isoflavone diet.

(IP-10 serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased IP-10 serum levels when they are provided with either low or high isoflavone
diet. However, high isoflavone diet reduces the increased RANTES serum levels noted
incontrol/no swim, control/swim and poly(l:C)/swim-treated group. Lastly, forced swim
does not seem to have any additional effect to poly(l:C) effect on increasing IP-10 serum

levels (Figure 19).
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2.1.2.1.1. Conclusion

Overall, poly(l:C)-treated mice with or without forced swim have increased serum
levels of TNF, IL-6, KC, MCP-1, MIP-1a, MIP-1$3, RANTES, and IP-10.

High isoflavone diet minimizes or reduces the serum level increase of the above
inflammatory markers. Swim stress contributes to the poly(l:C) effect on increasing TNF,
MIP-1p and RANTES serum levels in mice provided with low, but not high, isoflavone

diet.
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2.1.2.2. Brain gene expression of inflammatory mediators

Figure 20. TNF gene expression (Brain) - Low vs High isoflavone diet.
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased brain TNF gene expression when they are provided with either low or high
isoflavone diet. However, high isoflavone diet reduces the increased TNF gene
expression noted in poly(l:C)/swim-treated group. Lastly, forced swim does not seem to

have any additional effect to poly(l:C) effect on brain TNF gene expression (Figure 20).
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Figure 21. IL-6 gene expression (Brain) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated mice on high isoflavone diet have
decreased IL-6 brain gene expression in comparison with mice on low isoflavone diet.
Forced swim does not seem to have any additional effect to on brain IL-6 gene

expression (Figure 21).
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Figure 22. KC gene expression (Brain) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased brain KC gene expression when they are provided with low isoflavone diet,
while only poly(l:C)/swim-treated mice have increased KC brain gene expression in the
case of high isoflavone diet. Moreover, high isoflavone diet reduces the increased KC
gene expression noted in poly(l:C)/swim-treated group. Lastly, forced swim does not
seem to have any additional effect to poly(l:C) effect on brain KC gene expression

(Figure 22).
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Figure 23. MCP-1 gene expression (Brain) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased brain MCP-1 gene expression when they are provided with either low or high
isoflavone diet. However, high isoflavone diet reduces the increased MCP-1 gene
expression noted in poly(l:C)/swim-treated group. Lastly, forced swim does not seem to
have any additional effect to poly(l:C) effect on brain MCP-1 gene expression (Figure

23).
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Figure 24. MIP-1p gene expression (Brain) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased brain MIP-1p gene expression when they are provided with low or high
isoflavone diet, while only poly(l:C)/swim-treated mice have increased MIP-1f brain
gene expression in the case of high isoflavone diet. However, high isoflavone diet
reduces the increased MIP-1f gene expression noted in poly(l:C)/swim-treated group.
Lastly, forced swim does not seem to have any additional effect to poly(l:C) effect on

brain MIP-1p gene expression (Figure 24).
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Figure 25. RANTES gene expression (Brain) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased brain RANTES gene expression when they are provided with either low or high
isoflavone diet. High isoflavone diet and forced swim do not seem to have any additional

effect to the poly(l:C) effect on brain RANTES gene expression (Figure 25).
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Figure 26. 1P-10 gene expression (Brain) - Low vs High isoflavone diet
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It seems that poly(l:C)-treated, with or without swim, mice have increased brain IP-
10 gene expression when they are provided with either low or high isoflavone diet.
However, this increase was statistical significant only in the case of high isoflavone diet.
High isoflavone diet and forced swim do not seem to have any additional effect to the

poly(I:C) effect on brain IP-10 gene expression (Figure 26).
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Figure 27. HDC gene expression (Brain) - Low vs High isoflavone diet
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Figure 28. NT brain gene expression - Low vs High isoflavone diet
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There was no difference regarding the brain HDC and NT gene expression between

the groups either on low or high isoflavone diet (Figures 27 and 28).

2.1.2.2.1. Conclusion

Brain gene expression of TNF, IL-6, KC, MCP-1, MIP-1B, RANTES, and IP-10 was
increased in poly(l:C)-treated mice. High isoflavone diet minimizes or reduces the brain
gene expression increase of the TNF, IL-6, KC, MCP-1 and MIP-1§ noted in the
poly(I:C)-treated mice. Swim stress does not seem to have any additional effect on any

parameter over that of poly(l:C).
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2.1.2.3. Skin gene expression of inflammatory mediators

Figure 29. TNF gene expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)/swim-treated mice have increased skin
TNF gene expression when they are provided with low isoflavone diet. However, high
isoflavone diet reduces the increased TNF gene expression noted in poly(l:C)/swim-
treated group. Lastly, forced swim does not seem to have any additional effect to

poly(l:C) effect on skin TNF gene expression (Figure 29).
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Figure 30. IL-6 gene expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have

increased skin IL-6 gene expression when they are provided with either low or high

isoflavone diet. However, high isoflavone diet reduces the increased IL-6 gene

expression noted in poly(l:C)/swim-treated group. Lastly, forced swim does not seem to

have any additional effect to poly(l:C) effect on skin IL-6 gene expression (Figure 30).
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Figure 31. KC gene expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have

increased skin KC gene expression when they are provided with low isoflavone diet,

while only poly(l:C)/no swim-treated mice have increased KC skin gene expression in

the case of high isoflavone diet. However, high isoflavone diet reduces the increased KC

gene expression noted in both the poly(l:C)-treated group. Lastly, forced swim does not

seem to have any additional effect to poly(l:C) effect on skin KC gene expression (Figure

31).
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Figure 32. MCP-1 gene expression (Skin) - Low vs High isoflavone diet

p=0.0021 p=0.0079
p=0.0047 p=0.0079
T 20-
» 18- A v
Q5 o
c 164
s e N
uu; ! 14 A
o © 124 vy A
B
x O 10' —
o - =]
o [<}] 8‘ v —
c .2 A
T 6+ o
o= v ] A
-2 4
1 — A ‘," o A
?5 2- A * A
= oL 4% _¢_ T T Il _é_ v T
\6“ \0“ O 0 ‘\\6(\ @@ v\& \0\6‘\
& & & & ¢
o% \2 o2 W2 &) @ % \@
& L < \ o o o
& & & S N § N \
& o o o o Y C}%
o ¢ » Q & < » Q
< Q & &

Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased skin MCP-1 gene expression when they are provided with either low or high
isoflavone diet. High isoflavone diet and forced swim do not seem to have any additional

effect to the poly(l:C) effect on skin MCP-1 gene expression (Figure 32).
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Figure 33. MIP-18 gene expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased skin MIP-1f gene expression when they are provided with either low or high
isoflavone diet. High isoflavone diet and forced swim do not seem to have any additional

effect to the poly(l:C) effect on skin MIP-1p gene expression (Figure 33).
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Figure 34. RANTES expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased skin RANTES gene expression when they are provided with either low or high
isoflavone diet. High isoflavone diet and forced swim do not seem to have any additional

effect to the poly(l:C) effect on skin RANTES gene expression (Figure 34).
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Figure 35. IP-10 gene expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased skin IP-10 gene expression when they are provided with either low or high
isoflavone diet, with the exception of poly(l:C)/swim-treated mice on low isoflavone diet.
High isoflavone diet and forced swim do not seem to have any additional effect to the

poly(l:C) effect on skin IP-10 gene expression (Figure 35).
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Figure 36. HDC expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased skin HDC gene expression when they are provided with either low or high
isoflavone diet. High isoflavone diet and forced swim do not seem to have any additional

effect to the poly(l:C) effect on skin HDC gene expression (Figure 36).
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Figure 37. NT expression (Skin) - Low vs High isoflavone diet
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Statistical analysis showed that poly(l:C)-treated, with or without swim, mice have
increased skin NT gene expression when they are provided with either low or high
isoflavone diet. High isoflavone diet and forced swim do not seem to have any additional

effect to the poly(l:C) effect on skin NT gene expression (Figure 37).
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2.1.2.3.1. Conclusion

Skin gene expression of TNF, I L-6, KC, MCP-1, MIP-1B, RANTES, and IP-10 was
increased in poly(l:C)-treated mice, similar to the results from the brain, while HDC and
NT gene expression was only increased in the skin.

High isoflavone diet minimizes or reduces the skin gene expression increase of the
TNF, IL-6, and KC noted in the poly(l:C)-treated mice.

Swim stress does not seem to have any additional effect on any parameter over that

of poly(l:C).
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2.2. Experiments using CRHR-1 KO Female Mice

CRHR-1 KO female mice and their WT littermates were provided with chow
containing low to non-detectable isoflavone levels (non-detectable-20 mg/kg) ad libitum -
standard chow used by DLAM- for at least 2 weeks before experiments. Mice were
randomly divided into the following groups (n=5/group); control/no-swim, control/swim,
poly(1:C)/no swim, poly(l:C)/swim. Mice were injected ip with 15 mg/kg poly(l:C) or
saline on Day 1. Subsequently, they were subject to swim for 15 min and then they were
individually placed into specific cages for overnight locomotor activity to be monitored.
One mouse in the poly(1:C)/no swim group and two mice in the poly(l:C)/swim group of
the CRHR-1 KO animals died.

Mice were euthanized the following day and serum, brain and skin samples were
collected. Assessment of inflammatory mediators in the serum included estimation of
TNFa, VEGFoa, IL-1a, IL-1B, IL-4, IL-6, IL-9, IL-10, IL-12p70, IL-17, KC (human IL-
8/CXCL8 murine homologue), MCP-1 (CCL2), MIP-1a (CCL3), MIP-1p (CCL4),
RANTES (CCL5), IP-10 (CXCL10), and IFNy mouse serum levels, using the Milliplex
microbead assay, and was performed blindly by Millipore (St. Charles, MI, USA).
Assessment of inflammatory mediators in the brain and skin included testing for brain
and skin mouse gene expression of TNFa, IL-6, KC, MCP-1, MIP-18, RANTES, IP-10,
HDC, NT, NTR-1, NTR-2, IFNy, IP-9 (CXCL11), IL-4, and CRHR-1.

Some of the serum values were excluded as there was no result reported due to low
bead count per Millipore’s procedures (NR). NR means that no result was obtained for a
specific sample as the bead count was too low to get a valid result. The instrument is set

to count 50 beads for each analyte, however sometimes something interferes, they are not
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sure what, with a particular sample with a particular analyte and the instrument is unable
to reach 50 beads. They have determined that results with as few as 30 beads are
acceptable, but they do not report results obtained with fewer than 30 beads. This is to be
distinguished from values listed as <X.0 or >Y.0, that represent Millipore's evaluation of
samples outside of the reporting range of the assay and were considered equal with the
detection limit of each assay.

Overall, poly(l:C)-treated WT mice with or without forced swim have decreased
locomotor activity, while there were no differences in the KO mice. Poly(l:C)/with or
without swim-treated WT mice had increased IL-6, MIP-18, RANTES and IP-10 serum
levels and poly(l:C)/no swim-treated WT mice had increased KC and MCP-1 serum
levels in comparison with the corresponding control WT mice.

Additionally, poly(l:C)/with or without swim-treated WT mice have increased TNF
and KC brain gene expression, while poly(l:C)/with or without swim-treated KO mice
have increased TNF brain gene expression and poly(l:C)/swim-treated KO mice have
increased HDC brain gene expression. Moreover, poly(l:C)/swim-treated KO mice have
higher TNF and lower NT brain gene expression when compared to the corresponding
WT mice.

Lastly, poly(l:C)/with or without swim-treated WT mice have increased TNF, IL-6
and HDC brain gene expression, and poly(l:C)/no swim-treated WT mice have increased
KC and NT brain gene expression. On the other hand, poly(l:C)/with or without swim-
treated KO mice have increased I1L-6 and HDC skin gene expression, poly(l:C)/swim-
treated KO mice have increased TNF and KC skin gene expression and poly(l:C)/no

swim KO mice have increased NT skin gene expression. Moreover, poly(l:C)/swim-
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treated KO mice have higher NT skin gene expression compared to the corresponding
WT mice. Due to the small number of measurements further studies are needed to
investigate this effect further. In summary, CRHR-1 knockout (KO) mice show no
reductions in any parameter.

