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Abstract

Background and Aims Very low-calorie ketogenic (VLCK)
diets have been consistently shown to be an effective obe-
sity treatment, but the current evidence for its acid-base
safety is limited. The aim of the current work was to
evaluate the acid-base status of obese patients during the
course of a VLCK diet.

Method Twenty obese participants undertook a VLCK diet
for 4 months. Anthropometric and biochemical parameters,
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and venous blood gases were obtained on four subsequent
visits: visit C-1 (baseline); visit C-2, (1-2 months); max-
imum ketosis; visit C-3 (2-3 months), ketosis declining; and
visit C-4 at 4 months, no ketosis. Results were compared
with 51 patients that had an episode of diabetic ketoacidosis
as well as with a group that underwent a similar VLCK diet
in real life conditions of treatment.

Results Visit C1 blood pH (7.37 + 0.03); plasma bicarbo-
nate (24.7 + 2.5 mmol/l); plasma glucose (96.0 + 11.7 mg/l)
as well as anion gap or osmolarity were not statistically
modified at four months after a total weight reduction of
20.7 kg in average and were within the normal range
throughout the study. Even at the point of maximum ketosis
all variables measured were always far from the cut-off
points established to diabetic ketoacidosis.

Conclusion During the course of a VLCK diet there were
no clinically or statistically significant changes in glucose,
blood pH, anion gap and plasma bicarbonate. Hence the
VLCK diet can be considered as a safe nutritional inter-
vention for the treatment of obesity in terms of acid-base
equilibrium.

Keywords Ketogenic diet - Very low-energy diet - Obesity *
Ketosis * Acid—base safety * Acidosis

Introduction

In recent decades the prevalence of obesity has increased
considerably worldwide and has now reached epidemic
proportions [1-3], which implies potentially serious con-
sequences for the health of the population and the economy
[4-7]. Hence, finding effective and safe short-term and
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long-term treatments for this pathology is a priority. In this
sense, very low-calorie-ketogenic (VLCK) diets have con-
sistently shown to be useful tools in the treatment of obesity
[8-11]. In fact, our group recently conducted a nutritional
intervention clinical trial in which a VLCK diet was shown
to be significantly more effective than a standard low-
calorie diet after 1 and 2 years of follow-up [10, 11].
Likewise, among various other benefits, a diet-induced
weight loss of mainly at the expense of fat-mass and visc-
eral mass, with the preservation of muscle mass and
strength has been reported as a clinical advantage of this
type of diet [8].

Nonetheless, despite the solid scientific evidence that
supports the use of VLCK diets as a useful weight-loss
therapy, there is still some fear inherent in their usage
because of their mechanism of action [12—-14]. This type of
diet is characterized by a restriction in carbohydrate
and/or calorie intake to the point of inducing a shift in
metabolism and the production of plasma ketone bodies
[15-18]. Under standard conditions, glucose constitutes the
most important substrate for energy utilization, especially in
the central nervous system (CNS) which cannot use fatty
acids as an energy source [19]. During the period of a
VLCK diet, the low-carbohydrate consumption leads to a
depletion of the body’s glucose reserves, and therefore the
CNS requires an alternative fuel source [20, 21]. Under
these circumstances the ketones, which are products of the
hepatic oxidation of fatty acids [16], replace the depleted
glucose and meet most of the body’s energy requirements
[15, 16, 20, 22].

In line with this physiological pathway, individuals with
acceptable insulin function who follow low-carbohydrate
diets theoretically should experience ketonemia without
acidemia, illness or any metabolic complication [23, 24].
Indeed, some previous studies have determined that the
production of ketone bodies during a VLCK-diet suggests
that the diet-induced ketonemia is a well-tolerated process
[25-27], even in type 2 diabetic patients [28]. However, the
acidity constant of ketones and its implication in the
pathophysiology of ketoacidosis in diabetic and alcoholic
patients [29-31] have generated debate in terms of the
acid-base safety of this type of diets. Despite the clinical
importance of elucidating the real effect of the ketogenic
diets on the acid-base status in humans, there is however
little solid scientific evidence in this regards [24].

