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Objectives: The loss of fat-free mass (FFM) that occurs during weight loss secondary to low-calorie diet can
lead to numerous and deleterious consequences. We performed a review to evaluate the state of the art on
metabolic and nutritional correlates of loss of fat free mass during low calorie diet and treatment for main-
taining fat free mass.

Methods: This review included 44 eligible studies. There are various diet strategies to maintain FFM during a

sijé ‘I/Z‘[))rds" low-calorie diet, including adoption of a very low carbohydrate ketogenic diet (VLCKD) and taking an ade-
Lecine quate amount of specific nutrients (vitamin D, leucine, whey protein).

Results: Regarding the numerous and various low-calorie diet proposals for achieving weight loss, the com-
parison of VLCKD with prudent low-calorie diet found that FFM was practically unaffected by VLCKD. There
are numerous possible mechanisms for this, involving insulin and the insulin-like growth factor-1-growth
hormone axis, which acts by stimulating protein synthesis.
Conclusions: Considering protein and amino acids intake, an adequate daily intake of leucine (4 g/d) and whey
protein (20 g/d) is recommended. Regarding vitamin D, if the blood vitamin D has low values (<30 ng/mL), it is
mandatory that adequate supplementation is provided, specifically calcifediol, because in the obese patient
this form is recommended to avoid seizure in the adipose tissue; 3 to 4 drops/d or 20 to 30 drops/wk of calcife-
diol are generally adequate to restore normal 25(OH)D plasma levels in obese patients.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

The decrease in body weight that takes place during a low-calorie
diet (protein intake equal to 15% of total energy intake) physiologi-
cally involves a loss of both fat and fat-free mass (FFM): the
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physiology indicates that about 75% of the weight loss consists of a
loss of fat mass, whereas the remaining 25% consists of a loss in fat-
free mass [1]. The loss of fat-free mass that occurs during a weight
loss can lead to numerous and deleterious short- and long-term con-
sequences that can frustrate some of the benefits related to weight
loss [2]. In fact, fat-free mass, in addition to its role in locomotion,
plays a key role in various metabolic pathways, such as glucose regu-
lation [3] and lipid control [4]. A loss of fat-free mass can then deter-
mine significant adverse effects on the body's metabolic health and
lead to a significant decrease in basal metabolic rate, contributing to
the recovery of body weight [5]. The muscle is then a real endocrine
organ that produces substances, defined as myokines, such as inter-
leukin 6 (IL-6), IL-8, IL-15, brain-derived neurotrophic factor, and
leukemia inhibitory factor, which have autocrine, paracrine, and
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endocrine activities [6]. In addition, the muscle in return has recep-
tors for numerous molecules that have significant activities, such as
the insulin-like growth factor -1 (IGF-1) and vitamin D [7], which
control the function of the muscle itself.

The aim of this study is to evaluate the specific factors that play
a pivotal role in allowing the preservation of fat-free mass during
weight loss as a result of a low-calorie diet.

Materials and methods

The present narrative review was performed following the steps by Egger et al.
[8], which are as follows:

1. Configuration of a working group: three operators skilled in endocrinology and
clinical nutrition, of whom one acted as a methodologic operator and two par-
ticipated as clinical operators

2. Formulation of the revision question on the basis of considerations made in the
abstract: “the state of the art on metabolic and nutritional correlates of loss of fat-
free mass during low-calorie diet and treatment for maintaining fat-free mass”

3. Identification of relevant studies: a research strategy was planned on PubMed
(Public Medline run by the National Center of Biotechnology Information of
the National Library of Medicine of Bathesda [USA]), as follows:

a. Definition of the key words (fat-free mass, low-calorie diet), allowing the
definition of the interest field of the documents to be searched, grouped in
quotation marks (“...”), and used separately or in combination

b. Use of the Boolean AND operator, which allows the establishments of logi-
cal relations among concepts

c. Research modalities: advanced search

d. Limits (eg, time limits: papers published in the last 20 y; humans; lan-
guages: English)

e. Manual search performed by the senior researchers experienced in clinical
nutrition through the revision of reviews and individual articles on meta-
bolic and nutritional correlates of loss of fat-free mass during low-calorie
diet and treatment for maintaining fat-free mass published in journals
qualified in the Index Medicus

4. The analysis was carried out in the form of a narrative review of the reports.

Figure 1 shows the flowchart of the studies evaluated.