IFNy, IL-1B, IL-4, IL-9, IL-10, IL-12p70, IL-17 and VEGFa serum levels were
below the detection limit, while IL-1a serum levels were similar between the different

treatment groups.

2.2.1. Behavioral Assessment
Mice were maintained on a 14:10 hr light-dark cycle. The black bar in locomotor
activity indicates the 10 hr dark cycle.
Figure 38. Locomotor activity — WT littermates
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Figure 39. Locomotor activity - CRHR-1 KO
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Statistical analysis of the AUC-16 hr and AUC-10 hr in the locomotor activity of the
WT littermates (Figure 38), using one-way ANOVA followed by Dunnett’s multiple
comparison test, showed statistical significant differences between the means of the
control/no swim and poly(I:C)/no swim and poly(l:C)/swim group (p<0.0001 and
p=0.0030 respectively). Poly(l:C)-treated, with and without swim, groups showed
reduced locomotor activity in comparison to the control/no swim group (p<0.05 for
both). Further analysis of the AUC-16 hr and AUC-10 hr (using the non-parametric Mann
Whitney U test) showed that the poly(l:C)/no swim and the poly(I:C)/swim groups had
reduced locomotor activity compared to the control/no swim (p=0.0079) and the

control/swim (p=0.0079), respectively.
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Comparison of the max loco-16 hr and max loco-10 hr in the locomotor activity of
the WT littermates (Figure 38), using one-way ANOVA followed by Dunnett’s multiple
comparison test, showed statistical significant differences between the means of the
control/no swim and poly(I:C)/no swim and poly(l:C)/swim (p=0.0060 and p=0.0260
respectively). Poly(l:C)-treated groups, with or without swim, showed reduced locomotor
activity in comparison to the control/no swim group (p<0.05 for both), except for the
poly(1:C)/ swim for the max loco-10 hr . Further analysis of the max loco-16 hr and max
loco-10 hr (using the non-parametric Mann Whitney U test) showed that the poly(l:C)/no
swim and the poly(l:C)/swim groups had reduced locomotor activity compared to the
control/no swim (p=0.0079) and the control/swim (p=0.0159) respectively.

Statistical analysis of the AUC-16 hr and AUC-10 hr in the locomotor activity of the
CRHR-1 KO mice (Figure 39), using one-way ANOVA followed by Dunnett’s multiple
comparison test, showed no statistical significant differences between the control/no
swim and poly(I:C)/no swim and poly(l:C)/swim group. Poly(l:C)-treated groups did not
show reduced locomotor activity in comparison to the control/no swim group. Further
analysis of the AUC-16 hr and AUC-10 hr (using the non-parametric Mann Whitney U
test) showed that the poly(l:C)/no swim and the poly(l:C)/swim groups did not have
reduced locomotor activity compared to the control/no swim and the control/swim
respectively, except for the AUC-10 hr of the poly(l:C)/swim compared to control/swim
group (p=0.0357) .

Comparison of the max loco-16 hr and max loco-10 hr in the locomotor activity of
the CRHR-1 KO mice (Figure 39), using one-way ANOVA followed by Dunnett’s

multiple comparison test, showed no statistical significant differences between control/no
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swim and poly(I:C)/no swim and poly(l:C)/swim. Poly(l:C)-treated groups did not show
reduced maximum locomotor activity in comparison to the control/no swim group.
Further analysis of the max loco-16 hr and 10 hr (using the non-parametric Mann
Whitney U test) showed that the poly(l:C)/no swim and poly(l:C)/swim group did not
have reduced locomotor activity compared to the control/no swim and control/swim,
respectively, except for the max loco-10 hr of the poly(l:C)/swim compared to
control/swim group (0.0357).

Direct comparison of the AUC-16 hr, AUC-10 hr, max loco-16 hr and max loco-10
hr of the groups treated the same way between the CRHR-1 KO mice and their WT

littermates did not yield any statistical significant differences.

2.2.1.1. Conclusion
Poly(l:C)-treated, with or without swim, WT mice have decreased locomotor activity
when compared to the corresponding control groups of the WT mice, while in the CRHR-

1 KO mice these differences were not present .
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2.2.2. Biochemical Assessment

2.2.2.1. Serum Levels of Inflammatory Mediators

Figure 40. TNF serum levels - WT vs CRHR-1 KO

(TNF serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis between the different treatment groups within each category of
mice, but also between the same treatment groups of the different categories of mice did
not show any differences in the TNF serum levels. There seems to be a tendency for the
poly(I:C)-treated mice in the CRHR-1 KO category to have increased TNF serum levels,

but further studies need to take place to investigate this further (Figure 40).
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Figure 41. 1L-6 serum levels - WT vs CRHR-1 KO

(IL-6 serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT mice
have increased IL-6 serum levels. Moreover. poly(l:C)-treated/swim CRHR-1 KO mice

have increased IL-6 serum levels (Figure 41).
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Figure 42. KC serum levels - WT vs CRHR-1 KO

(KC serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)/swim-treated WT and KO mice have
increased KC serum levels. Moreover, control/swim KO mice had increased KC serum

levels, compared to the corresponding WT (Figure 42).
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Figure 43. MCP-1 serum levels - WT vs CRHR-1 KO

(MCP1 serum levels below the detection limit, <800 pg/ml, are considered as 800 pg/ml)
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Statistical analysis showed that poly(l:C)/no swim-treated WT have increased MCP-
1 serum levels, while poly(l:C)/swim-treated CRHR-1 KO have increased MCP-1 serum

levels (Figure 43).
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Figure 44. MIP-1a serum levels - WT vs CRHR-1 KO
(MIP1a serum levels below the detection limit, <160 pg/ml, are considered as 160 pg/ml)
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Statistical analysis showed that poly(l:C)/swim-treated KO mice have increased

MIP-1a serum levels when they are provided with low isoflavone diet (Figure 44).
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Figure 45. MIP-1g serum levels - WT vs CRHR-1 KO
(MIP1p serum levels below the detection limit, <160 pg/ml, are considered as 160 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT mice
have increased MIP-1p serum levels Moreover, poly(l:C)/swim-treated KO mice have

increased MIP-13 serum levels (Figure 45).
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Figure 46. RANTES serum levels - WT vs CRHR-1 KO
(RANTES serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT mice
and poly(1:C)/swim KO mice have increased RANTES serum levels. Moreover,
poly(1:C)/no swim KO mice have increased RANTES serum levels in comparison with

the same group of the WT mice (Figure 46).
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Figure 47. 1P-10 serum levels - WT vs CRHR-1 KO

(IP-10 serum levels below the detection limit, <32 pg/ml, are considered as 32 pg/ml)
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT and

poly(l:C)/swim KO mice have increased IP-10 serum levels (Figure 47).
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2.2.2.1.1. Conclusion

Overall, poly(l:C)/with or without swim-treated WT mice have increased serum
levels of IL-6, MIP-1B, RANTES, and IP-10, while poly(l:C)/no swim-treated WT mice
have increased KC and MCP1 serum levels. On the other hand, poly(l:C)/with or without
swim-treated KO mice have increased IL-6 serum levels, while poly(l:C)/swim-treated
KO mice have increased MCP-1, MIP1a, MIP1f3, RANTES and IP-10. Moreover,
poly(1:C)/no swim-treated KO mice have higher RANTES serum levels compared to the
corresponding WT, while control/swim KO mice have higher KC serum levels compared
to the corresponding WT mice.

There seems to be an increase in the TNF serum levels of the poly(l:C)/treated KO
animals, but due to the small number of measurements further studies need to take place

to investigate this further.

134



2.2.2.2. Brain gene expression of inflammatory mediators

Figure 48. TNF gene expression (Brain) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT and KO
mice have increased brain TNF gene expression. Moreover, poly(l:C)/swim-treated KO
mice have increased TNF brain gene expression compared to the corresponding WT mice

(Figure 48).
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Figure 49. IL-6 gene expression (Brain) - WT vs CRHR-1 KO
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Statistical analysis between the different treatment groups within each category of
mice, but also between the same treatment groups of the different categories of mice did
not show any differences in the TNF serum levels. There seems to be a tendency for the
poly(I:C)-treated mice in the CRHR-1 KO category to have increased IL-6 brain gene

expression, but further studies need to take place to investigate this further (Figure 49).
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Figure 50. KC gene expression (Brain) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT mice
have increased brain KC gene expression. There seems to be a tendency for the
poly(I:C)-treated mice in the CRHR-1 KO category to have increased KC brain gene

expression, but further studies need to take place to investigate this further (Figure 50).
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Figure 51. HDC gene expression (Brain) - WT vs CRHR-1 KO
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Statistical analysis for the brain HDC gene expression showed that poly(l:C)/swim-
treated KO mice have increased brain HDC gene expression (Figure 51).

Statistical analysis for the brain NT gene expression showed that poly(l:C)/swim-
treated KO mice have increased brain HDC gene expression compared to the

corresponding WT (Figure 52).

2.2.2.2.1. Conclusion

Overall, poly(l:C)/with or without swim-treated WT mice have increased TNF and
KC brain gene expression, while poly(l:C)/with or without swim-treated KO mice have
increased TNF brain gene expression and poly(l:C)/swim-treated KO mice have
increased HDC brain gene expression. Moreover, poly(l:C)/swim-treated KO mice have
higher TNF and lower NT brain gene expression when compared to the corresponding

WT mice.
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2.2.2.3. Skin gene expression of inflammatory mediators

Figure 53. TNF gene expression (Skin) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)-treated, with or without swim WT mice

and poly(1l:C)/swim KO mice have increased skin TNF gene expression (Figure 53).
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Figure 54. 1L-6 gene expression (Skin) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT and KO

mice have increased skin IL-6 gene expression (Figure 54).
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Figure 55. KC gene expression (Skin) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)/no swim-treated WT mice and

poly(I:C)/swim-treated mice have increased skin KC gene expression (Figure 54).

142



Figure 56. HDC expression (Skin) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)-treated, with or without swim, WT and KO

mice have increased skin HDC gene expression (Figure 56).
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Figure 57. NT expression (Skin) - WT vs CRHR-1 KO
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Statistical analysis showed that poly(l:C)/no swim-treated WT and KO mice have
increased skin NT gene expression. Moreover, poly(l:C)/swim KO mice have increase

NT skin gene expression compared to the corresponding WT mice (Figure 57).
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2.2.2.3.1. Conclusion

Overall, poly(l:C)/with or without swim-treated WT mice have increased TNF, IL-6
and HDC brain gene expression, and poly(l:C)/no swim-treated WT mice have increased
KC and NT brain gene expression. On the other hand, poly(l:C)/with or without swim-
treated KO mice have increased I1L-6 and HDC skin gene expression, poly(l:C)/swim-
treated KO mice have increased TNF and KC skin gene expression and poly(l:C)/no
swim KO mice have increased NT skin gene expression. Moreover, poly(l:C)/swim-
treated KO mice have higher NT skin gene expression compared to the corresponding
WT mice.

In summary, CRHR-1 knockout (KO) mice show no differences in any parameter,
which is no surprising as the swim stress did not change any parameters over and beyond

that with poly(I:C).
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Chapter 3. Human Studies - In vitro

3.1. Poly(l:C) Effect on Human LAD2 MC

To investigate the effect of poly(l:C) in vitro and the role of MC in the parameters
studied in vivo above, | treated human leukemic LAD2 MC with poly(l:C) + NT + CRH.

LAD?2 cells were either stimulated with poly(l:C) (10, 25, and 50 ug/ml) alone or
with poly(1:C) (10 ug/ml) with or without NT (1, and 10 uM) or CRH (1 uM) for 30 min
or 24 h. Supernatant fluids were collected and analyzed for B-hexosaminidase release (30
min), or TNF, IL-8, and VEGFa levels (24 h) (measured by ELISA). Cell pellets were
collected and analyzed for TNF, IL-8, MCP1, and VEGFa gene expression (measured by
gPCR). Treatment with SP (1 M) was used as a positive control of MC stimulation.