As the concept of ketosis is engraved in the mind of
endocrinologists as well as in medical personnel managing
diabetic patients as an “emergency signal’, to clearly dif-
ferentiate the medical state of diet-induced ketosis from
diabetic ketoacidosis is a must. Therefore, the aim of the
current work was to determine the acid—base status of obese
patients during the course of a VLCK diet on an outpatient
basis for 4 months.
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Materials and methods
Study design

This study was an open, uncontrolled, nutritional interven-
tion clinical trial conducted for 4 months, and performed in
a single center.

Study population

The patients attending the Obesity Unit at the Complejo
Hospitalario Universitario of Santiago de Compostela,
Spain, to receive treatment for obesity were consecutively
invited to participate in this study.

The inclusion criteria were as follows, age 18 to 65 years,
body mass index (BMI) = 30 kg/m?, stable body weight in
the previous 3 months, desire to lose weight, and a history
of failed dietary efforts. The main exclusion criteria were
diabetes mellitus, obesity induced by other endocrine dis-
orders or by drugs, and participation in any active weight
loss program in the previous 3 months. In addition, those
patients with previous bariatric surgery, known or suspected
abuse of narcotics or alcohol, severe depression or any other
psychiatric disease, severe hepatic insufficiency, any type of
renal insufficiency or gouts episodes, nephrolithiasis, neo-
plasia, previous events of cardiovascular or cerebrovascular
disease, uncontrolled hypertension, orthostatic hypotension,
and hydroelectrolytic or electrocardiographic alterations,
were excluded. Females who were pregnant, breast-feeding,
or intending to become pregnant, and those with child-
bearing potential and not using adequate contraceptive
methods, were also excluded. Apart from having obesity
and metabolic syndrome, the participants were generally
healthy.

The study protocol was in accordance with the
Declaration of Helsinki and was approved by the Ethics
Committee for Clinical Research of Galicia, Santiago de
Compostela, Spain (registry 2010/119). Participants gave
informed consent before any intervention related to the
study. Participants received no monetary incentive.

Nutritional intervention

All the patients followed a VLCK diet according to a
commercial weight loss program (PNK method®), which
includes lifestyle and behavioral modification support. The
intervention included an evaluation by the specialist phy-
sician conducting the study, an assessment by an expert
dietician, and exercise recommendations. This method is
based on a high-biological-value protein preparations
obtained from cow’s milk, soybeans, avian eggs, green peas
and cereals. Each protein preparation contained 15g
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protein, 4 g carbohydrates, 3 g fat, and 50 mg docohex-
aenoic acid, and provided 90-100 kcal [32].

The weight loss program has five steps (Supplementary
Fig. 1) and adheres to the most recent EFSA guidelines of
2015 on total carbohydrates intake [33]. The first three steps
consist of a VLCK diet (600-800 kcal/day), low in carbo-
hydrates (<50 g daily from vegetables) and lipids (only 10 g
of olive oil per day). The amount of high-biological-value
proteins ranged between 0.8 and 1.2 g per each kg of ideal
bodyweight, to ensure patients were meeting their minimal
body requirements and to prevent the loss of lean mass. In
step 1, the patients ate high-biological-value protein pre-
parations five times a day, and vegetables with low gly-
cemic indexes. In step 2, one of the protein servings was
substituted by a natural protein (e.g., meat or fish) either at
lunch or at dinner. In step 3, a second serving of low fat
natural protein was substituted for the second serving of
biological protein preparation. Throughout these ketogenic
phases, supplements of vitamins and minerals, such as K,
Na, Mg, Ca, and omega-3 fatty acids, were provided in
accordance with international recommendations [34]. These
three steps were maintained until the patient lost the target
amount of weight, ideally 80%. Hence, the ketogenic steps
were variable in time depending on the individual and the
weight loss target.

