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Abstract. - Obesity, metabolic syndrome
and diabetes represent multi-factorial conditions
resulting from improper balances of hormones
and gene expression. In addition, these condi-
tions have a strong inflammatory component
that can potentially be impacted by the diet. The
purpose of this review is to discuss the molecu-
lar targets that can be addressed by anti-inflam-
matory nutrition. These molecular targets range
from reduction of pro-inflammatory eicosanoids
that can alter hormonal signaling cascades to
the modulation of the innate immune system, via
toll-like receptors and gene transcription factors.
Working knowledge of the impact of nutrients,
especially dietary fatty acids and polyphenols,
on these various molecular targets makes it pos-
sible to develop a general outline of an anti-in-
flammatory diet that offers a unique, non-phar-
macological approach for treating obesity, meta-
bolic syndrome and diabetes.
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Introduction

It is becoming more evident that inflammation
plays an important role in the metabolic conse-
quences of obesity, metabolic syndrome, and dia-
betes as well as other chronic degenerative con-
ditions'’. However, the molecular mechanisms
that control the inflammatory processes at the ge-
netic level are only beginning to be understood.
In particular, there is a growing knowledge of the
role that gene transcription factors play in the in-
flammatory process. Pharmacology allows one to
determine which components of the inflammato-
ry response are important in treatment of obesity,
metabolic syndrome, and diabetes. This same un-
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derstanding can illustrate how natural compo-
nents of the diet alter the same molecular targets
as pharmacological interventions and provide at-
tractive, cost-effective alternatives to more tradi-
tional therapies.

The purpose of this review is to establish link-
ages between diet, inflammatory hormones and
gene transcription factors that affect inflamma-
tion and to propose dietary approaches for the re-
duction of chronic low-level inflammation, im-
portant in the development of obesity, metabolic
syndrome and diabetes.

An Inflammatory Perspective on Obesity,
Metabolic Syndrome, and Diabetes

The percentage of obese adults in the United
States is approximately one-third of the adult
population or about 72 million individuals®. This
number is similar to the number of individuals
(estimated at 79 million) who have metabolic
syndrome, a good indication of the number with
pre-diabetes. Additionally, 26 million people in
the United States have type 2 diabetes’. A strong
inflammatory linkage appears be involved with
the current epidemics of obesity, metabolic syn-
drome, and diabetes!®. This would suggest that
there may be epigenetic factors that when activat-
ed by the diet, could be responsible for the rapid
increase of each of these conditions in the past
30 years. The mechanism may lie with the im-
pact of diet on activation of gene transcription
factors that are involved in the inflammatory
process.

Overview of Inflammation

The inflammatory responses that developed
over millions of years of evolution allow us to
co-exist with microbes. The same inflammatory
responses also make it possible for physical in-
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juries to heal. Most think of inflammation in
terms of the pain associated with cellular destruc-
tion that comes as a result of these initial pro-in-
flammatory responses generated by the innate
immune system. However, the complete inflam-
matory process is a complex interaction of both
the pro- and anti-inflammatory phases!’!2, The
pro-inflammatory phase induces pain, swelling,
redness and heat, which are indicators that cellu-
lar destruction is taking place. Yet there are
equally important anti-inflammatory mechanisms
of the inflammatory cycle that are necessary for
the resolution of the inflammatory response, thus
allowing for cellular repair and regeneration. On-
ly when these two phases are continually bal-
anced can cells effectively repair the micro-tissue
injury that results from inflammatory events. Yet,
if the pro-inflammatory phase continues at a low,
but chronic level below the perception of pain, its
presence can become a driver of many chronic
diseases.

Understanding the role of diet in the genera-
tion of these same inflammatory responses had
to wait for new breakthroughs in molecular bi-
ology. This allowed a more detailed under-
standing of the linkage between dietary factors
and inflammatory gene expression mediated by
gene transcription factors within the innate im-
mune system. The innate immune response, the
most primitive part of the immune system, has
been conserved over hundreds of millions of
years of evolution. It is non-specific, respond-
ing to conserved sequences, termed pattern
recognition sites, and elicits an immediate re-
sponse to various stimuli (microbes, injuries,
burns, and the diet).

The primary cellular components of the innate
immune system include toll-like receptors and
various gene transcription factors. These work to-
gether to activate the expression of inflammatory
genes that can either amplify the pro-inflammato-
ry attack phase of inflammation or inhibit the pro-
duction of the same inflammatory mediators.

Types of Inflammation

There are two distinct types of inflammation.
The first type is inflammation resulting in acute
pain. This can be considered classical inflamma-
tion. A second type of inflammation is cellular in-
flammation that is described as low-level chronic
inflammation below the threshold of pain'*13.
Since there is no pain associated with this type of
inflammation, nothing is done to stop it, and thus
it can linger for years, if not decades, causing

continual organ damage. As long as appropriate
inflammatory resolution mechanisms and the re-
generative/compensatory potential of organs and
tissues are maintained, the development of chron-
ic degenerative conditions can be prevented or de-
layed. Eventually, exhaustion or lack of activation
of the necessary inflammatory resolution mecha-
nisms necessary for regenerative potential will oc-
cur. This will result in subsequent organ damage,
loss of function and the onset of overt chronic dis-
ease despite the fact that initiating pathogenetic
events may have started decades earlier, triggered
by the underlying and ongoing chronic cellular
inflammation process.

The primary mediator of the diet-induced in-
flammation response is ultimately driven by the
production of pro-inflammatory eicosanoids de-
rived from arachidonic acid (AA). AA is an
omega-6 fatty acid, and its levels are entirely con-
trolled by the diet. Anti-inflammatory drugs inter-
act with molecular targets that are downstream
from AA, primarily by either inhibiting the en-
zymes that convert AA into pro-inflammatory
eicosanoids or inhibiting the release of AA from
phospholipids in the membrane. A primary goal
of anti-inflammatory nutrition is to go upstream
by reducing the levels of AA in the target cell
membranes. The overall goal is to reduce the ex-
cess production of pro-inflammatory eicosanoids,
similar to pharmacological approaches, but using
very different mechanisms to reach that goal.

