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ABSTRACT
MICRONUTRIENTS, INFLAMMATION AND DEPRESSION AMONG WOMEN OF
REPRODUCTIVE AGE FROM THE NATIONAL HEALTH AND NUTRITION

EXAMINATION SURVEY 2005-2008

MAY 2017
JOYCELYN M. FARA], B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Associate Professor Alayne Ronnenberg

Depression is the leading cause of disease burden among women of childbearing
age, rendering female mental health a major public health problem in the U.S.
Recent evidence indicates that inflammation is associated with depression, and
many of the factors that contribute to inflammation can be addressed through
nutritional and lifestyle interventions. There are two micronutrients that have been
linked previously with depression and have established roles in inflammation:
vitamins Be and D. There is scarce research on the potential association between
these micronutrients, inflammation, and depression. The purpose of this research
was to investigate how high sensitivity C-reactive protein (hs-CRP), a biomarker of
inflammation, may be contributing to different dimensions of depression and to
determine to what degree inflammation or lifestyle factors may be affecting the
association between vitamins B¢ and D and depression symptoms among women of

reproductive age. We carried out a secondary data analysis of non-pregnant women
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ages 18-44 from the National Health and Nutrition Examination Survey (NHANES)
2005-2008. All analyses were weighted using NHANES sample weights to account
for the complex survey design, survey non-response, and post-stratification.
Depression scores were calculated based on the Patient Health Questionnaire-9
(PHQ-9) and categorized into total depression, somatic depression and non-somatic
depression. High depression score (PHQ-9210) use was also used as an outcome, as
well as individual symptoms of depression. Overall, 7.5% of our population
experienced high depression symptoms.

In the first study, hs-CRP was positively associated with sum depression scores after
adjustments for demographics and behavioral characteristics, but prior to
adjustment by body mass index (BMI), which significantly attenuated this
association. In stratified analysis, hs-CRP was associated with higher depression
scores after adjustments among underweight women (p<0.05). With regards to
individual depression symptoms, hs-CRP was associated with sleep disturbance
(OR:1.31,95% CI 1.01-1.71) and changes in appetite.

In the second study, vitamin Bs, as serum pyridoxal-5'phosphate (PLP), was
categorized as deficient (<20 nmol/L), insufficient (20-29.9 nmol/L) or normal (230
nmol/L). We found the prevalence of depression to vary by CRP level and by vitamin

Bs concentration. Among those with moderate inflammation, the prevalence of
depression was highest among women with vitamin Be deficiency (20%), followed
by those with vitamin Be insufficiency (10%), and those with normal vitamin
Bs status (5%) (p= 0.02). In multivariable models including individual depression

symptoms, vitamin Be levels below 30 nmol/L were associated with higher odds of
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experiencing suicidal ideation (OR: 7.33, p=0.01 and OR: 3.5, p=0.06 for Be
deficiency and insufficiency, respectively) and depressed mood (OR: 3.12, p=0.004
for Be insufficiency). Among those with moderate CRP levels, vitamin Be deficiency
was associated with a higher score for psychomotor abnormalities (§3: 0.14, p=0.02).
In our third study, suboptimal vitamin D levels were significantly associated with
higher odds for depression among women who had elevated CRP (OR: 6.55, p=0.02
and OR: 9.54, p=0.001 for 25-OHD<75nmol/L and 25-OHD<50nmol/L, respectively).
Among women who reported sleeping 7 or more hours per night, vitamin D was
inversely associated with depression, whereas the opposite was true among women
who slept less than 7 hours per night (p-interaction: 0.01). Together, the results of
these studies suggest that inflammation may be interacting with BM], sleep, or
micronutrient deficiencies, and altogether contributing to different symptoms or
severities of depression. Lifestyle factors, such as BMI or sleep could be used
together with nutritional interventions, to aid in efforts to prevent or help treat

depression among women of reproductive age.
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CHAPTER 1

INTRODUCTION

Depression is the leading cause of disability world-wide, affecting 350 million
individuals.? Within developed countries, major depression is second only to heart disease
as the leading source of disease burden, and for women, it is already the primary cause of
disease burden.? Women in their childbearing years make up the largest group of
Americans with depression and women are 2 to 3 times more likely than men to
experience depression. 23 This high prevalence of depression among women renders
female mental health a major public health problem in the U.S., especially since not all
depressed individuals respond to drug treatment and additional therapies are urgently
needed. 4

The complexity of depression is unmistakable, yet a key to its prevention and
treatment may be a factor so fundamental that it has been broadly overlooked: overall
nutritional status.5 Recent evidence indicates that inflammation is associated with
depression ¢ and many of the factors that contribute to inflammation can be addressed
through nutritional interventions.” Two micronutrients - Vitamins D and Bs - have
potential roles in both inflammation 82 and depression, 1911 but to date, no studies have
examined the potential association between these nutrients, inflammation, and depression,

which is the main objective of my dissertation.

