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Abstract

Inadequate protein intake can impair protein balance and lead to skeletal muscle atrophy, impaired
body growth, and functional decline. Foods provide both non-essential (NEAAs) and essential amino
acids (EAAs) that may convey different metabolic stimuli to specific organs and tissues. In this study,
we sought to evaluate the impact of six diets with various EAA/NEAA blends on body composition and
the risk of developing tissue wasting in late middle-aged male mice.

Mice consuming NEAA-based diets, although showing increased food and calorie intake, suffered the
most severe weight loss. Interestingly, even moderate NEAAs prevalence was able to induce
inflammatory catabolic stimuli, generalized body wasting and systemic metabolic alterations.
Complete depletion of retroperitoneal white adipose tissue and a severe loss (>75%) of brown
adipose tissue were observed together with muscle wasting. Conversely, EAA-based diets induced
significant decreases in weight by reducing primarily fat reserves, but improved clinical parameters.
Tissue wasting was caused by altered AA quality, independent of reduced nitrogen or caloric intake.
Our results indicate that an optimized balance of AA composition is necessary for preserving overall
bodily energy status. These findings are particularly relevant in the context of aging and may be
exploited for contrasting its negative correlates including body wasting.
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Introduction

Dietary intake is crucial for providing energy to fuel body metabolism and allow daily living
activities [1]. Skeletal muscle contractile proteins represent a ready to use amino acids reservoir
during fasting or stress. Therefore, inadequate protein intake can easily impair protein balance and
lead to skeletal muscle atrophy, impaired muscle growth, and functional decline.

Dietary proteins provide nitrogen (N)-rich amino acids (AAs) that are pivotal to maintaining cell
integrity in mammals. From a nutritional point of view, AAs can be classified as either essential (EAAs)
or non-essential (NEAAs) depending on the possibility to be synthesized endogenously [2].

We recently showed that aged mice on standard diet (StD) supplemented with a balanced EAAs
formulation had increased lifespan, improved mitochondrial biogenesis and morphological and
molecular changes in heart, skeletal muscle and adipose tissue [3-6]. The protective role of an EAA
rich diet was also observed in the liver of rats with chronic ethanol consumption [7, 8], in the kidneys
of rosuvastatin-treated mice [9], and during wound healing [10]. Furthermore, in vitro data showed
that variations in the EAA/NEAA ratio regulated cancer cell survival or death [11]. These data suggest
that varying dietary concentrations of EAA/NEAA may affect whole-body metabolism. However, the
impact of different EAA/NEAA ratios on body growth and tissue homeostasis is not yet fully
appreciated.

Adequate calorie intake is crucial to growth and lifespan. However, even sufficient caloric intake
with defective N supply can induce ‘under-nutrition’ (i.e., protein-energy malnutrition) [12]. Dietary
protein contains excess NEAAs (EAA/NEAA <1, with a % ratio of 45/55 respectively) [13]. We therefore
investigated the chronic effects of six iso-caloric and iso-nitrogenous diets with specific stoichiometric
mixtures of free AAs varying in EAA/NEAA ratios as exclusive N source, compared with standard

laboratory diet (StD) in late middle-aged male mice. We measured clinical relevant parameters such
2
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as body weight and length, organ weight, food and water consumption, and standard urinary and
circulating metabolic markers. Finally, we evaluated the dietary preference among all of the available
food options to assess the impact of various EAA/NEAA ratios on palatability.
Materials and methods

Nine-month-old male Balb/C mice purchased from Envigo (The Netherlands) were individually
housed in plastic cages with white wood chips for bedding, in a quiet room under controlled lighting
(12h day/night cycle) and temperature (22+1°C) conditions. Mice had ad libitum access to water and
food. Body weight as well as food and water consumption were measured every three days. Food
intake was recorded and cages were inspected for food drop and/or fragments of wasted pellets.
Animals were regularly evaluated by veterinary physicians for their health and maintenance of normal
daily and nocturnal activities and for criteria of increased disease burden according to ethics
standards for animal studies. The study was conducted in accordance with the Italian Ministry of
Health and complied with the ‘The National Animal Protection Guidelines’. The Ethics Committee for
animal experiments of the University of Brescia (OPBA, Organismo Preposto per il Benessere Animale
= Organism Controlling Animal Wellbeing) and the Italian Ministry of Health approved all of the

experimental procedures.