In steps 4 and 5, the ketogenic phases were ended by the
physician in charge of the patient based on the amount of
weight lost, and the patient started a low-calorie diet
(800-1500 kcal/day). At this point, the patients underwent a
progressive incorporation of different food groups and
participated in a program of alimentary re-education to
guarantee the long-term maintenance of the weight loss.
The maintenance diet, consisted of an eating plan balanced
in carbohydrates, protein, and fat. Depending on the indi-
vidual the calories consumed ranged between 1500 and
2000 kcal/day, and the target was to maintain the weight
lost and promote a healthy life styles.

During this study, the patients followed the different
steps of the method until they reach the target weight or up
to a maximum of 4 months of follow-up, although patients
remained under medical supervision for the months fol-
lowing the trial.

Schedule of visits

Throughout the study, the patients completed a maximum
of 10 visits with the research team (every 15 + 2 days), of
which four were for a complete (C) physical, anthropo-
metric and biochemical assessment, and the remaining visits
were to control adherence and to evaluate potential side
effects. The four complete visits were made according to the
evolution of each patient through the steps of ketosis as
follows: visit C-1 (baseline), normal level of ketone bodies;

visit C-2, maximum ketosis (approximately 1-2 months of
treatment); visit C-3, reduction of ketosis because of partial
reintroduction of normal nutrition (2—3 months); visit C-4 at
4 months, no ketosis (Supplementary Fig. 1). The total
ketosis state lasted for 60-90 days only. In all the visits,
patients received dietary instructions, individual supportive
counsel, and encouragement to exercise on a regular basis
using a formal exercise program. Additionally, a program of
telephone reinforcement calls was instituted, and a phone
number was provided to all participants to address any
concerns.

Anthropometric assessment

All anthropometric measurements were undertaken after an
overnight fast (8 to 10h), under resting conditions, in
duplicate, and performed by well-trained health workers.
Participants bodyweights were measured to the nearest
0.1kg on the same calibrated electronic device (Seca
220 scale, Medical Resources, EPI Inc OH, USA), in
underwear and without shoes. BMI was calculated by
dividing body weight in kilograms by the square of height
in meters (BMI = weight (kg)/height2 (m)).

Venous blood gases

Peripheral venous blood samples were taken from any
easily accessible peripheral vein, although most of the
samples were collected from the antecubital vein and were
immediately analyzed. A tourniquet was used to facilitate
venipuncture, but it was released about 1 min before the
sample was drawn to avoid changes induced by local
ischemia [35]. The analyzer has several measuring cap-
abilities but only the following parameters were considered
for the present study: acidity (pH), partial pressure of CO2
(pCO2), bicarbonate concentration (HCO3-), base excess
(BE—amount of H+ required to return blood pH to refer-
ence value) and lactic acid. Partial pressure of oxygen is
not reported since venous blood gas analyses are not a
good reference of oxygenation because oxygen has already
been extracted by the tissues by the time the blood reaches
the venous circulation. However, this parameter was not
considered necessary for the purposes of the present
analysis.

We preferred to perform venous blood gases given that
arterial punctures are more painful and carry a higher risk
of complications compared to venous punctures. Moreover,
venous blood gases have proven to be an adequate
technique for the diagnosis of disorders in the acid—base
balance [36, 37].

@ Springer
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Determination of levels of ketone bodies

Ketosis was determined by measuring ketone bodies, spe-
cifically B-hydroxy-butyrate (B-OHB), in capillary blood
by using a portable meter (GlucoMen LX Sensor, A.
Menarini Diagnostics, Neuss, Germany). As with anthro-
pometric assessments, all the determinations of capillary
ketonemia were made after an overnight fast of 8§-10h.
These measurements were performed daily by each patient
during the entire VLCK diet, and the corresponding values
were reviewed on the machine memory by the research
team in order to control adherence. Additionally, B-OHB
levels were determined at each visit by the physician in
charge of the patient. The measurements reported as “low
value” (<0.2 mmol/l) by the meter were assumed as to be
zero for the purposes of statistical analyses.