Depression is a multifaceted construct with a large range of symptoms. Research
into the etiology of depression needs to account for the heterogenous nature of the

condition and requires developing methods to characterize and objectively assess the



severity of depression and to classify depression into its different subtypes.12 In order to
address the issue of symptom diversity, subtypes of depressive symptoms have been
proposed based on specific combinations of symptoms. 13 Somatic depression,
characterized by sleep disturbance, fatigue, or changes in appetite, has been found to be
more prevalent in females compared to males. 14 Evidence suggests that gender differences
may account for heterogeneity in depression symptoms and the involvement of
inflammation in the etiology of depression may be affected by lifestyle factors. 15 To the
best of our knowledge, prior literature has not assessed how inflammation or nutritional
deficiencies may be contributing to different sub-types of depression or individual
depression symptoms among women of childbearing age. This lack of knowledge is
problematic because an understanding of the modifiable nutritional and lifestyle factors
that may be contributing to depressive symptoms, especially in the context of
inflammation, is important for the prevention and early treatment of depression. This
dissertation examined cross-sectional data from 1,489 non-pregnant women ages 18-44
years from the National Health and Nutrition Examination Survey (NHANES) to evaluate
the extent to which inflammation, suboptimal vitamin Bs and D concentrations, and
lifestyle factors are associated with different dimensions of depression in women

representative of the U.S. population.



CHAPTER 2

DEPRESSION

2.1 Epidemiology of Depression

Depression is a commonly occurring, seriously impairing, and often recurring
psychiatric disorder.#> The World Health Organization identified depression as the leading
cause of disability world-wide, affecting 350 million individuals.! In the US, recent samples
estimate a lifetime depression prevalence of 16.2% (approximately 33 million adults) and a
12-month prevalence of 6.6% or 13.5 million adults.® It is also the leading cause of
disability for people ages 15-44 years old, resulting in almost 400 million disability days
per year. 12 With a quarter of women all ages reporting depression symptoms according to
recent national estimates,” they are 2 to 3 times more likely than men to experience
depression.23 Not only is depression the most common mental illness experienced by
women, but rates of depression are on the rise.® The chance of suffering from depression is

ten times greater for women today than it was for their grandmothers.?

2.2 Definition of Depression

Major depressive disorder goes beyond the normal bounds of sadness and is marked by
hopelessness, loss of mood reactivity, inability to experience pleasure, suicidal thoughts,
and psychotic symptoms such as delusions or hallucinations.1® The actual diagnosis of
major depressive disorder is based on criteria established in the Diagnostic and Statistical
Manual of Mental Disorders, fifth edition (DSM-V) by the American Psychiatric Association

(APA).11 Major depressive disorder is characterized by discrete episodes of at least 2 week



duration involving clear-cut changes in affect, cognition, and neuro-vegetative functions
and inter-episode remissions.!! Common symptoms of major depressive disorder or
unipolar depression include a persistent sad mood, loss of interest or pleasure in activities
that were once enjoyed, changes in appetite or weight, difficulty sleeping or oversleeping,
physical slowing or agitation, energy loss, feeling worthlessness or inappropriate guilt,
difficulty thinking or concentrating, and recurrent thoughts of death or suicide.1l A
diagnosis of major depressive disorder is made if a person has five or more of these
symptoms and experiences impairment in usual functioning nearly every day during the
same 2-week period and at least one of the symptoms must be either depressed mood or
anhedonia (loss of interest of pleasure).11

Other manifestations of depressive disorders include: dysthymic disorder (or
dysthymia), which is characterized by long-term (2 years or longer) symptoms that may
not be severe enough to disable a person but can prevent normal functioning or feeling
well; and minor depression, which is characterized by having symptoms for 2 weeks or
longer that do not meet full criteria for major depression.12 Those with minor depression
are at increased risk for developing major depressive disorder.12 Other forms of
depression vary slightly or may develop under different circumstances, such as postpartum

depression or seasonal affective disorder.12



2.2.1 Subtypes of Depression

Major depressive disorder patients vary considerably in clinical presentation, cause,
treatment response, genetics, and neurobiology.1314 One explanation for this diversity is
the polyethic definition of major depressive disorder, meaning that a patient needs to only
satisfy some but not all symptoms to be classified as depressed.1* This approach suggests
there are 227 possible combinations of symptoms leading to a diagnosis of depression.14
In order to tackle the issue of symptom diversity, subtypes of depressive disorders have
been proposed based on specific combination of symptoms (i.e. melancholic depression,
psychotic depression), onset (seasonal affective disorder postpartum, early versus late in
life), course (single, recurrent, chronic), or severity.1> Several subtypes of depression such
as atypical, psychotic, cognitive, somatic and melancholic depression have been found in
theoretical frameworks.1# Of these, somatic symptomology has been found to be more
prevalent in females compared to males.16 Research into the etiology of depression needs
to account for the heterogenous nature of the condition and requires developing methods
to characterize and objectively assess the severity of depression and to classify depression
into its different subtypes.> Investigating risk factors for specific symptoms offers
opportunities to discover potential biological factors that may be related to specific
syndromes but may be masked by aggregate scoring; individuals with similar total
depression scores often have drastically different clinical conditions.1¢ In conclusion,
depression is a heterogeneous disorder with a highly variable course, 3% an inconsistent
response to treatment, 4 and no established mechanism.13 Therefore, further attempts to

characterize depression and find new potential treatments are warranted.