Diet composition.
We developed six specific diets with different EAA/NEAA concentrations ranging from 100%/0% to
0%/100%:
1) The EAA-exclusive diet (EAA-Ex) contained EAAs (100%) as the unique source of N, in a
formulation tailored to mammal needs [14] and widely applied in clinical and experimental

studies [3,5, 7, 9, 10, 15].
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2) The EAA-rich diet (EAA-R) contained a mixture of EAAs (~84%) and NEAAs (~16%).
3) The casein-like diet (Cas-AA) contained free AAs equivalent to casein composition (~45% EAAs
and ~55% NEAAs) as exclusive N source.
4) The casein protein diet (Cas-Prot) contained casein protein as the exclusive source of N.
5) The NEAA-rich diet (NEAA-R) contained a mixture of EAAs (~33%) and NEAAs (~67%).
6) The NEAA-exclusive (NEAA-Ex) diet contained only free NEAAs (100%) as exclusive N source,
formulated on the basis of casein NEAA content.
A standard laboratory rodent chow (StD) (Mucedola srl, Milan, Italy) was used as the reference
diet with a N source represented by vegetal and animal (fish) protein.
All special diets were iso-nutrients, iso-caloric and iso-nitrogenous and were expressly prepared for
Nutriresearch s.r.l. (Milan, Italy) by Dottori Piccioni (Milan, Italy) in accordance with AIN76-A/NIH-7

rules. The composition of each diet is summarized in Table 1.

Table 1. Diet composition.* Nitrogen (%) from free AA only. ° Nitrogen (%) from vegetable and animal
proteins and added AA, » whole casein protein. EAA-Ex = essential amino acids exclusively; EAA-R =
EAA-Rich diet; Cas-AA = Casein like AA exclusively; Cas-Prot = Casein protein exclusively; StD =
Standard diet; NEAA-R = non-essential amino acids rich ; NEAA-Ex = non-essential amino acids
exclusively. The gray column represents the standard reference diet. The black line represents the
limit between EAAs (upside) and NEAAs (beneath). bcaa = branched chain amino-acids.

EAA-Ex EAA-R Cas-AA Cas-Prot StD NEAA-R NEAA-Ex

KCal/Kg 3995 3995 3995 3995 3952 3995 3995
Glucids % 61.76 61.76 61.76 61.76 54.61 61.76 61.76
Lipids % 6.12 6.12 6.12 6.12 7.5 6.12 6.12
Nitrogen% 20 * 20 * 20 * 207 21.8° 20 * 20 *

Proteins: % of total

nitrogen content

Free AA: % of total

nitrogen content

EAA/NEAA (% in grams) 100/0 84/16 45/55 - - 33/67 0/100

Free AA composition (%)

0 0 0 100 95.93 0 0

100 100 100 0 4.07 100 100
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L-Leucine (bcaa) 31.25 13.53 9.5 -- -- 9.4 --
L-Isoleucine (bcaa) 15.62 9.65 6 - - 4.7 -
L-Valine (bcaa) 15.62 9.65 6.5 -- -- 4.7 --
L-Lisyne 16.25 11.60 7 - 0.97 6.24 -
L-Threonine 8.75 8.70 4 -- -- 2.7 --
L-Histidyne 3.75 11.60 2.8 -- -- 11 --
L-Phenylalanine 2.5 7.73 5 -- -- 0.8 --
L-Cysteine -- -- 0.8 -- -- -- --
L-Cystine 3.75 6.54 -- -- 0.39 1.1 -
L-Methionine 1.25 4.35 2.5 -- 0.45 04 --
L-Tyrosine 0.75 5.80 5 -- -- 2.6 1.0
L-Triptophan 0.5 3.38 1.3 -- 0.28 0.01 --
L-Alanine - - 3.2 - -- 24.0 35.0
L-Glycine - - 24 - 0.88 10.39 15.0
L- Arginine - - 3.4 - 1.1 13.5 14.0
L-Proline - - 9.5 - -- 8.2 12.0
L-Glutamine - - 9.5 - - 3.0 12.0
L-Serine -- 1.95 5.1 -- - 4.1 6.0
L-Glutamic Acid - - 9.5 - - 2.5 2.0
L-Asparagine -- -- 3.5 -- - 0.79 2.0
L-Aspartic Acid -- -- 3.5 -- -- 1.1 1.0
Ornitine-akKG -- 1.94 -- - -- - -
N-acetyl-cysteine -- 0.78 - - = -- --

To exclude the chance of growth failure due to underfeeding [16], we verified the palatability of these
special diets by recording the rodent preference among all diets that were simultaneously accessible

compared with StD.