Innate Immune System

Although the most profound linkage between
diet and cellular inflammation can found with the
imbalance of pro- and anti-inflammatory
eicosanoids, the interaction of various dietary nu-
trients (fatty acids and polyphenols) with the in-
nate immune system has a significant impact on
the resulting inflammatory response. The innate
immune system is the most primitive part of our
overall immunological response and remains sen-
sitive to nutrients!®. More importantly, its activa-
tion of the inflammatory response is based on
primitive pattern recognition. When advances in
molecular biology finally began to unravel the
control mechanisms inherent in the innate im-
mune system, a more detailed understanding of
unexpected mechanisms for a variety of common-
ly used pharmacological drugs emerged!”!3. Like-
wise, these same advances also illustrated how
the diet can affect inflammation induced by the
innate immune system. Today the understanding
of the linkage of diet to toll-like receptors, hor-
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monal second messenger signaling pathways,
gene transcription factors and their resulting inter-
actions allows anti-inflammatory nutrition to be
considered a form of gene silencing gene therapy,
especially the silencing of genes involved in the
generation of cellular inflammation.

Clinical Markers of Cellular Inflammation

It is very difficult to discuss a concept of cellu-
lar inflammation that cannot be measured and
evokes no pain. It is only recently that new clini-
cal markers of cellular inflammation have
emerged. The first of these clinical markers was
high-sensitivity C-reactive protein (hs-CRP).
This is not a very selective marker since simple
infections can raise its levels'*?!. A much more
selective marker of cellular inflammation is the
ratio of two key fatty acids in the blood. The first
is the omega-6 fatty acid arachidonic acid (AA),
which is the precursor to pro-inflammatory
eicosanoids. The other fatty acid is the omega-3
fatty acid eicosapentaenoic acid (EPA), which
generates anti-inflammatory eicosanoids. The
higher the AA/EPA ratio in the blood, the greater
the level of the cellular inflammation that is like-
ly to be found in various organs'*15,

Dietary origin of Cellular Inflammation:
the Perfect Nutritional Storm

There has not been one dietary change alone
in past 30 years that has increased the levels of
cellular inflammation. However, there has been a
convergence of four distinct dietary changes that
can be termed as “The Perfect Nutritional
Storm”". These dietary factors include:

* Increased consumption of refined vegetable
oils rich in omega-6 fatty acids

e Increased consumption of refined carbohy-
drates

e Decreased consumption of long-chain omega-
3 fatty acids

* Decreased consumption of polyphenols

The first two factors increase the production of
AA, thereby increasing pro-inflammatory re-
sponses, whereas the last two factors are impor-
tant in generating anti-inflammatory responses
by their interaction with specialized gene tran-
scription factors.

Increasing AA
The primary cause of increased AA has been
the increased consumption of refined vegetable

oils rich in omega-6 fatty acids. The primary fat-
ty acid in the most common vegetable oils is
linoleic acid, an omega-6 fatty acid that is readily
converted into AA. Prior to the last 80 years,
linoleic acid was a relatively minor component of
the human diet. For example, traditional cooking
fats, such as butter, lard, and olive oil, contain
less than 10% linoleic acid. Common vegetable
oils, such as corn, soy, sunflower, and safflower,
contain 50-75% linoleic acid. The use of these
vegetable oils has increased by more than 400%
since 1980%.

Accelerating the metabolic transformation of
the increased intake of linoleic acid into AA has
been the increasing consumption of refined car-
bohydrates that has significantly increased the
glycemic load of the diet. The glycemic load of
a meal is defined as the amount of a particular
carbohydrate that is consumed at a meal multi-
plied by its glycemic index?*?*. Today, not only
are high glycemic-index carbohydrates major
components in virtually all processed foods,
they are found in dietary staples, such as potato,
rice, corn and wheat. As the cost of production
of refined carbohydrates has dramatically de-
creased in the past 30 years, the availability of
products made from these ingredients has dra-
matically increased®. Increased consumption of
high-glycemic food ingredients generates meals
with a high-glycemic load. This results in the
increased secretion of the insulin necessary to
lower the resulting post-prandial rise in blood
glucose?.

Since refined carbohydrates and vegetable oils
are now the cheapest source of calories®, it is
not surprising that the combination of these two
dietary trends has increased tissue concentrations
of AA, thus leading to an epidemic of cellular in-
flammation. This can be understood from the
metabolic pathway of linoleic acid conversion to
AA as shown in Figure 1.

The two rate-limiting steps in this metabolic
cascade of linoleic acid to arachidonic acid are
the delta-6 and delta-5 desaturase enzymes.
These enzymes insert cis-double bonds into
unique positions in the omega-6 fatty acid mole-
cule. Normally, these steps are rate limiting, thus
controlling the production of AA. However, in-
sulin is a strong activator of each of these en-
zymes®-32, This means that a high glycemic-load
diet coupled with increased intake of vegetable
oils rich in linoleic acid will lead to increased
production of AA and a corresponding increase
in cellular inflammation.
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Arachidonic Acid (AA)

Figure 1. Metabolism of omega-6 fatty acids.

Decrease in Anti-Inflammatory Nutrients

Intensifying the inflammatory damage caused
by increased production of pro-inflammatory AA
has been a corresponding decrease in the dietary
intake of anti-inflammatory nutrients, specifical-
ly the long-chain omega-3 fatty acids and
polyphenols.

The omega-3 fatty acid EPA has a significant
inhibitory effect on the metabolic cascade that re-
sults in the synthesis of AA and its subsequent
effect on cellular inflammation. In high enough
concentrations, EPA can partially inhibit the ac-
tivity of the delta-5-desaturase enzyme, thus re-
ducing AA formation by acting as a weak feed-
back inhibitor because both fatty acids use the
same enzyme (delta 5-desaturase) for their pro-
duction. Equally important, an increased EPA
content in membrane phospholipids decreases
the release of AA that is necessary to make pro-
inflammatory eicosanoids. In this regard, in-
creased consumption of EPA dilutes out existing
AA, thus decreasing the potential production of
pro-inflammatory eicosanoids. Finally, EPA is
the molecular building block to powerful anti-in-
flammatory eicosanoids known as resolvins®-¢.
Unfortunately, the consumption of long-chain
omega-3 fatty acids, such as EPA, has dramati-
cally decreased over the past century?’.

Another dietary change has been reduced in-
takes of polyphenols. Polyphenols are the chemi-
cals that give fruits, vegetables, and whole grains
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their color. It was originally thought that their
primary role was as anti-oxidants, but now it is
realized they have important anti-inflammatory
effects on gene transcription factors. The in-
creased use of refined carbohydrates has corre-
spondingly reduced the dietary intake of these
anti-inflammatory polyphenols to extremely low
levels compared to previous times.