In vitro experiments using human cultured MC show that poly(l:C) alone (10, 25 and
50 pg/ml) does not cause degranulation or release of TNF, VEGFa, or IL-8. However,
poly(I:C) (10 ug/ml) significantly increases TNF gene expression and when used together
with CRH, NT or SP at 24 h, TNF gene expression is augmented. The effect of poly(l:C)
in vivo may be due to a synergistic action with NT or SP, as suggested by the in vitro

experiments (Figures 58-64).
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Figure 58. Beta-hex Release — Poly(l:C) different concentrations

Results are expressed as the percentage of 3-hexosaminidase released over the total in
control and stimulated LAD?2 cells.
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Figure 59. TNF Release — Poly(1:C) different concentrations
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Figure 60. VEGF Release — Poly(l:C) different concentrations
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Figure 61. IL-8 Release — Poly(1:C) different concentrations
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Figure 62. B-hex release - Poly(l:C) +/- NT +/- CRH

Figure 63. TNF release — Poly(1:C) +/- NT +/- CRH
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Figure 64. TNF gene expression— Poly(1:C) +/- NT +/- CRH
Results were normalized against the endogenous gene, GAPDH, were expressed

relative to the mean of the control for each gene, and are presented as mean +/- SD.

p=0.0570
p=0.0049
B p=0.0116
=0173 =0.0002
£ ¢ 2507 : i
o .0
[=2 l77] -
D ® 200 ~
@ o
- |
[Z] a— 150-
To E
..3 @ 100- Y
> 5
'El' l'zl" 50+
@ = * ]
m F c ? T T * T . 1 ? T 1
N N
SIS S
9 VOFESE
3 § & &
& WY ©
N RN
o (
<L QO"\ &

150



3.2. NT and IL-33 Effect on Human LAD2 MC

To investigate the effect of NT and IL-33 in vitro and the role of MC in the
parameters studied in vivo above, | treated human leukemic LAD2 MC with either NT
(1 pmol/L) alone or together with interleukin I1L-33 (10 ng/mL) for 24 h. NT augmented
the IL-33-induced VEGF release from about 600 pg/ml to 800 pg/ml (n = 3, p<0.05)

(Figure 65).

Figure 65. VEGF release from MC - NT +/- IL-33
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Chapter 4. Human Studies — Human Samples

229
S

Immediate hypersensitivity skin reaction are noted in patients with CFS“~, while

231, 232
C

there are dermal IgG deposits and increase of M with abnormal overexpression of

MC in skin biopsies **®

of fibromyalgia patients, a disease comorbid to CFS. Moreover,
CU, known to involve MV, is usually associated with fibromyalgia?*® “°. Since it was
difficult to identify skin lesion from CFS patients, | obtained and analyzed biopsies and
serum from patients with AD, suggestive of similar skin hypersensitivity, focusing my
studies in the NT and CRH expression in those patients. Additionally | analyzed biopsies
and serum from patients with PS.

Serum and full-length 3-mm? punch skin biopsies were collected from AD, PS and
CU patients, according to the Methods, Chapter 4. CRH serum levels were measured
using ELISA, while NT and cytokine serum levels were measured blindly by Millipore,
using Milliplex assay. Skin biopsies were analyzed for gene expression using gPCR or
immunohistochemistry.

Overall, NT serum levels and skin gene expression were increased in AD patients*’*,
Additionally, NT serum levels were increased in PS patients, while NT and NTR-1 gene

expression in lesional PS skin was decreased compared to controls*’?

. Moreover, serum
CRH levels were increased in AD and PS patients, while CRHR-1 skin gene expression

was decreased*”.
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4.1. Inflammatory Mediator Measurements in Serum of AD and PS Patients

For inflammatory mediator serum measurements, the mean age for patients with AD
(n =18; 12 women and 6 men) was 38 + 20 years, while the mean age for controls (n =
33; 14 women and 19 men) was 48 + 18 years. The mean age for patients with PS (n =
56; 26 women and 30 men, 31 of whom had PASI scores of 10-50) was 40 + 14 years,
while the mean age for controls (n = 33; 14 women and 19 men) was 48 + 18 years.
There was no statistical difference in the mean age between controls and patients.

In AD and PS patients, serum levels of IL-6, IL-9, IL-33, TNFp, and thymic stromal
lymphopoietin were undetectable, except for VEGFa and IL-8. Serum VEGFa levels
were not different in patients with AD (291.4 + 280.1 pg/ml) as compared with those in
controls (257.2 + 123.8 pg/ml). Serum IL-8 levels were lower (p=0.0171) in patients with
AD (19.7 £ 17.2 pg/ml) than in controls (31.3 £ 32.2 pg/ml). There was a reasonable
correlation between serum CRH levels and STAI (STATE now) scores (Pearson r =
0.55; p=0.041; n = 14) for patients with psoriasis with PASI scores of more than 10, but
there was no correlation with STAI (STATE trait). There was no correlation between
STAI scores and CRH serum measurements or VEGFa gene expression for the patients
with AD.

Serum VEGFua levels were not different in patients with PS (411.9 £ 280 pg/ml) as
compared with those in controls (257 + 123.8 pg/ml). However, serum VEGFa. levels in
patients with PS with PASI scores of more than 10 were significantly increased
(p=0.0286), while in patients with PS with PASI scores of less than 10 were not. There
was no difference between serum IL-8 levels in patients with PS (25.7 £ 27.5 pg/ml) and

those in controls (31.3 + 31.2 pg/ml).
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NT serum levels were measured in AD patients (n = 19; six male, mean age
28 + 10 years and 13 female, mean age 41 + 23 years) compared with controls (n = 25; 15

male, mean age 49 * 15 years and 10 female, mean age 43 + 12 years).

Figure 66. NT serum levels in AD patients and controls.

Horizontal bars indicate the means
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Serum levels of NT were significantly increased at 151.2 + 50.5 pg/ml in AD
patients compared to 81.9 + 41.2 pg/ml in controls (p=0.0001). There was no apparent

correlation between NT levels and clinical status (Figure 66).
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Serum levels of NT were measured in PS patients (n=56; 30 male, mean age
48 + 19 years and 26 female, mean age 40 £ 14 years) compared to controls (n=33; 14

male, mean age 53 = 16 years and 19 female, mean age 49 + 19 years).

Figure 67. NT serum levels in PS patients and controls.

Horizontal bars indicate the means.
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There was a statistically significant increase of serum NT levels in PS patients
(411.9 + 280 pg/ml) compared to controls (95.4 + 53.6 pg/ml) (Figure 67). It is
interesting that the mean levels in PS patients are apparently more than double than those
seen in AD patients. This difference may reflect the degree of inflammation seen in these

two diseases.
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For CRH serum measurements in AD patients, the mean age for patients with AD (n
= 15; 9 women and 6 men) was 36 + 18 years, while the mean age for controls (n = 19;

10 women and 9 men) was 47 + 16 years.

Figure 68. CRH serum levels in AD patients and controls.
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Serum CRH levels were higher (p=0.0001) in patients with AD (31.0 £ 19.5 pg/mL)

than in controls (9.7 + 4.2 pg/mL) (Figure 68).
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For CRH serum measurements in PS patients, the mean age for patients with PS (n =

48; 23 women and 25 men, 27 of whom had a PASI score of 10-50) was 46 + 17 years,

while the mean age for controls (n = 19; 10 women and 9 men) was 47 + 16 years.

Figure 69. CRH serum levels in PS patients and controls
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Figure 70. CRH serum levels in PS patients with PASI score>10
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Serum CRH levels were higher (p=0.0001) in patients with PS (22.5 + 13.7 pg/ml)

than in controls (9.7 £ 4.2 pg/ml) (Figure 70). When patients with PS were separated into
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those with PASI scores of less than 10 (Figure 69)and those with PASI scores of more
than 10 (Figure 70), there was a statistically significant increase (p=0.0001) in patients
with PS with PASI scores of more than 10 (Figure 71) but not in those with PASI scores

of less than 10 (data not shown).

4.2. Gene Expression in Skin of PS and AD Patients

For CRHR-1 gene expression assays, the mean age for patients with AD (n = 16; 10
women and 6 men) was 35 * 21 years, while the mean age for controls (n = 30; 22
women and 8 men) was 43 * 15 years. Skin CRHR-1 gene expression was lower
(p=0.0001) in affected samples from patients with AD (0.2 + 0.1) than in those from
controls (1 £ 0.7). Skin VEGFa gene expression was lower (p=0.0001) in affected
samples from patients with AD (0.2 = 0.1) than in those from controls (1.0 £ 0.7).

For CRHR-1 gene expression assays, the mean age for patients with PS (n = 40; 19
women and 21 men) was 46 + 17 years, while the mean age for controls (n = 30; 22
women and 8 men) was 43 * 15 years. Skin CRHR-1 gene expression was lower
(p=0.0001) in affected skin samples from patients with PS (0.1 + .01) than in those from
controls (1 £ 0.7). There was also statistically significant lower (p=0.0001) CRHR-1 gene
expression in the samples obtained from affected versus unaffected PS skin, while there
was no statistically significant difference in CRHR-1 gene expression between the
control and the non-lesion samples. Lesional skin CRH gene expression was undetectable
in PS. Skin VEGFa gene expression was lower (p=0.0121) in affected samples from

patients with PS (0.6 + 0.4) than in those from controls (1 + 0.7). There was statistically
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significant lower VEGFa gene expression (p=0.0009) among the samples obtained from
affected and from unaffected PS skin.

There was a positive correlation between CRH serum levels and VEGFa gene
expression in patients with PS with PASI scores of more than 10 (Pearson r = 0.44;
p=0.021; n = 22), which is known to be associated with increased skin vascularization.
This finding implies that high serum CRH level correlates best only in patients with
severe PS.

Skin NT gene expression was significantly increased in affected skin samples from
patients with AD (2.2 = 2.5; n=16; 10 male, mean age 28 + 10 years and six female, mean
age 40 + 24 years) compared with controls (1 + 1.2; n=25; six male, mean age
35 + 16 years and 19 female, mean age 52 + 17 years; p=0.0194). There was no
significant difference in skin NTR-1 gene expression between affected skin samples from
patients with AD (1.6 = 1.6) and controls (1 + 0.8).

Gene expression of NT and NTR-1 was also measured in PS patients (n=40; 21 male,
mean age 48 + 18 years and 19 female, mean age 42 + 15 years) compared to controls
(n=30; 8 male, mean age 40 + 16 years and 22 female, mean age 51 + 19 years). Relative
expression of the gene for NT in the skin was lower (p=0.0363) as was expression of the
gene for NTR-1 (p=0.0007) in affected skin samples from patients with PS compared
with controls. In contrast, there was no statistically significant difference in NT mRNA
expression (n = 15), but there was a statistically significant increase in NTR-1 mRNA
expression (n = 15, p=0.0023) in samples obtained from unaffected compared with

affected PS skin.
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4.3. Immunohistochemistry - PS Skin

Cryostat sections were prepared and fixed with acetone for 3 min and incubated with
normal blocking serum for 20 min. Sections were then incubated with primary antibodies
(goat polyclonal antibody to CRHR-1) diluted to 1:100 for 30 min and then
immunostained with Vectastain ABC AP kit and Vector Red Alkaline Phosphatase
Substrate kit as per the kit’s directions. Presence of red color indicates a positive reaction

for CRHR-1.
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Figure 71. Immunohistochemistry of CRHR-1 and MC in PS skin
Epidermis and MC (I and 1) in dermis (111-VI) and only MC (V11 and VIII).
Solid arrow shows epidermis, and hollow arrow shows MC.

CRHR-1 expression was documented in lesional PS skin by immunohistochemistry

and appeared to colocalize with MC (Figure 71).
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4.3.1. Conclusion

Our findings suggest that overstimulation by the increased serum levels of CRH and
VEGFa, possibly in response to stress, leads to decreased gene expression of skin CRH
and CRHR-1, as well as skin VEGFa gene expression, respectively. The positive
correlation between serum CRH levels and the STAI-now scores in patients with severe
PS supports this possibility. The lack of a similar correlation in patients with AD may be
because | did not have access to severity index scores for these patients, unlike in patients
with PS, in order to carry out a subgroup analysis.