Food preference test (mixed diets).
Six tests of food choice, each with three diets mixed in various blends, were carried out to
identify patterns of preference/avoidance of specific diets. Four animals for each test had access to an

equal amount of three diets. These diets, separated from each other, were presented simultaneously
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to the animals in a manger for about 4 weeks, so that mice could freely choose their preferred pellets.
The position of each diet in the manger was swapped regularly to prevent a habit of eating the same
diet from a fixed position. Once we had observed that none of the special diets were rejected, we

proceeded to the feeding protocol to assess the effects of each individual diet.

Metabolic effects of individual diets.

Animals were randomly assigned to seven groups. Each group was fed for 35 days exclusively
with a specific diet, i.e., EAA-Ex diet (n = 10), EAA-R diet (n = 10), Cas-AA diet (n = 10) Cas-Prot (n =
10), StD (n = 10); NEAA-R diet (n = 20), NEAA-Ex diet (n = 20). Food and water were accessible ad

libitum.

Sample collections.

Animals were sacrificed at the end of treatment (day 35) or earlier according to ethical criteria
of increased disease burden, mostly based on weight loss. Nose-tail length (body length) and
glycaemia from tail blood were measured in all animals. Blood samples from the heart and urine were
collected upon sacrifice. Subsequently, heart, kidneys, liver, spleen, triceps surae, retroperitoneal

white adipose tissue (rpWAT), and brown adipose tissue (BAT) were quickly harvested and weighed.

Blood and urine analysis.

Analyses were carried out at the “Division of Laboratory Animals” of the “National Reference
Centre for Animal Welfare” (IZSLER-Bs, http://www.izsler.it). Blood cell count was assessed with a
Cell-Dyn 3700 laser-impedence cell counter (Abbott Diagnostics Division, Abbott Laboratories, Lake

Bluff, IL). Albumin and creatinine concentrations were measured in serum and urine using a
6
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biochemical automatic analyzer ILab Aries (Instrumentation Laboratory, Bedford, MA). Neutrophils to

Lymphocytes ratio (NLR) was determined as a marker of inflammation [17, 18].

Statistics.

Data are expressed as means +* standard deviation (SD). Comparisons among dietary groups
were performed by one-way ANOVA followed by Bonferroni post-hoc test, as appropriate. Statistical
significance was set at p<0.05.

Results
Food preference test (mixed diets).

Body weight of mice did not change significantly during any of the food preference tests
(Figure 1A). Similarly, no significant differences were observed in water consumption (Figure 1B) or
food intake , with each animal consuming about 0.13 g/g bw™ of food (about 3.8 g/day, for a total
15.2 Kcal/day) (Figure 1B). Among all the available dietary choices, the NEAA-Ex resulted the
preferred option (Figure 1C). A significant increase in total daily food intake was also observed for
NEAA-R diet and NEAA-Ex diets in combination with StD (StD/NEAA-R/NEAA-Ex). The Cas-AA diet was
the only option that was appreciated almost as much as the NEAA-Ex diet (Cas-AA/StD/NEAA-Ex),
even when no NEAA-Ex diet was presented to the animals (Cas-Prot/Cas-AA/StD). Conversely, Cas-
Prot diet was not a preferred option in any of the combination presented to the animals (Cas-
Prot/StD/NEAA-Ex and Cas-Prot/Cas-AA/StD). When animals could choose between Cas-Prot and Cas-

AA diets, they almost exclusively opted for the Cas-AA diet (Cas-Prot/Cas-AA/StD) (Figure 1C).
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Figure 1A-C. Feeding protocol 1 (Mix diets preference choice): comparison of weight change from
baseline, food and water intake and feeding preference at free access to several diets in various
combinations. A) Mean change of body weight from baseline (in % * sd) to the end of fed with mix
diets. Body weight at day 0 = 100%. None of diet mixes, even if some had a heavily imbalanced
EAA/NEAA ratio, modified body weight. B) Mean daily food (g/gBW, F=2.81) and water (mL/gBW,
F=0.08) consumption during mixed diet preference choice testing (mean # sd). Only in the diet
combination StD/NEAA-R/NEAA-Ex, there was a small but significant increase in total daily food
consumption (post-hoc test: * p<0.05 vs Cas-Prot/Cas-AA/StD. C) Feeding preference of individual
diets at free access as assessed by daily food intake (g/gBW). In all diet combinations, the most

consumed food was the NEAA-Ex diet and when present, the Cas-AA diet.