How Cellular Inflammation Induces
Chronic Disease

Cellular inflammation can be insidious since it
causes no pain, yet the long-term damage to or-
gan function is significant. This is a combination
of two factors: (1) disruption of hormone-in-
duced second messenger signaling within the cell
and (2) disturbances in the homeostasis between
pro-inflammatory and anti-inflammatory gene
transcription factors.

Successful hormonal cellular communication
involves fidelity of the signals initially generated
by a hormone interacting with its receptor on the
cell surface. The corresponding transfer of that
interaction via second messengers into the interi-
or of the cell elicits the appropriate biological re-
sponse. The classic case of disruption of this hor-
monal communication is insulin resistance. In-
sulin resistance and the resulting hyperinsuline-
mia is often a driving force behind both obesity
and metabolic syndrome. It is amplified in type 2
diabetes leading to the beta cell burnout resulting
in chronic hyperglycemia. There are a number of
control points in the insulin signaling pathways
within a cell that can be disrupted by cellular in-
flammation and inflammatory mediators that are
genetically expressed in response to cellular in-
flammation®®3°. This helps explain why for more
than a century there have been reports in the
medical literature about the ability of high-dose
anti-inflammatory drugs to reverse insulin resis-
tance and partially restore normal glycemia in di-
abetic patients**”. These anti-inflammatory
drugs appear to work at the level of inhibition of
pro-inflammatory gene transcription factor
known as NF-kB. Once activated, NF-xB will
prompt the genetic expression of a wide variety
of inflammatory mediators including the inflam-
matory cytokines (including IL-1, IL-6, and es-
pecially TNF-a)) that are implicated in disrupting
insulin signaling and the COX-2 enzymes that
can amplify the conversion of AA into inflamma-
tory eicosanoids, such as prostaglandins and
leukotrienes. The inflammatory cytokines gener-
ated by the activation of NF-kB can interact
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through receptors on the cell surface to amplify
the inflammatory response both in the same cell
(i.e. autocrine) or nearby cells (i.e. paracrine)
thereby spreading the inflammatory signals.

There are a number of dietary factors that can
activate NF-xB transcription, including saturated
fatty acids and AA. Saturated fatty acids activate
of NF-xB by stimulating the toll-like receptors,
primarily TLR-4 and potentially TLR-2*-52. AA
has both a direct effect on the activation of NF-
kB*' and an indirect effect via its leukotriene
metabolites*>*3. A secondary inflammatory
mechanism by which NF-xB can be activated is
via the interaction of saturated fatty acids inter-
acting with toll-like receptors, primarily TLR-4
and potentially TLR-2452,

At the same time it is known that nutrient acti-
vation of anti-inflammatory gene transcription
factors, such as PPARy can inhibit cellular in-
flammation and cause reversal of diabetes. Nutri-
ents that activate this anti-inflammatory gene
transcription factor include omega-3 fatty acids
as well as polyphenols’**. In addition, polyphe-
nols can activate AMP kinase, which acts as an
upstream activator of gene transcription factors
SIRT1 and FOX leading to a reduction in the lev-
els of cellular inflammation®.

A simplified overview of these diet-induced
cellular inflammation pathways is shown in
Figure 2.

An industrially manufactured form of fat, trans
fats, also can generate insulin resistance; howev-

er, animal experiments using knockout models of
TLR-4 indicate that trans fatty acids still cause
inflammation via a TLR-4 independent mecha-
nisms*.

How Obesity Induces Cellular Inflammation

Obesity can be defined as accumulation of ex-
cess body fat. However, it is the location of that
excess body fat that determines whether or not
obesity leads to acceleration of chronic diseases.
If the extra body fat is constrained to the adipose
tissue and there is no compromise of metabolic
function, this obese individual would be consid-
ered metabolically healthy®’. A significant num-
ber of obese Americans fall into this category?®.
On the other hand, if increasing amounts of the
excess fat become deposited in other organs
(muscles, cardiac tissue, liver, pancreas), this is
known as lipotoxicity®*®!. With lipotoxicity
comes an acceleration of the chronic diseases
(e.g., metabolic syndrome, fatty liver type 2 dia-
betes, heart disease, cancer) associated with obe-
sity. The extent of lipotoxicity is determined by
the health of the fat cells in the adipose tissue.

Adipose Tissue as a Staging Area for
Systemic Cellular Inflammation

The adipose tissue is the only organ in the
body that can safely store triglycerides. As a con-
sequence, it occupies the central position in con-
trolling cellular inflammation by acting as a fat-
buffering system, especially by controlling the

Toll like receptor-4

AA

Cytokine receptors

Inflammatory
Enzymes (COX-2) and
Cytokines

(IL-1, IL-6, TNF)

Figure 2. Simplified version of diet-induced activation of NF-xB.
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blood levels of AA. Healthy fat cells have the
ability to extract any excess fatty acid (including
AA) in the blood and to safely store it as a
triglyceride. In addition, the adipose tissue can
readily induce the formation of new fat cells
from internal stem cells to increase the storage of
increasing levels of circulating fat in blood com-
ing from either ingestion of dietary fat or metab-
olism of excess carbohydrates and protein that
have been converted into circulating fat by the
liver®.

The Life Cycle of a Fat Cell

The definition of a healthy fat cell is one that
can easily expand to sequester incoming fats, in
particular for long-term storage and effectively
govern the controlled release of stored fat for ATP
production in the peripheral tissues. The ability to
sequester circulating fat into the fat cell depends
upon the integrity of insulin signaling that brings
adequate levels of glucose into the fat cell that
can be converted to glycerol. This necessary step
is required to convert incoming free fatty acids in-
to triglycerides for long-term storage.

