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Abstract

Since the beginning of the 20" century, when low-carbohydrate diets were first implemented
to treat Type 1 diabetes, the role of dietary composition in regulating glucose homeostasis
and, increasingly, energy balance, has been the subject of great interest to both biomedical
researchers and, increasingly, to the public. In fairly extreme circumstances (e.g., Type
1 diabetes untreated with insulin) low-carbohydrate diets (which are generally high-fat
diets) can be useful to reduce blood glucose, but since the advent of insulin therapy, and
increasing appreciation of the cardiovascular consequences of hyperlipidemia, clinical
practice has dramatically favored high-carbohydrate, low-fat diets for diabetes (especially
Type 2 diabetes, largely associated with obesity). This clinical advice, at the time, seemed
fairly radical. In a famous treatise, “The Physiology of Taste” published in 1825, Brillat-
Savarin, argue that consumption of “natural” diets (e.g., meat and vegetables) promote
health, whereas “cultivated” diet (e.g., derived from rice and wheat) increasingly led to
deterioration of health associated with affluence.

Similarly, in 1837 Sylvester Graham published “A treatise on bread and bread-making”,
essentially a tirade against food with grains (as well as meat), which were not suited to
the assumption that gluttony was among the greatest sins (clearly a theme in subsequent
American diet fads). Similarly throughout the 20" century popular diets (including those
promotes by Adelle Davis in the 1950s, Robert Atkins in the 1970s, the paleo diet, and
increasingly many more) have emphasized low-carbohydrate, high-fat diets especially for
weight loss (viewed by the public as a more compelling concern than glucose homeostasis).
While these diets have little if any clinical evidence for efficacy, low-calorie, low-protein
diets that produce ketogenesis are extremely effective to reverse obesity, hyperglycemia,
and diabetic complications. The mini-review examines possible mechanisms mediating
these remarkable effects, particularly focusing on epigenetic effects on hypothalamic
neurons.

Keywords: low-carbohydrate, ketogenic, obesity, diabetes, diabetic complications,

Volume 4 Issue 6 - 2017

Cesar Moreno,' Michal Poplawski,? Jason
Mastaitis,> Charles Mobbs*

'Department of Neurology, Mount Sinai School of Medicine, USA
2Department of Radiology, Jefferson School of Medicine, USA
*Muscle and Metabolic Disease TFA, Regeneron Pharmaceuticals,
USA

“Department of Neuroscience, Mount Sinai School of Medicine,
USA

Correspondence: : Charles Mobbs, Department of
Neuroscience, Mount Sinai School of Medicine, USA, Tel 212-824-
8923, Fax 646-537-9583, Email Charles.mobbs@mssm.edu

Received: April 03,2017 | Published: June 16,2017

hypothalamus

Introduction

Diabetes (as recognized by modern medicine) was one of the
carliest clearly defined diseases. Described in 15th BCE Egyptian
scrolls as “passing of too much urine”, described in 6th BCE Hindu
texts as “honey urine”, and by the 1 CE Greek physician Aretracus
as “diabetes. In fact the term “diabetes” is from the Greek terms dia
(go) and betus (through), an allusion to the most obvious diabetic
syndrome of loss of flesh (now known to be primarily fat mass) and
increased urine production (early descriptions of diabetes almost
certainly described cases of Type 1 diabetes). Furthermore diabetes
was the earliest disease for which a biochemical basis gradually
emerged: as indicated by the 6th BCE Hindu referral to honey urine, it
has been clear since antiquity that diabetes is associated with increased
production of urine that is itself sweet. Indeed Chinese, Japanese,
and Korean all use the same ideographs for diabetes (plausibly best
rendered in English as sugar urine disease).

More specifically the 10" century Persian physician/philosopher
Avicenna documented the sweet taste of diabetic urine (until the
advent of modern medicine physicians often used their sense
of taste as a diagnostic tool, and of course the urine of diabetic
patients famously attracts insects). In 1675 Thomas Willis (who also
discovered the Circle of Willis) added mellitus (sweet) to specify the
polyuric syndrome associated with “sweet” urine as opposed to hyper
production of urine not associated with a sweet taste (the latter, much

rarer, is now known as diabetes insipid us and known to be caused by
insufficient hypothalamic production of arginine vasopressin, usually
due to mutations in that gene).