Biochemical parameters

During the study all the patients were strictly monitored
with a wide range of biochemical analyses. However, for
the purposes of this work only certain values are reported.
Sodium, potassium, chloride, glucose, albumin, creatinine
and blood urea nitrogen were performed using an automated
chemistry analyzer (Dimension EXL with LM Integrated
Chemistry System, Siemens Medical Solutions Inc., USA).
Insulin and c-peptide were measured by chemiluminescence
using ADVIA Centaur (Bayer Diagnostics, Tarrytown, NY,
USA). All the biochemical parameters were measured at the
four complete visits.

The anion gap was calculated from serum electrolyte
measurements in the following manner: anion gap=
(sodium) — (chloride + measured bicarbonate). Whereas
osmolarity was estimated according to the following for-
mula: osmolarity = (2 x sodium) + (potassium) + (glucose /
18) + (blood urea nitrogen / 2.8). Finally, HOMA-IR was
calculated as follows: HOMA-IR = (insulin x glucose)/405.

Reported cases of diet-induced ketoacidosis

To find all the reported cases of ketoacidosis during the
course of a ketogenic diet in obese non-diabetic patients we
performed a search on the PubMed database using the query
“ketoacidosis AND (ketogenic diet OR low carbohydrate
diet)”.The search was limited to “English”-language articles,
“human” subjects, and publications prior to February, 28,
2017. The eligibility of the studies was assessed by one
reviewer.

A total of 344 articles were identified from the initial
search in PubMed. After reviewing all the articles and
excluding papers about other diseases (e.g., epilepsy and
diabetes), and articles without reporting on acid—base dis-
turbances, a total of four cases of ketoacidosis were
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detected. Subsequently a manual review of the PubMed
database was conducted and an additional case was detec-
ted, resulting in a total of five cases of ketoacidosis [38—42].
In the present work we will try to describe the possible
causes that led to the appearance of ketoacidosis in these
non-diabetic patients.

Diabetic ketoacidosis

Given that the medical state of diet-induced ketosis may be
confused with the pathological and life-threatening state of
diabetic ketoacidosis, we have included a sub-analysis in
which we compare our participants (VLCK diet) with a
cohort of patients with diabetic ketoacidosis from another of
our centers, with the purpose of finding the possible dif-
ferences and similarities between both metabolic states.
This cohort of patients is formed by all the patients with
diabetes of any type that were admitted consecutively to the
emergency room of the Hospital del Mar, Barcelona, Spain,
with a diagnosis of diabetic ketoacidosis between January
2010 and December 2011.

Diet-induced Kketosis in real life conditions

To show the behavior of diet-induced ketosis in a real-life
setting, we have included the results of 460 capillary ketone
bodies determinations corresponding to 163 patients during
different steps of a VLCK diet according to the same
commercial weight loss program (PNK method®) that we
have used for the present study. All these patients were
being treated for being overweight or for obesity in the
Centro Medico Bellon, Madrid, Spain.

Statistical analysis

Continuous variables are presented as mean (standard
deviation), whereas categorical variables are presented as
frequencies (percentages). All statistical analyses were
carried out using Stata statistical software, version 12.0
(Stata, College Station, TX). AP <0.05 was considered
statistically significant. Changes in the different variables of
interest from baseline and throughout the study visits were
analyzed following a repeated measures design. A repeated
measures analysis of variance test was used to evaluate
differences between different measurement times, followed
by post hoc analysis with Turkey’s adjustment for multiple
comparisons. In addition, two-sample equal-variance t-test
was used to assess the differences between our study
population (VLCK diet) and the cohort of patients with
diabetic ketoacidosis.
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Table 1 Changes in
anthropometry, venous blood
gases, biochemical parameters
and ketone bodies during the
study

Results

Anthropometrical and biochemical changes during the

VLCK diet

A total of 20 obese subjects, 12 females, age from 18 to 58
years (47.2+10.2yr) completed the study. At baseline
(visit C-1), patients had a body weight (bw) of 95.9 + 16.3

