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Objective: The objective of the study was to quantify the loss and arterial blood concentration of the three main classes of amino acids
(AAs)—nonessential amino acids (NEAAs), essential amino acids (EAAs), and branched-chain amino acids—as resulting from high-
efficiency hemodialysis (HED) and hemodiafiltration (HDF). We moreover aimed to identify the different fates and metabolic effects man-
ifested in patients undergoing hemodialysis and the consequences on body composition and influence of nutritional decline into protein
energy wasting.

Design and Methods: Identical dialysis monitors, membranes, and dialysate/infusate were used to ensure consistency. Ten patients
were recruited and randomized to receive treatment with on-line modern HED and HDF. Arterial plasma concentrations of individual AAs
were compared in healthy volunteers and patients undergoing hemodialysis, and AA levels outflowing from the dialyzer were evaluated.
Baseline AA plasma levels of patients undergoing hemodialysis were compared with findings obtained 1 year later.

Results: A severe loss of AA with HED/HDF was confirmed: a marked loss of total AAs (5 g/session) was detected, corresponding to
more than 65% of all AAs. With regard to individual AAs, glutamine displayed a consistent increase (+150%), whereas all other AAs
decreased after 12 months of HD/HDF. Only a few AAs, such as proline, cysteine, and histidine maintained normal levels. The most se-
vere metabolic consequences may result from losses of EAAs such as valine, leucine, and histidine and from NEAAs including proline,
cysteine, and glutamic acid eliciting the onset of hypercatabolism threatening muscle mass loss.

Conclusion: Dialysis losses, together with the effect of chronic uremia, resulted in a reduction of fundamental EAAs and NEAAs, which
progressively led our patients after 12 months to a deterioration of lean mass toward sarcopenia. Therefore, the reintroduction of a correctly
balanced AA supplementation in patients undergoing HD to prevent or halt decline of hypercatabolism into cachexia is recommended.
© 2019 The Authors. Published by Elsevier Inc. on behalf of the National Kidney Foundation, Inc. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

O DATE, VERY few studies have been conducted to
investigate the amino acid profile of heathy subjects.
Generally, the authors of published articles have based their
considerations on blood samples obtained from the periph-
eral venous system. However, in the present study, individ-
ual amino acid (AA) concentrations were measured in
arterial blood taken from the arteriovenous fistula of
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patients undergoing hemodialysis treatment, thus implying
the need for comparison with AA levels determined in arte-
rial blood of healthy subjects. Preanalytical procedures and
devices used in these studies are highly sensitive to both
storage time and temperature; indeed, if not correctly
applied, these parameters may significantly influence the
reliable measurement of plasma AA levels.' Given the
lack of relevant reports in the literature, an additional difti-
culty is represented by the comparison of clinical records
from healthy Caucasian and Oriental populations,” with
the normal amino acid plasma profile in these populations
displaying a discrepancy from the early stages (2-4) of
chronic kidney disease (CKD), particularly in elderly pa-
tients.”" In a comparative study of patients with CKD
and undergoing dialysis (CKD5D), Duranton et al.” re-
ported how 21 AAs measured in 52 patients undergoing
conservative treatment (CKD 2-5) differed significantly
from those of 25 patients undergoing dialysis, with
CKD5D patients displaying a lower total concentration of
AAs (—15.5%. P =.01) and essential amino acids (EAAs)
(—23.0%. P < .001). Moreover, patients undergoing

Journal of Renal Nutrition, Vol 30, No 5 (September), 2020: pp 440-451


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1053/j.jrn.2019.12.003
http://crossmark.crossref.org/dialog/?doi=10.1053/j.jrn.2019.12.003&domain=pdf
mailto:pg.bolasco@gmail.com