Metabolic effects of single diets
PHENOTYPICAL MODIFICATIONS, BODY WEIGHT, FOOD AND WATER CONSUMPTION.

Animal growth.
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Data recorded from animals fed Cas-AA and Cas-Prot diets did not differ significantly from those on
StD. Mean changes in body weight and length for each diet are expressed as % from baseline
(beginning of the treatment, time 0 = 100%) (Figure 2A). Body weight of StD-fed animals increased by
approximately 9%, whereas animals fed Cas-AA and Cas-Prot diets showed body weight increase of
about 7%. Instead, a decrease of 3.5% and 8% (p<0.05) was found in animals fed EAA-Ex and EAA-R,
respectively although the body length did not change when compared with control diets (Cas-AA, Cas-
Prot and StD). A more pronounced and progressive weight loss was found in animals fed NEAA-R and
NEAA-Ex diets. Because suffering from increased disease burden, these animals were frequently
monitored by veterinarians . As shown in Figure 2A, after 21 days of NEAA-R and NEAA-Ex dietary
regimens, these mice lost about 30% of their initial body weight and showed a significant reduction in

body length (about 5% and 6.5% respectively).

A Single diet: body weight and length change
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B Single diet: food and water consumption
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Figure 2A-C. Feeding protocol 2 (Metabolic effects of individual diets exclusively presented to animals
for 35 days or 21 days for NEAA-Ex and NEAA-R diets). A) Mean change (% tsd) of body weight and
body length from baseline for each diet (at day 0 = 100%). Dotted columns represent the reference
diet. B) Mean daily food (g/gBW) and water (mL/gBW) intake (%sd). Dotted columns represent the

reference values. C) Mean daily caloric intake (Kcal/gBW % sd). The gray column represents the

11
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reference diet. Post-hoc test: * p<0.05 vs StD, ° p<0.05 vs EAA-R, # vs Cas-AA/Cas-Prot, A p<0.05 vs

EAA-EX, § p<0.05 vs NEAA-R.

Besides dramatic weight loss, no other signs of suffering, such as hypothermia, apathy,
persisting staggering, bleeding, persisting diarrhea, labored breathing, cyanosis, complete lack of food
intake or dehydration [19], were reported. However, to avoid further discomfort and in accordance
with ethical standards, all animals belonging to these two feeding groups were euthanized. None of
the animals following other dietary regimens died prematurely or had to be prematurely sacrificed.

Following the experimental protocol, they were euthanized after 35 days.

Food and caloric intake.

Mean daily food and caloric intake for each diet are summarized in Figure 2B and 2C. The NEAA-
Ex fed animals had higher food intake and, hence, higher caloric intake when compared with StD-fed
mice or those on any of the other special regimen. Both EAA-Ex fed and EAA-R fed animals had the
lowest food intake (-21% and -14%, respectively) and therefore caloric intake, compared with mice

fed StD.

Water intake.

Mean daily water consumption for each diet is summarized in Figure 2B. Water intake was
similar across EAAs-based and Cas-derived diets, but it was significantly higher in both NEAAs-based
diets. Water consumption markedly increased by 160% in the NEAA-R fed group and up to about

280% in the NEAA-Ex fed group compared with StD-fed mice.
12
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Several metabolic markers were measured across dietary groups and results are reported in

Table 2. Blood levels of glucose, albumin and creatinine were significantly lower in both NEAAs-fed

animals compared with all other groups. Conversely, EAA-Ex and EAA-R fed mice had the highest

plasma albumin values.

Table 2. Blood and urine parameters (mean + sd) at the end of treatment. Standard reference diet is

shown in the gray column. Post-hoc test: * p<0.05 vs StD, ° p<0.05 vs EAA-R,  p<0.05 vs EAA-EXx, §

p<0.05 vs NEAA-R.

