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Abstract

Ketosis is a metabolic state in which the body uses ketones as an alternative fuel
source to glucose. When dietary carbohydrate intake is limited, the body turns
to ketones, produced initially by brief breakdown of muscles tissue and then by
lipolysis of adipose tissue. Fasting is also a means of inducing a state of ketosis.
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The ketogenic diet, a low-carbohydrate, high-fat diet, severely restricts
carbohydrate intake and has been used to treat various health conditions, such
as epilepsy, for over a century. Although the ketogenic diet is controversial, due
to its strict dietary protocols, laboratory and clinical research suggest that there
are many therapeutic benefits to be reaped through its implementation. Children
with epilepsy have had their seizures reduced or completely controlled from
maintaining a state of ketosis. Ketosis is also shown to help reduce tumor size in
certain cancers.
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Additionally, certain types of athletic performance have been shown to be
enhanced through a low-carbohydrate, high-fat diet and body composition has
dramatically improved in clinical research of subjects on a ketogenic diet with
an almost universal reduction in body fat. One of the most promising areas of
ketogenic research is on the neuroprotective effects of ketosis in patients with
traumatic brain injury and neurological disorders. The full scope of ketogenic
therapy is yet to be realized.
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carbohydrate and high-fat diet, given the high-carbohydrate
standard American fare. However, the ketogenic diet remained
in medical textbooks as a treatment for epilepsy until the 1980s,
including the 1972 textbook by Dr. Livingston of Johns Hopkins
Hospital. In it, he described his study of more than 1,000 epileptic

Ketosis: Background

Therapeutic ketosis has roots as far back as 500 B.C., when
fasting and other dietary interventions were used to treat
epileptic seizures. Its first modern use was documented by
physicians in the early 20" century who prescribed a ketogenic

diet (KD) to patients who suffered from seizures in an effort to
imitate the effects of fasting [1-18]. In order to properly mimic
the benefits of fasting, the ketogenic diet was described in 1925
by Dr. Peterman, a physician at the Mayo Clinic, as “1 gram of
protein per kilogram of body weight in children, 10-15 grams of
carbohydrates per day, and the remainder of the calories in fat”,
a calculation very similar to that used today by nutritionists and
physicians [19-25].

With the first breakthrough of anti-epileptic drugs in 1938, much
of the medical and research communities lost interest in the
ketogenic diet and instead focused on drug therapies. Throughout
the rest of the century, the ketogenic diet continued to lose favor
with the public, mostly due to the difficulty in adhering to a low-
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children, of whom “52% had complete control of the seizures and
an additional 27% had improved control” while following a strict
ketogenic diet [26-49].

At the turn of the century, after three decades of having fewer
than eight publications per year on PubMed, the ketogenic diet
began to catch the attention of the national media, specifically
through the coverage of a two-year-old child, Charlie, who had
been cured of his seizures through implementation of a ketogenic
diet at Johns Hopkins Hospital [50]. This and subsequent success
stories have led to arecent surge in the ketogenic diet’s popularity
as a potential treatment for neurological disorders, weight loss,
Type 2 diabetes, cancer, chronic pain, and other conditions.



Mechanisms

The severe reduction of carbohydrate intake, whether through
a low-carbohydrate, high-fat diet or through fasting has several
metabolic effects on the body, including reduced levels of
insulin and increased levels of glucagon. These changes lead to
the activation of phosphoenolpyruvate carboxykinase, fructose
1,6-biphosphatase, and glucose 6-phosphatase and the inhibition
of pyruvate kinase, 6-phosphofructo-1-kinase, and glucokinase,
all of which favors gluconeogenesis and ketogenesis [22].

Ketogenesis, the process by which ketones are made, produces
acetone, acetoacetate, and beta-hydroxybutyrate through the
breakdown of free fatty acids from adipose tissue, with beta-
hydroxybutyrate being the most abundant. Under normal
conditions, with a diet high in carbohydrates, the acetyl
coenzyme A (acetyl CoA) is oxidized via the citric acid cycle (TCA/
Krebs cycle) and then by the mitochondrial electron transport
chain to release energy. During times of limited carbohydrate
intake, whether through the ketogenic diet or fasting, fatty acids
are mobilized and undergo beta-oxidation to become acetyl CoA.

When the amount of acetyl CoA from fatty acid beta-oxidation
begins to exceed the processing capacity of the citric acid cycle,
the liver (mostly in the mitochondria of hepatocytes) turns
acetyl CoA into ketone bodies using acetoacyl CoA and beta-
hydroxy-beta-methylglutaryl CoA [11]. These ketones (beta-
hydroxybutyrate, acetoacetate, and acetone) are then supplied
to other tissues, including the brain, and offset most, but not all,
of the need for glucose as an energy source.