FATE OF INDIVIDUAL AMINOACIDS IN HEMODIALYSIS 441

dialysis had lower concentrations of 16 AAs, particularly
alanine, arginine, methionine, tryptophan, tyrosine, and
lysine, with significantly lower plasma concentrations of
all EEAs. In the same article, plasma AA concentrations
in patients with CKD stage 2-3 and CKD stage 4-5 yielded
similar results for total AAs, EAAs, and nonessential amino
acids (NEAAs); plasma concentrations of tryptophan were
significantly lower in patients with CKD stage 4-5 because
of the increased catabolism of this AA by indoleamine 2.3-
deoxygenase.” Estimated glomerular filtration rate (GFR)
correlates significantly with tryptophan, thus emphasizing
the connection between changes in plasma AA concentra-
tions and residual renal function, becoming more frequent
and pronounced only in advanced stages of the disease and
during dialysis treatment.” Unfortunately, the study failed’
to provide details on dialysis vintage, depuration effective-
ness, extracorporeal technology used, ultrafiltration vol-
ume exchange, and timing of dialysis regimens; last but
not least, the study was limited by an unbalanced compar-
ison of AAs detected in the venous blood of patients with
CKD to levels measured in arterial blood of patients under-
going hemodialysis. Although not necessarily constrained
to a strict limited protein intake, patients undergoing he-
modialysis thrice-weekly were characterized by lower AA
and EAA concentrations and incipient protein energy
wasting (PEW). This observation had indeed been high-
lighted in a previous, rigorously performed study conduct-
ed by Murtas et al.,” confirming the losses sustained in the
different categories of AAs. Total AA loss should be care-
fully assessed and defined using standardized parameters
and well-established hemodialysis methods such as high-
efficiency hemodialysis (HED), posthemodiafiltration
(post-HDF), and prehemodiafiltration (pre-HDF) applied,;
the same kind of monitor and membranes should be used,
maintaining identical hemodialysis duration, blood flow,
and dialysate flow and providing for high-precision assess-
ment of samples of spent outflow dialysate collected for
each session. In this study, compared to levels measured in
the arterial blood of healthy volunteers, patients undergo-
ing dialysis displayed a decrease in circulating TAA levels
caused by low levels of NEAAs and circulating levels of
EAAs and BCAAs.” The conclusions reached by the study
are that normal levels of EAAs and BCAAs are not the
outcome of an increased intake of high-quality protein by
patients, but rather of an increased muscle release of these
AAs. A series of factors support this hypothesis: metabolic
acidosis,"’ muscle proteolysis,'" chronic inflammation re-
sulting from uremia exacerbated by hemodialysis, ' and dif-
ficulty in achieving the widely acknowledged optimal
protein and calorie intake in patient. It should moreover
be considered how AA loss from dialysis sessions is not
rapidly compensated by the metabolism of patients under-
going dialysis.'” More specifically, AAs lost during hemodi-
alysis belong to the category of NEAAs. The use of
advanced extracorporeal depurative techniques has proved

to be particularly effective on small molecules such as
plasma free AAs, at times exceeding 16 g/week in patients
on thrice-weekly hemodialysis.” Extracorporeal dialysis,
and particularly high-efficiency hemodialysis, induces a
state of inflammation, thus contributing toward exacer-
bating the degradation of muscle proteins. Briefly, concen-
trations of EAA and BCAA in patients on chronic dialysis
may reflect a significant release of AAs from muscle, result-
ing in a loss of muscle mass and impossibility of maintaining
a good nutritional status and stable metabolic equilibrium,
with these phenomena inevitably leading to progressive
establishment of PEW and pronounced cachexia.'”
Accordingly, reduced plasma levels of NEAAs may be
caused by an excessive uptake of these substrates by the
body. An increased body uptake of NEAAs may also be
manifested during dialysis sessions, with the specific aim
of decreasing protein catabolism throughout the entire
body, thereby strengthening the hypothesis relating to the
use of AAs released from muscle masses.'© Indeed, a further
deterioration of this metabolic profile was observed after an
additional 12 months of dialysis in the same patients. Over
the last 10 years, substantial technological progress has been
made after the introduction of innovative technologies
enabling the preparation of ultra-pure dialysis fluid from
drinking water (on-line HDE and HDF) by applying a
higher convective pressure gradient between plasma wa-
ter/dialysate inside the dialyzer hemodialysis filter, resulting
in a more significant loss of AAs and albumin than previous
extracorporeal methodologies. ' However, the use of these
methods is justified by a significant increase in depuration
efficiency for both small and medium-large molecules,
fewer distressing side effects during the dialysis session,
and lower morbidity and mortality.'"* However, in a previ-
ous study,'” Gil et al. demonstrated a higher loss of AAs for
both hemodiafiltration techniques than diffusive hemodial-
ysis methods, observing nonsignificant differences between
HDFpost and HDFpre. To the best of our knowledge, to
date, very few studies have identified both the category
and quantity of AAs lost during HED and HDFpost,”"”'
while no such studies have yet been carried out on HDFpre.
Based on the authors’ experience, a nonsignificant change
up to stages CKID3-4 is hypothesized (personal observation,
unpublished data). The change in nutritional and amino
acid structure is first manifested in the advanced stages of
CKD?5 and undergoes a dramatic deterioration, particularly
evident over the first few years, with the onset of hemodi-
alysis treatment. This deterioration is almost entirely due to
loss of a huge amount of amino acids through dialysis,”
which may be difficult to balance by means of an adequate
calorie and protein intake, particularly in a dialysis popula-
tion with an average age of 65-70 years or more. Therefore,
the aim of the present study was to ascertain and highlight
the potential metabolic and nutritional consequences pro-
duced by uremia and hemodialysis syndromes, as well as by
unavoidable major losses in several categories of AAs, on
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CKD5D patients, and to attempt to demonstrate the meta-
bolic changes caused by an altered asset of each single AA
which could result in the onset of cachexia within a few
years. We therefore suggest that new options to replace
AA loss should be identified, with particular focus on
both patients with an expectation of lengthy dialysis vintage
and no future possibility of transplant and patients undergo-
ing hemodialysis over the age of 65-70 years.