Blood
Glucose
(mg/dL)
Hemoglobin

(9/dL)
NLR

Albumin
(9/1)
Creatinine
(umol/L)
Urine
Albumin
(9/1)

Creatinine
(umol/L)

EAA-Ex

133.2+2.63
15.1+0.41

k

0.19+0.11

k

28.68 £0.75

k

46.98 £2.26

2.35+0.35

4502 +244

EAA-R

135.6+2.3
15.9 +0.62

*

0.26 +0.16

*

30.64 +2.35

*

46.06 £3.96

2.22 +0.34

5455 +1350

StD

128.4 +12.61

14,1 +1.64

0.35+0.07

26.57+1.97

44.95 £7.9

2.66 +0.23

4947 +344

NEAA-R

97.3 £8.62

ETIN

15.3+0.34

%0
1.79 +0.76

*Oon

24.75 +1.56

ETIN

44,6 +2.3

0.6 0.5

ETIN

6147 +958

EXTN

NEAA-Ex

109.8 +6.64

*Oon

13.2 +0.64

*op8

1.67 +0.24

*Oon

22.6%1.68

LY\

35,92 +4.5

LY\

0.7+0.3

ETIN

8842 £591

*x08A

F

47.64

15.16

47.76

32.90

9.11

31.33

22.47

0.000

0.000

0.000

0.000

0.000

0.000

0.000

13
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NEAA-Ex fed animals showed reduced hemoglobin levels, whereas a 5-fold higher NLR was
found in animals fed either NEAA-based diets compared with StD-fed counterparts. Higher NLR
indicate increased inflammatory activity in NEAA-based diets fed - but otherwise healthy animals.
Conversely, NLR was lower with EAAs-based diets, suggesting an anti-inflammatory effect of those
diets. In mice on NEAA-based diets, urinary albumin levels were substantially reduced (about -75%),
while creatinine excretion levels were increased by 24% and 79% in NEAA-R and NEAA-Ex fed animals,

respectively.

ORGAN WEIGHT.

Organs from any experimental group did not show macroscopic alterations. Organ weight
decreased markedly in NEAA-R and NEAA-Ex diets compared with other dietary regimens. Notably,
roWAT was lost in these animals. Mild reductions of organ weight were also observed in EAA-based

diets (Table 3).

14
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Table 3. Mean body weight (g), body length (cm) and organ weight (g) at the end of treatment.
roWAT = retroperitoneal white adipose tissue. BAT = brown adipose tissue. Standard reference diet is
shown in the gray column. Post-hoc test: * p<0.05 vs StD, ° p<0.05 vs EAA-R, A p<0.05 vs EAA-EXx, §

p<0.05 vs NEAA-R.

EAA-Ex EAA-R StD NEAA-R NEAA-Ex e
n=10 n=10 n=10 n=20 n=20 P
. 28 £1.22 27.6 £1.14 17.83+£1.17 17.5+0.9

Body weight . . 29.67+1.97 *on 199.7  0.000
9,56 +0.15 | 9,43 +0.08

Body length 10,06 +0.13  10,1+0.11  10,080.28 _ xong 64.00  0.000
0.13+0.01 | 0.150.02

Heart 0.18+0.01  0.18+0.01  0.20%0.06 N 8.95 0.000
) 0.30+0.04  0.32+0.03

Kidneys 0.57+0.05 0.58%0.01 0.58%0.06 won 122.99 0.000
. 1.43+0.03  1.47+0.13 0.65+0.07  0.78 £0.23

Liver . . 1.68 0.2 won won 90.30  0.000
0.09+0.01 | 0.10+0.01 0.05+0.01 | 0.05#0.01

Spleen N N 0.15x0.04 . 43.0 0.000

0.18+0.03  0.10+0.04
roWAT . A 0.21+0.02 O 0 33.45 0.000
0.12+0.01 0.06 £0.01  0.04 +0.009

BAT 0.160.03 0.17%0.01 . xong 130.77 0.000
. 0.21+0.01  0.22+0.03 0.08 £0.02  0.07 +0.01

Triceps surae . . 0.26+0.02 won 199.21 0.000

Organ weight normalized to body weight was calculated and results are reported in Table 4.
While relative organ weights were similar in EAA-based fed mice compared with StD-fed animals,
significant reductions in relative weights of all organs except for the heart were observed with NEAA-
based feeding. WAT tissue was absent in animals with NEAA-R and NEAA-Ex diets. Conversely, relative
heart weight was higher in the NEAA-Ex fed group compared with all other dietary regimen. Similarly,

NEAA-R fed animals showed a trend toward increased heart weight . However, it is worth mentioning

15
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that the body weight of these animals decreased markedly. Hence, despite showing absolute tissue

loss (Table 3), the heart suffered reduced wasting compared to other organs and tissues.