In  these extrahepatic tissues, beta-hydroxybutyrate
dehydrogenase converts beta-hydroxybutyrate to acetoacetate.
Beta-ketoacyl-CoA transferase reverts acetoacetate to acetoacyl-
CoA, using succinyl CoA as the CoA donor. Acetoacyl CoA is then
converted to acetyl CoA by thiolase.

Acetyl-CoA enters the citric acid cycle, ultimately producing
23 adenosine triphosphate (ATP) molecules post-oxidative
phosphorylation when catabolized from acetoacetate and
26 ATP when catabolized from beta-hydroxybutyrate. The
additional 3 ATP are a result of the NADH produced when beta-
hydroxybutyrate is converted to acetoacetate. As a byproduct,
acetone is expelled from the body via urination or exhalation,
which will be further discussed in the section covering indications
of ketosis.

Unfortunately, for the remaining glucose needs, protein is
broken down into amino acids for use by the liver to conduct
gluconeogenesis for which there is not a 1:1 ratio of grams of
amino acid to grams of glucose, but rather 1.6:1, approximately
[47]. This leads to a breakdown of close to 200 grams of protein
per day to supply the brain with its minimum daily need for
glucose [22].

Obviously, this is less than ideal when it comes to muscle
preservation. Fortunately, however, ketones are much preferred
by the brain for their higher energy density and will be used
whenever they are available in the blood stream. 100 grams
of glucose yields 8.7 kilograms ATP as opposed to 10.5 and 9.5
kilograms ATP from 100 grams of beta hydroxybutyrate and
acetoacetate, respectively [39].
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Additionally, while fasting or on a ketogenic diet, the transporters
of ketones across the blood-brain barrier (MCT1 and MCT2)
propagate, allowing virtually unlimited usage of ketones by
the brain for energy whenever they are available, due to the
transporter’s high Km value [9]. To reiterate, though, basal
glucose needs remain and are met via gluconeogenesis in the
liver.

As mentioned previously, this process is induced by increased
levels of glucagon, among other hormones, and is inhibited by
insulin. Lower levels of insulin, the result of fasting or reduced
carbohydrate intake, lead to increased free fatty acids and their
increased uptake into mitochondria, and ultimately, increased
production of ketones. Ketones can be used as an alternative fuel
by most body tissues, except by the liver, surprisingly, due to its
lack of the enzyme beta ketoacyl-CoA transferase [7].

Indications

At times, it is necessary to determine whether a patient is in a
state of ketosis. Those following a ketogenic diet for purposes
of lipolysis, for example, may need to know whether ketones
are present in their urine in order to adjust their macronutrient
ratios, if necessary.

The acetoacetate that is excreted in urine during ketogenesis
can be measured for this purpose using a semi-quantitative
test. Urinalysis reagent strips, such as Ketostix, are a quick and
convenient way to measure the rough amount of ketogenic
byproducts using a strip nitroprusside test, with greater than
160 mmol/dL indicating high levels of acetoacetate and a state
of deep ketosis [45]. Studies have shown that ketonuria, the
presence of this ketone body in the urine, is best detected during
early morning and post-dinner urinations [44]. Urinalysis is
usually sufficient for the purposes of diet modification, however,
for higher accuracy, blood serum levels of ketone bodies
can be tested to indicate a state of ketogenesis. This tests for
the presence of beta-hydroxybutyrate in the blood, which is
indicative of ketogenesis at certain levels with the highest levels
being detected in the early morning.

Another indicator of ketogenesis can be detected orally. The
byproduct, acetone, is exhaled from the body, leading to breath
that can be described as smelling “fruity” or “like nail polish”.
While this is not a strictly qualitative test, it can be used in
conjunction with urine or blood analysis to confirm results. It
is interesting to note, however, that high levels of acetone in
the breath strongly correlate with increased fat loss [1]. Other
common symptoms of early ketosis include light-headedness,
lethargy, headache, and weakness, which are collectively referred
to as the “keto flu”, due to the unpleasant transition into ketosis,
especially immediately following a diet high in carbohydrates.
However, these symptoms should subside within a few days and
are followed with feelings of mental clarity, abundant energy,
and appetite suppression, a result of a sustained and steady state
of ketosis and the body’s successful transition to using ketones
for much of its energy needs.