Methods

Patients

Ten patients on a chronic hemodialysis regimen were re-
cruited to the study. All patients were Caucasian males. The
inclusion criteria were metabolic steady-state, age between
18 and 80 years, thrice-weekly hemodialysis schedule, dial-
ysis vintage exceeding 6 months, and oligo-anuria with 24-
h diuresis <200 mL/day. The exclusion criteria were
absence of acute or chronic inflammatory disease, malig-
nant tumors and/or autoimmune disease, a previous history
of kidney transplant, previous treatment with steroids and/
or immunosuppressant drugs, heart failure and/or ischemic
cardiomyopathies, intermediate-severe changes to respira-
tory function, changes to liver function, no risk factor for
malnutrition, and recent or ongoing administration of
any form of nutritional support. The mean age of the 10 pa-
tients recruited was 70.4 £ 9.5 years (54-80 years), and the
mean dialysis vintage was 77.6 *£ 37.7 months. Dry
weight/ideal weight of patients at the start of the study
was 72.7 £ 12.3 kg (47 - 87.4). Dry weight/postdialysis
target weight was established according to baseline weight
and intradialytic clinical assessment and by means of bio-
impedance analysis (BIA) measures.”””” Eight healthy vol-
unteers (6 males, 2 females, 65 £ 9 years) were recruited as
controls; a sample of arterial blood was obtained for the
purpose of comparison of AA concentrations to levels
measured in arterial blood drawn from the arteriovenous
fistula of patients undergoing hemodialysis.

Study Design

Patients were randomized to the following extracorpo-
real dialysis techniques: HED, HDFpost, and HDFpre.
Each patient underwent 4 sessions featuring a different
sequence of the three methods: 3 patients adhered to the
sequence  HED-HDFpost-HDFpre; 2 patients HED-
HDFpre-HDFpost, and 5 patients HDFpost-HDFpre-
HED. Over the previous week, patients had undergone 3
sessions of the same procedure for each dialysis method
(HED, HDFpost, HDFpre). Clinical assessment and blood
chemistry tests were carried out during the fourth session,
corresponding to the longest interdialytic interval. This
regimen was adhered to for all 3 methods used to avoid
carry-over effects from the techniques applied previously.
Throughout the study, no patients received any form of
nutritional supplementation, and their routine dietary
intake of proteins, fats, carbohydrates, and calories

remained unchanged. The study was approved by the ethics
committee of the local health authorities. The study was
conducted between January 2017 and February 2018.

Extracorporeal Dialysis Procedures and Study
of Nutritional Status

The same dialysis monitors and same type of high- and
low-performance polysulphone membranes were used for
all patients as follows: for HED diftusive depuration tech-
niques, an ultrafiltration coefficient of 18 mlL/minute/
mmHg/hour was used, while for high-performance ultrafil-
tration in HDFpost and HDFpre, a high ultrafiltration coef-
ficient of 59 mL/minute/mmHg/hour was applied. Both
membranes had a total dialysis surface of 1.8 m” (FX 80; Fre-
senius Medical Care, St. Wendel, Germany). Membranes
were chosen for their high degree of biocompatibility and
depurative capacity, bearing in mind another two important
phenomena: increased convection in HDFpost and HDFpre
is associated with a largely unquantifiable protein loss; how-
ever, as these synthetic membranes are manufactured using a
mix of polymers to produce a mosaic-style membrane surface
containing hydrophilic and hydrophobic components, the
possibility that albumin-linked AA may be absorbed and/or
retained on the surface or within the pores of the membrane
should be taken into account.”**” Nutritional status accord-
ing to age was assessed at the start of the study and after
12 months and values compared with those of a control group
of 8 healthy volunteers. Comparison of nutritional status was
performed using anthropometric data and based on the find-
ings of Mini Nutritional Assessment (MNA), BIA (Rena-
IEFG 50 KHz; EFG Diagnostic Ltd, Belfast, Northern
Ireland), blood chemistry nutritional profile, and Resting
and Total Energy Expenditure/kg/day (REE, TEE). TEE
is obtained from REE x 1.3 for daily physical activity correc-
tion factor. In healthy subjects, assessment of protein intake
can be performed from dietary records and/or food question-
naires or by calculation of average daily intake by a skilled die-
tician; however, for patients undergoing hemodialysis, the
average calculation obtained in the first, second, and third
weekly session for normalized protein catabolic rate was
considered, being more precise”” during steady metabolic
state than nutritional recall. Transferrin and prealbumin
were not taken into consideration as heavily aftected by
iron status and inflammation associated with uremia and dial-
ysis.”’ To ensure a better collaboration in terms of nutritional
adherence, a nutritionist and a medical-nursing counseling
team worked in synergy with patients and their families,””
focusi?)g%particularly on a careful assessment of nutritional
status.”"