The present findings suggest that high serum CRH level, possibly in response to
stress, stimulates skin MC to release VEGFa and contribute to skin inflammation evident
in patients with severe PS. Continuous or repeated stimulation may lead to decreased
expression of skin CRHR-1, as | showed recently with cultured MC*"* and hence
decreased VEGFa, as was evident in patients with mild disease. CRH and CRHR-1 may
therefore participate in the pathogenesis of PS and AD, especially when worsened with
stress, through mast-cell activation to release VEGFa. MC blockers may provide novel

treatment approaches.
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4.4. Immunohistochemistry-AD Skin

The presence of NT and NTR-1 proteins in AD skin was confirmed by
immunohistochemistry (Figure 72). (a) Healthy skin stained for NT (magnification 5x).
(b, ¢) Skin of patient with AD stained for NT (b, 20x; c, 40x). (d) Healthy skin stained
for NTR-1 (5x%). (e, f) AD skin stained for NTR-1 (e, 20x%; f, 40x%). (g) MC identified by
naphthol AS-D chloroacetate esterase (Leder) staining (20x, solid arrow) and confirmed

by c-kit (not shown).

Figure 72. Immunohistochemistry of NT, NTR-1 and MC in AD skin.

Control tissue showed no positivity for either NT or NTR-1 (a, d). Semiquantitative
analysis of the cases studied (n = 5) revealed high expression of NT (b, c) and even

higher NTR-1 (e, f), ranging from 26% to 50% of the dermal infiltrate. MC (g, solid
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arrow) were characteristically the most positive cells, located mainly in the papillary

dermis, as evidenced by dark brown staining.

4.4.1. Conclusion

Levels of NT and expression of its gene, NTS, are increased in the serum and lesional
skin, respectively, of patients with AD compared with healthy controls.
Immunohistochemistry confirmed the presence of NT peptide in lesional AD skin, but
not in healthy skin. A possible explanation may be that NT is not present in skin under
normal conditions, but is released in a precursor form from nerve endings and is
generated by proteases, as | have shown in rodent skin®®.

I showed that NT is increased also in the serum of patients with PS, and it stimulates
release of VEGFa from human MC*". It is interesting that NT was also elevated in the

serum of children with autism*”, which has been associated with AD*"®

, and who are
born to mothers who had PS during pregnancy*”’, implying a possible causal connection.

| also show decreased expression of genes for NT and NTR-1 in psoriatic skin.
Similarly, I previously reported that CRH is increased in the serum, while there is
decreased CRHR-1 gene expression in the lesional skin of patients with PS*’®. Expression
of the gene for NTR-1 was increased in nonlesional psoriasis skin. The reason for this
finding is not clear, but suggests nonlesional skin may not as yet have been maximally
affected by the circulating NT.

| also show that NT induces VEGFa release from MC. Also, MC express

NTR*" stimulation of which results in histamine release*®® and NT is rapidly degraded

by MC proteases®®’ implying tight regulation®®. I previously showed that NT has a
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synergistic action with CRH, increasing skin vascular permeability in rodents through
MC activation*®. Interestingly, NT increases expression of CRH receptor 1 in human
cultured MC?°. Moreover, CRH is also increased in the serum of patients with

AD*", These findings imply that NT-CRH interactions may be important for the effect
of stress on dermatoses and are relevant in view of evidence showing increased numbers
of skin MC in PS®!. NT may be involved in the pathogenesis of PS by acting together

with CRH secreted under stress in the skin*®?

, Which has its own equivalent of the
hypothalamic—pituitary—adrenal axis*®. The stimulatory effects of NT and IL-33 on
VEGFa release may be in addition to a similar action by local skin SP. IL-33 is a potent
inducer of inflammatory mediators by mast cells*®. | have shown that SP stimulates
human MC to release VEGF«*® and that this action is augmented by 1L-33%. However,
contrary to my findings, there is increased expression of SP and its receptor neurokinin-1
in lesional PS skin*®®, but plasma concentrations of SP in patients with PS did not differ
from controls*®’.

MC are now considered critical in allergy and innate immunity in the skin*®. The
present findings suggest that NT may participate in the pathogenesis of PS, especially
when worsened by stress, through MC involvement in a ‘brain—skin’

connection*®

. Interactions between NT, CRH and MC may be involved in skin
inflammation®®, which worsens with stress, and may provide new targets for therapy. NT

and MC blockers may provide novel treatment approaches.
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Discussion

Overall

| report the inhibitory effect of the natural occurring antioxidant and antinflammatory
isoflavones (daidzein and genistein) on the mouse inflammatory mediators gene
expression in the brain, and skin, as well as their serum levels. Although | was unable to
validate a “mouse model” for chronic fatigue, I showed that using poly(l:C) alone or in
combination with swim stress induced “fatigue behavior” for 24 h, as assessed by
reduced locomotor activity. Moreover, poly(l:C)-treated mice showed increased
inflammation in the brain and the periphery, as measured with increased inflammatory
mediator serum levels, and gene expression in the brain and skin. Treating mice with high
isoflavone diet ameliorated or diminished the poly(l:C)-induced effects, such as
decreased locomotor activity, as well as increased inflammatory mediators in the brain,
serum and skin. Hence, my results suggest using isoflavones for possibly treating fatigue
symptoms.

Although I could not establish a “mouse model” for CFS, I feel it is important to
discuss other such “models” reported in order to highlight difficulties, inconsistencies,
dependence on specific mice species, as well as the fact that data obtained from such

limited publications.

1. A “Mouse Model” for CFS
My initial studies tried to use an “established mouse model” for the study of chronic
fatigue (Table 2, 3, 4). Previous studies used swim stress (7-42 days), and/or an

immunological trigger (poly(I:C) or LPS or BA) to induce “fatigue behavior” in certain
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types of mice, assessed by specific behavioral parameters. Some studies showed that
under these conditions brain oxidative stress was increased and use of flavonoids,
including EGCG, curcumin and naringin, ameliorated this induced “fatigue” behavior and
brain oxidative stress.

Thus, 1 used swim stress (15 min for 21 days, daily) alone or in combination with
poly(1:C) or LPS (10 mg/kg, and 1 mg/kg respectively, ip, on Day 1) or combinations of
the above to induce “fatigue behavior”. As behavioral assessments for “fatigue behavior”,
| used immobility time of mice while they were swimming, time to start grooming once
they finished the swim test and percent weight change. Moreover, | repeated the protocol
providing my mice with low or high isoflavone diet (daidzein and genistein, 0-20 and
150-250 mg/kg, respectively).

Statistical analysis of the behavioral data showed that poly(l:C)-treated mice had
increased immobility time and time to start grooming, but only on specific days of
experiments (Figure 2a, 3a, 4a). When | calculated the area under the curve (AUC) for
immobility time and time to groom, to compare the behavioral parameters over the 21
days, there was no significant effect of any treatment on either behavioral parameter after
21 days. Additionally, I measured the MDA content in the brain of mice on the 22nd day
and treated mice (swim stress with or without poly(l:C) or LPS) did not show increased
MDA brain content after 21 days (Figure 5a). Results were similar when mice were
provided low or high isoflavone diet. There was only a small effect of swim stress in the
mice participating in the high isoflavone diet, which was not present in mice provided

with low isoflavone diet, contradictory to my initial hypothesis.
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Our results indicate no significant alterations in behavioral parameters attributable to
swim stress and/or immunological trigger after one week. Furthermore, | noticed that
mice were acclimated to the procedures quickly and efficiently. During the first week,
immobility time during the 15 min of daily swim was low, as mice were trying
vigorously to get out of the water, while the time to start grooming was high as mice were
obviously recovering from stress. This behavior rapidly shifted and mice after the first
week exhibited minimum mobility and only to keep their heads out of the water. This
behavior would be interpreted as “fatigue” according to previous publications, but it
should also be accompanied with increased time to start grooming after the end of the
swim test. However, in contrast to the first few days, mice began grooming almost
immediately after they were taken out of the water, in my studies. This indicates that
mice did not develop “fatigue” behavior, but only adjusted their behavior to the specific
procedures used.

In contrast to previous studies, percentage weight change was increased slightly over
the 21 days experiments (Figure 4), while others reported a decrease. This observed
effect was also similar after a low and high isoflavone diet. Another paper showed that
stressed C57BL/6 mice that underwent social defeat increased their body weight, in
contrast to BALB/c, showing that there are differences between species™’.

Since there were no differences of any kind after the first week and that other studies
have reported induction of CFS in mice within shorter period of time (Table 2, 3, and 4) |
decided to proceed with a shorter duration (one week) for experiments. Moreover, given
the variability in the outcome of the behavioral parameters, | decided to incorporate an

alternative, more objective mean to quantify the potential fatigue the mice experience
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under my treatment, locomotor activity daily monitoring. Lastly, | decided to focus on the
poly(1:C) effect and use higher poly(l:C) concentrations in the following experiments (20
mg/kg to 40 mg/kg).

Unlike before, where mice injected with 10 mg/kg exhibited no changes, mice
injected with 20 and 40 mg/kg of poly(I:C) had reduced mobility lasting for several days,
as it was assessed by the time to start grooming, although immobility time was not
different (Figure 6 and 7). Administration of 40 mg/kg was lethal to mice (eight out of
ten mice did not survive (n=5/group, 6 groups). Therefore, I decided to proceed with use
of the poly(l:C) (20 mg/kg) dose, followed by forced swim test, for 15 min, for 6
consecutive days. After each experimental day, | monitored locomotor activity of the
mice for 16 hr. Analysis of the locomotor activity results involved calculation of the total
locomotor activity (AUC) and the maximum locomotor activity over the 16 hr monitoring
and only over the night (10 hr). As shown in Figure 8, poly(l:C)-treated mice with or
without swim stress had significantly lower locomotor activity, while differences were
only obvious the first two days. Forced swim test seems to have an effect on Day 1.

These results are not in accordance with previous publications (Table 3) that reported
significant changes in the behavioral parameters under study. Our results indicate no
significant alterations in behavioral parameters attributable to forced swim and/or
immunological trigger that lasted more than a few days. Looking closely to other papers,
there were some discrepancies among the results of the same behavioral and biochemical
parameters across various studies. For example, in the behavioral parameters, some
papers reported an increase in locomotor activity in “fatigued” albino LACA mice and

153, 154, 158

Wistar rats , While other papers with similar treatment protocols reported a
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156, 160, 161

decrease using the same rodents . In the biochemical parameters, one paper

reported a decrease of SOD levels in the brain of “fatigued” albino LACA mice®*, while

another reported an increase’*®

. However, in these murine “models” for CFS it was
generally reported that chronic use of forced swim resulted in reduction of mouse activity
and increase of oxidative stress.

Taking this into consideration, | was very detail-oriented with my experimental
protocol. | used Ethovision software with a Noldus apparatus to videotape mice while
swimming individually and analyze the results over the course of the 15 min swim test,
for every day, up to 21 days. Locomotor activity was monitored in the fully automated
Neuroscience Behavior Core’s mouse SmartFrame® Cage Rack System that
continuously tracks the animal’s movement. Data were collected and subsequently
analyzed in time bins (e.g. every hour) or as a total over the course of collection to the
“Total Distance Travelled” (in cm). Moreover, analysis of the behavioral parameters and
brain MDA content was performed blindly and | used corresponding control group of
mice for each condition with n=5-7/group. In contrast to my results, did not mention the
use of any specific standardized automated system, reported fragmented time periods for
monitoring, and/or reporting results by researchers, without even mentioning if the
experiments were performed blindly. Nevertheless, | was unable to develop a
“chronically fatigue mouse model”.

One potential explanation is that other investigators used a different mouse strain.
The impact of the stressors vary on the nature of the immune challenge and the stress

response, as these vary greatly between different strains with respect to both behavioral

and neurochemical outcomes*®. I used C57BL/6 mice because | had planned to use
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CRHR-1 KO mice, of a similar background. Since | could not validate the “model” using
C57BL/6 mice, | decided to test my experimental protocol on BALB/c mice, as others
have done, and use CRHR-antagonists instead. | used the same protocol with 15 min
swim stress, daily for one week and poly(l:C) (20 mg/kg, ip) as immunological trigger on
Day 1 and monitored locomotor activity of female BALB/c mice for the next 16 hr.
Similar to the experiments with the C57BL/6 mice, locomotor activity of the mice
returned to levels similar to control groups after the first 3 days (Figure 9).

Studies using BABL/c mice %1% 170

(Table 3) showed induced fatigue after
injecting BA via the tail vein, six times every two weeks and reduced running activity,
which was noticed for the first several days; but quickly returned to normal behavior.
However, there were no other significant behavioral or biochemical differences
reported*® *’°, while the peak running activity was significantly reduced only for the first
four days™®*.