Controversy

As one can imagine, the ketogenic diet, a radical departure from
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the conventional dietary wisdom of the food pyramid lauded
by the United States Department of Agriculture (USDA) for
decades, is quite controversial among physicians, researchers,
food scientists, and dieticians. In fact, the macronutrient ratios of
the ketogenic diet resemble those of the Food Pyramid if it were
flipped completely upside down, with most daily calories coming
from fat and minimal daily calories coming from carbohydrates.

In addition to the countercurrent dietary advice of the ketogenic
diet, certain studies have suggested that there may be adverse
effects of adopting a ketogenic lifestyle. One such study found
that the levels of beta-hydroxybutyrate in the blood from low-
carbohydrate diets may lead to enhanced “fatigability and can
reduce the desire to exercise in free-living individuals” [49-52].
Furthermore, a different study involving both men and women
indicates that a short-term, low-carbohydrate diet may have a
detrimental effect on “exercise performance in activities that
are heavily dependent on anaerobic energy systems”. This
would mean that high-intensity athletes, like sprinters and
powerlifters may not benefit from a ketogenic diet in their sport
[53]. Considering the “slow-release”, blood-glucose-leveling, and
enduring metabolic effects of ketogenesis, it certainly makes
sense that exercise requiring fast, short, depleting bursts of
energy may not be enhanced by the use of ketones for energy.

Another concern is the suitability of a ketogenic lifestyle for
pregnant women or women of childbearing age. A growth study
conducted with mouse embryos concluded that a ketogenic diet
may lead to alterations in fetal organ development, which may
lead to post-natal organ dysfunction, and potentially, behavioral
changes [42]. At this time, the common advice of most medical
professionals is that women who are pregnant should avoid
extremely restrictive and selective diets and instead opt for a diet
rich in diverse, nutrient-dense whole foods.

Additionally, one study of children and adults with epilepsy
suggests that the ketogenic diet may increase arterial stiffness,
although its authors acknowledge that it is far too early to
determine if there is any real effect of diet on blood vessels. What
studies like this warn, however, is that as dietetic therapies are
used more frequently, any potential vitamin deficiencies should
be noted and addressed, and that further research ought to be
conducted in this area [19].

It should be noted that many of the controversy surrounding the
ketogenic diet is due to its novelty and some key misconceptions.
Itis also true that the dietary restrictions and the social effects of
a ketogenic make it difficult to maintain in today’s society, which
may add to the controversial nature. In certain cultures and
countries, the availability of certain foods also play an impactful
role.

Although there are studies that suggest there may be adverse
effects of a ketogenic lifestyle, it is important to remember
that, especially for those adhering to a low-carbohydrate diet
for treatment of serious conditions, “most complications of
the KD are transient and can be managed easily with various
conservative treatments” [8].

Ketoacidosis is one of the most commonly referenced arguments
amidst the controversy of ketosis. It is important to clarify that,
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although commonly mistaken for one another, dietary ketosis
and diabetic ketoacidosis are very different, one being a very
natural metabolic response to low levels of blood glucose and
the other being a very dangerous condition which can result in
death if not treated promptly.

The crux of the difference between dietary ketosis and diabetic
ketoacidosis is insulin. As previously mentioned, insulin is a
hormone that is released in response to the presence of glucose
in the blood. It also has an inhibitory effect on the enzyme lipase,
which aids in the breaking down of triglycerides into free fatty
acids. In a normal, healthy person in a state of ketosis, insulin
levels remain low but are still present in just the right amounts
to keep lipolysis in check, so as to prevent the liver from
overproducing ketones.

In a person with type-1 diabetes, a condition where the body is
unable to produce insulin, ketogenesis would remain uninhibited
without insulin injections and the acidic nature of the excessive
ketone bodiesin the blood would bring the blood to a dangerously
low pH, causing it to become acidic, thus the word ‘acid’ in
ketoacidosis. This can become very dangerous very quickly and
is usually caused by someone with type-1 diabetes forgetting to
take an insulin injection or giving themselves an insufficient dose.

Induction
The ketogenic diet and variations

The ketogenic diet comes in many different variations, but
ultimately, it is most broadly defined as a diet that is high in
fat, moderate in protein, and low in carbohydrates. The ratios
of these macronutrients are very important to the proper
implementation of the ketogenic diet and the efficient induction
of ketosis. The standard ketogenic diet prescribes macronutrient
ratios of 65-70% daily calories from fat, 25-30% from protein, and
5-10% from carbohydrates [49-51].

While there is some flexibility in the exact macronutrient ratios
that should be implemented, it has been shown that, especially at
the onset of a ketogenic diet, a higher ratio of fat to carbohydrates
yields quicker and more effective results. However, this ratio can
be tapered over time with little to no decrease in efficacy [52].