VLCK diet LC diet
Visit C-1 Visit C-2 Visit C-3 Visit C-4
Diet time (days) 39.2+84 89.7+19.1 123.3+17.6
Anthropometry
Weight (kg) 95.9+16.3 84.2+13.0° 76.6 + 11.1*° 75.1 +11.8*°
Weight change (kg) —11.7+3.7¢ —19.3+6.4¢ —20.7 +6.9¢
Weight change (%) —12.0+2.0¢ —19.7 +4.0¢ —213+48¢
BMI (kg/m?) 355+44 312+33% 284 +2.6° 27.8 +2.9*°
Venous blood gases
pH 7.37+0.03 7.37+0.02 7.36 +0.02 7.37+0.02
pCO, (mmHg) 443 +6.7 41.6+5.5 42.8+5.4 453 +4.8
Measured bicarbonate (mmol/l) 247 +£2.5 23.6+24 24.1+24 25.8 +2.0°°
Base excess (mmol/l) —-0.7+1.7 —14+1.7 —-12+19 0.2+ 1.6
Lactic acid (mmol/l) 1.5+0.3 14+0.2 14+0.3 14+04
Biochemical parameters
Sodium (mmol/l) 141.0+1.4 142.0+2.0 1412+1.6 141.5+2.6
Potassium (mmol/l) 43+02 42+0.2 42+0.2 4.1+03
Chloride (mmol/l) 105.1 1.7 104.8+1.8 105.1+1.6 106.1 +2.3°
Anion gap 109 +2.7 13.5£2.2° 11.9+2.3 9.5+2.2%¢
Osmolarity (mOsm/l) 304.0+54 302.0+5.6 303.1+5.0 303.7+6.2
Glucose (mg/dl) 96.0+11.7 78.7 +£9.5" 77.6 +8.1* 84.8 +7.5%¢
Albumin (gr/dl) 3.8+0.2 4.1+0.1° 3.9+0.1*° 3.8+0.2°
Creatinine (mg/dl) 0.6+0.1 0.6+0.1 0.6+0.1 0.6+0.1
Blood ureanitrogen (mg/dl) 343 +10.0 263 +6.1° 34.1+7.8° 33.1+8.5°
Insulin (mUI/I) 20.4 +10.7 8.3+34% 7.3 +2.9" 9.2+52%
C-peptide (ng/ml) 22+0.7 1.2+04° 1.0+0.2" 1.3 +0.4"
HOMA-IR 50+28 1.5+04" 1.4 +0.6" 1.9+ 1.1*
Ketone bodies
B-hydroxy-butyrate (mmol/l) 0.0+0.1 1.0 +0.6" 0.7 +0.5*° 0.2+0.1°¢
Subjects with ketosis (n-%)* 2 (10) 20 (100) 19 (95) 9 (45)

Data are presented as mean =+ standard deviation and counts — calculated percentages (*)

Anion gap = (sodium) — (chloride + measured bicarbonate)

Osmolarity = (2 x sodium) + (potassium) + (glucose /18) + (blood urea nitrogen / 2.8)

HOMA-IR = (insulin x glucose)/405
# P <0.05 compared with Visit C-1
> P < 0.05 compared with Visit C-2

¢ P < 0.05 compared with Visit C-3 (Repeated measures ANOVA with Tukey’s adjustment for multiple

comparisons)

4 P < 0.05 weight change significantly different from zero (Student’s #-test)

kg and BMI of 35.5 +4.4. BMI was weigh (Kg) divided by
height in meters squared. Other baseline characteristics and
their corresponding changes during the study are presented
in Table 1, and have also been previously reported [8].
All the patients underwent a total of ten visits, but a
complete anthropometrical and biochemical assessment was
performed at four of these visits, which were synchronized
with the measurements B-OHB levels. Visit C-1 was the
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Fig. 1 Changes in BMI, glucose, venous blood pH and capillary
ketone bodies (B-hydroxy-butyrate) during the study. Data are
presented as mean =+ standard deviation. BMI body mass index. The
broken line represents the level at which it is defined the existence of
diabetic ketoacidosis (b) and ketosis (c)