2.3 Public Health Challenge

Currently, depression is one of the three leading causes of global disease burden, but it
is predicted to become the leading cause by 2030.17 This poses an important public health
challenge because depression is often undiagnosed and untreated by physicians in primary
care settings.18 Despite heightened awareness and treatment of depression in primary
care settings, the prevalence of depressive symptoms remains high, treatment levels
remain low, and control of depressive symptoms are suboptima.” A recent study of a
nationally representative sample of adults from NHANES found that even among
individuals with severe depressive symptoms, a large proportion (36.9%) did not receive
treatment for depression.” Furthermore, not all depressed individuals respond to drug
treatment and additional therapies are urgently needed.#* Among U.S. adults taking
antidepressants, 26% reported feeling mild depressive symptoms and 19% reported
feeling moderate, moderately severe, or severe depressive symptoms.” This suggests that
antidepressants alone may not be the optimal treatment for depression, and further
avenues, such as nutritional therapy, could be beneficial in treating depression.

Among women, maternal depression is a major public health problem in the United
States2? encompassing a range of emotional and physical changes that mothers can
experience especially during pregnancy (prenatal) or in the year after giving birth
(postnatal).?21 Ante-, peri- and postpartum depression occur in 10-20% of women, with
rates of depression increasing in the last 2 trimesters of pregnancy up to 51% in the
general population of pregnant women.2! These estimates are likely conservative due to
under-reporting and under-diagnosing maternal depression. Indeed, as many as half of all

cases of perinatal depression go undetected, in part because many of the symptoms can be



wrongly attributed to the hormonal and physiological changes characteristic of
pregnancy.22 Furthermore, studies have shown that depression in the postpartum period

can last for months or even years after giving birth.23.24

2.4 Public Health Impact of Depression

Depression has a major impact on functioning and quality of life, on public health and
on the economy. In 2000, the estimated costs of depression totaled $83.1 billion, including
$26.1 billion for direct medical costs, $5.4 billion for suicide-related mortality costs, and
$51.5 billion for workplace costs, including absenteeism and disability.25> Based on a
nationally representative sample of U.S. workers, Kessler and colleagues (2006) estimated
that major depression resulted in 27.2 lost workdays per ill worker each year.2¢
Additionally, they found that the major workplace impact of depression is more likely to be
due to presenteeism (being physically present at work, but unable to function) than
absenteeism, which can be several times the cost of work loss time alone.26

From an interpersonal and domestic perspective, depression can have devastating
effects on a child’s development and family health. Parents represent the earliest, most
constant, and most proximal influence on child development. Their psychological health, in
addition to parenting behavior, serves as an important environmental risk or protective
factor in the developmental outcomes for children, especially with regard to emergence
and course of behavior problems.2’ Depression among mothers is increasingly recognized
as a common and devastating public health problem affecting not only women but also the
children in their care. Maternal depression can have devastating effects on a child’s health,

starting in pregnancy. Depressed mothers are more likely to have poor nutrition and to



smoke, drink, and/or use illicit drugs compared to non-depressed women; they are also
more likely to engage in risky behavior, including suicidal thoughts, as well as
underutilization of prenatal care services.28 Maternal depression is one of the most
common complications during pregnancy and it can lead to increased obstetrical
complications, such as pre-eclampsia, excessive bleeding, placental rupture, and preterm
birth and low birth weight babies.2? The effects of maternal postpartum depression on
infants can be long-lasting, affecting a child’s development and well-being. Infancy is a vital
developmental period, covering the time-frame when children develop social interaction
skills, experience parental attachment and bonding, and learn how to communicate. If a
mother’s ability to interact with her child is impaired due to her own depression, her infant
may fail to develop these important skills. Infants of depressed mothers often suffer from
developmental delays in their emotional, social, cognitive, and linguistic abilities.30.31
Furthermore, even mild or unrecognized maternal depressive symptoms in the first 4
months postpartum may have a significant impact on bonding with the infant.32 In addition
to emotional and development issues, maternal depression during the first years
postpartum is a also a strong predictor of child overweight and obesity.3° Long-term effects
of maternal depression include increased risk of depression and anxiety in childhood and
adolescence.*9 This is especially important because the earlier onset of depression in life is
associated with greater severity of illness and higher risk of suicide than later onset

depression.40



2.5 Risk factors for Depression in Women

Depression is a multifactorial condition involving genetic and environmental risk
factors.#! Even though depression may have a large genetics component including
polymorphisms of the serotonin transporter promoter gene (5-HTTLPT),213 studies on
mood disorders have not provided consistent evidence regarding the roles of specific
susceptibility genes or their pattern of inheritance. 3051 A genetic predisposition, in
combination with several potential environmental influences, is likely involved in the
development of depression.225455 Environmental factors associated with depression in
women include stress (e.g. physical, mental, and emotional trauma); viral infections;
hormonal disorders; chronic diseases; and some medications (e.g. sedatives). 2242
However, environmental factors do not appear to act alone, but can increase the risk for
depression in those with a genetic susceptibility for the condition.22

In addition to genetic predisposition and environmental risk factors, several social and
biological factors are associated with an increased risk for developing depression for
women. Social risk factors include a history of depression/anxiety, lack of marital partner
or marital difficulties,** low socioeconomic status,*> lack of social support or social
isolation,*¢ major life events as well as family violence,*” increased life stress, and
substance abuse.21 Psychological factors include history of depression 48 and history of
psychiatric illness, such as premenstrual dysphoric disorder,*¢ and depressive symptoms
during pregnancy.?