Additionally, fluids should not be restricted, and electrolyte
consumption should be increased. Frequent urination, one of
the markers or ketosis, can cause dehydration and should be
remedied with increased water and electrolyte intake.

A common misconception about the ketogenic diet is that it
requires conscious calorie restriction due to the high amounts
of dietary fat and the caloric density of fats, but one of the key
benefits of maintaining a steady state of ketosis is appetite
suppression. A lack of spikes and drops in blood glucose creates
a feeling of satiety and allows for a steady supply of energy due
to the lipolytic properties of ketosis and the regular supply of
adipose tissue and thus, free fatty acids for consumption.

The variations of the ketogenic diet extend beyond the ratios.
Another popular dietary lifestyle community that seems to have
some overlap with the ketogenic community is that of the “Paleo
Diet”, which is essentially a diet that restricts food groups to
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those that could be hunted or gathered by early humans in the
Paleolithic era. Because this precedes the Agricultural era, grains,
legumes, dairy, and any processed foods are restricted. Although
not strictly ketogenic due to the unrestricted consumption of
fruits and starchy root vegetables, the Paleo Diet inherently has
a natural reduction of carbohydrates due to the elimination of
breads, grains, cereals, etc.

Because of the similarities in carbohydrate restriction, it is not
uncommon for someone to adopt a ketogenic Paleo diet. As
shown in Figure 1 below, this creates further restriction of both
diets: a ketogenic diet sans dairy and a Paleo diet sans fruits or
starchy tubers.

Regardless of the ketogenic diet variation adopted, the most
important aspect of inducing ketosis is maintaining a sufficiently
low carbohydrate intake and a sufficiently high intake of fats.
Some of the most common mistakes made by those attempting
to induce a state of ketosis is not consuming enough fats (usually
due to a socially engrained fear of fat), consuming too much
protein (which can be converted to glucose via gluconeogenesis),
and inadvertently consuming “hidden” carbohydrates in foods
that appear to be low-carbohydrate, but contain added sugars
or sugar alcohols that can interrupt ketosis if consumed in large
quantities.

Adherence to the ketogenic diet can be improved by finding
foods that are low in carbohydrates but mimic carbohydrate-rich
foods, such as substituting minced cauliflower for rice [31]. The
ketogenic diet is typically prescribed for a minimum period of two
to three weeks to a maximum period of six to twelve months,
with a strong emphasis on the transition back to a standard diet
in a gradual and well-controlled manner [30].

Fasting protocols

The state of ketosis is not only induced by a low-carbohydrate,
high-fat diet, but also may be induced through various fasting
protocols. As previously mentioned in this paper, the ketogenic
diet was initially designed for the purpose of mimicking the
effects of fasting and reaping the metabolic and restorative
benefits of fasting without having to abstain from eating [48]. For
some, fasting remains the easiest, quickest, and simplest method
of entering and maintaining a ketogenic state.

a N
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The definition of fasting is simple and uncomplicated: the
consumption of zero (or negligible) calories from food or drink
over time. While fasting, the continued, and even increased,
consumption of water is not only allowed, but is also advised
as medically prudent due to the increased loss of electrolytes
through urination and to prevent the dangers of dehydration.
Although the consumption of stimulants, such as caffeine, is not
considered pure fasting, for the purposes of inducing ketosis,
other liquids are typically allowed at the fasters’ discretion,
such as: black coffee, herbal tea, and other unsweetened, non-
caloric beverages. However, the consumption of calories, even
inadvertently, will technically break the fast and, depending on
the macronutrient composition of the food or drink consumed,
bring the faster into a state more appropriately defined in dietary
terms.

Itis important to mention that fasting, whether intentional, is not
a new concept to humans, as many groups of people throughout
history have independently used fasting as a religious or spiritual
practice [17]. For example, fasting for Ramadan involves eating
no food or drink during daylight hours for the period of thirty
days. Conversely, the general population technically fasts for a
period of 8 to 10 hours from the time they go to sleep at night to
when they break their fast the next morning by eating breakfast
[25]. In fact, the mechanism of fasting-induced ketosis has long
been relied upon by the human body to meet its energy needs
during times of seasonal shortages and absence of food by
utilizing its own energy reserves [43].

For those seeking to reap the metabolic and therapeutic benefits
of ketosis through fasting, there are several different protocols
which can be implemented:

A 24-hour to 48-hour fast may be used to speed up the induction
of ketosis prior to beginning a ketogenic diet. This ‘priming’
fasting protocol allows the body to exhaust its glycogen stores
more rapidly to begin mobilizing fatty acids for energy and is
then typically followed by a low-carbohydrate, high-fat diet, as
described in the previous section. A study of children with epilepsy
showed, however, that fasting prior to initiating a ketogenic diet
does not significantly improve the benefits of ketosis [51].