The problem begins to arise when AA levels
become too great in a particular fat cell. As an
initial defensive mechanism, the generation of
new fat cells is induced by metabolites of AAS54,
Although this is associated with greater
adiposity®, the creation of new healthy fat cells
maintains the capacity of the adipose tissue to
prevent potential lipotoxicity. However, as the
AA levels continue to increase in any particular
fat cell, the cellular response to insulin signaling
becomes compromised due to internal cellular in-
flammation that interrupts the flow of glucose in-
to the fat cell to provide the necessary glycerol
for fatty acid storage*!. It appears this may be a
consequence of the generation of pro-inflamma-
tory eicosanoids (leukotrienes) derived from
AA*. Ag a result, the fat cell has a more diffi-
cult time sequestering newly formed AA as well
as other fatty acids circulating in the blood. At
the same time, insulin inhibition of the hormone-
sensitive lipase in that particular fat cell becomes
compromised because of the same disruption in
the insulin-signaling cascade. Consequently,
more free fatty acids are being released into cir-
culation®”%®, the hallmark of classical insulin re-
sistance. It appears that insulin resistance due to
increased AA levels may arise in the fat cell prior
to developing in the muscle cells®”°. The greater
amounts of AA in circulation are taken up by
other cells potentially leading to the acceleration
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of insulin resistance in the muscle cells and
marked hyperinsulinemia. To further compound
the situation, a compromised fat cell is releasing
greater amounts of previously sequestered AA
into circulation’'.

As the levels of AA increase in any one particu-
lar fat cell beyond a critical threshold barrier, cell
death may occur’. The necrosis of that particular
fat cell causes a migration of macrophages into the
adipose tissue’’. This increase in macrophage
accumulation in the adipose tissue is clearly seen
in both animal and human models of obesity’.
These newly recruited macrophages cause the se-
cretion of additional inflammatory mediators, such
as IL-1, IL-6 and TNF-a, which increase inflam-
mation within the adipose tissue’**. These newly
released inflammatory cytokines can interact with
their receptors at the surface of nearby fat cells to
signal a further activation of NF-kB, the key gene
transcription factor that drives the inflammatory
responses of the innate immune system. Support
for this hypothesis of AA-driven inflammation in
the fat cells comes from the observations that the
amount of macrophage accumulation can be sig-
nificantly reduced upon supplementation with
high-dose fish oil rich in omega-3 fatty acids to re-
duce the inflammation in the adipose tissue®~!.
This effect of omega-3 fatty acids may be mediat-
ed through GPR-120, which binds specifically to
macrophages and reduces their inflammatory po-
tential in the adipose tissue®.

As cellular inflammation in the adipose tissue
increases, inflammatory cytokines, such as IL-6
derived from the macrophages attracted to the in-
flamed fat cells, can exit into the circulatory sys-
tem to cause an increase in CRP formation in the
liver. Hence the correlation between obesity and
CRP levels”. Likewise TNF-a generated by the
same macrophages causes further insulin resis-
tance in the surrounding fat cells, thus decreasing
their ability to sequester newly formed AA as
well as causing even more stored AA to be re-
leased into the circulatory system. In many ways,
the staging area for insulin resistance in other or-
gans (muscles, liver, and eventually the pancreas)
can be considered to start in the adipose tissue.
As insulin resistance spreads to other organs, the
end result is lipotoxicity marked by the accumu-
lation of lipid droplets in the muscle cells (both
smooth muscle and cardiac muscle), liver, and
the beta cells of the pancreas.

As long as the adipose tissue is composed of
healthy fat cells, the increased production of di-
etary-induced AA can be handled by rapid re-
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moval from the blood and safe storage in the fat
cells. In the absence of a large percentage of
healthy fat cells in the adipose tissue, the combi-
nation of the growing lack of ability to sequester
AA from the blood coupled with the accelerated
release of stored AA from the fat mass into the
circulation is similar to the metastatic spread of a
tumor, only now it is cellular inflammation that is
spreading. The metastasis of cellular inflamma-
tion is characterized by deposition of lipid
droplets in non-adipose cells that cause lipotoxic-
ity. If these accumulated lipid droplets are also
enriched in AA, then the development of inflam-
matory diseases, such as metabolic syndrome
and type 2 diabetes, will be accelerated.

Understanding the role of healthy fat cells may
explain why approximately one-third of obese in-
dividuals are actually quite healthy. As dis-
cussed, these individuals known as the metaboli-
cally healthy obese”’ appear to have higher levels
of the adipose-derived hormone adiponectin®.
Adiponectin is an adipose cell generated hormone
that is associated with decreased insulin resistance.
This is confirmed by studies of the over-expression
of adiponectin in diabetic animals®. It should be
noted that adiponectin levels can be increased by
high levels of fish oil rich in EPA possibly acting
through the PPARY transcription factor®®s,

One of the first indications that lipotoxicity is
taking place is the appearance of metabolic syn-
drome. Metabolic syndrome is a cluster of meta-
bolic disorders that parallels the development of
pre-diabetes and is associated with the spreading
lipotoxicity in both the liver and muscle cells. It
is characterized by a combination of clinical
markers, including a high fasting TG/HDL ratio
(greater than 3.5), increased abdominal fat, and
hyperinsulinemia. Recent data indicate that there
is a strong correlation between metabolic syn-
drome and levels of AA in the adipose tissue®.

Left untreated, metabolic syndrome will usual-
ly result in the development of type 2 diabetes
within 8-10 years. During this latency period, the
insulin resistance of the individual is continually
increasing. This will cause even more AA forma-
tion, especially if consumption of omega-6 fatty
acids remains high, as the hyperinsulinemia will
further activate the delta-6 and delta-5-desaturase
enzymes that convert linoleic acid into AA. Since
the fat cells are now compromised in their ability
to sequester this increased AA production, the in-
creased AA levels induced by the hyperinsuline-
mia in the blood are more likely to be picked up
by other organs.

The onset of type 2 diabetes occurs when the
lipotoxicity has metastasized to the pancreas,
causing a decreased output of insulin®. With in-
sulin secretion decreased, there is a rapid rise of
blood sugar levels. The development of type 2 di-
abetes indicates that the metastasis of cellular in-
flammation from the adipose tissue to the pan-
creas is now complete.

Ironically, even extreme lipotoxicity can be re-
versed by the creation of new healthy fat cells.
This has been demonstrated in transgenic obese,
diabetic mice that over-express adiponectin, an
adipocyte-derived hormone that reduces insulin
resistance®. It is hypothesized that this increased
production of adiponectin activates PPARY, which
causes the proliferation of adipose stem cells to
produce new healthy adipocytes. These transge-
netic obese mice become even more obese, but
there is a normalization of blood glucose and
lipid levels®. This is similar to the elevated levels
of adiponectin found in metabolically healthy
obese individuals®. One mechanism of protection
against lipotoxicity might be that the new healthy
fat cells in the adipose tissue can now sequester
circulating fatty acids (including AA) more effec-
tively to allow the resolution of the inflammatory
lipid droplets in the muscle, liver and beta cells of
the panaceas. Essentially this resolution process
represents a reverse flow of the lipotoxic lipid
droplets in other organs back to the adipose tissue
and reverses insulin resistance in the muscle and
liver cells as well as decreases the inflammation
in the beta cells of the pancreas.