Biological risk factors associated with depression in women are more challenging to
determine. Some biological factors that may contribute to the pathophysiology of

depression include hormonal fluctuations,>? neurotransmitter function, 62-64 metabolic



syndrome,>* increased inflammation,>> and nutrient deficiencies from malnutrition or poor
diet quality.5®

In summary, depression is a multifaceted construct whose etiology remains a
mystery, and this may partly be due to the many potential risk factors that may be playing a

role in its development and severity.
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CHAPTER 3

INFLAMMATION

3.1 What is the Immune System and How Does it Function?

The immune system includes two major components: specialized cells that carry out
the wide array of immune processes, and the chemical messengers that enable
communication among immune cells, and between immune cells and other cells and tissues
within the body.>” The specialized cells and the messengers are coordinated to carry out
two forms of protection, innate and acquired immunity, which also work together in a very
complex manner to protect the body from foreign pathogens. Innate immunity is a general,
non-specific first line of defense comprised of anatomic, physiologic, endocytic and
phagocytic, and inflammatory barriers.>® Innate immunity is moderated and enhanced by
the acquired immune system, a specific form of defense that targets and labels pathogens
for elimination.>® Innate and acquired immunity operate in cooperative and
interdependent ways. The activation of innate immune responses produces signals that
stimulate and direct subsequent acquired immune responses, which involves cell-mediated
responses.>® The innate immune system continuously surveys the body for presence of
invaders, and when activated, it sets in motion a localized inflammatory response to fight

most pathogenic threats.®?
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3.2 What is Inflammation?

Inflammation is an essential immune response that enables survival during
infection or injury and maintains tissue homeostasis under a variety of conditions.61 The
inflammatory response was first characterized in the 1st century AD by Cornelius Celsus,
who coined the four cardinal symptoms of inflammation: rubor et tumor cum calore et
dolore (redness and swelling with heat and pain).62 The physiology behind these
symptoms was discovered in the 1800s, when Augustus Waller (1846) and Julius
Cohnheim (1867) discovered leukocyte emigration from blood vessels and other vascular
changes characteristic of an acute inflammatory response. Upon microscopic observation
of living tissue, Cohnheim noticed vasodilation, leakage of plasma, and migration of
leukocytes out of blood vessels and into the surrounding tissue.®2 The 5t cardinal symptom
of inflammation, function laesa (disturbance of function), was added in 1858 by Rudolph
Virchow in this book Cellularpathologie.5?

Currently, it is known that inflammation may be of different forms and modalities,
which are directed by different mechanisms of induction, regulation, and resolution.®! In
the past few decades, the spectrum of inflammatory conditions has shifted from acute
inflammatory reactions in response to wounds and infections to chronic inflammatory
states that accompany chronic diseases such as type 2 diabetes, atherosclerosis, asthma,

cancer, and neurodegenerative diseases.61
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3.2.1 Acute Inflammatory Response
A typical acute inflammatory response consists of four components: inflammatory
inducers, the sensors that detect them, the inflammatory mediators induced by the sensors,

and the target tissues that are affected by the inflammatory mediators.61

Each component comes in various forms, and their combinations function in distinct
inflammatory pathways. The type of pathway induced under given circumstances depends
on the source of the inflammatory stimulus. Thus, bacterial pathogens are detected by
receptors of the innate immune system expressed on tissue-resident macrophages and
induce the production of inflammatory cytokines and chemokines, as well as
prostaglandins.6? These inflammatory mediators then act on target tissues, including local
blood vessels, to induce vasodilation, extravasation of neutrophils, and leakage of plasma
into the infected tissue. Depending on the type of infection (bacterial, viral, or parasitic),
the sensors, mediators, and target tissues vary such that the most adequate type of
inflammatory response is induced.®? The acute inflammatory response is normally
terminated once the trigger insult is eliminated, the infection is cleared, and damaged

tissue is repaired. This is known as the resolution of inflammation.

3.2.2 Chronic Inflammation

Many chronic inflammatory conditions have been described where the initiating
trigger is not well defined but does not seem to involve infection or tissue damage. These
inflammatory conditions accompany many chronic diseases, including obesity and type 2

diabetes, atherosclerosis, neurodegenerative diseases, and cancer.t! Several inflammatory
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mediators, such as acute-phase proteins, cytokines or chemokines, can be used to assess

inflammation.

3.2.3 Inflammatory Mediators: Cytokines and Acute-Phase Reactants

As part of the inflammatory response, damaged or infected cells secrete chemical
messengers or mediators called cytokines, which act as chemoattractants. The term
“cytokines” encompasses a large family of proteins, including interleukins (IL), interferons
(IFN) and colony-stimulating factors, as well as various growth factors and eicosanoids,
including prostaglandins.®3 To differentiate among cytokines’ biological activity, they are
often described as either pro-inflammatory or anti-inflammatory. Following damage to or
infection of cells and tissues, pro-inflammatory cytokines are produced and secreted to
stimulate the activation of the immune system.®* Anti-inflammatory cytokines, such as IL-
10, are also secreted during inflammation in order to terminate pro-inflammatory cytokine
activity.63

Cytokine expression normally occurs in a step-wise manner, with the expression of
certain cytokines dependent upon the prior expression of others; for example, IL-1 is
necessary to induce production of IL-2, [L-6 and tumor necrosis factor (TNF).63 Cytokines
are mainly produced by immune cells, but are also produced by a variety of other cell types,
such as brain cells and adipose cells.®3 Peripheral cytokine production depends to a great
degree on the state of immune activation. In pathological conditions of acute or chronic
inflammation and tissue damage, the immune system is activated and macrophage activity
increases, accounting for increased production of cytokines, such as IL-1, IL-6, and TNF-a.