Results and discussion
Very low carbohydrate ketogenic diet

Among low-calorie diets, the role of the very low carbohydrate
ketogenic diet (VLCKD) in the management of obesity is now well
established [9]. Comparing VLCKD with other diets, such as paleo and
vegan diets, commonalities included weight loss, and major differen-
ces included time frame of weight loss, blood pressure changes, elimi-
nation patterns, musculoskeletal effects, psychosocial responses, and
environmental and economic impact [10]. A meta-analysis [9] found
that individuals assigned to a VLCKD (i.e. a diet with no more than
50 g carbohydrates/d) achieved better long-term body weight and
cardiovascular risk factor management compared with individuals
assigned to a conventional low-fat diet (LFD; i.e. a restricted-energy
diet with less than 30% of energy from fat).

Very recently numerous double-blind studies have confirmed
that a VLCKD was highly effective in terms of body weight reduc-
tion without inducing lean body mass loss [11-13].
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Fig. 1. Flow chart of the studies evaluated.
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Further than in obesity, the literature indicates that there are
good effects of ketogenic diet on muscle mass in various disease
states, such as epilepsy [14,15], Parkinson’s disease [16], Alz-
heimer’s disease [17], and multiple sclerosis [18].

In particular, very recently a study reported that a ketogenic
diet increased lean mass and decreased inflammation and oxida-
tion, possibly as a consequence of an increase in satiety and
decrease in hunger, in patients with multiple sclerosis [18].

VLCKD appears to be protective against muscle catabolism
[19,20] for several reasons: the adrenergic stimulation by the pro-
tein and by low levels of sugar in the blood inhibits the proteolysis
of skeletal muscle; the formation of ketone bodies suppresses the
use of protein-derived amino acids by muscle; the (3-hydroxybuty-
rate decreases leucine oxidation and promotes protein synthesis;
increased availability of dietary protein causes an increase in IGF-1
in muscle; and the increased protein intake leads to increased pro-
tein synthesis, thanks to the presence of amino acids available. It
has been suggested that branched chain amino acids (BCAAs), leu-
cine especially, interact with the metabolic pathways that regulate
insulin signaling, decreasing hormone levels and simultaneously
increasing protein synthesis in skeletal muscle.

Moreover, VLCKD induces a particular metabolic condition that
activates fasting pathways during a high or normal energy state,
and it can also be argued that the transcription of autophagy-
related genes (fundamental for the anabolic/catabolic equilibrium
and hence for whole muscle health) can be activated by ketogenic
diet, mediated by Fox03 [21-23].

Molecular effects of ketogenic diet on muscle preservation were
investigated in an animal model [24]. In slow-twitch soleus muscle,
administration of ketogenic diet for 4 wk can increase skeletal muscle
mTOR signaling in old adults rats (28 mo), while decreasing its signal-
ing in young adults muscles (5 mo). Phosphorylation of p70 ribosomal
protein S6 kinase (p70S6k) was increased by 400% by ketogenic diet
versus standard diet in old rats, and soleus muscles (assessed for mus-
cle size and effects on p70S6k) from old rats receiving ketogenic diet
were 6% larger than old rats who received standard diet [24].