Support of the hypothesis regarding the impact
of AA on fat cell metabolism comes from studies
on AA levels in fat cells on various chronic dis-
ease conditions. In particular, increased AA lev-
els in the fat cells are significantly associated
with increased body fat, development of meta-
bolic syndrome, and incidence of non-fatal heart
attacks6>-69-100,

Pharmacological Targets for Reducing
Cellular Inflammation

Gene transcription factors that control inflam-
matory gene expression have been highly con-
served for hundreds of million of years of evolu-
tion. Many of these gene transcription factors
were initially identified as “orphans” meaning
even though the gene transcription factor itself
could be studied; it wasn’t clear what it actually
did. Many of the recent advances in pharmacolo-
gy have been to find drugs that interact with such
orphan gene transcription factors to provide a
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measurable biological effect. By working back-
wards, it could then be hypothesized how that
“orphan transcription factor” had a significant bi-
ological function.

Anti-Inflammatory Drug Targets

There is a growing awareness that obesity, meta-
bolic syndrome and diabetes are inflammatory
conditions, hence they theoretically could be treat-
ed by the chronic use of anti-inflammatory drugs.
Unfortunately, the drug doses required also gener-
ate significant toxic side effects. Our working hy-
pothesis is that chronic low-level inflammation dri-
ving the development of these conditions can be
affected by anti-inflammatory nutrition to interact
with the same molecular targets as anti-inflamma-
tory drugs without the same side effect profile.

The classical pathways of anti-inflammatory
drugs have been focused on the inhibition of the
COX and LOX pathways of eicosanoid produc-
tion. Inhibitors of the COX enzymes, such as as-
pirin and non-steroidal anti-inflammatory drugs
(NSAIDs), have different modes of action. As-
pirin is a suicide inhibitor of the PGH, synthase
enzyme that is the rate-limiting step of the forma-
tion of pro-inflammatory eicosanoids. NSAIDs,
on the other hand, are competitive inhibitors of
the same enzyme. However, neither class of anti-
inflammatory drugs has much effect on the LOX
pathways that generates leukotrienes. Corticos-
teroids inhibit both the COX and LOX pathways
by inhibiting the release of AA from the phospho-
lipids in the cell’s membranes thus making it a
more powerful anti-inflammatory drug with cor-
respondingly increased side effects.

Gene Transcription Factor Targets

The key component of the inflammatory re-
sponse of the innate immune system is the activa-
tion of NF-xB, which acts as master genetic
switch to cause the expression of inflammatory
proteins (such as the COX-2 enzyme and various
inflammatory cytokines) that amplify the inflam-
matory response. Recent evidence has indicated
that aspirin, salicyates and statins also inhibit the
activation of NF-xB at high concentrations!”!3. Tt
is now hypothesized that many of the cardiovas-
cular benefits of statins may come from their an-
ti-inflammatory actions as opposed to their cho-
lesterol-lowering effects!!.

If NF-xB can be considered to be an inflam-
matory gene transcription factor, then the PPAR
family of gene transcription factors can be con-
sidered anti-inflammatory. There are a number of
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drugs that activate the PPAR systems. PPARYy is
the gene transcription factor that induces the in-
creased expression of fat oxidation enzymes. It is
this transcription factor that is activated by drugs
such as fibrates'’?. These drugs are effective in
lowering triglyceride levels and are widely used
in cardiovascular treatment. Once activated, the
PPARYy system has profound anti-inflammatory
effects, including the generation of new healthy
fat cells that help reduce lipotoxicity. The thiazo-
lidinediones, a mainstay of diabetes treatment,
are examples of such drugs that activate the
PPARY gene transcription factor!®.

Regulatory Enzyme Targets

Certain enzymes act as energy sensors and can
regulate a great number of metabolic systems, es-
pecially dealing with glucose and lipid metabo-
lism. AMP kinase occupies a key place in this
metabolic control process. The diabetic drug met-
formin is one such drug that activates this particu-
lar enzyme!'*!%, This enzyme not only generates
adequate levels of ATP but also regulates a wide
number of enzyme systems involved in glucose
and lipid metabolism!®. It should be noted that the
class of drugs that metformin belongs to were orig-
inally isolated from the French lilac'”. As a result,
metformin is sometimes used as an off-label drug
for weight loss'® and cancer treatment!%!1°,

Satiety Hormones

The primary problem in generating long-term
weight loss is constant hunger. Another group of
hormones derived from AA include endocannabi-
noids that are involved in generating hunger. The
endocannabinoid receptor antagonist (rimona-
bant) was developed as an appetite-suppressant
for the treatment of obesity and diabetes'!!. This
drug was never approved in the United States due
to various neurological problems, including an in-
crease in suicidal tendencies.

Other hormones involved in the appetite control
come from the gut, including the satiety hormones
PYY and GLP-1. Currently the only long-term
medical intervention to treat obesity and diabetes
is gastric bypass surgery1'>!'3. The most success-
ful of these types of surgery is Roux-en-Y gastric
bypass that reroutes much of the small intestine
thus delivering most of the dietary nutrients to the
distal part of the small intestine (i.e. ileum). Un-
like other gastric bypass methods, this surgery also
increases the release of gut hormones, such as
PYY and GLP-1 from the L-cells in the ileum, to
give a profound degree of satiety!!.
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Neurotransmitter Targets

Although we have many successful examples
of drugs for the treatment of acute inflammation,
cardiovascular, and diabetes, there are relatively
few examples of drugs that are successful in the
treatment of obesity. The most successful of
these drugs are amphetamines that stimulate
dopamine receptors in the brain leading to in-
creased satiety. Unfortunately, they also lead to
addiction'’. Fen-phen was a combination of a
weaker amphetamine (phentermine) and removed
from the market when it was discovered it in-
creased the incidence of primary pulmonary hy-
pertension and heart valve degeneration!'®. A new
combination of phentermine and the anti-epilep-
sy drug topiramate is under investigation, but has
not yet been approved by the FDA.