These observations eventually led to a convergence with (al-
) chemical studies clarifying the molecular nature of the natural
substance most commonly associated with sweet taste (for which, in
contrast to most biochemical properties, humans are well-equipped
to assay). 11™ century Moorish alchemists partially isolated a highly
sweet substance from grapes which they referred to as “grape sugar”.
In 1747 Andreas Marggraf greatly purified this substance from raisins,
referring to it as “eine Art Zucke” meaning, “a type of sugar.” In
1776 Matthew Dobson carried out a similar procedure in urine from
diabetic patients and obtained a similar highly sweet substance, thus
laying the foundation for associating the clinical syndrome of diabetes
with excess of a specific chemical substance. After the introduction of
the atomic theory by Dalton in 1803, it became increasingly plausible
to hypothesize specific chemical structures for specific compounds.
In 1838 Jean Baptist Andre Dumas carried out similar enrichment
studies of the sweet substance, and in the context of atomic theory
assumed a specific chemical.

Structure (not of course elucidated at the time) which he named
“glucose”, after the Greek word “glycos”, meaning sweet (naming
things, no matter how obviously, is an excellent way to gain scientific
immortality). More seriously, in 1842 MJ Schleiden (who also
developed an early and highly influential version of the cell theory)
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speculated that the chemical structure of glucose was C12H24012,
and ultimately derived from a chemical reaction in plants now
understood to be photosynthesis. In 1890 the final and 3-dimensional
chemical structure of glucose was demonstrated by Emil Fischer, who
also synthesized glucose from glycerol, among the accomplishments
that led to his Nobel Prize in Chemistry in 1902. Thus at the turn
of the 20th century it was increasingly clear that excess glucose
(certainly in urine, and as assays improved, also clearly in blood) was
a key characteristic of diabetes (again, at that time, the overwhelming
majority of diabetes was Type 1, the distinction from Type 2 diabetes
by Berson and Yalow laying several decades in the future). At about
this time macromolecular constituents of diets were also increasingly
understood, resolving particularly into the familiar categories of
carbohydrates, protein, and fats.

Since glucose was in a sense the classic and most prominent
example of carbohydrate in diet, it was entirely plausible to assess
if reducing the carbohydrate component of diets would protect in
(Type 1) diabetes. In fact the main treatment for diabetes at the time
was prolonged fasting, which indeed did increase lifespan of diabetic
patients (almost all of whom were children) who otherwise would die
(as we now know, of ketoacidosis) within weeks after diagnosis. One
of the earliest studies using diet to treat diabetes was that of Allen et
al.! After a period of fasting (which of course cannot be maintained
indefinitely) these investigators first introduced a diet very low in
carbohydrate, then moderate carbohydrate, then relatively high levels
of fat, the main goal being to reduce ketotic acidosis. This regime was
relatively successful and for a time became a standard approach to
treating diabetes, though difficult to implement and with only limited
efficacy. Shortly thereafter insulin was discovered in 1922, which
completely revolutionized the treatment of (again, Type 1) diabetes,
so dietary treatment (much more cumbersome and frankly much less
effective) virtually disappeared from the clinical armamentarium.
However at about the time that insulin was discovered, thus reducing
the need for dietary therapies for diabetes, ketogenic diets were
introduced to treat epilepsy, primarily if not exclusively in children,
in the early 1920s.3

The impetus for these similar dietary approaches for the seemingly
unrelated indications was that, since antiquity, it had been observed
that voluntary fasting (an almost universal religious rite) improved
the clinical condition of both diabetic (i.e. polyuric) and epileptic
(i.e., characterized by seizures) conditions. While the discovery of
insulin effectively sidelined diet (for several decades) in the treatment
of diabetes, low-carbohydrate diets proved to be the most efficacious
intervention to reduce seizures in epileptic patients. It should be noted
that, like diabetes, epilepsy had been fairly well characterized since
antiquity, and in fact Jesus was well known for his curing of epilepsy
by casting out demons, thus indicating a likely understanding of the
causes of this condition in antiquity. In any case, after the 1920s,
in the context of epilepsy, short-term studies of the effects of low-
carbohydrate diets in the treatment of epilepsy were carried out, and
in a crucial shift, it became clear that simply reducing carbohydrates
was not sufficient for clinical efficacy: protein levels also had to be
reduced to achieve ketogenesis (which is now understood to involve
gluconeogenesis from excess amino acids, thus preventing sufficient
reduction of blood glucose to,> Surprisingly, the first detailed study
of the chronic metabolic effects of the ketogenic diet in humans was
reported in 1983.* A key element of the study is that the diet was
low in both carbohydrate (<20g carbohydrate per day) and protein
(<1.7g/kg/day), such that the reduction in carbohydrate calories were
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compensated by an increase in fat, leading to a diet composed of about
85% fat. This diet was ketogenic: after the first week on the diet, all
subjects exhibited detectable urinary ketones, whereas before the diet
urinary ketones were not detected.* As discussed below, this was a key
aspect of the study because in most popular low-carbohydrate diets
(e.g., the Atkins diet), reduced carbohydrate calories are compensated
by increased protein as well as increased fat, and elevated protein
intake attenuates or even blocks ketosis even when carbohydrate
intake is very low. In this study, 9 lean men (4 of whom were athletes)
were placed on a control diet for baseline measurements, and then
switched to an isocaloric ketogenic diet, as described above, in an
inpatient highly controlled environment, for 4 weeks. The men were
allowed to choose among meals prepared from ground beef, breast
of chicken, tuna fish, egg solids, and cheddar cheese. Fats were in
the form of mayonnaise, heavy cream, sour cream, and cream cheese.
Ketosis was monitored daily, and all the men maintained ketogenesis
throughout the study, indicating excellent compliance.