In general, C57BL/6 mice were reported to exhibit greater Th1 responses*** %%,
whereas BALB/c were highly Th2 responsive. According to one paper C57BL/6 mice are
more susceptible to immunologically mediated fatigue than BALB/c mice*®, as C57BL/6
mice treated with a single injection of Corynebacterium parvum showed greater reduction
in running activity and slower recovery than BALB/c, compared to their baseline. In the
same paper, antibodies specific to either TNFa or IL-1P administered at the time of
challenge with the trigger, did not alter the immunologically induced fatigue, while
C57BL/6 mice had increased TNFao and IL-1 brain gene expression lasted up to 15d

post injection, which corresponded to fatigue, suggesting an important role for the central

nervous system*%,
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In contrast, another publication showed that BALB/c mice are more sensitive to
restraint stress than C57BL/6 mice***, while others showed that challenging C57BL/6 and
BALB/c mice with LPS and poly(I:C) yielded divergent results *“** on specific increases
of inflammatory mediators. More specifically, both strains showed increase in
corticosterone levels with higher levels noticed in BABL/c. When mice were treated with
poly(l:C), TNF serum levels were equally increased, but C57BL/6 mice exhibited
increases in IL-6 and IL-10 serum levels and TNF gene expression in the hippocampus,
while BALB/c did not. At the same time though increase in IL-1f, and IL-6 gene
expression in the hippocampus was lower in C57BL/6 mice than BALB/c.

Treatment of mice with LPS yielded similar increases in serum corticosterone
results, but higher increases of IL-6, TNF serum levels and TNF, IL-6 and IL-1p gene
expression in hippocampus of C57BL/6 mice compared to BALB/c. Overall, the impact
of a social stressor varied with the immune trigger, the mouse strain and the mediator

measured 4%

and C57BL/6 mice can be a good model to study poly(I:C)-mediated
inflammatory responses.
One study reported “fatigue behavior” in ICR (Institute of Cancer Research) male

mice 1"t

(Table 3), which are outbred mice produced in 1947 by Hauschkaat the Institute
of Cancer Research, Fox Chase. They originally derived from Swiss mice of the
Rockerfeller Institute and are now widely distributed*®®. These mice, when treated with
poly(1:C) (5 mg/kg, ip, on Day 1) demonstrated ““fatigue behavior”, as was assessed with
forced swim test with tail load every 2-3 days, for 2 weeks. The behavioral assessment

used included time until the mice could not keep their head over the water surface, was

noted every 2-3 days and a decrease reflected “fatigue behavior”. In this mouse model,

172



“fatigue behavior” lasted up to 7 days, similar to my results on the behavioral parameters.
Noteworthy, in this study they also measured serum corticosterone levels (represents
stress levels) after 18 days, which unexpectedly was found to be lower than the control
mice.

Other papers that reported mouse “models” for chronic fatigue used albino LACA
(Laboratory Animal Centre Albino) mice induced with swim stress alone 3 1> 158, 160-162
or together with ip LPS injection’”**". LACA outbred mice derive from a Swiss Webster
stock with 20 generations of brother-sister mating at the Rockefeller Institute; went first
to Carworth Farms in 1937, where it became Carworth Farms White (CFW), and then to
the Laboratory Animals Centre, Carshalton, Surrey, UK, where the name changed to
LACA in the 1970s.

As general research animals, outbred stocks, including ICR and LACA mice, in
contrast to inbred strain like C57BL/6 usually have an unknown extent of genetic
variation depending on the history of the stock. This might be a useful tool for a
toxicology study, where the chosen inbred strain may be genetically resistant to the test
chemical and thereby give misleading results, but this unknown genetic variation may be
a problem in other studies, like behavioral analysis, if the same endpoints cannot be
validated in another type of mouse, outbred or inbred**.

In order to be able to compare behavioral and biochemical parameters with outbred
stocks each colony of the outbred stocks should be characterized extensively, origin

recorded, as well as other characteristics such as degree of inbreeding, and genotypic and

phenotypic characteristics should be taken into consideration. Notably, a systematic study
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evaluation revealed that acute inflammatory responses to stress from different etiologies
poorly correlate between mouse models*®’.

Moreover, male mice were used in some mice models, while the gender specification
was lacking in other studies, making these publications questionable. | used female mice,
as chronic fatigue syndrome has a higher prevalence in women. There are clearly sex
differences in incidence and onset of stress-related disorders in humans. Yet, rodent
model studies are predominantly based on male animals. The strongest argument for not
using female rodents is their estrous cycle and the fluctuating sex hormones per phase
that increases the number of animals to be tested.

Female sex hormones often affect emotions, and the immune system, contributing to
behavioral differences. For example, female rats and mice express less anxiety than males
in a novel environment and this is related to the phase of the estrous cycle with proestrus
females to be even less anxious. On the other hand, even though males perform in spatial
tasks superior to females, stress impairs their spatial memory, while females improve
their spatial abilities, depending on the task and kind of stressor*®®.

Therefore, another explanation for my findings could be that the female mice I used
quickly adjusted to the repetitive forced swim trigger, as was indicated by the behavioral
parameters | studied. After the first week, mice quit struggling to get out of the water
over the 15 min period time, while they decreased the time to start grooming, implying
that decreased time of immobility was just an indication of behavioral adjustment.

Taking into consideration the results above and previous studies, | decided to shift
my experimental protocol to investigate the effects of swim stress and poly(l:C) on

fatigue-like behavior and inflammatory parameters on Day 1.
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2. Effect of Poly(1:C) in Mice and Inhibitory Effect of Isoflavones

| have analyzed, in detail, the “fatigue” behavior (24 h) induced by ip challenge with
poly(1:C) (20mg/kg), with or without 15 min swim stress, in C57BL/6 female mice by
monitoring their locomotor activity for 16 hr after the experiment. C57BL/6 female mice
were provided with chow containing low or high detectable isoflavone levels (0-20 and
150-250 mg/kg respectively).

Here 1 showed that poly(l:C), with or without swim stress, significantly reduced
locomotor activity in comparison to control mice (Figure 10). Further analysis of mouse
samples obtained the following day, showed that poly(l:C) also increased molecules that
have been associated with inflammation and fatigue. In particular, poly(l:C) increased
serum levels of TNF, IL-6, KC, MCP-1 (CCL2), MIP-1a (CCL3), MIP-1p (CCL4), and
RANTES (CCL5), and IP-10 (CXCL10) (Figure 12-19). Importantly, my serum
measurements were performed blindly my Millipore. Moreover, poly(l:C) also increased
brain and skin gene expression of TNF, IL-6, KC, MCP-1, MIP-1pB, and RANTES, IP-10.
In addition, HDC and NT gene expression was increased in the skin (Figure 20-28 for
brain and 29-37 for skin), suggesting MC involvement. Forced swim did not have any
effect on its own, but augmented the effect of poly(I:C) on TNF, MIP1p3 and RANTES
serum levels (Figure 12, 17 and 18).

In support of my findings, another study used female C57BL/6 mice that were
treated with lower concentrations of poly(1:C) (2, 6, 12 mg/kg) by ip, alone (no swim

stress), on Day 1

(Table 2), were also not able to cause “fatigue behavior” lasted for
more than 3 days. In this paper they report that only the poly(l:C) (12 mg/kg) increased

serum and brain inflammatory mediators, including TNF, IL-6 IL-1p and IFN that lasted
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up to 24h™®®. Importantly, rechallenging these mice one week or three weeks after the first
challenge did not result in augmented response, but accelerated the recovery process.
Also Chopra et al. (Table 3) showed increases in TNFa serum levels following similar
experimental paradigm. Our studies investigated a plethora of chemokine levels in the
serum, but also chemokine brain gene expression, cytokine and chemokine skin gene
expression, as well as the inhibitory effect of isoflavones.

Here, | report for the first time in my knowledge that isoflavones genistein and
daidzein ameliorate the poly(l:C)-effects on “fatigue behavior” in C57BL/6 female mice.
Poly(I:C)-treated mice that were provided with high isoflavone diet showed higher
locomotor activity compared to mice provided with low isoflavone diet (Figure 11).
Moreover, isoflavones, which are natural occurring MC inhibitors, minimized or reduced
the serum level increase of the above inflammatory markers and the corresponding brain
and skin gene expression (Figure 12-19 for serum, 20-28 for brain and 29-37 for skin).

MC are an important source of the chemokines that were found increased in my
studies** ™", Activated MC are likely to contribute to CFS symptoms through the
release of a number of chemokines and cytokines*®* *®°. MC have traditionally been
known for their roles in allergy and immunity to multi-cellular parasites®®, but only
recently are being recognized for their crucial roles in immune defense against viruses®"
2% Double-stranded RNA from viruses (dsRNA) and poly(l:C) are recognized by TLR-3,
leading to activation of transcription factors, and production inflammatory mediators®*®

347,500

Several studies showed that murine MC have been shown to respond to poly(l:C)-

325, 332

TLR3 activation in multiple ways . FceRI-mediated MC reactivity is amplified
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through prolonged TLR-ligand treatment™®. Fetal rat skin-derived MC were shown to
express TLR-3 and activation induced release of TNF-o and IL-6, as well as RANTES

and MIP, but without degranulation®*?

. Another study showed that poly(I:C) caused IFNa
and B secretion from human peripheral blood derived (PBDMC) and murine bone
marrow derived MC (BMMC)*®. Murine fetal skin-derived MC (FSDMC) were shown
to release IL-6, TNFa, MIP-1a, MIP-2, and RANTES upon poly(I:C)-TLR3 activation®Z.
Moreover, in support of my serum results, another study showed that peritoneal MC from
C57BL/6 mice activated by poly(l:C)-TLR3 have increased IP-10 and RANTES
expression, and additionally they stimulate CD8+ T cell recruitment in vitro and in
vivo®®,

MyD88-independent/TRIF-dependent signaling pathway, used by TLR3, involves
the recruitment of TRIF, activation of TBK-1 leading to the activation of IRF3, a
transcription factor that translocates to the nucleus to produce IFN-inducible genes.
Alternatively, TRIF activates RIP1 and this feeds into the MyD88 pathway by activating
TRAF6 3% and eventually activating NFk-B and AP-1 to produce proinflammatory
cytokines. Additionally, RIG-I, MDAS5 (RLR family) and NALP3 (NLR family), are
cytosolic proteins that sense viral RNA>*. MDAS is thought to bind to double-stranded
RNA*2 NALP3 (NLR family) assemble inflammasomes, leading to activation of

caspase 1 which cleaves and releases IL-1p and IL-18 3'% 32

and others regulate type |
interferon (IFNo and B) production®.

Rodent, monkey, and human MC are able to detect Dengue virus (DENV), a
lymphotropic, enveloped, single-stranded, positive-sense RNA virus that results in MC

activation and degranulation. It was shown that the response of MC to DENV involves
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the activation of MDAS and RIG-I antiviral intracellular host response pathways, and the
de novo transcription of cytokines, including TNF-a and IFN-a, and chemokines, such as
RANTES (CCL5), CXCL12, and CX3CL1. Moreover, after subcutaneous infection, MC-
deficient mice show increased viral burden within draining lymph nodes compared with
MC-sufficient mice. This containment of DENV is linked to the MC-driven recruitment
of natural killer and natural killer T cells into the infected skin>**,

Analysis of the expression of dSRNA recognition receptors in BMMCs revealed that
they express MDADS, RIG-1 and TLR-3. The expression levels of these receptors were
found to increase upon stimulation of MC with synthetic poly(I:C) as well as with
vesicular stomatitis virus (VSV). Moreover, both RIG-1 and MDAS were involved in
cytokine production, but not in the degranulation of MC*®. Primary human cord blood-
derived mast cell (CBMCs) and HMC-1 MC responded to poly(l:C) or antibody-
enhanced dengue virus infection treatment with the production of type | interferons and
the rapid and potent production of chemokines including MIP-1p (CCL4), RANTES
(CCL5) and IP-10 (CXCL10).

Multiple interferon-stimulated genes were also upregulated, as well as mRNA and
protein for the RNA sensors RIG-1 and MDADS. These findings support a role for tissue-
resident MC in the early detection of antibody-enhanced dengue virus infection via RNA
sensors, the protection of neighboring cells through interferon production and the
potential recruitment of leukocytes via chemokine production®®.