Kinetics and Determination of Amino Acids

To avoid interferences with AA plasma concentrations,
patients on dialysis were not allowed to eat for a period of
6 hours before or during dialysis session on blood and dial-
ysate test days. To ensure the highest degree of reliability of
results, accurate methods were applied in the sampling and
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collection of plasma from arterial blood for use in AA con-
centration assays: before and after the dialysis session, 10 mL
of whole blood were collected in 2 heparinized test tubes
and stored at room temperature (to avoid issues of thermal
hydrolysis). Plasma was separated within 2 hours of collec-
tion by centrifuging at 3000 rpm for 10 minutes. The
plasma thus obtained was frozen in 2-mL cryogenic test
tubes at a temperature of 220°C. Dialysate outflux was
sampled by means of continual spillage’”” to quantify
AA loss via a high-precision volumetric pump used for
drug administration (Agilia®; Fresenius Kabi, Bad Hom-
burg, Germany) situated at dialysate outflow filter and
featuring a constant rate of aspiration throughout the
4-hour treatment session. The flow rate of dialysate
sampled corresponded to 1% of total dialysate flow. The
fluid collected was then mixed to obtain a homogenous so-
lution, and 4-mL samples were obtained and stored in a
freezer in two 2-mL test tubes. Within 2 days of collection,
samples were transferred on dry ice to the labortaory for
final storage. These substrates were determined for each
dialysis session in arterial blood and dialysis fluid. The
analytical method required “pre-column” derivation
of free amino acids by ortho-phthalaldehyde and
9-fluorenyl-methyl-chloroformate for the recognition of
primary and secondary amino acids, respectively. Derivates
were separated by means of reverse-phase liquid chroma-
tography and revealed using a fluorometer X-LC (model
3020FP). Analysis was carried out on a 1-uL sample of a
standard mixture or serum. Sample testing was invariably
preceded by analysis of a standard mixture to verify system
efficiency. Graduated concentrations (from 29 to 233 uM/
L) of the standard mixture were used to establish the cali-
bration curve for subsequent use in quantitative analysis. To
increase reliability of the results, each sample was analyzed
in triplicate and each amino acid was quantified based on
the mean obtained from three determinations. The results
were obtained by injecting 1 mL of derived mixture and
simultaneously measuring absorbance at 338 nm and
262 nm. Samples were tested using an amino acid analyzer
HPLC X-LC-Jasco linked to an HP ProDesk elaborator.
AA concentrations were expressed in both ul/L and mg/
dl and compared with standard values in our laboratory.
The data obtained in this study were subsequently
compared statistically using the same laboratory procedure,
with arterial AA concentrations determined in 8 healthy
volunteers. Twenty AAs were determined as TAAs and
EAAs, including the branched-chain AAs and NEAAs.
Aminoaciduria was not taken into consideration because
of the presence in all patients of diuresis <200 mL/day.

Statistical Analysis

Statistical analyses were performed by means of a linear
mixed model in which patient identification was intro-
duced as a random eftect. This operation allowed us to
establish the potential differences resulting solely from the

decode and remove them from the model, thereby
increasing potency and precision. All analyses were per-
formed using the R software version 3.4.1. The disconnec-
tion/connection difference, the percentage loss between
disconnection and connection, and the results of statistical
tests have been reported for all comparisons. For compari-
son data, the Mann-Whitney test was used, considering a
valid significance only when P <.05.