Fasts that last for longer than 72 hours are considered prolonged
fasts. This method of fasting induces a deeply ketogenic state.
While prolonged fasting allows for maximum mobilization of free
fatty acids and enhanced lipolysis, fasters are also more prone to
the side effects of fasting, which may include lethargy, headaches,
and a general sense of exhaustion as the body focuses its energy
on the most basic of bodily functions [20].

Additionally, the proper reintroduction of food is most important
following a prolonged period of fasting. The digestive system
will have been at rest and the abundance and diversity of the
gut flora may be reduced, so reintroducing fermented foods
and foods high in probiotics may help to reestablish a thriving
microbiome and prevent any unintended digestive issues when
resuming an eating regimen [18].

Another fasting protocol that has gained much momentum in
nutrition and fitness culture recently is intermittent fasting, which
gained significant notoriety following a documentary released in
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2012 that highlighted the 5:2 intermittent fasting approach [14].
Intermittent fasting is the intermittent use of fasting in various
scheduling patterns. For example, the aforementioned 5:2 fast
involves five days of regular eating patterns, followed by two
days of fasting.

Alternate-day fasting is another popular approach which consists
of fasting every other day. However, this method may not be
suited for inducing ketosis due to a fasting period of only 24 hours.
Intermittent fasting methods which promote shorter periods of
fasting, such as the alternate-day and one-meal-a-day methods,
may be beneficial, not through ketogenesis, but through the
inherent ease of compliance that intermittent fasting provides
for calorie restriction [2].

Of course, the exception would be combining intermittent fasting
with a ketogenic diet by adhering to a low-carbohydrate, high-fat
diet during non-fasting periods, which would encourage a state of
ketosis at all times. Regardless of the method used, intermittent
fasting has surged in popularity due to the simplicity of such a
binary ‘feed-or-fast’ approach to dietary decision-making.

Applications

Effects of ketosis on fat loss and muscle
preservation

One of the most sought-after applications of ketosis is the effect it
has onincreased lipolysis and enhancement of body composition.
In a study comparing a low-fat, high carbohydrate diet to a low-
carbohydrate, high-fat diet, the latter was shown to yield not
only greater participant retention, but also greater weight loss.
In addition, the blood serum triglycerides were improved on the
low-carbohydrate diet, further supporting the claim that dietary
fat intake has little to do with triglyceride levels [55].

Additional evidence suggests that obese patients on a ketogenic
diet may experience a reduction in appetite and an increase
in satiety, as well as an increase in lipolysis and a decrease in
lipogenesis. Additionally, with an increase in the metabolism of
consumed fats, the energy required for gluconeogenesis, and the
thermic effect of protein consumed, all would work in concert to
reduce the body fat percentage and body mass index of patients
adhering to ketogenic protocols [32].

Naturally, the fat burning mechanisms of ketosis not only
decrease overall body fat but have been shown to specifically
decrease visceral adipose tissue, the fat that surrounds vital
organs, thus reducing the individual burden of obesity-related
disease [27].

Body fat is not the only factor considered when analyzing the
effects of ketosis on body composition. A primary concern
in many seeking to reduce their body fat percentage is
simultaneously maximizing the preservation of lean muscle
mass. While it is true that proteolysis occurs in a state of ketosis
to support gluconeogenesis in the liver, there are studies that
have shown that a diet very low in carbohydrates may actually
induce preservation of muscle mass [23].

Different muscle-preserving mechanisms have been proposed,
two of which | find the most compelling. The first of these
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mechanisms involves adrenergic stimulation by levels of
glucose in the blood. When blood glucose levels are low, there
is an increase in the secretion of adrenaline. A study on the
hind-quarters of mice suggested that proteolysis is inhibited
by the presence of adrenaline [16]. This adrenergic effect may
counteract the proteolytic nature of ketosis and spare muscle
tissue.

It has also been suggested that ketone bodies themselves may
have a suppressive effect on the breakdown of muscle. As long
as there are sufficient ketone bodies and fatty acids, studies
have shown that beta-hydroxybutyrate actually decreases
leucine oxidation and enhances the synthesis of new proteins
[28]. Although not yet conclusive, current scientific literature
has shown that a ketogenic diet may indeed provide protection
against muscle protein catabolism.