baseline visit, before starting the nutritional intervention,
with no ketosis (0.0 + 0.1 mmol/l) and initial weight. Visit
C-2 was in accordance with the time of maximum ketosis
(1.0 + 0.6 mmol/l) with 11.7 kg of bw loss. At visit C-3 the
patients showed a reduction in levels of B-OHB (0.7 +0.5
mmol/l) because of a partial reintroduction of a normal diet,
and had a bw loss of 19.3kg. Finally, at visit C-4 the
patients were out of ketosis (0.2 + 0.1 mmol/l) with a total
bw loss of 20.7 kg (Table 1 and Fig. 1). Glucose levels were
not significantly modified throughout the study (Fig. 1).
The blood pH was not significantly different from the
baseline at any time during the study, and their values were
always within the normal range (Table 1 and Fig. 1). At
baseline the blood pH level was 7.37 +0.03, at visit C-2
after near 40 days of diet and at the point of maximum
ketosis the pH was 7.37 + 0.02, at visit C-3 the venous pH
remained unchanged (7.36 + 0.02), as in the final visit (7.37
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Fig. 2 Changes in venous blood gases parameters during the study.
Data are presented as mean =+ standard deviation. HCO3, measured
bicarbonate. The broken line represents the level at which it is defined
the existence of hypobicarbonatemia (a) and lacticemia (b), and the
normal range of the anion gap (c)

+0.02). A blood pH level of £7.30 is used in the literature
to define diabetic ketoacidosis, but in our study no indivi-
dual had a measurement below this level at any time point
(Fig. 1). Metabolic acidosis may also be expressed as a
decrease in bicarbonate because it is used to compensate for
(buffer) acid metabolites. In the present study, there were
also no significant variations in bicarbonate values (mmol/l)
during the VLCK diet (24.7 +2.5 (baseline), 23.6 +2.4
(visit C-2), 24.1 + 2.4 (visit C-3), and 25.8 2.0 (visit C-
4)). It is notable that these values remained unchanged and
within the normal ranges even at the visit of the highest
level of B-OHB (Table 1 and Fig. 2). Lactic acid did not
show significant variations during the study, and the cal-
culated anion gap was always in the reference range
(Table 1 and Fig. 2). Importantly, serum albumin levels
were within the limits of normality throughout the study.
Although there were some differences in electrolytes and
blood urea nitrogen over the 4 months of dieting, none of
them was considered as clinically relevant (Table 1).
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The hypothesis regarding the possible association
between ketoacidosis and altered insulin function was
assessed by a strict analysis of the glucose metabolism. A
considerable improvement in insulin sensitivity was
observed in accordance with bw reduction [43] (Table 1).
This observation agrees with the idea that in patients with
an acceptable insulin function a ketogenic diet induces a
well-tolerated ketosis rather than ketoacidosis.

Diet-induced Kketosis vs. diabetic ketoacidosis

To investigate the similarities and differences between the
two metabolic states (i.e., diet-induced ketosis and diabetic
ketoacidosis), we compared our study sample and a cohort
of diabetic patients with ketoacidosis. Blood pH was sig-
nificantly lower in the diabetic patients with ketoacidosis
than in our study sample (7.16 +0.12 vs. 7.37 +0.02, P <
0.001) (Table 2). Serum bicarbonate was also significantly
inferior in the cohort of diabetics (12.3 £5.7 vs. 23.6 +2.4,
P <0.001). In addition, there were also significant differ-
ences in electrolytes values, including the anion gap which
was significantly higher in the cohort of diabetic patients
(30.3+7.9 vs. 13.5+2.2, P <0.001). Finally, plasma glu-
cose and B-OHB levels were significantly higher in the
diabetic patients, reinforcing the idea that underlying
alterations in glucose metabolism play an essential role in
the pathogenesis of ketoacidosis.