The key observation from this study, completely inconsistent
with modern dietary recommendations, is that a diet very high in fat
produced apparently protective metabolic effects. Consistent with the
isocaloric diets, the slight weight loss on the ketogenic diet was not
significant and could have been attributed to water loss. The most
remarkable effects of the diet were reduction of blood glucose (after
an overnight fast) by about 15% and an even greater reduction (about
30%) in whole-body glucose metabolism, accompanied by reduction
in blood triglyceride levels.* Although the clinical evidence supporting
low-carbohydrate diets for weight loss has almost universally failed
to demonstrate long-term efficacy, these diets have increasingly
maintained and gained in popularity. Pertinent to this point are the
following quotations: A systematic review of low-carbohydrate diets
found that the weight loss achieved is associated with the duration of
the diet and restriction of energy intake, but not with restriction of
carbohydrates.’

This review covers evidence from carefully controlled laboratory
studies, clinical trials, studies in populations at high risk of
developing obesity, and epidemiologic studies on the role of sugars,
particularly sucrose, in the development of obesity. Although many
environmental factors promote a positive energy balance, it is clear
that the consumption of a low-carbohydrate, high-fat diet increases
the likelihood of weight gain.® These two statements from thorough
reviews clearly state the current consensus regarding the effect
of dietary composition on obesity. In fact, despite the enormous
popularity of low-carbohydrate diets such as the Atkins diet, the
South Beach diet, the Zone diet, and the Paleo diet, the professional
consensus is that low-carbohydrate diets (which typically implies
high-fat diets) are more likely to produce obesity than reverse obesity.
Although several studies have reported that low-carbohydrate diets
are slightly better than low-fat diets to reduce body weight over a
period of about 4-6 months,”?® the differences were not significant after
ayear®’ similarly, although “low-glycemic” diets have been promoted
as useful for weight loss,'® detailed clinical studies have also failed to
support that such diets*!* are effective for long-term maintenance of
weight loss. Although access to sucrose, separately from protein, can
lead to over-consumption and increased adiposity, this phenomenon
appears to occur due to a requirement to obtain sufficient protein and
the effect is not observed when protein concentrations are sufficiently
high Sloth B et al.’> One small study published in 1996.!° (13 obese
patients with Type 2 diabetes; over only 6 weeks) was designed
primarily to assess if the ketosis that occurs consequent to weight loss
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is responsible for reduced hepatic glucose output that accompanies
weight loss in Type 2 diabetic patients.

To address this question the authors implemented a very low calorie
diet'” to induce weight loss, but one of the diets was relatively high
in carbohydrates, to reduce ketosis, whereas the other diet was very
low in carbohydrates, which would enhance ketosis; caloric intake on
both diets was controlled to be the same. However, the protein content
was much higher than for a normal diet (55%), which under normal
caloric intake would inhibit ketosis. Under the circumstances of equal
(and substantial) caloric restriction, both diets induced ketosis (even
though high in protein), but the high-carbohydrate diet, reduced
ketosis by about 60% compared to the low-carbohydrate diet (as
described below, we have observed a similar phenomenon in mice).
Under these conditions of equal and very low caloric intake, both
diets induced apparently equal weight loss, but the low-carbohydrate
diet produced lower blood glucose and improved glucose tolerance
with no effect on plasma insulin, and faster reduction in hepatic
glucose output.'® Thus again this study supported that elevated ketosis
improves glucose control in diabetic patients independent of weight
loss. The next significant study of the effect of low-carbohydrate diets
in humans was a pilot study by Westman et al. which was carried out
to assess adherence to and efficacy of a low-carbohydrate diet for 6
months.'®