Ketogenic enhancement of athletic and physical
performance

In addition to fat loss and muscle preservation, research suggests
that athletic and physical performance may be markedly
enhanced during a state of ketosis. Specific to weight-class
athletics, one study of Taekwondo athletes highlights how a
ketogenic diet not only improved their aerobic capacity, but
also increased their ability to resist fatigue. It was suggested
by this study that these performance enhancements may have
been linked to a decrease in tumor necrosis factor-alpha in the
athletes following a ketogenic diet, which may have reduced
their inflammatory response to vigorous exercise [37].

The benefit of ketosis on aerobic performance is further
supported by a study involving eight experienced and trained
off-road cyclists who were prescribed a ketogenic diet for one
month and a standard diet for month during training season to
measure any athletic enhancements from dietary intervention
[53-55]. The findings suggest that with highly aerobic sports, a
ketogenic diet may be beneficial during the preparatory season
when athletes are training for long hours at low to moderate
intensity due to a significant increase in maximal oxygen uptake
and oxygen uptake at lactate threshold [56].

This combination of a low-carbohydrate, high-fat diet and low-
intensity endurance exercise has been shown to decrease body
mass and body fat percentage, as well as decrease the extent of
post-exercise damage to muscles, allowing for speedy recovery.
It was suggested, however, that a ketogenic diet may not be as
beneficial for high-intensity exercise or during the competitive
season of certain sports, like cycling, when fast-acting glycolysis
is necessary for maximum work output.

The often-misunderstood metabolic state of ketosis enhances
physical endurance by making changes to the body’s fuel
consumption for oxidative phosphorylation. This decreased
reliance on glycolysis in favor of ketolysis leads to a decrease in
plasma lactate concentrations and provides an alternative source
of substrate for oxidative phosphorylation, leading to decreased
muscle fatigue and making the ketogenic diet an attractive diet
protocol for endurance athletes for at least part of their training
regimen [4].
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It must also be noted that the increases in athletic performance
and physical capacity from ketosis, while promising, may only be
the indirect result of ketosis through improved body composition
and not necessarily a benefit of ketogenesis itself. The interaction
of ketosis and athletic performance is still poorly understood in
its mechanisms. Future studies involving both professional and
amateur athletes should hopefully be able to shed more light on
this important potential benefit of ketosis.

Applications of ketosis in treating epilepsy

The application of a ketogenic diet as an alternative or adjuvant
therapy against neurological disorders is one of the hallmarks of
the dietary intervention. One of the earliest documented uses of
a low-carb, high-fat lifestyle was to help reduce the frequency
and intensity of seizures in people with epilepsy, mostly
children, with the majority of refractory and generalized epilepsy
syndromes being improved [46].

Due to their naiveté with carbohydrate intake and high risk of
seizure relapse, young children are often brought into a state of
ketosis during a three to four-day hospital, under medical and
nutritional supervision [38]. Parents often must receive tailored
nutritional education to fully understand the requirements and
importance of maintaining a state of dietary ketosis in their
young children. Due to the occasional need for medication in
these young patients, pharmacists are also able to recommend
ketogenic-friendly options, with chewables and tablets typically
having less carbohydrates than liquid forms of the same
medications [38].

Although this non-pharmacological treatment has been
prescribed in the United States since the 1920s, the exact
anti-convulsant mechanism of the ketogenic diet in refractory
epilepsy is still not fully understood and the biochemical
pathways involved are not entirely clear. Recent studies have
proposed possible mechanisms and several viable hypotheses
have been posited. The most supported effects of ketosis on
refractory epilepsy are its role in modulating neurotransmitters,
impacting levels of biogenic monoamines, and inducing neuronal
antioxidant protection [21].

GABA and glutamate, the major inhibitory and excitatory
neurotransmittersin the brain, are the key playersin the proposed
mechanism involving neurotransmitter modulation. Studies
have shown that ketone bodies inhibit glutamate decarboxylase
and increase the production of GABA, which contributes to a
significant reduction in seizure activity [29]. Additionally, neurons
are hyperpolarized by the increased amounts of GABA.

High levels of GABA stimulate receptors of chlorine channels and
allow an influx of negatively charged ions. This hyperpolarization
of neurons may further contribute to seizure control by inhibiting
calciumandsodiumchannels, which are essentialforthe excitation
of neurons. The effect of ketone bodies on VGLUT, which plays a
role in glutamate release, may also be a contributing factor. An in
vitro study suggests that ketone bodies may act as a competitive
inhibitor on VGLUT, thus reducing vesicular glutamate uptake in
neurons [15].