Results

Dialysis Adequacy

A thrice-weekly dialysis regimen with 240-minute ses-
sions was adopted for all patients and all methods used. All
10 study patients underwent scheduled hemodialysis ses-
sions in line with the relevant study design: HED, HDFpost,
or HDFpre. Patients’ mean age was 70.4 £ 9.5 years; dialysis
vintage 77.6 & 33.7 months, and dry weight/ideal weight
72.7 £ 12.3 kg. For all three methods, dialysis efficiency
was provided by an equilibrated Kt/V of 1.37 + 0.2°” and
aureareduction rate of 72.5 = 4.5%. In HED plasma, water
replacement corresponded to 4.4% of body water (equal to
water increase during the interdialytic interval), in
HDFpost to 29.8%, and in HDFpre to 64.5%.

Nutritional Status

Table 1 illustrates the anthropometric measurements,
clinical assessment of nutritional status using MNA, body
composition assessed by BIA, resting energy expenditure
(REE), and total energy expenditure (TEE). Protein intake
(protein catabolic rate) and dialysis patients’ biohumoral pa-
rameters at the start of the study and after 12 months are
highlighted. Moreover, the comparative statistical analysis
performed between the healthy controls and patients at
the time of recruitment and 12 months after the start of
the study to assess the outcomes achieved over time is
reported.

Comparison Between Healthy Subjects and
Patients on Hemodialysis at the Time of
Recruitment (T0)

No differences in body mass index were observed be-
tween the groups, and the MNA test revealed a normal
nutritional status. However, analysis of body composition
in patients undergoing hemodialysis revealed a significant
reduction in body cell mass (Phase Angle, A°) and lean
body mass (BCM), including muscle mass. These changes
were linked to redistribution of intercompartmental body
water characterized by an increased extracellular water
(ECW)/intracellular water (ICW) ratio caused both by an
expansion of ECWand a reduction in ICW. These contrast-
ing changes resulted in a conservation of total body water
(TBW), although muscle mass index (MMI, Kg/m?) of pa-
tients highlighted a state of moderate sarcopenia” > with
values of 9.37 + 1.07 kg/m”. REE and TEE of patients
were similar to those observed in healthy subjects. Protein
intake contributed to 15.6% of TEE in patients. Reduced
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Table 1. Nutritional Data differences between Healthy Subjects and Hemodialysis Patients at the Recruitment (T0) and After 12

Months

Healthy Volunteers

Hemodialysis Patients at the
Recruitment of the Study (T0)

Hemodialysis Patients
After 12 months

Nutritional parameters

Body weight, Kg 75.0 = 10.0
Body mass index, Kg/m? 27122
Minimal nutritional assessment, score 25,7+ 45
Protein intake, g/Kg/day 1.1 x0.2
Bioelectrical impedance analysis
Total body water, % 53.6 = 11.3
Extracellular body water, % 43.4 + 145"
Intracellular body water, % 37.3 + 15.5*
Body cell mass, % 48.4 + 4.8°
Muscle mass, % 43.6 = 6.3*
Fat free mass, % 66.1 = 17.3
Fat mass, % 33.9+17.3
Phase angle, (A°) 58 +0.5°
Resting energy expenditure
Resting energy, KCal/Kg/day 19.5 = 21
Total energy expenditure, KCal/Kg/ 253 +28
day
Total energy expenditure, KCal% 17.3 = 3.1
Ematochemical parameters
Total protein, g/dL 6.6 = 8.9
Albumin, g/dL 4103
Creatinine, mg/dL 0.9 = 0.4%
Total Cholesterol, mg/L 185 + 25
Cs, mg/dL 95.0 = 5.5
Hb, g/dL 13.5 0.6
C reactive protein, mg/L 3.5+ 0.7°

Lymphocytes, mm3 3200 + 1200%

72.7 = 12.3500
25.7 +3.4
255+53
0.93 = 0.12

51.7 = 6.6 0
55.2 + 4.5%0
44.8 + 4.6"0
43.8 + 4.9°000
36.9 + 4.8%
65.9 + 8.100H
34.1 = 81000
43 x0.7°000

18.6 = 3.1
241 =41

155 £1.9

6.7 + 0.6
3.9+02
9.9 + 1,60000
128 + 24°00H
94.8 + 9.4
12.3 + 2,39
5.8 + 24505000

1918 + 30957505

70.5 + 11.800
25.0 + 3.3
249 +51
0.91 = 0.17

552 + 7.000B0
57.5 + 470
425 + 4.8
411 + 50000
37.7+55
68.8 + 8.4000
29.7 + 8.90 0D
4.0 + 06970

19.3 = 3.3
24.6 £ 4.2

14.8 £ 0.1

6.6 + 0.4
3.8+0.3

10.4 + 1.80000
131.2 = 26000
87.7+75
11.9 = 0.77

7.0 + 30000
1180 = 5370000

Comparison: healthy versus start of the study. §: P <.001; &: P = .03; #: P = .02; 4: P > .05; C reactive protein normal values < 5 mg/L.
Comparison between start of the study versus 12 months later. ?250: p < 001; PPH: p = 03; 4, P5: p = .02; U: P < .05.