There were several key differences between the study by Westman
et al. and that of Phinney et al.* First, the study by Phinney et al.* was
a highly controlled in-patient study in which caloric and protein intake
were maintained as a constant, whereas the study by Westman et al.
implemented in a naturalistic out-patient framework, thus potentially
more applicable to general practice, but also without controlling
protein or caloric intake. In fact the dietary plan was essentially that
of the Atkins diet.!” Since by 2002 the Atkins diet was highly popular,
carrying out an assessment of the efficacy of the diet was quite timely.
Second, the subjects in the study by Phinney et al.* were lean and
even athletic, whereas the subjects of in the study by Westman et al.
were overweight and obese and were motivated to lose weight. The
main result of this study was that adherence to the low-carbohydrate
diet led to weight loss and, importantly, improved lipid profiles
despite the relatively high-fat diet. The weight loss entailed loss of
both lean and fat mass, suggesting the weight loss was due to reduced
caloric intake (in contrast to the Phinney study, where caloric intake
was the same on both diets). Blood glucose and insulin levels were
not reported so presumably did not change, in contrast to the study
by Phinney et al.* in lean individuals. Of particular note, of the 41
subjects in the Westman study, 33 had “moderate to trace” levels of
urinary ketones. Even this modest level of ketonuria is plausibly due
to weight loss, which would be expected to increase ketonuria, raising
the possibility that the likely high-protein Atkins-type diet is not in
itself directly ketogenic (except perhaps for the 8 subjects with high
urinary ketones) but only ketogenic as an effect, rather than a cause,
of weight loss. Furthermore the lack of evidence of reduced blood
glucose or insulin on this diet is in contrast to the robust effects of a
ketogenic diet. Nevertheless these studies suggested that by whatever
mechanism, possibly simply by restricting food choice, an Atkins-
type low-carbohydrate, high-protein (relative to a classic ketogenic
diet) does facilitate weight loss a similar study the same year was
carried out in women to assess the efficacy of an Atkins-type low-
carbohydrate diet with otherwise ad lib intake (almost certainly
involving increased protein intake).” This study also corroborated
that ad lib adherence to an Atkins-type low-carbohydrate diet does
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facilitate weight loss at least for 6 months, relative to a low-fat diet in
which caloric restriction was counseled. In this study blood ketones
were elevated after 3 months on the low-carbohydrate diet, but not
after 6 months, again suggesting that increased ketosis was a result,
not a cause, of the weight loss.

A similar but larger (132 severely obese with 39% prevalence of
diabetes) and more definitive was published the next year by Sahama
et al.?® This study was similarly naturalistic as the study by Westman
et al.,'® but compared efficacy of a low-carbohydrate diet (in which
both protein and fat were increased by choice of participants) to
efficacy of a low-fat diet, in which participants were also specifically
instructed to reduce food intake (as per standard dietary counseling).
This study, also over a period of 6 months, clearly demonstrated that a
low-carbohydrate diet, without specific instructions to reduce caloric
intake, was almost 3 times more effective to reduce body weight than
the low-fat diet (-5.8vs-1.9kg). Furthermore the low-carbohydrate
diet actually produced a greater reduction in triglycerides than the
low-fat diet (-38vs. -7mg/dl), although plasma cholesterol was higher
(+2vs. -1mg/dl). Of particular interest, in diabetic patients the low-
carbohydrate diet reduced fasting blood glucose by 26% compared
to a reduction of only 5% on the low-fat diet; consistent with the
Westman study, the low-carbohydrate diet did not reduce fasting
blood glucose in non-diabetic individuals. These studies support that
a low-carbohydrate diet might be particularly useful to reduce blood
glucose in diabetic patients. However despite greater weight loss on
the Atkins-type low-carbohydrate diet, fasting blood glucose levels
were similar.