Finally, the identified preservation of fat-free mass brought on
during a VKLCD is possible at least by four other possible mechanisms
[19]. It may be involved in the surge of low levels of blood sugar,
which are a stimulus for its secretion, and it could be that the protein
mass of skeletal muscle is affected by adrenergic influences. The liver
produces ketone bodies during a VKLCD, and they flow from the liver
to extrahepatic tissues (e.g., brain, muscle) for use as a fuel. As low
blood sugar increases and growth hormone (GH) is secreted, one
could speculate that a VKLCD increases GH levels. A VKLCD is almost
always relatively high in protein, and there is evidence that high pro-
tein intake increases protein synthesis by increasing systemic amino
acid availability [25], which is a potent stimulus of muscle protein
synthesis [26]. During weight loss, higher protein intake reduces loss
of fat-free mass and increases loss of body fat [27], which can interact
with the insulin to regulate the control of protein synthesis to support
the fat-free mass during periods of reduced caloric intake [28].

Regarding the effects of long-term VLCKDs, the results are in con-
trast: Although some studies have documented the safety of VLCKD
in the long-term period, other studies have reported that intake of
KD has been linked to renal stones, gallstones, and elevated liver
enzymes, given that dietary intervention included approximately 70%
of energy as fat [29]. Moreover, the assessment of the effects of
VLCKD on bone health, insulin resistance, and 8 cell function in the
long term is still lacking. Given this background, it is important to
consider that VLCKD requires proper medical supervision, along with
the routine measurement of urine or blood ketones according to clini-
cal judgment [29]. Considering the limitations of VLCKDs, this
included increased low-density lipoprotein levels, arterial stiffening,

reduction in REM sleep, interference with endothelial function, and
renal stones [10]. As far as mood, it was found that in the first 8 wk
participants experienced mood improvement, but after 8 wk, the
mood improvement was found to plateau as a result of lower concen-
trations of serotonin in the brain from limited consumption of carbo-
hydrates over a period of 12 mo [30].

In conclusion, the comparison of VKLCD with a prudent stan-
dard low-calorie diet indicated that fat-free mass was practically
unaffected. The identified preservation of fat-free mass brought
about during a VKLCD is possible as a result of numerous factors,
predominantly hormonal mechanisms involving insulin and the
IGF-I-GH axis, which acts by stimulating protein synthesis.

Branched chain amino acids and leucine

Unlike other amino acids, the BCAAs are metabolized in skeletal
muscle. The BCAAs (leucine, isoleucine, and valine) represent 14%
to 18% of the total amino acids present in skeletal muscle [31].In a
resting state, BCAAs, and particularly leucine, have an anabolic
effect by increasing protein synthesis and reducing the rate of pro-
tein degradation, resulting in a positive net muscle protein balance
[32]. Leucine, whose average requirement is 40 mg kg~ o d7!, is
critical to maintaining a healthy muscle tissue; the leucine content
in meals is an important regulator of muscle protein synthesis and
produces different results on the long-term body composition [33].

Further research has compared the intake of 10 g protein with
18% of leucine with a similar beverage containing 35% of leucine, con-
cluding that the beverage with the highest concentration of leucine
(4 g) provided a greater stimulus to muscle protein synthesis, result-
ing in an inferior muscle catabolism by the action of cortisol [34].

Even if isoleucine and valine have not been found to have the
same potential, they play a key role as part of the "construction.” In
fact, the hypertrophy induced by leucine drops to zero as soon as the
presence of the other two BCAAs is poor: No matter how much leu-
cine is made available for the muscles, muscle growth does not occur
if the other two BCAAs fall below a certain level [35]. Leucine is capa-
ble of interacting with the metabolic insulin pathway with apparent
modulation of protein synthesis and consequent maintenance of fat-
free mass during a period of caloric restriction, and because the same
amino acid also modulates the use of glucose by the skeletal muscle,
through stimulation of the glucose-alanine cycle, which allows reuse
of glucose, the assumption of adequate amounts of leucine is consid-
ered as a potential strategy for the treatment of obese patients, being
of assistance in maintaining the lean body mass [28].