In a paper studying respiratory Influenza A virus (IAV) infection, they found that
significant disease and immunopathology is caused in C57BL/6 mice, but not in B6.Cg-

Kit(W-sh) mice, which lack MC. Moreover, when MC were infected with 1AV, the virus
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did not replicate within MC. Importantly, human H1N1, H3N2, IAV and influenza B
virus isolates could also activate MC in vitro to produce cytokines and chemokines,
through a RIG-1 dependent mechanism, offering a unique inflammatory cascade could

potentially be targeted to limit morbidity virus infection®.

2.1 Flavonoid Effects on Signaling Pathways

Flavonoids exert their strong antioxidant and anti-inflammatory activity *’® 22
through multiple mechanisms, including inhibition of the pathways mentioned above.
Most importantly, flavonoids are shown inhibit TLR-3and TLR-4 signaling pathways by
inhibiting TBK1 kinase activity and IRF3 transcription factor, AP-1 transcription factor
pathways>*, as well as suppress signaling by RIG-1°%, inhibiting the poly(l:C)-TLR3
induced pathway. Also, flavonoids inhibit the NF-kB pathway at multiple steps’°, as
well as the NOD2-mediated NF-xB activation®®. Importantly, genistein was shown to
selectively inhibited human topoisomerase 11 activity®™.

The flavone luteolin suppressed symptoms of a rat experiments allergic encephalitis
by preventing monocyte migration across the brain endothelium, through modulating the
activity of Rho GTPases involved in transendothelial migration signaling'*.
Interestingly, luteolin inhibited myelin basic protein-induced human MC activation to
release histamine, tryptase, 1L-6, IL-8, TGFp, TNF and VEGFa and MC-dependent

stimulation of Jurkat T cells*®®

. Also, luteolin consumption restored expression of
inflammatory markers in the hippocampus compared with that of young adults and

improved spatial working memory®*2,
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Luteolin suppressed the expression of TNF-alpha, IL-8, IL-6, GM-CSF, and COX-2
through a decrease in the intracellular Ca2+ levels, and also showed a suppression of the
MAPKSs ERK 1/2, INK 1/2, and NF-kB activation in HMC-1>*3, Luteolin-7-O-glucoside
inhibited LTC4 production and degranulation of activated mouse bone marrow-derived
MC (BMMCs) by inhibiting the activation of MAPKs ERK1/2, p38, JNK and
phospholipase Cy1>*.

Another study showed that quercetin reduced CRH-induced anxiogenic and
depressant-like effects, as assessed by increased social interaction time and decreased
immobility time during forced swim test.?®. Moreover, quercetin inhibited p38, PKC-

theta, and NF-«kB activation in a dose-dependent manner>*> >

, resulting in inhibition of
TNFa, IL-1B, IL-6 and IL-8 gene expression and production. Quercetin also inhibited
histamine, tryptase and MCP-1 production and histidine decarboxylase transcription in
human MC>'"°%,

EGCG prevented and reversed disability in EAE in an experimental mouse model by
both limiting brain inflammation and reducing neuronal damage®*!. EGCG inhibited MC
degranulation, LTC, secretion and Ca*? influx°%, but also TNF-a, IL-6 and IL-8
expression and production from stimulated HMC-1 cells, through attenuation of NF-xB
and ERK1/2 activation, but not of INK or p38 MAPK®%. Genistein also blocked LTC,
and PGD, production from cultured murine MC®*. EGCG inhibited the mMRNA
expression and production of thymic stromal lymphopoietin (TSLP), and the activation of

caspase-1 in HMC-1 cells*®

. Caspase 1 is an enzyme that proteolytically cleaves other
proteins, such as the precursor forms of the inflammatory cytokines IL-1p and IL-18, into

active mature peptides.
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Fisetin, kaempferol, myricetin, quercetin, and rutin inhibited histamine release in
RBL-2H3 cells and decreased gene expression and production of proinflammatory
cytokines, including TNFa, IL-1p, IL-6 and IL-8, in HMC-1 MC, while suppressing
activation of NF-xB°'®, Apigenin inhibited TNF-a, IL-8, IL-6, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) production and cyclooxygenase
(COX)-2 expression by decreasing the intracellular Ca*? level and inhibiting NF-kB

°28  Another study showed that hesperin has similar

activation in HMC-1 stimulated cells
effect, inhibiting the hypoxia-inducible factor-lalpha (HIF-1alpha) expression and

inflammatory cytokine production TNFa, IL-1p, IL-8, and VEGFa in HMC-1 cells®*,

3. Additional Flavonoid Inhibitory Mechanisms

An additional mechanism of the inhibitory effect of flavonoids on MC is though
inhibition of FceRI-mediated activation pathway. Isoflavones genistein and daidzein
reduce the cell surface expression and mMRNA levels of high-affinity FceRlI, as it was
shown on mouse bone-marrow-derived MC>?, Furthermore, studies in mice also showed
this effect in vivo with genistein and daidzein reducing the anaphylactic symptoms and
MC degranulation in mice after peanut challenge. Isoflavones also inhibited cholera
toxin-induced DC maturation in the mesenteric lymph ** nodes and human monocyte-
derived dendritic cells (MDDCs) and subsequent DC-mediated CD4(+) T-cell function in
vitro®®,

Quercetin and the structurally similar luteolin also inhibited the release of histamine,
leukotrienes and PGD, from human cultured MC in response to cross-linkage of

FceRIP®. Quercetin effectively suppressed the development of IgE-mediated allergic
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inflammation of intestinal cell models. More specifically, quercetin inhibited the
secretion of allergic mediators in RBL-2H3 cells and suppressed the CD23 mRNA
expression and p38 MAPK activation in IL-4-stimulated Caco-2 cells, as well as extra
signal-regulated protein kinase (ERK) activation and chemokine release®*.

Flavonoids can also inhibit directly the release of inflammatory mediators in MC. It
was shown that the release of mediators contained in distinct subsets of granules of MC,
is specifically mediated by two sets of soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) proteins, and it was shown that different
polyphenols selectively interfered with ternary complex formation of SNARE complexes,
thereby stopping membrane fusion between granules and plasma membrane®**, and
inhibiting inflammatory mediator release from MC?!> 218220223,

Interestingly, EGCG treatment of HMC-1 cells resulted in a lower adhesion of MC,
which was associated with a decreased potential to produce signals eliciting monocyte
recruitment, including two integrins (alpha5 and beta3) and a chemokine (MCP1). These
effects on gene expression levels were functionally validated by showing inhibitory

effects in adhesion, aggregation, migration and recruitment assays>>*

. Moreover,
genistein at physiologically relevant concentrations (0.1-10 uM) significantly inhibited
thrombin-induced increase in endothelial monolayer permeability, through PKA-

mediated suppression of RhoA signaling, suggesting it can improve endothelial barrier

dysfunction®®.
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3.1. Effect of Flavonoids on Oxidative Stress

Additionally, the strong antioxidant effects of flavonoids are mediated by the
Keap1/Nrf2 pathway®*>?"’. Interestingly, Nrf2 can be regulated though multiple signal
transduction pathways, including MAPKs, PI3K/AKT, and PKC?8%%°,

It was shown that forced swimming stress produced a severe oxidative damage in the
rat hypothalamus, as was measured by oxidative biomarkers (lipid hydroperoxides,
antioxidant enzymes and total antioxidants, and increase in serum corticosterone.
Treatment with quercetin markedly attenuated these stress-induced changes™*.
Furthermore, quercetin administration to rats significantly suppressed water-immersion-
restraint stress-induced increase of plasma corticosterone and adrenocorticotropic
hormone levels as well as the mRNA expression of CRH in the hypothalamic region.
HPA axis activation is a major component of stress response. This effect was mediated
by modulation of the DNA binding activities of glucocorticoid receptor, phosphorylation
of cyclic adenosine 3', 5'-monophosphate (CAMP) response element binding protein, as
well as phosphorylation of the extracellular signal-regulated kinase 1/2 in the
hypothalamic region, all of which are known to regulate the expression of CRF
MRNA>®,

Genistein mediated induction of fatty acid oxidation genes through the JAK2-

mediated phosphorylation and activation of AMPK in skeletal muscle®*!

. Quercetin and
genistein showed an antioxidant activity towards lipid oxidation and the myofibrillar
proteins carbonylation pathway, The carbonylation pathway involves the oxidative

deamination of lysine residues to yield a carbonyl compound (a-aminoadipic
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semialdehyde) that can be further oxidised to a-aminoadipic acid and form Schiff bases
structures®.

Flavonoid antioxidant properties were also shown to improve mitochondrial
function®® ¥, Findings on quercetin effect on mouse markers of mitochondrial
biogenesis in skeletal muscle and brain, and on endurance exercise tolerance showed that
quercetin increased mMRNA expression of peroxisome proliferator-activated receptor-
gamma coactivator (PGC-1alpha) and sirtuin 1 (SIRT1), as well a mitochondrial DNA
(mtDNA) and cytochrome ¢ concentration. Moreover, these changes in markers of
mitochondrial biogenesis were associated with an increase in both maximal endurance
capacity and voluntary wheel-running activity, showing the capability of quercetin to
prevent and/or alter chronic diseases™®.

Epicatechin was shown to be associated with increased angiogenic and
mitochondrial signalling in the hindlimb of rats selectively bred for innate low running
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capacity > and to attenuate mitochondrial damage by enhancing mitochondrial multi-

marker enzymes, adenosine triphosphate and lowering calcium in isoproterenol induced
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myocardial infarcted rats>". Quercetin supplementation was also shown to be effective in

improving mitochondrial dysfunctions®*

. Moreover, quercetin-related flavonoids and tea
catechins have inhibitory effects of on the monoamine oxidase-A reaction in mouse brain
mitochondria®*.

Additionally, polyphenols were shown to prevent ageing-related impairment in
skeletal muscle mitochondrial function through decreased reactive oxygen species
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production®*. One study using genistein and daidzein, showed arthritis-induced

decreases in paraoxonase and arylesterase activity to be restored after treatment with
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isoflavones and MDA concentrations to be lower after treatment with all tested

225

compounds“~. Also, isoflavones were shown to attenuate brain mitochondrial oxidative

stress induced by beta-amyloid peptides injection in lateral cerebral ventricle®*.

4. MC Important Role in Innate and Adaptive Immunity

MC are essential for initiating both innate and adaptive immune responses®®*>*>%,
MC are located strategically in tissues that come in contact with the environment, like in
skin, lungs, lymphatic tissues and the gastrointestinal track>*®>*°, but also in the brain,
affecting neuroimmune processes. Brain MC are located perivascularly in close
proximity to neurons*®, especially in the diencephalon, cerebellum and leptomengines®>*
2 MC can influence the behavior of nerve cells through products such as histamine
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(and serotonin in the case of mouse MC)>>*. MC are also localized around the cerebral

microvasculature®*, and have been identified close to CRH positive neurons in the rat
median eminence >>> where functional MC-neuron interactions take place®? >*°,

This is important, because another study has shown that there may be specialized
TLR3/double-stranded RNA interactions at the cerebral endothelium since recent studies
show that West Nile virus appears to use to TLR3 to facilitate its entry into the brain®". It
has been shown that histamine release from MC can occur in response to Sendai virus >
and that the gp120 envelope protein of HIV interacts with the VH3 region of IgE to
induce the release of 1L-4 and IL-13 from human FceRI(+) cells, like MC?®. MC can
also comprise a long-lived inducible reservoir of persistent HIV in infected persons>>®,

possibly contributing to a subclinical HIV infection. It was shown that signaling through

TLRs triggers HIV replication in latently infected MC>®.
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Both stress and CRH could precipitate or worsen CFS through activation of brain
MC*?, and functional MC-neuron interactions in the brain *°*>*® and the GI tract® °?,

that could mediate brain inflammation®*® °%3

. I showed that MC could be unique targets
of CRH and related peptides contributing to neurogenic inflammation®*® **2. There is
little information on CNS responses to poly(l:C) in vivo, but two independent studies
have shown that direct application of poly(l:C) to the brain demonstrates that CNS cell
populations are capable of mounting an in vivo response to poly(1:C)*** >®,

However, systemic exposure to poly(l:C) is more likely to activate an indirect
response in the brain. In both rodents and humans, MC number in the lungs is higher than
uninfected controls following respiratory infections®®. Peripherally induced cytokines
may also have direct effects on neurons in the CNS through direct activation of vagal
afferents or by action on neurons in the circumventricular organs. Similarly it is possible
that either poly(1:C) itself or the systemic cytokines induced by it act on the cerebral
endothelium to induce lipophilic mediators such as PGE; or NO, which are secreted by
MC, and transduce the signal into the brain in this way. Restraint stress is reported to
activate dura MC and lead to CFS elevation of rat MC protease, effects abolished by
pretreatment with polyclonal antiserum to CRH and the CRHR-1 antagonist
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Antalarmin™’. Acute stress increased BBB permeability in rats and mice only in brain

areas containing MC>®. Moreover, the MC secretagogue compound 48/80 stimulated

*% and increased BBB permeability in doves®”°. Once brain MC get

brain MC in rats
activated by poly(I:C), and CRH or NT, they can selectively release CRH *"* and IL-6 *"

that could further stimulate this process leading to a self-sustaining cyclic reaction.
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The strategic location of MC and their release of specific mediators upon
stimulation, as mentioned above, facilitate immune cell recruitment to sites of
infection®®. For example, MC are located proximal to blood vessels, and when they
release factors, such as histamine, TNF, VEGFa and proteases, they contribute to

400, 420, 574
. As

increased vascular permeability and edema at the site of infection it was

367,575 and other inflamed tissues®’®, MC-derived

shown in bacterial peritonitis models
TNF and MCP-6 promote neutrophil recruitment. Human cord blood-derived MC can
also be stimulated with poly(1:C) and produce a wide range of chemokines, including
CCL-11 (eotaxin) and IL-8 (CXCL-8), which in the case of a viral infection could recruit

eosinophils and natural killer (NK) cells, respectively”’”.