In the case of a viral infection, IFNs, released by activated T-cells, play a major role.5° These
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mediators, when secreted in sufficient amounts, can have systemic effects and can induce
liver cells to produce acute phase proteins such as C-reactive protein (CRP) and

coagulation factors, including pro-inflammatory prostaglandins.6!

3.3 C-Reactive Protein: The Main Acute-Phase Reactant

C-reactive protein (CRP) is the prototypical acute phase protein in humans.®> CRP is a
serum protein that is massively induced as part of the innate immune response to infection
and tissue injury.®® CRP is composed of five 23-kDa subunits, and was named for its
capacity to precipitate the somatic C-polysaccharide of Streptococcus penumoniae.®> Even
though it was the first acute-phase protein to be described and traditionally was viewed
only as an acute phase reactant, CRP is currently considered the “best” systemic marker of

non-specific inflammation and tissue damage.®”

3.3.1 Biosynthesis of CRP

CRP was traditionally thought to be produced only by hepatocytes, but recent
studies showed that CRP can be produced by non-hepatic tissues such as the renal
epithelium and respiratory tract.6869 CRP synthesis is stimulated by inflammatory
cytokines, such as IL-6 70 and this synthesis is enhanced synergistically by IL-1.71 De novo
hepatic synthesis initiates rapidly after a single stimulus, leading to serum concentrations
above 5mg/L for approximately 6 hours and peaking at 48 hours.’2 The plasma half-life of
CRP is roughly 19 hours and is constant under all conditions of health and disease, so that
the sole determinant of circulating CPR levels is the synthesis rate, which is a direct

reflection of the intensity of the pathological process stimulating CRP production.6” When
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the stimulus for increased production ceases, the circulating CRP level falls rapidly, at

almost the rate of plasma CRP clearance.t?

3.3.2 Circulating CRP Concentration

Healthy individuals in the general population tends to have stable CRP
concentration, apart from occasional spikes thought to be related to minor or subclinical
infections, inflammation, or trauma. There is no significant seasonal variation in baseline
CRP concentration, and, remarkably, the self-correlation coefficient of measurements
repeated years apart is approximately 0.5, which is comparable to that of cholesterol.6”
Acute-phase CRP values also show no diurnal variation and are unaffected by the fed state.
Liver failure impairs CRP production, but no other pathologies and very few drugs reduce
CRP values unless they also affect the underlying pathology providing the acute-phase
stimulus.®?” The CRP concentration is a useful nonspecific biochemical marker of
inflammation, measurement of which contributes importantly to screening for organic
disease, monitoring of the response to treatment of inflammation and infection, and
detection of intercurrent infection in immunocompromised individuals.®”

In healthy young adults, the median concentration of CRP is 0.8 mg/L, the 90t
percentile is 3.0 mg/L and the 99t percentile is 10 mg/L.7”?> However, CRP is part of the
acute phase response, and following injury, CRP levels increase dramatically, up to 10,000-
fold from less than 50 ug/L to more than 500 mg/L.67 This increase is rapid, but not
immediate: circulating concentrations reach 5 mg/L by approximately 6 hours and peak at
48 hours.”2 CRP is clearance occurs at a constant rate, rendering CRP levels a reliable

index of ongoing inflammation.”? Dramatic elevations in CRP levels indicate ongoing
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infection, and in the absence of infection, CRP reflects the degree of background

inflammation characteristic of an individual.6?

3.3.3 Role of CRP in the Inflammation Process

There are several mechanisms through which CRP enhances inflammation and
activates the immune response. Human CRP binds with high affinity to phosphocholine
residues, but it also binds to a variety of other autologous and extrinsic ligands, and it
aggregates or precipitates the cellular, particular, or molecular structures bearing these
ligands.6” Autologous ligands include native and modified plasma proteins,’#* damaged cell
membranes,’> several different phospholipids and related compounds as well as small
nuclear ribonucleoprotein particles,’® and apoptotic cells.”” Extrinsic ligands include many
glycan, phospholipid, and other constituents of microorganisms, such as components of
bacteria, fungi and parasites, as well as plant products. When aggregated or bound to
macromolecular ligands, human CRP is resembles some of the key properties of antibodies,
suggesting that under various circumstances CRP may contribute to host defense against
infection, function as a pro-inflammatory mediator, and participate in physiological and

pathophysiological handling of autologous constituents.6>

3.4 Lifestyle Factors that can Impact Inflammation

3.4.1 Obesity and Inflammation
Increasing evidence indicates that obesity causes chronic low-grade inflammation,

which contributes to the development of obesity-associated disorders, mainly
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characterized by metabolic dysfunction.”’87? Excess adipose mass is associated with
increased levels of the pro-inflammatory marker CRP in the blood in children and adults.80
Furthermore, weight loss interventions in those who were previously obese lead to
reductions in the levels of pro-inflammatory proteins, including CRP.81-83