The anti-convulsant mechanism involving biogenic monoamines
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is supported by some studies, but the specificities of how it
works remain unclear. A clinical study showed that serotonin
and dopamine levels dropped from 410 to 342 and from 158 to
137 nmol/L, respectively, in the cerebrospinal fluid of children
following a ketogenic diet [6]. It was suggested by these results
that changes in monoamine levels dictated how well the children
would respond to the ketogenic diet symptomatically.

Another study suggests that ketone bodies increase the level of
adenosine and that adenosine may be a key player in the control
of seizures. This upregulation of adenosine by ketone bodies
may exert a suppressive influence on seizures, although more
research needs to be conducted to confirm this hypothesis [21].
Additional hypotheses have been formed suggesting that calorie
restriction and a ketogenic diet may increase mitochondrial
biogenesis by as much as 46% in neurons, promoting protection
from oxidative stress and mitochondrial dysfunction, which both
contribute to cell death (Figure 2).

Alleviation of thermal and neuropathic pain by
ketosis

Chronic pain is suffered by many people and, in some countries,
has been shown to be up to three times as costly as all types
of cancer [34]. It is difficult to assess and treat due to the
subjectivity of patients’ perception of pain. Furthermore, opioid
abuse complicates the issue and compounds the concern of
using pharmacological methods to treat pain, creating a huge
opportunity for alternative treatments, such as the ketogenic
diet.

The anti-convulsant effects of a ketogenic diet have been
successfully documented, but the overlap of certain mechanisms
may allow the ketogenic diet to be used to reduce inflammation,
as well as thermal and neuropathic pain. Recent studies have
explored this possible benefit of ketosis.

Similar to epilepsy, neuropathic pain involves the increased
excitability of both peripheral and central neurons [36]. As with
the effect of ketosis on neurotransmitters in epilepsy, this may
be a reason that a ketogenic diet can alleviate chronic pain. In
addition, the analgesic properties of 2-deoxyglucose [10], which
inhibits glycolysis, suggests that a ketogenic diet may also be
analgesic, or pain-relieving. Another possible overlap in anti-
convulsant and analgesic mechanisms may be linked to adenosine
levels, which, as previously stated, are thought to be increased by
ketogenesis. Studies have also shown that adenosine may have
anti-nociceptive properties [40], further supporting the use of a
ketosis to alleviate pain.

A study using rats on a hot plate showed delayed signs of thermal
pain, such as increased movement or the licking of paws, in rats
prescribed a ketogenic diet. However, artificially manipulated
levels of blood ketones and blood glucose in the subjects did not
produce the same results, suggesting that ketones themselves
do not directly affect “molecular targets underlying thermal pain
sensitivity” [24].

Continued research into the possible benefits of pain
management from ketosis is necessary and ongoing. Overlapping
neurobiochemical mechanisms between epilepsy and pain

This article is available in: http://www.hsj.gr/
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may even lead to improved treatment options of not only Ketosis as an alternative or adjuvant cancer
these conditions, but some of their comorbidities, like anxiety, therapy

depression, and insomnia.
In recent research, the ketogenic has been proposed as an
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alternative or adjuvant cancer therapy. Results from preclinical
studies have suggested that a ketogenic diet may slow down
the growth of tumors, reduce tumor size, and even increase the
rate of survival in malignant glioma and cancers of the prostate
and gastrointestinal tract [3]. Other potential target cancers
would most likely be those whose malignancy is correlated
with metabolic status. Additionally, ketosis, whether induced
by fasting or a ketogenic diet, has been shown to increase the
efficacy of chemotherapy against cancer cells and even reduce
the side effects of such treatment [3].

Although there is some concern with the ketogenic effect of
weight loss on cancer patients, there has not been any significant
findings to suggest that a ketogenic diet is not a perfectly safe
and healthy treatment option for patients with certain cancers.
In fact, a German study of 16 patients with advanced stages of
cancer found that a ketogenic diet caused a reduction in tumor
size and an improvement in the quality of life. The study also
concluded that there are no significant adverse side effects of
the ketogenic diet, even for patients in the advanced stages of
cancer [41].

One of the mechanisms by which the ketogenic diet is suggested
to have anti-carcinogenic effects as a metabolic therapy can
be defined by glucose and lactate shortages during ketosis,
both of which tumor cells need to proliferate. Unlike healthy,
differentiated cells, cancer cells rely on aerobic glycolysis
for their energy needs, not oxidative phosphorylation in the
mitochondria. This is known as the “Warburg effect” and is what
makes cancer cells particularly susceptible to metabolic therapy,
like the ketogenic diet.