Diet-induced Kketosis in real life conditions

With the purpose of confirming the moderate production of
ketones during the course of a VLCK diet, here we reported
several capillary B-OHB determinations during different
steps of a VLCK diet corresponding to a cohort of patients
undergoing treatment for obesity in a real life setting.
Interestingly, none of the patients reached values greater
than 6 mmol/1 at any point of the diet and the majority of the
determinations were less than 3 mmol/l (Fig. 3).

Discussion

The main findings of this work were as follows: (a) a VLCK
diet appears as a safe nutritional intervention, inducing a
severe body weight reduction without altering the acid—base
balance; (b) No one of the parameters measured, even
ketone bodies, reached or even approached the cutoffs
commonly accepted for diabetic ketoacidosis; and (c)
Results clearly departed from those observed in our patients
who had an episode of diabetic ketoacidosis.

Several studies have shown the high value of the VLCK
diets as a weight-loss treatment [8—11, 25-27], but its the-
oretical acid-base safety had not yet to be studied in depth.

Table 2 Comparison of the biochemical parameters between our
study population (very low-calorie-ketogenic diet) and a cohort of
patients with diabetic ketoacidosis

VLCK diet Diabetic P
ketoacidosis value
Number of patients 20 51
Age (years) 4724102 39.0x135 0.016
Venous blood gases
pH 7.37+£0.02 7.16+0.12 <0.001
Measured bicarbonate 23.6+24 123+5.7 <0.001
(mmol/l)
Base excess (mmol/l) —14+17 —18.1+148 <0.001
Biochemical parameters
Sodium (mmol/1) 142.0+2.0 133.8+6.3 <0.001
Potassium (mmol/l) 42+0.2 5.0+0.7 <0.001
Chloride (mmol/l) 1048+1.8 949+6.9 <0.001
Anion gap 13.5+22 303+79 <0.001
Glucose (mg/dl) 78.7+£9.5 5455+2459 <0.001
Ketone bodies
B-hydroxy-butyrate 1.0+0.6 54+12 <0.001

(mmol/1)

Data are presented as mean + standard deviation. Data of the VLCK
diet group correspond to the visit of maximum ketosis (Visit C-2),
whereas the data of patients with diabetic ketoacidosis correspond to
the time of hospital admission.

P value = two-sample r-test with equal variances
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Fig. 3 Capillary B-OHB levels during different steps of a very low-
calorie-ketogenic diet. There are shown 460 capillary ketone bodies
determinations

In patients with near normal or normal insulin function, the
plasma B-OHB concentration should reach levels similar to
those here reported during the course of a ketogenic diet or
fasting because the rate of hepatic ketones bodies synthesis
is compensated by the rate of body’s ketones utilization,
plus a small degree of ketones loss into the urine [15, 20—
22, 24, 44]. Therefore there would be no alteration of the
acid—base balance during dieting.

The results of the current study corroborated these
hypotheses as no pathological changes in blood pH or
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plasma bicarbonate were detected after the diet, and the
maximum levels of B-OHB were 2.9 mmol/l. In agreement
with these results, the majority of the obese non-diabetic
patients that were under a VLCK diet in real life conditions
also reached B-OHB levels lower than 3.0 mmol/l and no
one higher than 6 mmol/l. Notably, in the present study the
phase of ketosis was longer than what has been in many
other studies, which proves the acid—base safety of this type
of diet. The other significant parameters such as glucose,
lactic acid, osmolarity and anion gap were not modified
from baseline values.

Considering that hepatic generation of ketones is sti-
mulated by the combination of low insulin levels and high
glucagon levels (i.e., a low insulin/glucagon ratio) [29, 45]
and occurs at rates proportional to the oxidation of fatty
acids [16, 17], the maintenance of B-OHB within a normal
range and avoiding the development of ketoacidosis during
a VLCK diet could be mediated by various metabolic
pathways. Initially, the ketones can slow down the release
of fatty acids from the adipose tissue by three different
mechanisms: stimulation of insulin production despite low
plasma glucose levels [46],improving the sensitivity of
adipose tissue to the inhibitory effect of insulin on the
release of fatty acids [47], and a direct inhibitory effect of
lipolysis by the ketones themselves [47]. Moreover, the
CNS increases its rate of ketone bodies uptake; because of
the decrease in body’s glucose reserves the brain uses
ketones as its source of energy [15, 20, 48]. Finally,
increased peripheral tissue ketone utilization has also been
described [49].