protein intake corresponding to 1.2-1.4 g/kg/day was in
line with quantities recommended in the guidelines.”® Pa-
tients’ biohumoral profile showed a significant reduction of
circulating lymphocytes and an increased serum comple-
ment activity, indicating a state of systemic inflammation.
Serum concentrations of protein and albumin were similar
to those detected in healthy subjects, although patients un-
dergoing hemodialysis were characterized by reduced he-
moglobin levels. Briefly, at the start of the study,
compared with healthy subjects, patients on dialysis pre-
sented with a state of systemic inflammation, decreased spe-
cific immunity, altered intercompartmental body water
ratio, and sarcopenia with inadequate protein intake. These
alterations were all associated with normal body weight and
normal score at clinical assessment of nutritional status
(MNA).

Variations Over Time (TO0 vs. T12) of Dialysis
Patient Parameters

After 12 months’ dialysis, patients presented with a 2.5%
loss of body weight and deterioration of body composition;
this was mainly evident in the reduction of the phase angle,
while ICW and BCM were further decreased compared
with values obtained at the start of the study, and ECW

rose significantly. Moreover, despite the further reduction
of active oxygen-consuming cells, REE remained virtually
unchanged. These findings all pointed toward the presence
of a hypermetabolic state. Protein intake tended to decline
(0.91 g/kg; P =.06). A significant decrease in circulating
lymphocytes was indicative of a reduced immune defense.
In addition, in spite of constant monitoring and administra-
tion of iron and erythropoietin supplements, a fall in hemo-
globin levels was observed, although these remained within
the recommended range.”” A worsening of sarcopenia was
observed (8.79 = 1.0 kg/mz). To summarize, over a 12-
month hemodialysis period, patients underwent weight
loss, worsening of sarcopenia, and decline of specific im-
mune defenses, in addition to a rise in ECW and decrease

of ICW.

Behavior of Amino Acids According to
Category

Plasma AA concentrations were determined before dial-
ysis sessions. The study revealed a reduction in total AAs in
patients compared with values obtained from the arterial
blood of healthy controls (Table 2). Moreover, compared
with healthy controls, study patients displayed a significant
decrease in NEAAs, with similar levels of EAAs (leucine,
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Table 2. Differences of Arterious Blood Levels AA Between
Healthy Subjects and Patients on Hemodialysis

Healthy Controls CKD Patients
(n=8) (n=10)
TAA, mg/dL 33.1 08 25.8 + 4.3
EAA, mg/dL 8.9+0.2 8.6 +1.9
NEAA, mg/dL 244 + 0.6 17.4 = 3.2+
BCAA, mg/dL 3.5+0.2 3.4 +07

AA, amino acid; BCAA, branched-chain amino acid; CKD, chronic
kidney disease; EAA, essential amino acid; NEAA, nonessential
amino acids.

*P < .001.

TP < 0.02.

isoleucine, valine, threonine, lysine, methionine, phenylal-
anine, tryptophan) and no difterences in BCAAs (leucine,
isoleucine, valine). The study highlighted a loss of AAs in
dialysis fluid for each treatment method. The results ob-
tained indicated a different quantity of AAs lost per session
between the three hemodialysis methods used. Overall total
AA loss during dialysis was essentially higher, although not
significantly, in HDF than in HED (Table 3).

Mass balance of total amino acid loss from dialysis fluid
filter outflux in a patient undergoing thrice-weekly dialysis
amounts to approx. 16 g/week, resulting therefore in a
mean yearly loss of free AAs of 836 g.

Essential Amino Acids

Table 3 also provides a list of the losses in dialysate of all
free amino acids from the EAA category in descending or-
der. In particular, valine and histidine exceeded a mean loss
of 900 mg/week for all three methods on a thrice-weekly
dialysis regimen. Both hemodiafiltration methods clearly
resulted in greater losses in outflow dialysate of histidine,
lysine, and threonine. Patients on thrice-weekly dialysis
displayed a mean yearly loss of EAAs of more than 270 g.