Adipose tissue is traditionally considered a long-term energy storage organ, but it
also functions as a key endocrine organ by releasing multiple bioactive substances, known
as adipose-derived secreted factors or adipokines, that have pro-inflammatory or anti-
inflammatory activities.’884 The expression of adipokines varies depending on whether the
fat is stored in visceral or subcutaneous adipose tissues, as each of these sites produces a
unique profile of adipokines 8. The production of most adipokines is upregulated in the
obese state, and these pro-inflammatory proteins include: leptin, TNF, IL-6, resistin,
retinol-binding protein 4, lipocalin 2, IL-18, angiopoietin-like protein 2, CC-chemokine
ligand 2, CXC-chemokine ligand 5, and nicotinamide phosphor-ribosyltransferase.’® Among
these, leptin upregulates production of TNF and IL-6 by monocytes and increases the
production of the Tul-type cytokines IL-2 and IFN-y, therefore acting as a pro-
inflammatory adipokine.?¢ Tumor-necrosis factor is another pro-inflammatory cytokine,
mainly produced by monocytes and macrophages in visceral depots whose levels are
increased in adipose tissue and plasma of obese individuals, and reduced following weight
loss.87.88 Interleukin-6 increases transcription of CRP, and is positively associated with
adiposity in human populations.8? Similarly to CRP and TNF, increased levels of IL-6 are
seen in obese subjects, with weight loss leading to reduced IL-6 levels.83 Furthermore,

approximately one third of total circulating IL-6 is produced by adipose tissue.8?
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Interleukin-18 is another pro-inflammatory adipokine produced by adipose tissue, whose

levels fall after obese subjects undergo weight loss.?0

3.4.2 Estrogens and Inflammation

Studies conducted among users of exogenous hormones suggest that oral
contraceptive (OC) use 192 and orally administered hormone replacement therapy (HRT)
consistently elevate CRP, whether the preparation includes progesterone and estrogen or
estrogen alone.?193 A study by Dreon (2003) comparing CRP levels in 18 OC users vs 12
non-0C users found that plasma CRP levels were twice as high among OC users compared
to non-0C users (2+0.2 vs 0.9 0.3 mg/L; p<0.001) independent of phase of menstrual
cycle. Furthermore, they found that in this group, OC use predicted 32% of the variance in
CRP levels (p<0.001).°2 Even though exogenous estrogen has been demonstrated to
increase CRP, dose and delivery method appear to mediate this increase. Prestwood et al
(2004) found significantly higher CRP among women taking a higher estrogen HRT
preparation and significantly lower levels among women taking a lower estrogen
preparation; transdermally administered HRT has no observable effect on CRP.94.95

Studies examining the effects of endogenous hormones on CRP are inconsistent with
the trends shown for exogenous hormones. Jilma et al (1997) examined CRP changes in 18
women during the follicular phase, at mid-cycle, and in the luteal phase of one menstrual
cycle, and found that median CRP levels increased by 44% (p<0001) at mid-cycle and by
31% (p=0.002) in the luteal phase compared to the follicular phase.?®¢ Additionally, they
found a significant association between an individual’s relative increase in CRP and

progesterone concentration from the follicular phase to mid-cycle (r=0.60, p=0.01) and
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from the follicular phase to the luteal phase (r=0.71, p=0.001).9¢ In a second study of
endogenous hormones, Blum et al (2005) examined 15 measures from 15 women across
one menstrual cycle, and found an inverse association between estrogen and CRP (3=-0.23,
p<0.001) such that a 10-fold increase in estrogen was associated with a 41% decrease in
CRP.?7 A third study of the effects of endogenous hormones on CPR found a 10-fold
increase in progesterone to be associated with a 23% increase in CRP (p=0.01), a ten-fold
increase in estrogen was associated with a 29% decrease in CRP (p=0.05).98

Thus the effects of exogenous and endogenous hormones on CRP appear to differ:
exogenous estrogen at most doses is associated with elevations in CRP,1-93 whereas
endogenous estrogen seems to be correlated with lower CRP,°798 conversely, exogenous
progesterone may be associated with decreases in CRP,%9-101 whereas endogenous

progesterone seems to be associated with increases in CRP.96.98

3.4.3 Smoking and Inflammation

Environmental factors, such as smoking, have been reported to modify
inflammation progression, severity and outcome.192 Chronic inhalation of cigarette smoke
alters a wide range of immunological functions, including innate and adaptive immune
responses.103 Inflammatory mediators have been detected at higher levels in smokers in
several studies.104105 A Jarge scale analysis with 2,920 healthy men ages 60-79 found that
current cigarette smokers showed significantly higher levels of CRP (2.53 vs 1.35 mg/L)
compared with never-smokers.1%4 In women, Bermudez et al (2002) found higher levels of

plasma CRP in smokers enrolled in the Women’s Health Study compared to never smokers
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(3.80 vs 3.0 mg/L, p=0.032).105 Therefore, the systemic inflammatory process appears

heightened in those who smoke compared to nonsmoking subjects.