Table 4. Organ weight normalized to body weight (%) at the end of treatment. Standard reference
diet is shown in the gray column. Post-hoc test: * p<0.05 vs StD, ° p<0.05 vs EAA-R, * p<0.05 vs EAA-

Ex, § p<0.05 vs NEAA-R.

EAA-Ex EAA-R StD NEAA-R NEAA-Ex e
n=10 n=10 n=10 n=20 n=20 p
0.86 +0.13
Heart 0.63 £0.02 0.67 £0.04 0.66 £0.17 0.74 £0.05 £onS 23.65 0.000
2.12 +0. 1.68 +0.12 1.76 +0.1
Kidneys 2.04 £0.15 N 0.08 1.93 £0.13 *0(15\8 0 *°A6 0.18 18.35 0.000
.66 0.2 433+1.4
Liver 5.11 £0.24 5.37 £0.42 5.6 £0.4 226 0.25 *3\3 9.23 0.000
.26 0. .26 0.
Spleen 0.34 +0.05 0.35+0.04 0.39 £0.13 S‘,AS 0.03 S‘,AS 0.05 9.22 0.000
.37 10.1
roWAT 0.64 £+0.12 8A3 0.13 0.72 £0.07 0 0 27.87 0.000
.45 0. .31 +0. .23 £0.04
BAT 0.56 £0.09 SA >0.05 0.51 +£0.08 83\ 0.05 SOA':’ 0.0 69.51 0.000
.45 0. .41 £0.
Triceps surae 0.78 £0.06 0.80 +0.05 0.82 +£0.06 0.45+0.03 0 0.05 158.28 0.000

* *op

Discussion

Several studies showed the influence of varying dietary concentrations of EAA/NEAA ratio on
whole-body metabolism. However no data are available on their effects on body growth and wasting.
The present study was therefore undertaken to provide insights on this piece of information. Our
results suggest that differential AA composition of food (although iso-caloric and iso-nitrogenous) has
substantial impact on body and organ weight of healthy animals. In particular, tissue wasting, changes

in metabolic markers and relevant effects on activation of inflammation seem to be the most affected
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processes. Indeed, alteration of EAA/NEAA standard ratio even with slight reduction of EAAs, leads to
severe catabolic imbalance and the development of body wasting and premature death. Interestingly,
changes observed in body weight did not depend solely upon caloric intake, but were also linked with
the relationship between EAA/NEAA supplied by diets.

EAA-based diets (EAA-Ex and EAA-R) were consumed in significantly lower quantities than StD
thus leading to a decreasing proportion of caloric intake. Previous studies have indicated an
association between increased plasma AA concentration and decreased appetite. Indeed, the
elevated plasma concentrations of EAAs can trigger satiety signals, thereby decreasing food intake
[20]. However, in spite of lower consumption of EAAs-based diets, no reductions in body weight were
observed. This suggests that the limited calorie intake might not be the only condition accounting for
weight loss when comparing the quality of AAs ingested. Possibly, the low amount of EAA-based food
consumed is sufficient to induce satiety and to provide a metabolically active N source in those
animals.

On the other hand, NEAA-R diets were consumed in the same amount of control diets whereas
NEAA-Ex diets were consumed in excess compared with StD. However, both NEAA-based diets
induced dramatic morphological and clinical changes in animals already after three weeks of feeding.
The substantial decrease in organ weight and body length and the heavy clinical changes following
NEAA-Ex diets were in line with previous findings reporting the deleterious effect of EAA deficiency
[21].

More interestingly, a similar damage was induced in the same time frame by slight excesses of
NEAAs. Furthermore, an important new observation is that higher NEAA-based diets intake
dramatically increased water consumption. This finding could be explained by substantial muscle

proteolysis (as indicated by relevant urinary creatinine) and concomitant hyperosmolarity due to the
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release of different products of N catabolism, and not only AAs (including EAAs) into the bloodstream.
While animals fed EAA-Ex diet slightly decreased rpWAT, those on EAA-R diet lost much more rpWAT,
whereas other clinical parameters did not vary compared with the control groups. This suggests that
dietary EAA composition plays an important role in adipocyte metabolism. Our data are in line with a
previous study showing the effects of EAAs supplementation on longevity as associated with
improvements in mitochondria function and replication [5].