A subsequent study by the Westman group assessed the efficacy
of the Atkins-type diet on hemoglobin AIC in Type 2 diabetic
patients.”! Of the 21 patients who completed the study, hemoglobin
A1C was reduced from 7.5% to 6.3% (a both statistically and
clinically significant decrease). Diabetic medication was discontinued
or decreased in most subjects, while triglycerides on the low-
carbohydrate, high-fat diet increased. While the results of this study
were impressive, it is of some interest that of the 151 urine ketone
measurements made during this study, only 27 were greater than trace,
with one individual accounting for all 7 of the highest readings. It
seems plausible that the high ketosis in this individual may have been
secondary to the most weight loss, but this particular information is
not indicated in the report. These studies corroborate that the low-
carbohydrate, high-protein Atkins-type diet can produce beneficial
effects to improve glucose control even though this diet in not robustly
ketogenic in humans. On the other hand the study by Phinney et al.*
strongly suggests that a low-carbohydrate, low-protein diet is more
robustly ketogenic and more robustly reduces blood glucose and,
possibly more importantly, reduce whole-body glucose metabolism.
As we will discuss below, reduction of glucose metabolism is likely
more important for diabetic complications than reduction of blood
glucose concentrations. A study of some interest used a similar design,
in which patients with Type 2 diabetes were counseled to follow an
Atkins-type diet over a period of a year.?? Unfortunately ketones
were not measured, but weight loss was substantial at the end of the
year and of particular interest blood glucose was normalized after
a year in diabetic patients with no effect of blood glucose in non-
diabetic patients. These results further support the value of the low-
carbohydrate diet to treat Type 2 diabetes. The studies above generally
support that low-carbohydrate diets may improve glucose control in
Type 2 diabetic patients without substantial increase in cardiovascular
risks. However these improvements appear to be secondary to weight
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loss, which is plausibly due at least in part to restricted dietary choices
(though restricting carbohydrate clearly appears more protective than
restricting fat). Because of the mechanistic limitations of human
studies, animal studies were necessary to resolve these ambiguities.

Low-carbohydrate diets in animal models of obesity
and diabetes

Although ketogenic diets had been studied in animal models to
clarify the mechanisms mediating the effects of the diet on epileptic
seizures, relatively few studies had been carried out to assess the
effects of the diet on energy balance and glucose homeostasis until the
seminal study by Kennedy et al.® This study used the standardized
commercial (Bioserve) ketogenic diet, modeled after the ketogenic
diet used to treat epilepsy. This diet consists of 78.9% fat, 9.5%
protein, and 0.76% carbohydrate (0% sucrose). Note that this closely
models the diet of Phinney et al.* which had even greater %fat (85%),
but the protein concentration is much lower than with the Atkins-
type ad lib studies. This study documented the remarkable metabolic
effects of the demonstrable ketogenic diet, most importantly that
mice made obese and pre-diabetic on a high-fat, high-protein, high-
carbohydrate “Western” diet rapidly lost weight (and normalized
glucose homeostasis, including extreme reduction of both insulin and
glucose) when placed on an even higher-fat but lower carbohydrate
(and lower protein) ketogenic diet. Of particular importance this
metabolic normalization occurred without reducing caloric intake,
compared to the high-carbohydrate lower fat diet. In fact, the ketogenic
diet induced increased oxygen consumption. These results are clearly
consistent with the hypothesis that it is the increase in ketones that
drive this unique metabolic state.

Interestingly in a follow-up study, the same laboratory
demonstrated that the ketogenic fails to reduce body weight in leptin-
deficient ob/ob mice.?* Nevertheless the diet reduced blood glucose,
associated with an induction of FGF21,? consistent with the studies of
Phinney et al., who demonstrated reduced blood glucose and insulin,
and reduced whole-body glucose utilization, without weight loss. Our
laboratory carried out a similar study using the same Bioserve diet
and got essentially identical results,” although our analysis was not
as extensive as that of Kennedy et al.”» However, we carried out an
additional study. Based on the different metabolic states that appeared
to be produced by the low-protein low-carbohydrate classic ketogenic
diet used to treat epilepsy vs. the high-protein low-carbohydrate
diet promoted by Atkins and similar proponents, we developed
a high-protein version of the ketogenic diet, increasing the protein
concentration to 20% (roughly the same as the standard chow diet) and
reducing the fataccordingly. In contrast to the ketogenic diet, this high-
protein version was not ketogenic in mice under standard conditions.
However, when surgery was performed on these mice and they lost
weight as is usual after surgery, mice on the high-protein diet did
exhibit higher levels of blood 3-beta-hydroxybutyric acid, consistent
with the ketogenic effects of the high-protein, low-carbohydrate diet
during caloric restriction.? Under standard ad lib fed conditions, in
contrast to the ketogenic diet, rather than reduce body weight, this
diet promoted weight gain and other obese phenotypes just as do
standard high-fat “Western” diets in mice.?® Furthermore, despite low
carbohydrate, blood glucose was not significantly reduced, and in fact
trended to increase as the mice gained weight. We were surprised by
this and formulated a diet with even lower carbohydrate to the lowest
practical level (<1%).Increasing the fat accordingly.
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The effect of this diet was essentially the same as the previous
high-protein diet, i.e., the diet produced obesity as with other high-
fat Western diets. When switched from the high-fat to the ketogenic
diet the mice rapidly lost weight without reducing caloric intake,
and oxygen consumption was induced within hours, before body
composition changed. Together with the results of Kennedy et al.?®
in mice and the studies of Phinney et al.,* these studies demonstrate
that the low-carbohydrate, low-protein ketogenic diet does indeed
produce a “unique metabolic state”.”> We hypothesize that the high-
protein, low- (and very low) carbohydrate diets fail to reduce blood
glucose and increase ketones because the excess protein is converted
to glucose via gluconeogenesis. The efficacy of low-carbohydrate
diets to reduce blood glucose, especially in diabetic individuals,
provides a major rationale to treat patients with diabetes with such
diets, in contrast to current recommendations, which advocate high-
carbohydrate low-fat diets.'®!