In conclusion, an adequate daily intake of the amino acid leu-
cine (4 g/d), along with other amino acids isoleucine and valine
(BCAA 2:1:1, leucine/isoleucine/valine), is essential to maintain
fat-free mass during weight loss induced by low-calorie diet.

Whey protein

Approximately 300 to 600 g of muscle proteins are degraded and
resynthesized daily over 24 h. Food intake stimulates the degree of
muscle protein synthesis, resulting in a positive protein balance. After
the intake of a meal containing protein, the degree of protein synthe-
sis remains elevated for more than 5 h, with a peak 2 to 3 h after
intake. It has been found that in an adult a dose of approximately 15
to 20 g protein (or 7.5 g essential amino acids) is sufficient to stimu-
late the maximization of the degree of muscle protein synthesis [36].

In comparison, to obtain the same maximization of protein syn-
thesis in an older person, a greater amount of protein is needed,
probably 30 g [37].

In the elderly the breakdown of the protein requirement is
spread over more meals throughout the day; it is not enough to
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determine a peak plasma amino acid capable of inducing a protein-
synthetic stimulus in muscle tissue that has significantly reduced
its sensitivity to that stimulus.

Not all food proteins possess the same properties in terms of
kinetics: The speed of assimilation of dietary amino acids and their
effect on the protein metabolism regulation are a function of the
molecular characteristics of the protein [38].

This feature has led to the distinction of food proteins in fast
and slow. The intake of fast-absorbing proteins may represent an
advantage over slowly digesting proteins. Dietary proteins are
those in fast absorption of whey protein, which are the (3-globulin
fraction, characterized by good digestibility, low lactose content,
and high biological value.

Hydrolyzed proteins are more easily assimilated than intact
proteins, and hydrolyzed proteins obtained from whey ([3-globulin
fraction) have the highest rate of assimilation [39].

In conclusion, a daily intake of an adequate amount of whey pro-
tein (average at least 20 g/d) is beneficial in maintaining fat-free mass.

Vitamin D

Vitamin D, because the muscle has receptors for it [7], plays a
key role in muscle activity [40], causing an increase in the accumu-
lation of calcium in the sarcoplasmic reticulum by increasing the
number of receptors that bind calcium and by increasing the effi-
ciency of sites to bind calcium and stimulating the transport across
cell membranes phosphate.

A study in animal models [41] has found that 1,25(0OH)2 Ds is able
to enhance protein synthesis: It enhances the stimulatory effects of
insulin and leucine on protein synthesis in myotubes C2C12 cells,
increases the stimulation of the insulin receptor in skeletal muscle
cells, and stimulates the expression of insulin receptors and the
receptor of the same vitamin D (VDR) in skeletal muscle cells, there-
fore ensuring a greater sensitivity on the part of C2C12 myotubes to
vitamin D and insulin. A further in vitro study confirmed that treat-
ment of C2C12 cells with 25-hydroxyvitamin D (25 OHD) and 1,25
dihydroxyvitamin D (1,25 [OH]2 D) alters gene expression with con-
sequent positive effects on the proliferation, differentiation, and size
of myotubes [42]. In clinical situations the important relationship
between vitamin D and muscle function has been reported in various
studies that were extremely significant in terms of number of partici-
pants evaluated [43—46], which reported that blood levels of vitamin
D are related to the muscle strength, assessed by the hand grip force
(using dynamometry). Particularly the Pro.Va study (Veneto project
elderly) has found, through a follow-up that lasted 3 y, that the par-
ticipants who had lower values of vitamin D had a greater loss of fat-
free mass and muscle strength [46].