Notably, both NEAA-based diets induced complete loss of rpWAT with simultaneous decrease of
BAT, although calorie intake was significantly higher than in StD-fed animals. WAT is the most plastic
organ within the body, able to store and release lipids in response to changes in calorie intake and
energy needs. Therefore, rapid fat loss suggests a possible change in the balance of substrates used
for energy production and/or increased energy expenditure. Compared with the NEAA-Ex diet alone,
this finding confirms previous observations showing that mice maintained on an L-leucine-deficient
diet for seven days showed reduced fat mass and lipogenic activity, enhanced energy expenditure and
lipolysis in WAT and increased thermogenesis in BAT [22]. However, the NEAA-R diet contained the
same amount of L-leucine as the Cas-AA diet, so other factors are likely to be involved in fat tissue
loss. It is possible that, the modest alteration of EAA/NEAA ratio played a more critical role than L-
leucine concentration per se in directing WAT cell metabolism. In light of previous work showing that
supplementation with a balanced EAAs mixture extends lifespan, mitochondriogenesis and
mitochondrial function [5], the lack of EAAs, or even excess NEAAs, might blunt or impair
mitochondrial integrity and function.

Another relevant observation is that EAA-based diets increased serum albumin concentrations
and reduced inflammation, as indicated by lower NLR values, compared with controls and NEAA-

based diets. This may indicate that excess EAAs possesses anti-inflammatory properties. This is in line
18
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with our previous studies showing that dietary supplementation with balanced EAAs mixtures
reduced oxidative stress, thus slowing cellular aging [3, 5, 7, 9]. This is also confirmed by our newly-
completed lifespan experiment showing that weaned male mice fed with EAA-rich diets live longer
(about over 10%) than those fed StD (25 vs 22 months respectively). In addition to this, Cas-Prot diet
significantly reduces survival (-36%) compared with StD (14 vs 22 months), while Cas-AA diet
(providing only free AA of casein) reduced survival by about 27% (16 vs 22 months) (Figure 3). Further
research will be conducted to confirm these preliminary observations and to gain insights on the
molecular mechanisms underpinning such changes. To the best of our knowledge, this is the first
organic study showing not only that lifespan extension is promoted by foods containing only EAAs,

but also that elimination of NEAAs from the diet has a prominent role.
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Figure 3. Survival time (% of time 0) of Balb/c male mice fed with different diets. t0 corresponds to 3

weeks of age. StD: standard laboratory diet. EAA: essential amino acids based diet. Cas-Prot: casein

protein based diet. Cas-AA: diet with whole free amino acid of casein.

Our data also showed that malnutrition induced by NEAA-Ex diet led to a rapid decrease of

circulating proteins such as hemoglobin and albumin, whereas the NEAA-R diet decreased only

albumin. This is in line with what occurs in undernourished patients [23, 24], and is probably due to

reduced protein synthesis and turnover dependent on poor EAA availability. Hypoalbuminemia

cannot be explained by loss of albumin through the kidney, as our data showed that albuminuria

decreased in NEAA-based diet fed animals. This rather suggests that the kidney works properly and

tries to counterbalance hypoalbuminemia by reducing renal albumin loss. In our healthy animals,

“nitrogen quality” of NEAA-based diets caused a state of chronic inflammation, highlighted by

substantial NLR increase. Inflammatory activation, in turn, may contribute to a hypercatabolic state,
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which can further aggravate hypoalbuminemia. This would suggest that in any case, where
hypoalbuminemia and inflammation are contemporarily detected, N malnutrition should be
suspected and, if confirmed, treated by primarily supplying adequate amounts of EAAs.

Another relevant finding of our study is the increased mortality (within three weeks) of animals
fed both NEAA-based diets. These animals were euthanized for ethical reasons though they had no
signs of suffering. However, the progressive dramatic loss of body weight of over 30% was indicative
of poor prognosis in the short term [19]. Loss of muscle and fat mass is a common feature of body
wasting conditions [25]. The underlying mechanism of muscle loss is most probably an impaired
balance between protein synthesis and degradation [26]. It is not surprising that the NEAA-Ex diet led
to rapid weight loss and death, as it does not contain any EAAs. However, even a modest increase in

NEAAs (as in NEAA-R diet) induced a very similar significant wasting.