However, this rationale may apply primarily to patients with Type
2 diabetes, in which improvements in glucose homeostasis could be
due primarily to weight loss (at least in the high-protein form which
is only weakly ketotic). For patients with Type 1 diabetes there may
be some concern that a ketogenic diet would promote ketoacidosis,
which could be potentially lethal. Much less research has been done in
patients with Type 1 diabetes on low-carbohydrate diets, but there is
at least one case report of a patient with Type 1 diabetes and epilepsy
who was treated with the classic (low-protein, low-carbohydrate)
ketogenic diet to treat epilepsy.?® The diet produced robust ketogenesis
and normalized glucose and hemoglobin Alc. However after 15
months the child refused the diet and was returned to a standard diet.
This latter observation indicates the potential difficulty of maintaining
adults, who have more choice in diet than children, on a classic
ketogenic diet.

Therefore the promising results of the high-protein low-
carbohydrate diets may be more clinically relevant for long-term
maintenance. However, as described below, even short-term
maintenance on the classic ketogenic diet may have an important role
in therapy to reverse diabetic complications. Although reducing blood
glucose in diabetic patients is of course a major clinical goal, the main
reason blood glucose is of concern is the complications produced
by high blood glucose, especially nephropathy, neuropathy, and
retinopathy.?’-?® Diabetic complications are driven mainly by glucose
metabolism.” As indicated above, Phinney et al.* demonstrated that a
ketogenic diet reduces whole-body glucose metabolism. Furthermore
the effects of the ketogenic diet to reduce epileptic seizures are
thought to be mediated at least in part by reducing brain glucose
metabolism.’® We have also directly demonstrated in vitro that the
ketone 3-beta-hydroxybutyrate blocks molecular effects of glucose.’!
These considerations led us to hypothesize that a ketogenic diet,
which of course increases blood levels of ketones and also decreases
blood glucose, might prevent diabetic complications. Furthermore,
a particular challenge with diabetic complications is that they resist
reversal even when blood glucose in normalized,> a phenomenon
referred to as metabolic memory.?*3* We had previously noted a similar
phenomenon with the hormone estradiol, which produces progressive
neuroendocrine effects that persist even after removal of estradiol, and
hypothesized that glucose, might produce similar persistent molecular
effects that would be irreversible by normalizing glucose. This
phenomenon was reported the next year.* Subsequently fascinating
papers appeared that demonstrated similar hysteretic behavior in the
lac operon.’¥ These investigators demonstrated that after induction
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the lac operon became persistently induced such that at levels of
inducer previously insufficient to induce the operon, would now
support induction, i.e., prior induction appeared to enhance sensitivity
to the inducer This would be analogous to genes induced by high
glucose, like fibronectin®® or p65,*> maintaining induction after
returning to normal levels of glucose. However, a key observation in
this study was that if the concentration of the inducer was sufficiently
low, the lac operon would revert to its previous uninduced state.’’

These considerations led us to hypothesize that since a ketogenic
diet not only reduces blood glucose to lower than normal levels, but
more importantly reduces glucose metabolism, it might be effective
not only to prevent diabetic complications, but to reverse them as
well, which does not occur if blood glucose is only normalized.?-*
To assess this hypothesis we initially assessed if mice with Type 1
diabetes, untreated with insulin, would tolerate the diet, or, perhaps,
would suffer from exaggerated or even lethal ketoacidosis. This first
study was carried out by Jodi Fox, who was an endocrine fellow and
all too aware of this possibility. Thus it was with some trepidation
that she placed a group of mice with streptozotocin-induced Type 1
diabetes, average blood glucose over 500mg/dl, on the ketogenic diet,
not knowing if the next day she might find them dead. They were not.

Instead the next day their blood glucose levels had fallen from about
500 to about 400mg/dl, and every day their blood glucose continued
to fall by about 100 mg/dl, until the levels were approximately normal
(100mg/dl) despite insulinopenia. Thus the classic ketogenic diet is
remarkable effective in normalizing blood glucose even in highly
hyperglycemia Type 1 diabetic mice. We next assessed if the ketogenic
diet would be effective in reversing diabetic complications,*’ which are
not reversed even by normalization of blood glucose.?3* We chose to
focus initially on nephropathy because this complication is relatively
easy to measure non-invasively by frequent assessment of urinary
albumin/creatinine ratios. Since our goal was to reverse complications,
not simply to prevent complications, we monitored urinary albumin/
creatinine ratios until they clearly indicated nephropathy.