A recent review has reported that low levels of vitamin D are pres-
ent in many diseases, including obesity [47]. In obese participants
there are many reasons for these low serum levels of vitamin D. The
vitamin D intake mostly (80%—90%) is due to the skin synthesis of
cholecalciferol after exposure to sunlight, and we know that obese
participants barely expose themselves to the sun. Furthermore,
although the amount of vitamin D contained in the food is equal to
10% to 20%, it is completely insufficient, alone, to cover the needs,
and in any case the maximum content of vitamin D is present in foods
that obese participants often consume in small quantities because of
food habits, tradition, and costs [48,49]. Vitamin D is found in good
quantities in fish, especially herring (19 j.g/100 g), fresh tuna (16.3
Lg/100 g), swordfish, grouper, and anchovies (11 j.g/100 g).

A recent review [50] found that daily supplementation with at
least 400 IU of vitamin D increases skeletal muscle force an average
of 17%. If there is excess fat mass, part of it may be sequestered as
vitamin D in this tissue [51].

For this reason, oral supplementation with vitamin D should be
recommended in the activated form, calcifediol: It has an elective
indication in obesity [52—54]. Calcifediol is available in drops
(0.15 mg/mL, where 1 drop contains 5 g); 3 to 4 drops/d or 20 to
30 drops/wk of calcifediol are generally adequate to restore normal
25(0OH)D plasma levels in obese participants [55,56].

An assessment of blood concentrations of vitamin D is
required in obese patients. In the case of low values of blood
vitamin D, less than 30 ng/mL [57], an adequate oral supplemen-
tation with calcifediol (3—4 drops/d or 20—30 drops/wk) is man-
datory to maintain fat-free mass.

Conclusions

It should be considered that assessment of obese patients must
necessarily pass through the analysis of body composition [53],
which takes into account adipose mass (with quantifying the amount
of visceral fat), fat-free mass, mineral compartment, and fluids.

The results of this review indicate that, to maintain fat-free mass
during a low-calorie diet, there are various diet strategies. The com-
parison of VLCKD with standard low-calorie diet found that fat-free
mass was practically unaffected; this is possible for numerous factors,
predominantly hormonal mechanisms, involving the insulin and the
IGF-I-GH axis, which acts by stimulating protein synthesis.

An adequate daily intake of the amino acid leucine (4 g/d),
along with other amino acids isoleucine and valine (BCAA 2:1:1,
leucine/isoleucine/valine), and daily intake of adequate amount of
whey protein (average 20 g/d) are beneficial in maintaining fat-
free mass during weight loss induced by low-calorie diet.

An assessment of blood concentrations of this vitamin is
required in the obese patient. In the case of low values of blood
vitamin D, less than 30 ng/mL [52], adequate supplementation is
mandatory, specifically calcifediol, because in the obese patient
this form is recommended to avoid seizure in the adipose tissue.

Table 1 shows the diet strategies useful to maintain the fat-free
mass during low-calorie diet together with the various mecha-
nisms behind these strategies.

Table 1
Strategies useful to maintain the fat-free mass during low-calorie diet together with
the various mechanisms behind these strategies

Pivotal strategies Mechanisms

Adopt a very low carbo-
hydrate ketogenic diet
(VLCKD)

- Adrenergic stimulation by the protein and by
low levels of sugar in the blood inhibits the pro-
teolysis of skeletal muscle.

- Formation of ketone bodies suppresses the use
of protein-derived amino acids by muscle.

- The B-hydroxybutyrate decreases leucine oxi-
dation and promotes protein synthesis.

- Increased availability of dietary protein causes
an increase in insulin-like growth factor-1 in
muscle.

- Causes an increase in the accumulation of cal-
cium in the sarcoplasmic reticulum by increas-
ing number of receptors that bind calcium and
by increasing the efficiency of sites to bind cal-
cium and stimulating the transport across cell
membranes phosphate. This activity leads to
muscle cell proliferation and differentiation.

- Has an anabolic effect by increasing protein
synthesis and/or reducing the rate of protein
degradation, resulting in a positive net muscle
protein balance.

- Characterized by good digestibility, low lactose
content, and high biological value.

- Have the highest rate of assimilation.

Vitamin D

Leucine

Whey proteins
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