3.4.4 Physical Activity and Inflammation

Cross-sectional studies show an inverse association between regular physical
activity and the serum concentration of inflammatory markers, suggesting that physical
activity may have anti-inflammatory properties. Pitsavos et al found that CRP levels
decreased with increasing physical activity in the ATTICA study, as sedentary subjects had
the highest CRP concentration (1.47+1.4 mg/dL), followed by those who reported light-
moderate physical activity (1.01+1.5 mg/dL); finally those with highest level of physical
activity had the lowest serum CRP (0.91+£1.3 mg/dL; p=0.020).19 A study in older adults
measuring weekly caloric expenditure and inflammation found a dose-response
relationship between physical activity and CRP in the Cardiovascular Health Study.197 The
results from several cross-sectional studies suggest that physical activity and fitness are
associated with lower CRP levels.198 Furthermore, recent longitudinal studies suggest that
physical activity reduces CRP levels. A 2-year dietary and lifestyle intervention study in
postmenopausal women showed that serum CRP was reduced by 34% in obese
postmenopausal women; however, it is unclear as to whether the reduction in CRP was due
to weight loss, the physical activity or a combination of both.83 In a second longitudinal
study, Obisesan et al found a 15% reduction in CRP following a six-month exercise and diet

intervention, which did not result in weight loss.10?
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3.4.4.1 Effect of type, duration, and intensity of physical activity on CRP levels
Despite limited evidence on the relationship between physical activity and CRP,
several studies have tried to ascertain the effect of type, duration, and intensity of physical
activity on inflammatory markers in healthy adults. For the mode of physical activity that
may most impact CRP, King et al (2003) found that activities such as jogging, swimming,
cycling, aerobic dance and weight lifting performed over 12 times per month were
associated with a lower likelihood of elevated CRP in adults ages 17-65 years old when
compared to non-exercisers using data from NHANES III.110 [n particular, frequent jogging
and aerobic dance were associated with the lowest proportion of exercising individuals
with high CRP.110 This analysis was limited, however, by the inability to assess differences
in duration or intensity of each activity. Albert and colleagues assessed the baseline
frequency of physical activity in adults participating in the Pravastatin Inflammation/CRP
Evaluation (PRINCE) study, a multicenter community-based study.111 They created 4
groups of physical activity based solely on frequency: less than once per week, once per
week, 2-3 times per week, and 4 or more times per week; they found that CRP levels
decreased progressively with increasing levels of physical activity frequency (p-trend
<0.001).111 In order to assess the relationship between intensity of physical activity and
CRP levels, Pitsavos et al (2003) studied leisure-time activities such as walking, cycling,
running, swimming, etc, in healthy adults ages 18 and older from the ATTICA study.196 They
found that among individuals who claimed to exercise at least once a week, a high exercise
intensity (7 kcal/minute or more) was associated with a 38% decrease in CRP levels
compared with light exercise intensity (<4 kcal/min. 196 With regards to overall duration of

physical activity, the minimum length of time observed associated with lower CRP levels in
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longitudinal studies has been 2 months.108112 Geffken et al (2001) observed that 3-4 days
of physical activity per week, for 40-80 minutes per day at an intensity of 70-80% of
V02max can lower CRP levels in as little as 2 months in a healthy elderly population.107
Despite all the limitations encountered, there is sufficient evidence to suggest that physical
activity lowers inflammatory biomarkers such as CRP in a variety of settings and

populations.

3.4.5 Sleep and Inflammation

Inadequate sleep and sleep deprivation cause several neurobehavioral and
physiological changes, including increases in a range of inflammatory markers. 216 Chronic
sleep disruption is regarded as a physiological stressor that can impair brain function21?
and raises pro-inflammatory cytokines by inducing a functional alteration of the
proinflammatory cytokine response in monocytes, which is greater among females

compared to males. 218

3.4.6 Other correlates of CRP

Among individuals not experiencing infection, CRP concentrations may vary with
many additional factors.?® In adults, CRP has been found to be positively associated with
agell3 and negatively associated with birth weight.114 Adult females have higher CRP than
males!13115 Furthermore, some component of variation in circulating levels of CRP may be

heritable: estimates of heritability between 30% and 50% have been suggested.116.117
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3.5 Physiology of Inflammation and Depression

Depression is a complex condition, and it is likely that alterations in multiple
interacting systems underlie its pathogenesis.118 Therefore, numerous hypotheses have
been proposed to elucidate its origins. One of these is the inflammatory hypothesis, initially
called the macrophage theory of depression,11° presently also known as the malaise or
cytokine theory of depression.120.121 This inflammatory hypothesis emphasizes the role of
psycho-neuroimmunological dysfunctions, which is based on several observations. The
first one of these observations noted is that subsets of patients with major depression have
an altered peripheral immune system, with impaired cellular immunity and increased
levels of pro-inflammatory cytokines, including IL-6 and CRP.122123 Fyurthermore,
postmortem gene analyses in the prefrontal cortex of patients who had major depression
have suggested up-regulation of various pro and anti-inflammatory cytokines.124 [t is now
known that cytokines can cross the blood-brain barrier and induce inflammation in the
central nervous system and can influence neurotransmitter metabolism, neuroendocrine

function and regional brain activity, all of which are relevant to depression.®3

3.5.1 Cytokine Administration Induces Depression

It has been noted that chronic therapeutic administration of cytokines, mainly
interferon-alpha (INF-a) for hepatitis C virus infection or cancer, can lead to depressive
symptomatology in up to 50% of patients who will meet the criteria for major depression
within 3 months of starting therapy;!2> up to 90% receiving this therapy will display at
least one or two significant depressive symptoms.126 Therefore, INF-a-induced depression

has been used as a model to identify the specific changes in the immune system that may
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play a role in the development of behavioral changes leading to depression.127 INF-a is a
cytokine released by the innate immune system in response to viral infections; it has been
shown to induce IL-6 production, which stimulates CRP production. Additionally, some
evidence indicates that INF-a induced depression can be prevented and/or treated using
selective serotonin reuptake inhibitor (SSRIs).125 Therefore, there is evidence supporting

the directionality of inflammation leading to depression.