47 MC themselves can function as

MC are also crucial for adaptive immunity
antigen-presenting cells (APCs), as it was shown that activated MC upregulated MHC
class 1l and co-stimulatory molecule expression and have been visualized to physically

interact with T cells in vivo®®?

. MC can also function efficiently as APCs for MHC class
|-restricted CD8+ T cells in vivo®"®, and promote CD8+ T cell activation, proliferation
and production of T cell products, such as IL-2 and granzyme B, describing for MC an
important functional role not only a Th2, but also in Thl response. Moreover it has been
shown that specifically TLR3-induced activation of MC can modulate CD8+ T-cell
recruitment®.

Moreover, MC/DC interaction resulted in DC maturation and in the release of the T-

cell modulating cytokines IFN-y, IL-2, IL-6 and TGF-J into coculture supernatants, while

it also increased the IL-12p70, IFN-y, IL-6 and TGF-f secretion of LPS-matured DCs.
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MC-primed DCs stimulated CD4+ T cells proliferation and release of high levels of IFN-
y and IL-17, demonstrating that MC promote Th1 and Th17 responses®’”.

Conversely, T cells can modulate MC, through the production of chemokines such as
CLL3/MIP-10 and CCL2, as well as through physical contact between MC and T cells
leading to release of histamine and TNF*2*>®° suggesting that another feedback
mechanism exists, by which the adaptive immune system might regulate MC function
during an ongoing inflammatory process or infection.

TNF release from MC eventually promotes the influx of monocyte-derived DCs,
through E-selectin expression upregulation by the local vascular endothelium, which are
subsequently increased in draining lymph nodes®!. Additionally, MC-derived CCL20
probably contributes to the recruitment of DC precursors from the blood and into the
tissues>®2. In addition, MC products can directly modulate DC activation and antigen
presentation °® and the upregulation of co-stimulatory molecules required for T cell
activation®®. Furthermore, MC products can promote DC to acquire a Th2 cell-inducing
phenotype®®.

MC can also promote activation of Langerhans cells, a skin-resident DC subset, in
response to the bacterial product peptidoglycan °* or Gram-negative bacteria®®!, which
lead to increased numbers of Langerhans cells in the draining lymph nodes®®!**¢. MC can
also modulate cell trafficking to draining lymph nodes, as MC-derived TNF is required
for normal lymph node hypertrophy due to retention of lymphocytes in an Escherichia
coli infection model®®, contributing to adaptive responses.

In chapter 3, | demonstrate that poly(l:C) with or without NT or CRH does not have

any in vitro effect on B-hex, TNF, IL-8 and VEGFa release from human cultured LAD?2
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MC, but increases only TNF gene expression and when used together with CRH, NT, or
SP, TNF gene expression is augmented. This may be relevant to my results with human
samples in chapter 4, where CRH and NT serum levels were shown to be increased in
patients with AD, a skin condition involving MC activation often present in CFS

patients*’3 %",

NT is a vasoactive peptide originally isolated from the brain*" >®

, Which increases
histamine release from rodent skin in a MC-dependent manner **® and has been
implicated in MC activation through specific NT receptors (NTR)?®®. NT is increased in
the skin following acute stress, stimulates skin MC and increases vascular permeability in
rodents*®.

MC synthesize and secrete the NT precursor, which is cleaved to give the active
form?®®, NT from MC might serve autocrine and paracrine roles and it is tightly regulated
since there is rapid degradation of NT from MC-derived carboxypeptidase-like enzymes,
modulating the level and form of NT-related peptides in various conditions involving
activation of MC?®"°¥_ MC activation leads to the release of multiple mediators with
potent vasodilatory, inflammatory and nociceptive properties through which they
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participate in innate and acquired immunity*®, as well as in inflammation®®, especially
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in the skin>". NT also augments the effect of CRH, secreted under stress, to increase

MC-dependent skin vascular permeability**®.
There is considerable evidence that stress worsens AD, a skin disease with chronic
inflammation and severe pruritus®®, lesions of which contain increased MC close to

nerve endings**, containing neuropeptides, such as SP°®. PS is a chronic inflammatory

skin disorder characterized by keratinocyte hyperproliferation and increased epidermal
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vascularization, associated with high skin VEGFa **°. Neuropeptides have been
implicated in PS**, but their mechanism is not well understood. | therefore investigated
serum NT, as well as skin NT and NTR-1 gene expression in patients with AD and PS
and controls. I also studied the effect of NT on human cultured MC VEGFa release.

NT serum levels were increased in AD patients®®’. NT gene expression was also
increased in lesional AD as compared to normal skin. Immunohistochemistry confirmed
the presence of NT in lesional AD skin, but was absent in normal skin. A possible
explanation may be the fact that as | had shown, NT is not present in rat skin under
normal conditions, but is released in a precursor form from nerve endings and is
generated by proteases in the skin*®.

Additionally, I showed that NT is also increased in the serum of PS patients and
stimulates VEGFua release from human MC*’2. NT was also elevated in the serum of
children with autism*”, which has been associated with AD and with mothers who had
psoriasis during pregnancy®’’. I also showed decreased PS skin NT and NTR-1 gene
expression. NTR-1 gene expression was increased in non-lesional PS skin. The reason for
this finding is not clear, but suggests non-lesional skin may not as yet have been
maximally affected by the circulating NT.

| also showed that NT induces MC VEGFa, release. MC express NT receptors *"°
stimulation of which results in histamine release **® and NT is rapidly degraded by MC
proteases 2®” implying tight regulation®®. I had previously shown that NT has synergistic
action with CRH to increase skin vascular permeability in rodents through MC
activation*®. This finding is relevant in view of evidence showing increased number of

skin MC in Ps*®.
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Similarly, I reported that CRH is increased in the serum of AD and PS patients,
while there is decreased CRHR-1 gene expression in lesional skin of patients with Ps*’®,
Autoimmune skin diseases, such as PS and AD, are chronic inflammatory skin disorders
mediated primarily by T cells®*, but MC are also implicated®®. Symptoms of both PS

246

and AD worsen with stress“™. Acute stress leads to increased vascular permeability and

%% and in

inflammation of skin, through mast-cell activation by CRH both in rodents
humans®®’. CRH and CRH receptor 1 (CRHR-1) are both expressed in human skin*®*,
leading to the hypothesis that CRH may be involved in the pathophysiology of skin

diseases®®

. Our findings suggest that overstimulation by the increased serum levels of
CRH and VEGFa, possibly in response to stress, leads to decreased gene expression of
skin CRH and CRHR-1, as well as skin VEGFa gene expression, respectively. The
positive correlation between serum CRH levels and the STAI-now scores in patients with
severe PS supports this possibility. The lack of a similar correlation in patients with AD
may be because | did not have access to severity index scores for these patients, unlike in
patients with PS, in order to carry out a subgroup analysis.

The present findings suggest that high serum CRH level, possibly in response to
stress, stimulates skin MC to release VEGFa and contribute to skin inflammation evident
in patients with severe PS. Continuous or repeated stimulation may lead to decreased
expression of skin CRHR-1, as | showed recently with cultured MC ** and hence
decreased VEGFa, as was evident in patients with mild disease. CRH and CRHR-1 may
therefore participate in the pathogenesis of PS and AD, especially when worsened with

stress, through mast-cell activation to release VEGFa. Mast-cell blockers may provide

novel treatment approaches.
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This is the first report to my knowledge of increased serum levels of NT in any
autoimmune or inflammatory disease. NT can be released from sensory nerve endings*”®,
and MC?®®. NT can stimulate VEGFa release from human MC *? and augments the
ability of CRH to increase skin vascular permeability in rodents**. I also recently showed
that NT increases CRHR-1 expression in human cultured MC **° and that CRH is
increased in the serum of AD patients*’.

NT may be involved in the pathogenesis of PS by acting together with CRH secreted

under stress in the skin*®?

, which has its own equivalent of the HPA axis*®®. The
stimulatory effects of NT and 1L-33 on VEGFa release may be in addition to a similar
action by local skin SP. I had shown that SP stimulated human MC to release VEGFo. *®°

and that this action was augmented by 1L-33%".

MC are now considered critical in allergy and innate immunity in the skin*® >,
Interactions among NT, CRH, and MC may mediate the effect of stress on skin

8 Moreover, the present

inflammation in AD, as part of a “brain-skin” connection
findings suggest that NT may participate in the pathogenesis of PS, especially when

worsened with stress, through MC involvement in a “brain-skin” connection*®. NT and

MC blockers may provide novel treatment approaches.

5. Mechanisms for Flavonoids in CFS
A study looking at the production of NF-kB p50 subunit in peripheral blood
lymphocytes of 18 unmedicated patients with CFS and 18 matched controls showed

significantly higher levels in CFS patients than controls. The level of NF-xB was also
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highly correlated with the severity of illness as measured with the FibroFatigue scale

(Fibromyalgia and chronic fatigue syndrome rating scale)®®.

Morris and Maes hypothesized that increased NF-xB (upstream regulator of the

oxidative and nitrosative (I0&NS) pathway>*® ®%

and/or loss of p53, their association
with elevated ROS production, along with mitochondrial dysfunction in skeletal muscles
or the brain may explain the symptoms of CFS including muscle pain, fatigue and
neurocognitive disorders. The ATP profile test carried out in neutrophils of CFS patients
showed mitochondrial dysfunction®°%. These findings suggest that future studies
should look at inhibiting NF-kB activation and translocation, as well as antioxidant
treatment as strategies for alleviating the symptoms of CFS. However, these are relatively
new findings and more independent studies must be done to confirm them.
Flavonoids exert their strong antioxidant and anti-inflammatory activity *'® 22
through multiple mechanisms, including inhibition of the pathways mentioned above.
Although studies with flavonoids in vitro are generally examined at concentrations that
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are higher than physiologically achievable levels™ ", in general, isoflavones have the

highest bioavailability, followed by flavonols, flavanones and flavanols*®® 2.

Isoflavones serum max concentrations in humans can reach 3-5 pM?% 207

, although
concentrations as high as 25 uM have been achieved after supplementation. One study
showed that isoflavone aglycones are absorbed faster and in higher amounts than their

glycosides in humans®®

. Another study has shown that commercial rodent-diets can lead
to steady-state isoflavone serum concentrations in adult rats around 2.6 uM and mice
around 2.3 pM®®. In another study, rats provided with diet of 0.2 g/kg genistein for 19

weeks had plasma levels around 5 pM, while it could also go as high as 10-11 puM®=°%,
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| provided my mice with the commercially available 2018 Teklad Global 18%
Protein Rodent Diet, a fixed formula that does not contain alfalfa thus lowering the
occurrence of natural phytoestrogens. Typical isoflavone concentrations (daidzein and
genistein aglycone equivalents) range from 150 to 250 mg/kg. Absence of animal protein
and fish meal minimizes the presence of nitrosamines. If the food intake of typical
C57BL/6 mouse is around 3-5 g/d, then the daily isoflavone oral intake would be around
0.8 mg, giving a plasma levels in the scale of uM, according to the papers mentioned
above.