Nonessential Amino Acids

Table 3 lists the losses in dialysate of all free amino acids
from the NEAA category in descending order. In partic-
ular, cysteine, proline, and glutamic acid exceeded a
mean loss of 1800-2400 mg/week for all three methods
on a thrice-weekly dialysis regimen. In these classes of
AA, pre-HDF methods resulted in the highest losses in
outflow dialysate. The quantities of serine, asparagine,

Table 3. Loss of Amino Acids (AAs) in mg per Hemodialysis Session in the Three Different Extracorporeal Methodologies

HED HDF post HDF pre
Essential Amino Acids
(EAAS)
Valine 319 = 1314 334 + 1884 339 + 1024
Histidine 282 + 1425 320 * 146" 342 + 118
Leucine 221 + 8514 246 + 10154 237 + 854
Phenylalanine 209 + 87 217 + 797 186 + 87"
Lysine 196 + g10 000 246 + g7HHHD4 237 + 514
Threonine 147 + 7400 174 + 72004 172 + 884
Isoleucine 147 + 614 159 + 584 152 + 344
Tryptophan 98 + 36" 87 + 7204 85 + 314
Methionine 37 + 12000 43 + 1300 34 + 10480
Total AA loss, mg 1656 + 8700 1826 + 98P P04 1784 + 1034
Nonessential amino
acids (NEAAs)
Proline 802 + 5074 818 + 4344 876 + 4034
Cysteine 896 + 32800 746 + 260004 779 + 2704
Glutamic acid 550 * 1964 570 = 173400 680 = 13500
Glutamine 491 + 2454 434 + 246 423 + 220
Alanine 405 + 1474 392 + 1304 389 + 1024
Glycine 184 + 98§ 217 + 87000 152 + 515000
Arginine 184 + 5650 132 + 7550 169 + 88§
Tyrosine 135 + 494 130 + 43004 102 + 3450
Serine 61 + 2344 58 + 294 51 + 165
Asparagine 37 + 194 43 + 1540 34 =170
Aspartic acid 25 + 124 29 + 1440000 51 + 170000
Total AA loss, mg 3573 = 2844 3566 = 2864200 3701 = 314000
Branched-chain amino acid (BCAA)
Valine 319 = 1314 334 = 1884 339 + 1024
Leucine 221 + 8504 246 + 10154 237 + 854
Isoleucine 147 + 614 159 + 584 152 + 344
Total loss, mg 687 = 69" 739 x 7404 728 + 734
Total AA loss 6096 + 154 6131 + 1554 6213 = 1614

HDF, hemodiafiltration; HED, high-efficiency hemodialysis.
0O00: p < 001; PPE: P < .03, PP P <025, §: P < .05; 4: P > .05.
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and aspartic acid lost were modest. Patients on thrice-
weekly dialysis displayed a mean yearly loss of EAAs over
56 g.

Branched-Chain Amino Acids

Finally, in Table 3, although comprised in the category of
EAAs, we deemed it opportune to highlight the loss of
BCAAs in outflow dialysate. It should be pointed out
how valine exceeded mean dialysis loss of 600 mg/week.
All three BCAAs are hydrophobic. A significant modest
prevalence of HDFpost versus HED was observed for
BCAAs. Patients on thrice-weekly dialysis displayed a
mean yearly loss of BCAAs over 110 g.

Changes in Plasma Amino Acids After
12 Months of Dialysis

Plasma levels of each single amino acid were also
measured in both healthy subjects and patients at the start
of the study and after 1 years’ follow-up (Tab. 4). It was
evident that of the first six AAs featuring a percentage
reduction in plasma levels of >30% in arterial blood, five
were NEAAs, with the exception of tryptophan. Changes
observed in arterial AA concentrations of 8 healthy volun-
teers compared with levels detected for dialysis patients at
the start of the study and after 12 months of dialysis treat-
ment were as follows: glutamine levels had exceeded con-
centrations measured in healthy subjects after 12 months
of hemodialysis; cysteine maintained higher levels than
healthy volunteers, although registering an approximately
30% decrease over 12 months of dialysis; arterial levels of
arginine and phenylalanine did not vary significantly be-

tween healthy subjects and patients either at the start of
the study or after 12 months’ dialysis. It should also be high-
lighted how all BCAA concentrations remained unchanged
at all three time points, displaying values in line with those
detected in healthy subjects. Even after 12 months’ treat-
ment, patients’ proline levels were higher than those re-
corded in healthy controls.