To the best of our knowledge, only one previous study
has evaluated acid-base safety during the course of a
ketogenic diet [24]. In that previous study, the authors
found that a low-carbohydrate ketogenic diet induced a mild
compensated metabolic acidosis, unlike our study in which
we did not find any pathological variation in the parameters
related to acid-base balance. However, that study had some
limitations, principally, there were high rates of patients out
of ketosis during dieting and measurements were made
infrequently. In the present study, during maximum ketosis
there was an adherence rate of 100%; additionally, the visits
were programmed in accordance with the different stages of
ketosis, ensuring an adequate evaluation of the relationship
between ketosis and acidosis.

Given the above arguments, it seems reasonable to affirm
that diet-induced ketosis and diabetic ketoacidosis are two
different processes. Indeed, the most widely used diagnostic
criteria for diabetic ketoacidosis include plasma glucose >
250 mg/dl, blood pH < 7.3, serum bicarbonate < 15 mEq/l
and a moderate-to-high degree of ketonemia [50], and cer-
tainly none of these characteristics was presented in our
patients. Likewise, when comparing our study population
with the cohort of diabetic patients with ketoacidosis, the

@ Springer

metabolic behavior of the two populations was clearly
different.

The rationale for the present work was to eliminate the
alarm that the word ketosis arise in medical personal. That
feeling was also fueled by some reports of hypocaloric diet-
induced ketoacidosis, although there were very few [38—
42]. A close look to these reports could clarify the issue.
Any severe hypocaloric diet must be avoided on a gesta-
tional or lactating woman as appears in the case report [42].
The important glucose requirements and tendency to ketosis
under lactation may easily explain the negative effects of a
very low calorie, high fat diet on this patient on the other
hand obesity is not on emergency situation, then any diet
can be upheld until the lactation period be finished (41). In
the same line the prescription of very low calorie-high fat
diets in non obese subjects, i.e., BMI 26.7 with 4 years of
hyperproteic [41], or non obese patients with moderate
overweight after Ramadan or alcohol intake [38, 40], may
explain a severe decompensation; mostly when in one case
diet was undertaken after an intercurrent gastrointestinal
episode, perhaps moderate pancreatitis [39]. In all the case
reported the diet were of very low content in carbohydrates,
less than 20 g/day and, high amounts of fat [39] and this
reinforce the message that diet should only be prescribed by
well trained doctors since diets with less than 20 g of daily
carbohydrate consumption, would also contribute to the
development of ketoacidosis [38, 41, 42]. On the contrary
the Pronokal method followed in the present work is low in
carbohydrates (<50 g) and fat and moderately increased in
proteins according with international recommendation (see
methods section). Under conditions of carbohydrates
availability, glycolysis generate citrate which inhibits car-
nitine palmitoyltransferase complex I, limiting the beta-
oxidation of fatty acids and thereby reducing ketogenesis
[41]. In addition, dehydration [50] and an enzymatic pre-
disposition to the condition could also be implicated as the
causes of ketoacidosis in certain persons [41]. Therefore, an
exacerbated production of ketone bodies and the subsequent
development of ketoacidosis could be expected to appears
in the absence of carbohydrates and a completely insulin-
deficient condition in predisposed subjects [44, 51].

In conclusion, this study shows that the VLCK diet is a
safe nutritional intervention for the treatment of obesity in
terms of the acid-base equilibrium. Apart from ketosis both
in this clinical trial and in real life situation all the relevant
biochemical parameters were not significantly altered by the
VLCK dieting.
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