The capacity to conjugate isoflavones differs between mice and humans. The steady
state percentage of unconjugated genistein concentration in plasma from C57BL/6 mice
was about 4.6% and was about 23 times that in humans (the mean percentage of genistein
in human plasma is 0.2% of steady state)°®®. Using human liver microsomes, the

2 %% and the same was

isoflavone daidzein was shown to be metabolized by CYP1A
shown for genistein in rats and humans®®®'2. Moreover, the extra-hepatic CYP1A1 and
CYP1B1 may contribute to localized metabolism®®. This is important in tissues such as
breast and prostate, which express these isoforms, especially because one study showed
that in vitro there was an enhancement of biological anti-cancer activity in a CYP-
mediated daidzein metabolite®®.

There are some discrepancies between in vitro and in vivo studies regarding
interactions of isoflavones with P450 cytochromes (CYP) activity. In vitro studies
demonstrated that genistein and daidzein strongly inhibit CYP3A activity®'® ®,
However, in healthy Chinese individuals, oral administration of genistein (1000 mg once

daily for 14 days) modestly (about 10%) induced CYP3A. Moreover, induction of
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CYP3A was probably mainly in the wall of the small intestine®> ®*°, The mechanism of
CYP3A induction by genistein remains to be investigated, but it was shown that human
CYP3A4 and murine Cyp3Al11 mRNA are up regulated by genistein and equol via the

pregnane X receptor (PXR) in a species-specific manner.

Flavonoids and BBB

632
B

Studies have shown that flavonoids can cross BBB"*“. Quercetin was shown to

accumulate in rat brain after repeated oral doses and effectively increased the forced

%32 Moreover, oral

swim-reduced locomotor activity and the open field test parameter
administration of quercetin attenuated the increased oxidative stress in the hippocampus
and striatum of rats exposed to chronic forced swimming, as was measured by
thiobarbituric acid-reactive substances (TBARS) and reduced glutathione (GSH) levels.
Transport of quercetin derivatives into the brain tissue was reproduced in vitro by using a
rat brain capillary endothelial cell line, RBEC1, a model of the blood-brain barrier®®,
Flavonoid naringein and quercetin permeability of BBB was shown using an in situ
model of rat brain®®*. Further in vitro studies using ECV304/C6 coculture and
immortalized rat brain endothelial cells (RBE4) showed that the permeability of
flavonoids is influenced by their lipophilicity and interactions with efflux transporters®®*.
Another study showed the transmembrane transport of flavonoids catechin and quercetin
across RBE-4 cells (an immortalized cell line of rat cerebral capillary endothelial cells), a

blood-brain barrier model®®.
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6. New Treatment Approaches for CFS

Currently, there are no approved drugs for the treatment of CFS™2. Treatment
strategies for CFS include psychological, physical, and pharmacological intervention®.
Most treatment regimens start with well-balanced nutrition habits and encouragement to
exercise mildly as a way to boost their immune system® 3108133136 = A ey drug
candidate, Ampligen®, is a mismatched double-stranded RNA with immunomodulatory
and antiviral properties that acts as a TLR-3 agonist®*’. A phase 111 prospective, double-
blind, randomized, placebo-controlled trial compared twice-weekly Ampligen® to a
placebo in 234 subjects with long-standing, debilitating CFS. The 40 week study showed

improvement in exercise tolerance, as well as reduction in other medication usage®’®. |

n
2009, the FDA rejected the application for approval of Ampligen® as a CFS treatment
and recommended another trial be conducted in more than 300 CFS patients for proving
more sufficient efficacy and safety data. The initial study was released in early 2012, and
patients are currently being recruited for a clinical trial of Ampligen® in CFS patients.
Unfortunately, there is no effective human MC inhibitor clinically available either.
Disodium cromoglycate (cromolyn) improved only gastrointestinal symptoms in patients
with mastocytosis®™. Interestingly, cromolyn inhibits histamine secretion from rat
peritoneal MC®?, but not intestinal MC®?*®%2_ |t also does not inhibit human
gastrointestinal and lung mucosal MC®%, or human umbilical cord blood-derived cultured
MC (hCBMC)®?* %2> More recently, cromolyn was reported to not even inhibit mouse
MC®* 8% Therefore, there is reason to investigate new effective MC blockers, like

flavonoids, that are potent anti-oxidant and anti-inflammatory compounds with MC

inhibitory actions.
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7. Future Directions
7.1 In vitro Studies

Our in vitro results from poly(l:C)-treated human LAD2 MC indicate that LAD2 MC
do not exhibit strong antiviral responses. Although TLR-3 expression on the MC lines
LAD2, and HMC-1 has been assessed in different studies®>%27 330335626 qt;dies show
that poly(1:C)-induced antiviral response depends on the MC type®”. Use of another cell
line like human umbilical cord blood-derived MC might be more appropriate, as the
cytokine generation is more efficient in primary cultures of human MC derived from

CD34+ progenitor cells®®’

. Moreover, in vitro use of a live virus, instead of poly(l:C),
could trigger a stronger response.
Increasing evidence implicates CNS inflammation, as well as MC-microglia

interactions, in neurophychiatric diseases %% %

and TLRs have been implicated in
stress-induced central nervous system (CNS) dysfunction through MC and glial
activation®®. Therefore, isolation of brain MC using a recently published novel isolation
method, would enable us to study MC function in vivo, identify their environment-
specific phenotype, study their interaction with other neural cells in vitro, and investigate
the pathways mediating the inhibitory effect of isoflavones. This method adapted a
previously described technique of coupling an antibody to the MC-specific FceRI

receptor to a MACS microbead for the selective removal of intact MC from a neonatal rat

brain preparation®*°.
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7.2 In vivo studies

There is still need to establish a murine model for chronic fatigue. Infection of MC
with live Sendai virus induced stronger anti-viral response than extracellular poly(1:C)>*.
Future studies including treatment with Sendai virus, could be proven helpful.

Further studies need to take place to explore the role of MC in fatigue symptoms. In
vivo studies towards this direction could include the use of MC-deficient mice, as a study
showed that respiratory Influenza A virus (IAV) infection caused significant disease and

immunopathology in C57BL/6 mice, but not in B6.Cg-Kit(W-sh) mice, which lack

MC636.

7.3 Human Studies

A systematic study evaluating how well murine models mimic human inflammatory
diseases showed that although acute inflammatory stress from different etiologies result
in highly similar genomic responses in human, the responses in corresponding mouse
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models correlate poorly with the human conditions™". Therefore, there is need for studies

in humans.

7.3.1. Subgroups of CFS patients
Patients with CFS have increased and dysregulated MC in their skin, as well as

4T \which increases histamine release from

hypersensitivity. NT is a vasoactive peptide
rodent skin in a MC-dependent manner*®. NT also augments the effect of CRH, secreted
under stress, to increase MC-dependent skin vascular permeability*®. There is plenty of

evidence that there may be subgroups of CFS patients, especially those with depression.
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Serum biomarkers should therefore be measured in appropriately defined cohorts of

patients, and any clinical studies should also address such subgroups.

7.3.2. Clinical trials with isoflavones and other flavonoids

Effects of isoflavones may not only be present in the brain, but also in the periphery
and muscles. In vitro studies showed that genistein reduced and improved muscle fatigue
resistance and enzymatic activity of glutathione peroxidase, catalase, and superoxide
dismutase after chronic intermittent hypoxia conditions. Genistein reversed the fatigue
symptoms by down-regulating oxidative stress level and up-regulating antioxidant
enzymatic activity probably through ERK1/2 signaling pathway®%*.

However, one study failed to show that quercetin supplementation improves
repeated-sprint performance in fifteen active young adult men (drink of 500 mg of
quercetin-3-glucoside, consumed twice a day (1,000 mg/d), for one week)®*’. Another
randomized, double-blind, study using repeated-measures, placebo-controlled design,
with 58 healthy, moderately trained men and women, failed to show that quercetin
influenced energy, fatigue or sleep quality in young individuals conducting military
physical training (42 to 54 days of supplementation with 1 g/day of quercetin in a soft
chew)®.

Flavonoids have strong antioxidant activity, but also show antinflammatory,
neuroprotective, anticancer and cardiovascular effects?*?. Several in vitro studies
examined the anti-carcinogenic function of these compounds, that are be attributed to a
combination of their cytoprotective effect on normal cells and their cytotoxic effect on

pre-neoplastic and/or neoplastic cells®**.
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A phase | pharmacokinetic and pharmacodynamics analysis of unconjugated soy
isoflavones administered to individuals with cancer showed that oral administration of
genistein gives plasma concentrations of genistein that have been associated with
antimetastatic activity in vitro (Cmax: 4-16 uM). Estimates of average daily genistein
consumption by soy consumers range from 0.3-1 mg/kg. Thus participants in the current
study were given 2-8x the max average dietary intake. No toxicities were observed®®. A
Phase Il randomized, placebo-controlled clinical trial showed that purified isoflavones
failed to modulate steroid hormones in men diagnosed with localized prostate cancer,
although significant increases in plasma isoflavones were observed with no toxicity®*.

Whether polyphenols exert any direct antioxidant effects in the brain or rather act by
evoking alterations in regulatory systems of the brain or even the body periphery is still

unclear®®

. Concentrations of polyphenols in animal brains following oral administration
are low; moreover, flavonoids in vitro are generally examined at concentrations that are
much higher than physiologically achievable levels'”®. However, a review of human
randomized controlled trial studies (2009) summarized some significant benefits to
cognitive function after flavonoid supplementation®*. Papers have reported
improvements mainly in executive function, working memory, other memory functions
and more general measures such as processing speed®*. Specifically, in two studies they
found significant treatment effects with 60 mg/day isoflavones in processing speed or
psychomotor speed®® %4,

Certain pilot clinical trials, used dietary supplements containing quercetin and

luteolin (in olive seed oil microspheres to increase oral absorption) and showed
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significant benefit in bladder pain syndrome/interstitial cystitis and autism

patients.

7.3.3. Increasing oral absorption

Finally, the structure-activity relationship, with respect to CFS has not been defined
yet. Obviously, improving oral bioavailability is very important. Methylation appears to
be a simple and effective way to improve flavonoid intestinal absorption and hepatic
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metabolic stability>™. One study showed that methylation increased hydrophobic

interaction and genistein binding affinity for human serum albumin by two to sixteen
times, that can facilitate transportation ability®*°.

The sugar moiety increases absorption of quercetin in humans as was shown by a
study where there was a twenty-fold increase in Cmax, but maybe this is not the case for
isoflavones. A study carried out on the bioavailability of genistein (aglycone) and its
glycoside genistin, confirmed that the bioavailability of the aglycone was higher
compared to its glycoside form®. The experiment was carried out on unanesthetized rats
and after ingestion of the compounds, blood was collected using a permanently inserted
cannula into the portal vein. The isoflavone profile from the portal vein plasma provided
an insight into deglycosylation of isoflavones in the small intestine before undergoing
hepatic metabolism.

Improving oral bioavailability is obviously important, as is improving metabolic
stability, changing the site of absorption (from colon to small intestine). To achieve these

goals microencapsulation, nano-delivery systems, microemulsions, enzymatic

methylation of flavonoids are among some of the techniques used®?.
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A study reported enhanced intestinal absorption of daidzein by borneol/menthol
eutectic mixture and microemulsion®?, while a self-assembled nanodelivery system was
shown to enhance the oral bioavailability of daidzein in rats®*,

Another paper showed that formulated fabricating solid dispersion granules (SDGs)
increased the intestinal absorption and antiasthmatic efficacy of curcumin. They showed
that compared to curcumin, SDG-curcumin showed a 9.1- and 13.1-fold increase in AUC
and Cmax, respectively. Further, SDG-curcumin effectively alleviated airway
hyperresponsiveness and levels of Th2 cytokines in a murine model of asthma®®>.
Currently, an oral enhanced-absorbed curcumin, Enhansa ®, is used employed by
physicians and pharmacists by prescription and over-the-counter for years with an

excellent safety profile.

Studies with isoflavone supplementation in CFS patients might be helpful.
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