A study at the Dana-Farber Cancer Institute in Boston, MA has
observed that cancer cells in tumors are voracious consumers
of glucose compared to other cells [12]. Glucose limitation may
inhibit tumor proliferation by interrupting the supply of preferred
energy substrate, effectively “starving” the cancer cells of the
glucose they crave [13].

It is further suggested that this “starvation” of cancer cells with a
ketogenic diet would force them to use mitochondrial oxidative
phosphorylation for their energy needs and cause them metabolic
oxidative stress. It is thought that this stress would cause the
cancer cells to become hypersensitized and more susceptible
to cytotoxins and radiation, making a ketogenic diet a safe and
practical adjuvant therapy to these conventional therapies.

A study of malignant gliomas highlights the necessity for
alternatives to conventional cancer therapies. Cancers of the
brain are particularly difficult to treat long-term due to the
ineffective targeting of tumor cells and the negative implications
that has for the surrounding, healthy brain cells. The study of the
efficacy of KetoCal®, a ready-to-drink ketogenic nutritional shake
often used as a meal replacement when strict adherence to a
ketogenic diet is necessary, on malignant mouse astrocytoma
(CT-2A) and human malignant glioma (U87-MG) showed that the
dietary protocol decreased the growth of CT-2A and U87-MG
tumors by 65% and 35%, respectively [57]. The anti-tumor and
anti-angiogenic effects of KetoCal® are promising, with the overall
decrease in the patients’ blood glucose levels being responsible
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for these therapeutic effects. As previously mentioned, this can
be achieved by a strict ketogenic diet, as in the study, or by
fasting, although the latter seems to be impractical for long-term
malignant brain cancer management.

The use of ketosis in the treatment of type-2
diabetes

Type-2 diabetes is typically a result of an excessively high-
carbohydrate diet and obesity. It is a condition characterized by
excessive glycemia and resistance to insulin, making treatment
of type-2 diabetes by a low-carb, high-fat ketogenic diet one of
the most straight-forward therapeutic applications of ketosis.
Evidence suggests that a ketogenic diet is both safe and extremely
effective in bringing blood glucose back down to normal levels
and restoring insulin sensitivity in patients with type-2 diabetes.
Ketosis may even be able to reverse certain complications of
type-2 diabetes in humans [26].

The potential reversal of diabetic nephropathy by ketosis in
humans has been demonstrated by a study involving mice.
While insulin therapy has been shown to “slow the development
of diabetic complications” [5], there has been little evidence
to suggest that insulin therapy actually reverses diabetic
complications. This makes the prospect of reversal by ketosis a
very exciting possible breakthrough in the treatment of type-2
diabetes. After two months on the ketogenic diet, albumin-
creatinine ratios in the mice indicated complete reversal of
diabetes-associated nephropathy, with partial reversal evident in
tissue samples [35].

The efficacy of the ketogenic diet in treating type-2 diabetes is
further highlighted by a study involving 28 overweight subjects
who were prescribed a 16-week ketogenic dietary protocol. The
results were favorable with most of the participants significantly
reducing or completely stopping their use of type-2 diabetes
medication [54]. The success of ketosis in treating type-2
diabetes is strongly supported by scientific literature, but further
research is needed to determine the extent to which reversal of
complications can be achieved.

Conclusion

The analysis of literature suggests that a low-carb, high-fat,
ketogenic diet is a safe and effective dietary protocol for entering
ketosis. While fasting is also a great tool for inducing a state of
ketosis, it is not always the most practical method due to the
severity of caloric restriction and the fact that the most beneficial
effects of ketosis are experienced after prolonged maintenance
of a ketogenic state.

It is also important to note that the safety and efficacy of ketosis
are not guaranteed in individuals with certain autoimmune
conditions, especially type-1, or insulin-dependent, diabetes.
Dietary therapies, like the ketogenic diet, should always be
approved by a physician to avoid any unintended complications.

The marked improvement of body composition is strongly
supported by research as one of the hallmark benefits of ketosis.
Reduction of body fat alone has many direct and indirect health
benefits for most people and has been shown to be catalyzed

This article is available in: http://www.hsj.gr/



by a ketogenic diet. Additionally, ketosis has many therapeutic
applications and is a natural, non-invasive alternative to many
medications and treatments in the fight against a range of
ailments, from chronic to life-threatening.

Individuals suffering from epilepsy, neuropathic pain, cancer,
obesity, and type-1 diabetes all stand to potentially benefit
from ketosis and should consider a ketogenic lifestyle as an
alternative or adjuvant therapy. Furthermore, research suggests
that athletic and physical performance can also be improved by
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