Phentermine and other ampthetamine deriva-
tives are still in use today for the treatment of
obesity but only for short-term use (approximate-
ly 12 weeks). In an effort to bypass these restric-
tions, various amphetamine-like drugs used to
treat attention deficient conditions are often used
as off-label weight-loss drugs.

Anti-inflammatory Nutrition

The goal of anti-inflammatory nutrition is to
understand how pharmacological targets (espe-
cially those that activate inflammatory gene tran-
scription factors) of inflammation can be impact-
ed by dietary nutrients. This would include reduc-
tion of those dietary components (1) that directly
activate the inflammatory responses of innate im-
mune system, such as gene transcription factors,
such as NF-xB, or (2) that indirectly activate NF-
kB by interacting with toll-like receptors. These
dietary nutrients that induce an inflammatory re-
sponse can disrupt hormonal signaling patterns
between hormone receptors and their internal tar-
gets giving rise to insulin and leptin resistance.
Dietary nutrients (AA, omega-6 fatty acids that
can be converted to AA, and saturated fats) that
induce inflammatory responses via NF-kB are
ones that must be significantly reduced in the di-
et. Dietary components can also have an indirect
influence on the inhibition of NF-kB. These indi-
rect effects include: (1) the inhibition of the bind-
ing of saturated fats to the TLR-2 and TLR-4 re-
ceptors by omega-3 fatty acids as well as the acti-
vation of PPARYy and (2) polyphenol activation of
anti-inflammatory gene transcription factors, such
PPARYy and AMP kinase. A simple diagram of the
impact of these dietary impacts on NF-kB activity
is shown in Figure 3.

Before detailing these molecular targets in the
context of anti-inflammatory nutrition, it is best
to start with our knowledge of the molecular tar-
gets in terms of current anti-inflammatory phar-
macological approaches used today, especially in
the treatment of obesity and diabetes.

General Overview of Anti-Inflammatory
Nutrition

With the above as a short review of the molec-
ular targets for reducing cellular inflammation,
we can now turn to understanding how various
dietary components can be successfully used to
achieve this goal.

Pro-Inflammatory Nutrients

Anti-inflammatory drugs work by inhibiting
the formation of downstream pro-inflammatory
eicosanoids derived from AA. A more elegant ap-
proach is to go upstream and reduce the levels of
AA in the cells thereby restricting the substrate
required for the production of pro-inflammatory
eicosanoids. There is no known drug that can re-
duce AA. Only the diet can''”!8, AA can directly
activate NF-kB* or serve as substrate for the pro-
duction of leukotrienes that activate NF-kB*>*%).
Thus, the overall reduction of AA will not only
reduce the production of pro-inflammatory
eicosanoids, but also inhibit the release of gene
products (COX-2 enzymes and inflammatory cy-
tokines such as TNF-a, IL-1, and IL-6) that are
expressed if NF-kB is activated.

Omega-3 Fatty
Acids and
Polyphenols

-

A\

NF-kB

Omega-6 and
Saturated
Fatty Acids

Figure 3. Dietary controls on the innate immune system.
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The best approach to reduce AA is to directly
limit its intake in the diet. Dietary sources richest
in AA include organ meats and egg yolks. Since
most red meat in America comes from corn-
based feedlots providing both linoleic acid and
high glycemic-index carbohydrates, this food
should likewise be minimized. Epidemiological
studies confirm the validity of that food ingredi-
ent limitation'".

However, even if an individual were following
a strict vegetarian diet, they would be able to pro-
duce large amounts of AA if that vegetarian diet
is rich in both omega-6 fatty acids and high
glycemic-index carbohydrates that stimulate in-
sulin secretion. As described earlier, the combi-
nation of these two dietary factors will increase
the production of AA. Therefore, in addition to
reducing the direct intake of AA, one should also
have a dietary strategy for the simultaneous re-
duction of the dietary intake of omega-6 fatty
acids, such as linoleic acid, and lowering of the
levels of insulin generated by the diet.

Reduction of dietary linoleic acid can be
achieved by using fat sources low in omega-6 fatty
acids, such as olive oil or nuts as well as using ani-
mal protein sources that are lower in saturated fat
(such as chicken and lean fish) or rich in omega-3
fatty acids (such as fish like tuna or salmon). Re-
ducing insulin levels would decrease the rate at
which any linoleic acid remaining in the diet is
converted into AA. This requires a reduction of the
glycemic load of the diet by increasing the con-
sumption of vegetables and fruits as the primary
sources of carbohydrates and the simultaneous re-
duction of the consumption of high-glycemic car-
bohydrates, such as grains and starches. Another
pro-inflammatory nutrient that should be reduced
are saturated fatty acids as they can bind to TLR-
4, indirectly activating NF-xB*-%2,

Finally, what is often not appreciated is that
the total calorie content of a meal can also raise
insulin levels and increase inflammation. There-
fore, maintaining a calorie-restricted diet is also
essential for insulin control. It has been demon-
strated that over-nutrition causes inflammation in
the hypothalamus and disrupts the precise signal-
ing balance of satiety and hunger hormones and
thus increases appetite!?.

Anti-Inflammatory Nutrients

The omega-3 fatty acid eicosapentaenoic acid
(EPA) is a weak inhibitor of the delta 5-desat-
urase enzyme. However, at high dietary intakes,
the EPA can both decrease AA production as
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well as dilute out the concentration of AA in the
cell membrane, thereby decreasing its potential
of being converted into pro-inflammatory
eicosanoids, such as leukotrienes*>*. In this re-
gard, EPA can be viewed to act as a weak corti-
costeroid. This is why the AA/EPA ratio is con-
sidered an excellent clinical marker for cellular
inflammation.

As stated earlier, high intakes of EPA can re-
duce inflammation in the adipose tissue®**!. By
either directly inhibiting the formation of AA or
diluting it out by the presence of high levels of
EPA in target cells (especially in the adipose tis-
sue), overall inflammation will be automatically
reduced as long as there is constant supplementa-
tion with fish oils rich in EPA.

Omega-3 fatty acids have been recently
shown to activate the previous orphan binding
receptor known as GPR-120. Upon binding to
omega-3 fatty acids, the activated GPR-120 ap-
pears to reduce the pro-inflammatory activity of
macrophages in the adipose tissue®>. This may be
the primary mechanism for the previously ob-
served reduction in macrophage levels in adipose
tissue upon supplementation with omega-3 fatty
acids®!.