3.5.2 Cytokines Alter Neurotransmitter Metabolism

Numerous human and laboratory animal studies have demonstrated that multiple
neurotransmitter systems, including monoamines, serotonin, dopamine, and glutamate, are
affected by acute and chronic administration of cytokines.12! Serotonin has been the most
studied neurotransmitter with regards to inflammation and depression. INF-a has been
shown to attenuate the expression of 5HT1A, a serotonin receptor.128 Patients treated with
INF-a have decreased serum serotonin, and this has been more pronounced in those who
developed depression.12° Moreover, INF-a -associated increases in cerebrospinal fluid
(CSF) levels of IL-6 have been inversely associated with the serotonin metabolite 5-
hydroxyindoleacetic acid (5-HIAA), indicating lowered brain serotonergic activity.139 The
exact pathway affected is not clear, but it is know that the enzyme indoleamine 2,3-
dioxygenase (IDO) is activated by various cytokines alone or in combination.131 [DO
catabolizes tryptophan, the primary amino acid precursor of serotonin, into kynurenine.
Evidence of a role of IDO in cytokine-induced depression comes from several studies that
demonstrated correlations between INF-a-induced depression and decreases in

tryptophan accompanied by an increase in kynurenine and/or the kynurenine to
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tryptophan ratio.13! Although much of the attention regarding IDO was initially focused on
the depletion of tryptophan and therefore, of serotonin, several lines of evidence have
started to challenge this pathway, and have focused more on the presence of increased

kynurenine and its metabolites for immune-induced depression.131

3.5.3 Effects of Inflammation on Neurogenesis and Neurotrophic Factors

Pro-inflammatory cytokines can influence neuronal functioning through changes in
apoptosis, oxidative stress, and metabolic derangement, as well as by impairing processes
of synaptic plasticity and neurogenesis.120.132 [n humans, treatment with INF-a has been
associated with reduced levels of peripheral brain-derived neurotrophic factor (BDNF),
which are known to correlate well with BDNF availability in the CNS.133134 Furthermore
reduced BDNF during INF-a treatment has been found to correlate with increased
depression.134

Figure 1: Potential mechanisms linking inflammation to depression.
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3.6 Epidemiology of Inflammation and Depression in Women

Research on the association between inflammation and depression has mainly
focused in elderly populations, but recent studies have included younger adults, children,
and different at-risk populations, such as pregnant or post-partum women. The first large
cross-sectional study to analyze the association between CRP and depression in a
nationally representative sample using NHANES included 6,914 non-institutionalized men
and women ages 18-39 years old (women sample size: 3,760).5> Employing the Diagnostic
Interview Schedule (DIS) depression questionnaire to assess depression, which was
categorized into recurrent depression and severe depression within the last year and
within their lifetime. Ford and colleagues found a higher proportion of women
experiencing lifetime depression (11.7% vs 5.7%) compared to men. CRP was
dichotomized at the limit of detection (0.21 mg/dL), and labelled as “low CRP” and “high
CRP”. Almost a third (27.3%) of women were found to have high CRP levels compared to
only 13% of men. A history of major depression was associated with elevated CRP level
(OR:1.64,95%CI 1.20, 2.24) in both men and women. When stratified by gender, no
significant associations were found between depression and inflammation in women (past
year depression OR=0.76, p=0.33; history of depression OR= 1.39, p=0.24). Among men,
CRP levels were significantly higher in those experiencing a recent episode of depression
(OR=3.00, 95% CI 1.39-6.48) and those with recurrent depression (OR= 3.55, 95% CI 1.55-
8.14) compared to their non-depressed counterparts.>> Despite having a large, nationally
representative sample size, this study was limited by the low sensitivity of the CRP
concentration detected by their assay, as 74.1% of the population fell below the limit of

detection (0.21 mg/dL), therefore the study was forced to categorize CRP levels into
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low/high based on the limit of detection (low CRP: <0.21 mg/dL and high: >0.21 mg/dL). In
addition to the cross-sectional limitation of the study design, the severity of depression was
not determined since the depression questionnaire only assessed the presence of major
depression disorder in a yes/no manner, limiting the potential to assess the degree to
which inflammation may be contributing to depression.

In another study, Matthews et al. (2010) assessed the bi-directionality of the
relationship between depression and CRP in the prospective Study of Women’s Health
Across the Nation (SWAN) over a 7-year period.13> The Center for Epidemiological Studies
Depression scale (CES-D) was used to assess depressive symptoms during the previous
week in 1,781 women ages 42-52 years old on a yearly basis. Using multivariable
longitudinal linear mixed regression model (woman-specific), they found that initial higher
depression scores at time X predicted higher subsequent CRP levels and vice-versa over a
7-year period. After adjustment for BMI, physical activity, medications, and health
conditions, higher CRP levels at year X significantly predicted higher depression scores in
the subsequent year (p=0.03). Higher depressive symptoms also predicted higher CRP in
the following year, but this association was not significant (p=0.10). In other words, they
found that CRP remained a modest, yet statistically significant, predictor of subsequent
depressive symptoms one year later, whereas the reverse association (depression as
predictor of inflammation) only approached significance. Despite it being a strong study
with multiple measurements of each exposure and outcome, and an ethnically-diverse
population, this study was limited by its inclusion of only an older sample population of

women. This is an important study because it sheds light on the directionality of this
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