The first study we carried out was in Type 1 diabetic mice produced
by the Akita mutation, in which insulin secretion is drastically reduced
due to ER stress in beta cells. After a 10-fold increase in albumin/
creatinine ratios in the Type 1 diabetic mice, half the mice were placed
on the ketogenic diet. As before blood glucose in Type 1 diabetic mice
was normalized within 1 week of placing the mice on the ketogenic
diet; blood glucose was slightly but significantly reduced in wild-type
controls. Within 2 weeks of the switch 4 of 12 diabetic mice on chow
had died, whereas none of the mice on the ketogenic diet had died.
Indeed all of the diabetic mice on the ketogenic diet survived for 8
weeks (diabetic mice on the chow diet had been sacrificed for humane
reasons), by which time their nephropathy (as indicated by urinary
albumin/creatinine ratios) had been completely reversed.

The mice were then sacrificed and kidney gene expression was
assessed. We developed a novel panel of genes that were induced
in association with diabetic nephropathy, and they were all at least
partially reversed (in most cases completely reversed) by the ketogenic
diet. We carried out a similar study in Type II (db/db) diabetic mice
with similar results: functionally (albumin/creatinine ratios) diabetic
nephropathy was completely reversed, and at the molecular level the
gene profile associated with diabetic nephropathy was largely reversed
as well,* although blood glucose was only partially normalized.
Taken together these data suggest that a plausible treatment for
diabetic complications would be for patients to be placed on a low-
carbohydrate, high-protein diet Aktkins-type diet,'®?' which entails

Copyright:
©2017 Moreno et al. 161

relatively high compliance compared to the classic ketogenic diet.
After 6 months, patients would then be placed on a classic ketogenic
diet, monitoring relevant complications (e.g., urinary albumin/creatine
ratios). Once relevant functions have been resolved, patients could
then be returned to the Atkins-type diet, with the possibility that the
transcriptional complexes involved have been “reset”. Clinical trials
will be necessary to assess the efficacy of this strategy.

While the clinical studies are somewhat dated, there have been
no substantive studies refuting them, probably because from a
clinical perspective the issue is largely that standard Atkins-type low-
carbohydrate diets are simply not effective for long-term weight loss.
Such clinical results are not in the least surprising to scientists studying
obesity, since compared to the typical high-carbohydrate (healthy)
chow diets, increasing dietary fat content (reducing carbohydrate
content, keeping protein content constant) reliably and robustly
produces obesity in a wide variety of species and strains of rodents
and indeed of other species.*> While many of these high-fat diets,
while relatively low in absolute carbohydrates, are often relatively
high in simple carbohydrates, Surwit and colleagues demonstrated
that a high-sucrose diet does not induce obesity in mice, quite in
contrast to essentially the same diet relatively high in fat and that the
relative susceptibility of strains to diet-induced obesity is entirely
related to sensitivity to fat-induced obesity.*

Furthermore these robust observations are consistent with clearly
established physiology, in which blood free fatty acids are normally
only elevated during fasting, to supply peripheral cells with an
alternative source to glucose for production of ATP, a phenomenon
easily demonstrable by indirect calorimetry even during sleep,
including in humans. Thus it is highly consistent with physiology that
lipid metabolism, particularly in the hypothalamus, would be a signal
for nutrient deficit, thus promoting obesity in the presence of ad lib
caloric intake,* and that, if anything, blood glucose would be a signal
for nutrient sufficiency, or even satiety, consistent with many studies.*

In the meantime in studies of glucose-sensing in hypothalamic
neurons, we had demonstrated that the ketone 3-hydroxybutyric acid
(3-OHB) actually blocked effects of glucose sensing, specifically on
the regulation of the orexogenic neuropeptide AgRP.>! This study was
carried out to demonstrate that the mechanism mediating glucose
sensing was not the generation of ATP (or, equivalently, reduction
of AMPK), but more likely the production of cytoplasmic NADH.?!
Furthermore, this observation was consistent with known physiology,
since plasma 3-OHB, as with free fatty acids, is normally only elevated
during fasting, thus would plausibly serve as a factor to promote
feeding, or at least block satiety effect of glucose. Nevertheless the
ketogenic diet clearly presents a paradox: the diet produces exactly the
opposite of what would be expected, since it elevates plasma ketones
(particularly 3-OHB) and FGF21?* are induced by fasting, so would
be expected to exert pro-obese phenotypes, rather than the opposite
that is observed. It is the paradox that is crucial to understanding
mechanisms by which ketogenic diets produce their remarkably
robust beneficial metabolic effects.