Inhibition of the NF-xB is another key target
for anti-inflammatory nutrition. Both omega-3
fatty acids and polyphenols can inhibit the activa-
tion of NF-kB'2!122, However, one requires a
therapeutic level of these nutrients to have any
significant inhibition of NF-kB.

PPARY is an anti-inflammatory gene transcrip-
tion factor. Its activation creates the stimulus for
the production of new healthy fat cells that en-
hance the capacity of the adipose tissue for re-se-
questering accumulated fat in other tissues thus
reversing lipotoxicity. This will reverse much of
the metabolic damage caused by the lipotoxicity,
but it will make the individual fatter in the
process. PPARY is stimulated by adiponectin
whose release from fat cells can be enhanced by
the increased consumption of omega-3 fatty
acids®®8. In addition, EPA and DHA can also di-
rectly activate PPARy'?.

Satiety

The primary treatment for obesity, metabolic
syndrome, and diabetes is weight loss. Success-
ful weight loss means a long-term control of the
balance between hunger and satiety. Many of the
hormones involved in the modulation of hunger
and satiety are directly generated by diet. Insulin
is a key hormone in the development of obesity.
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If insulin levels remain elevated, the stored fat in
the adipose tissue will remain sequestered due to
its inhibition of the hormone-sensitive lipase in
healthy fat cells. In addition, insulin in the blood
is a hunger hormone because of its ability to low-
er blood glucose levels. A diet rich in high-
glycemic carbohydrates will increase the post-
prandial levels of insulin, thus rapidly decreasing
blood glucose levels leading to hunger. This sets
up a cycle of increased calorie (primarily refined
carbohydrate) consumption generating increased
inflammation in the hypothalamus that further
dissociates hunger and satiety signals'®,

Ironically, insulin can also function as a satiety
hormone if it can reach the hypothalamus'?*!2,
But if one has insulin resistance (induced by cel-
lular inflammation), then the high levels of in-
sulin in the blood are unable to relay their mes-
sage to the key cells in the hypothalamus, and
potential satiety effects of insulin are blunted.
Leptin is a hormone released from the fat cells
that is also involved in satiety. Like insulin, it
must also reach the hypothalamus to exert its
satiety actions. Obese individuals often display
both insulin and leptin resistance'?"!?8, possibly
because both hormones use similar intercellular
signaling pathways so that hyperinsulinemia
could lead to reduction of the efficiency of the
leptin pathway.

Inhibition of endocannabinoid binding to its re-
ceptors in the brain is the mechanism of action for
rimonabant, a drug developed for the treatment of
obesity. Since endocannabinoids are derived from
AA, reduction of its levels in the brain should re-
duce hunger. Unfortunately, the half-life of AA in
the brain is long in humans'**. However, increas-
ing the levels of EPA in the brain can inhibit the
binding of endocannabinoids'*’. Since the half-
life of EPA in the brain is very short"!, this re-
quires maintaining a therapeutic level of EPA in
the blood to create a constant gradient necessary
for the constant flow of the EPA into the brain.
This gradient can only be maintained by a diet ei-
ther very high in fatty fish consumption or sup-
plemented by fish oil rich in EPA.

As mentioned earlier, much of the success of
gastric bypass surgery is related to the increase in
satiety hormones (PYY and GLP-1) generated
from the ileum'2. The release of these hormones
can be enhanced by slowing down the rate of di-
gestion and absorption of protein and carbohy-
drate in a meal so that greater amounts of these
nutrients can reach the L-cells in the ileum. Low-
ering the glycemic load of the diet by the inclu-

sion of fiber-rich carbohydrate sources (especial-
ly those rich in soluble fiber) can slow the diges-
tion and absorption process of both protein and
carbohydrate. At the same time increasing the
protein content of that meal will also increase
PYY levels'®. The slower rates of digestion and
absorption mean more of these hormone agonists
will appear in the ileum and thus generate higher
levels of these satiety hormones.

Neurotransmitters

Amphetamines increase dopamine levels,
which is instrumental in decreasing hunger!'?.
EPA and DHA can also increase dopamine levels
in animal models'*. It has been demonstrated
that dietary supplementation of high-dose EPA
and DHA can further reduce the symptoms of
attention deficit hyperactivity disorder (ADHD)
in children already on their optimal level of am-
phetamine derivatives used to treat this
condition'>13¢, The ability of EPA and DHA to
increase dopamine levels in animal studies and
also to treat ADHD is suggestive that they may
be useful in the reduction of hunger.

AMP Kinase

AMP kinase is the primary regulator of meta-
bolic activity. This particular enzyme is stimulat-
ed by metformin!®>!%, High levels of polyphe-
nols can activate AMP kinase'¥"'%0. It’s activation
is key for not only increasing ATP levels, but also
to regulate lipid and carbohydrate metabolism.
As with EPA, therapeutic levels of polyphenols
are required due to their low bioavailability prob-
ably due to their rapid degradation in the small
intestine.

Increased Thermogenesis

The higher the protein content of the diet, the
more thermogenesis is increased'*!'¥2. The under-
lying cause may be activation of protein synthesis.
To activate such protein synthesis requires a com-
bination of adequate protein (in particular the
amino acid leucine) and a consistent level of in-
sulin in the blood to activate mTOR to stimulate
protein synthesis during the post-prandial period'®.
Data suggest that it takes 20-30 g of high-quality
protein at a meal to provide adequate levels of
leucine to stimulate this protein synthesis'#.

Developing an Anti-Inflammatory Diet
Anti-inflammatory nutrition is understanding

how individual nutrients affect the same molecular

targets affected by pharmacological drugs. This is
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only the first step in developing an anti-inflamma-
tory diet. Such a diet should contain all nutrient
considerations described above, as well as being a
diet that can promote compliance for a lifetime.

The first question concerns the protein, carbo-
hydrate, and fat composition for such an anti-in-
flammatory diet. Virtually every nutritional au-
thority would recommend no more than 30% of
the total calories should come from fat. Lower-fat
diets are simply too difficult to maintain for a sus-
tained basis as demonstrated in long-term stud-
ies!*147. However, the fat composition must also
be low in both omega-6 and saturated fats because
of their ability to increase cellular inflammation
by their interaction with various components of
the innate immune system. The most common di-
etary fats that are low in both omega-6 and saturat-
ed fats are olive oil and most nuts. Thus these food
ingredients should constitute the bulk of the di-
etary fat in any anti-inflammatory diet.