NEAA enriched diets are preferred although can prove deadly.

NEAA-Ex diet was always preferentially consumed, both in the preference test and as an
individual diet, despite its detrimental effects. This partially contradicts previous works (the first from
the 1930s) showing that animals fail to feed and grow when given an EAA-deficient (or imbalanced)
diet. It was therefore concluded that they would not eat an unfavorable diet in order to avoid
"useless" or potentially harmful food intake [16, 27]). Recently, several studies investigated the neural
and molecular mechanisms underlying the choice of food based on EAA availability, but results have
often been contradictory [28, 29]. Our experimental evidence based on free access to diets containing
varying EAA/NEAA ratios, clearly demonstrated that animals did not reject unbalanced NEAA-based
diets, even for a prolonged time. It can therefore be concluded that the criterion of food choice is not

dependent on the "quality" of AAs mixture.
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These findings may have important practical consequences. Indeed, the prevailing perspective is
that the behavior test of diet rejection/preference in laboratory animals is a useful nutritional tool to
evaluate protein quality and optimal EAA balance of diet [16]. Though, our data contradict this
proposition. The differences may depend on animal species (mice vs rats). Indeed, although mice and
rats respond quite similarly to AAs, small differences in preferences for some individual AAs have
been reported [30]. In mice, taste plays a pivotal role in food choice. For instance, some AAs are
avoided because they are perceived as bitter, while other AAs, mostly NEAAs, are more palatable
because perceived as sweet or umami tasting. These behavioral thresholds depend heavily on AA
concentrations [30]. This could explain the ability of our NEAA-Ex diet to be preferred among all other

diets.

Clinical implications.

AAs have multiple metabolic roles besides serving as substrates for protein synthesis, which is
quite independent of caloric intake. Indeed, optimized EAA stoichiometric ratios positively affect
satiety and anabolic regulations by controlling the insulin-mTOR signaling pathway as previously
suggested [4, 31]. Nowadays, in human clinical settings, ovalbumin is still the reference protein for
estimating nutritional status despite containing EAA/NEAA ratios <1 [32]. Our data suggest that this
ratio might represent a borderline EAA/NEAA balance, only slightly supportive of life in healthy
subjects. Therefore even relatively small decreases in EAAs or increases of NEAAs could rapidly cause
tissue and organ wasting.

This is particularly relevant in older populations considering that food intake undergoes
substantial changes over the life course implying variations in body energy fuel reservoirs [33].

Indeed, the preservation of overall bodily energy status is critical for successful aging and a breach in
22
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the nutritional status makes older adults more vulnerable to internal and/or external stressors,
leading them to a condition referred to as “anorexia of aging” [33].

Body wasting, poor endurance, reduced physical performance, slow gait speed, and impaired
mobility represent relevant clinical correlates of anorexia of aging [34, 35]. Selective nutritional
deficits can impact the health status also in the absence of overt malnutrition. For instance,
insufficient protein intake increases the risk of developing sarcopenia and is associated with morbidity
and mortality [36, 35]. However, more emphasis should be placed on optimal nutritional AAs balance
seeking to provide primarily a sufficient EAAs supply and carefully avoiding excessive NEAAs content.

The potential events linking changes of the EAA/NEAA ratio to overall health are depicted in

Figure 4.
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Study Limitations.

Although reporting novel findings our study shows some limitations that need to be discussed.
First of all, the study is preliminary in nature and is based only on clinical and morphometric
parameters. Indeed, no histopathological and molecular data are available at this stage. However,
these results may help understand the effects of nutrition, and/or to review certain nutritional
paradigms. In addition to this, the present data could provide insights for the management of
malnourished patients. Further studies are required to provide mechanistic evidence of catabolic

activation induced by different dietary AAs compositions in different target organs.

Conclusions

While tolerating excessive intake of EAAs, EAA deficiencies are deleterious in mammals. Indeed,
even slightly imbalanced EAA/NEAA ratio can impact health and lifespan [37]. Interestingly, loss of
body weight and organ tissue wasting seem to be independent of simple calorie intake and may be
primarily controlled by the amount of NEAAs and EAAs ingested. In our experimental conditions,
malnutrition drives hypoalbuminemia and precedes and modulates inflammation. Therefore,
optimizing the balance of AAs may be relevant in clinical settings related both to unwanted weight

loss and the risks connected to body wasting conditions mainly in elderly people.
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