Discussion

Although we initially proposed that the paradox described
above could be explained by production of hypothalamic NADH
by the ketogenic diet, subsequent analysis has demonstrated the
inadequacy of this explanation. In the meantime we had been studying
mechanisms by which hypothalamic expression of the histone acetyl
transferees (HAT) Creb-binding protein (Cbp) regulates lifespan and
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age-related diseases. These studies arose initially as a result of two
high-throughput screens which sought to assess mechanisms by which
nutrient-sensitive hypothalamic neurons might mediate the protective
effects of dietary restriction during aging.*® These studies were based
on many studies demonstrating that dietary restriction is generally
protective during aging, increasing lifespan and delaying age-related
diseases (both natural and genetically engineered) in a wide range of
species and nutrient-sensitive hypothalamic neurons are uniquely to
sense nutritional and cause appropriate systemic responses, which
could plausibly mediate these protective effects.*’

In one screen, we examined expression of hypothalamic
transcription factors apparently induced by dietary restriction
(according to DNA microarray data) across 5 strains of mice, to assess
if expression of any of these genes might predict lifespan.*® Since no
single polymorphism could possibly explain more than a small degree
of variance of lifespan, we did not have great expectations about this
study. Surprisingly, the degree of expression of hypothalamic Cbp
accounted for >80% of the variance of lifespan across these 5 strains
of mice. Concurrently, we assessed the functional significance of
these transcription factors in C. elegans to assess which genes, if any,
whose inhibition by RNAi would prevent protective effects of dietary
restriction to increase lifespan Again Cbp was the most implicated
gene: inhibition of Cbp by only 50% by RNAi completely prevented
effects of dietary restriction to increase lifespan and delay age-related
pathologies, including in a C. elegans models of Alzheimer’s Disease.
Furthermore, activating HAT activity by sodium butyrate, a classic
inhibitor of histone deacetylase (HDAC) activity, which opposes HAT
activity, mimicked protective effects of dietary restriction, dependent
on Cbp.* The critical roles of Cbp in the protective effects of
dietary restriction during aging have been replicated in two separate
laboratories. 4’

Subsequently we assessed the correlation of hypothalamic Cbp
with the protective effects of dietary restriction in a mouse model of
Huntington’s disease.” In this case the model of dietary restriction
was every-other-day feeding, which does not entail net reduction in
caloric intake (mice consume twice as many calories on the ad lib
fed days). This protocol completely protected against the motor
impairments produced by the transgenic expression of the mutant
Huntington transgene, correlated with induction of Cbp in the
hypothalamus.®® The next most obvious study was to functionally
assess if experimental inhibition of hypothalamic Cbp would prevent
protective effects of dietary restriction. Although it was not practical
to assess if inhibition of hypothalamic Cbp would prevent protective
effects of dietary restriction to increase lifespan and delay age-related
diseases, we opted to assess if inhibition of hypothalamic Cbp would
prevent molecular responses to dietary restriction. This study was
carried out by inhibiting hypothalamic Cbp using a Cre-lox strategy.

Remarkably we observed that inhibition of hypothalamic Cbp
produced robust obesity and impaired glucose homeostasis.*' This was
associated with a shift away from hypothalamic glucose metabolism
and toward metabolism of alternative substrates, as we had previously
observed during fasting, and which would be expected to cause
obese phenotypes,*? as well as a reduction of hypothalamic POMC,
which we had previously demonstrated is causally associated with
obese and diabetic phenotypes.’*> We went on to demonstrate that
experimental manipulation toward hypothalamic lipid metabolism
(by over-expressing Cptla) also promoted obese phenotypes,
including reduction of hypothalamic POMC, although not as robustly
as inhibiting Cbp.>' The relevance of these results to the remarkable
effects of the ketogenic is that the ketone 3-OHB inhibits HDAC
activity, and effectively increases Cbp activity.®* Therefore it is
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quite plausible that the ketogenic diet, by enhancing hypothalamic
Cbp activity, produces a metabolic phenotype entailing increased
metabolic rate and decreased glucose metabolism (thus reducing
diabetic complications). Such a hypothesis is consistent with the
observation that feeding mice 3-OHB reduces obese phenotypes.™

Conclusion

The studies described herein suggest that optimizing HDAC
inhibitors might constitute a plausible approach to treating obesity,
diabetes, and age-related diseases.
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