The next question is the amount of protein.
Most dietitians would recommend consumption
of no more low-fat protein than would fit on the
palm of your hand. This translates into about 3
oz of a low-fat protein source (this would contain
about 20 g of protein) for a typical female and
approximately 4 oz of low-fat protein (this would
contain about 30 g of protein) for a typical male.
However, the protein has to be at this level at
every meal to supply adequate levels of leucine
to activate protein synthesis to increase thermo-
genesis'*. If one takes into account the protein
content of carbohydrate sources and potential
snacks, then the average female should be con-
suming about 80-90 g of low-fat protein per day
and the average male about 100-110 g of low-fat
protein per day. This amount of protein would
have to be equally spaced at each meal to provide
the necessary levels of protein for the enhanced
release of PYY from the L-cells in the ileum af-
ter each meal thereby controlling satiety.

The carbohydrate content should be able to
maintain a stable level of insulin between meals.
This can be achieved with about 40 g of low
glycemic-load carbohydrates at each meal. The
vast bulk of the carbohydrates should come from
sources with the highest content of polyphenols
with the least amount of carbohydrates, meaning
the consumption of primarily colorful non-
starchy vegetables, moderate amounts of fruits,
limited amounts of whole-grains and a radical re-
duction of the dietary intake of refined carbohy-
drates or any carbohydrate that has a high
glycemic index (white rice, white bread, white
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potatoes, etc). Although there is some controver-
sy about whether a low glycemic- load diet leads
to improved weight loss'*®!4° there is no ques-
tion that a low glycemic-load diet will generate a
lower inflammatory burden'%!32, This may be the
result of a high glycemic-load diet increasing the
activity of NF-kB!33.

Finally, there is the question of meal timing.
The hormonal control benefits of any meal will
last only about five hours'*. To achieve this hor-
monal control requires three low-calorie meals
and two even lower-calorie snacks spaced
throughout the day so that five hours never pass
between a meal or snack.

Such an anti-inflammatory diet would consist of
about 1,500 calories per day (about 50 g of mo-
nounsaturated fat, 100 g of low-fat protein, and 150
g of low glycemic-load carbohydrates per day). On
a calorie basis, that is about 30% of the calories as
fat, 30% as protein, and 40% as carbohydrates.
These are the dietary recommendations made by
one of the authors in 1995'"7. Similar dietary rec-
ommendations were made by the Joslin Diabetes
Research Center at Harvard Medical School for the
treatment of obesity, metabolic syndrome and dia-
betes in 2005', and confirmed by their own pilot
studies with type 2 diabetic patients'*®.

To this anti-inflammatory diet foundation sup-
plemental omega-3 fatty acids at the level of 2-3
g of EPA and DHA should be added per day, ei-
ther through a high fish consumption or supple-
mentation with fish oil supplements rich in EPA.
Finally, a diet rich in colorful, non-starchy veg-
etables also contributes adequate amounts of
polyphenols to help inhibit NF-xB as well as ac-
tivate AMP kinase.

In many respects, this proposed anti-inflamma-
tory diet has similarities to a Mediterranean diet.
Both are rich in vegetables and fruits. Both em-
phasize the moderate intake of low-fat protein
sources, such as chicken and fish. Both recom-
mend the use of monounsaturated fats, like olive
oil and nuts. The differences are in the carbohy-
drate composition. An anti-inflammatory diet radi-
cally restricts the use of bread and grains (espe-
cially refined grain products), and makes up for it
with increased consumption of more colorful (i.e.
rich in polyphenols) vegetables and fruits. That
one seemingly small difference will have tremen-
dous hormonal and genetic consequences leading
to a lowered inflammatory burden.

The goal of an anti-inflammatory diet is the re-
duction of cellular inflammation. Of course, this
same reduction of cellular inflammation should
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also result in consistent fat loss and resolution of
metabolic syndrome and type 2 diabetes if our
working hypothesis is correct that cellular in-
flammation is a driving force for the accumula-
tion of body fat. This is accomplished by affect-
ing the same molecular targets that have been
elucidated by pharmacological agents. The suc-
cess of this anti-inflammatory diet can be mea-
sured clinically by various markers of cellular in-
flammation as mentioned earlier as well as im-
provement of metabolic conditions (i.e. metabol-
ic syndrome, diabetes, cardiovascular disease,
etc) that are associated with obesity. At a the
molecular level, the ultimate marker of success
of an anti-inflammatory diet is the maintenance
of the AA/EPA ratio in the plasma between 1.5
and 3 as found in the Japanese population'®’.

Conclusions

The ultimate treatment of obesity, metabolic
syndrome and type 2 diabetes lies in re-establish-
ing hormonal and genetic balance that generates
satiety instead of constant hunger as well as bal-
ancing pro- and anti-inflammatory gene tran-
scription factors. This can be achieved by reduc-
ing cellular inflammation induced by the diet.
Pharmacological agents can pinpoint those previ-
ously unknown molecular targets that induce cel-
lular inflammation. The purpose of anti-inflam-
matory nutrition is to determine which food in-
gredients can affect the same molecular targets as
drugs and determine what the therapeutic con-
centrations are for those nutrients required to af-
fect the same molecular targets. Only then can
you develop an anti-inflammatory diet that has to
be used like a drug at the right time and right lev-
el to keep cellular inflammation under control by
silencing inflammatory genes.

Obesity, metabolic syndrome and type 2 dia-
betes are chronic conditions that are ultimately
caused by increased diet-induced cellular inflam-
mation. Cellular inflammation is generated by
the mismatch of our current diet and our genes.
Therefore, anti-inflammatory nutrition should be
considered a form of gene-silencing technology,
in particular the silencing of the genes involved
in the generation of cellular inflammation. Phar-
macological agents often work downstream from
the true primary molecular target of cellular in-
flammation (NF-kB), whereas anti-inflammation
nutrition works upstream to reduce the dietary
factors that activate NF-xB to generate cellular

inflammation. Not only is upstream targeting us-
ing an anti-inflammatory diet a more elegant way
to treat obesity and associated co-morbid condi-
tions, but it has an almost infinite therapeutic in-
dex compared to pharmacological agents. This
dietary approach provides a new avenue to treat
many other chronic diseases ultimately driven by
cellular inflammation.
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