Discussion

This study shows how at the time of recruitment patients
were already affected by a state of malnutrition/inflamma-
tion typical of the terminal stages of uremia in patients on
dialysis.38 Indeed, this serious metabolic situation repre-
sents a key component of the so-called “malnutrition-in-
flammatory complex syndrome”””"*" linked in patients on
dialysis to a reduced quality oflife, increased number of hos-
pitalizations, higher incidence of coronary heart disease
and depression, and an increased mortality rate.’' "
Malnutrition initially presents as a somatic protein type
with the onset of sarcopenia. However, a significant
depletion of active cell mass, including muscle tissue, may
at times contribute to a change in body water, with a rise
in ECW and decrease of ICW/, as reported previously in
stressed postoperative and depleted patients. ™ After a 12-
month follow-up period, malnutrition evolves into PEW
characterized by further deterioration of nutritional status,
weight loss, and nonsignificant inflammation. The inability
of clinical assessment of nutritional status (MNA) to reveal
the presence of malnutrition in patients recruited to the
study is deemed of interest. Nonetheless, the pathogenesis

Table 4. Comparison of Arterial Blood Amino Acids Concentrations in Hemodialysis (HD) Patients at the Start of the Study and

After 12 months of Dialysis

Average Amino Acids
Blood Levels of the

Hemodialysis Patients:

Hemodialysis Patients Delta,

Three Treatments, mg/dL Healthy Subjects Start of the Study after 12 Months from the Start mg/dL Delta, %
Glutamine 6.8 = 0.20°F 3.21 + 1.09§ 8.20 = 14750 +4.98 +154.80
Aspartic acid 0.80 * 0.02* 0.10 * 0.03* 0.04 = 0.01* -0.06 —-60.05
Serine 0.93 + 0.05* 0.33 = 0.11200 0.18 = 0.10*00C -0.17 —48.44
Glutamic acid 2.92 + 0.16* 1.91 + 0.34* 1.08 + 0.15* -0.84 —43.85
Tryptophan 1.28 + 0.18* 0.48 = 0.19500 0.28 = 0.02*000 -0.21 —42.90
Asparagine 0.80 + 0.02* 0.30 + 0.207 00 0.19 = 0.01*F0EH -0.12 —38.36
Cysteine 0.93 = 0.06* 3.42 = 0.89* 2.34 = 0.21* -1.08 —-31.57
Lysine 1.71 = 0.159 1.47 + 0.33 1.14 + 0.140 -0.36 —23.81
Arginine 1.03 = 0.13 1.10 + 0.43 0.85 + 0.17 -0.25 —-22.92
Alanine 2.78 = 0.14% 2.25 + 0.58000 1.76 + 0.6985 50 -0.49 -21.69
Threonine 1.28 + 0.11* 0.67 + 0.29* 0.54 + 0.19* -0.14 —20.80
Isoleucine 0.58 = 0.05 0.69 = 0.15 0.57 = 0.13 -0.14 -19.86
Valine 1.78 = 0.175 1.62 + 0.35 1.33 = 0.175 -0.31 -18.73
Tyrosine 1.0 £ 0.11* 0.67 = 0.15* 0.55 = 0.18* -0.12 -18.58
Methionine 0.15 + 0.02 0.28 = 0.07 0.23 = 0.01 -0.05 —-18.06
Histidine 0.90 = 0.09 PP 1.53 + 0.6857 " 1.29 + 0.15 -0.23 -14.94
Leucine 1.02 = 0.08 1.04 = 0.21 0.90 + 0.13 -0.15 —-14.58
Proline 2.40 = 0.1200 3.44 + 13700 3.11 = 1.11 -0.33 -9.70
Glycine 2.01 + 0.09* 0.77 + 0.26* 0.71 + 0.17* -0.07 —-9.08
Phenylalanine 0.76 = 0.07 0.82 = 0.14 0.78 = 0.16 -0.05 -5.67

§: P <.001; (*): P <.0001; & P < .05: BEH: p < 03; PH: p < .02 P: P < .05.
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of malnutrition in patients on dialysis is well acknowledged
and documented, comprising additional hypercatabolic
factors, including chronic infection secondary to indispens-
able dialysis procedures, metabolic acidosis during interdia-
lytic intervals, hormonal changes, and frequent inadequacy
of nutritional intake, particularly in elderly patients. The
progressive malnutrition observed in patients recruited to
the study undeniably indicated the inadequacy of protein
and calorie intakes to meet metabolic demand. Indeed,
the initial protein deficit registered corresponded to 22-
34% of recommended values of 1.2 - 1.4 g/kg/day,”
with a tendency toward worsening at the 12th month of
follow-up. Protein deficit was however actually consider-
ably higher because of the loss of amino acids into the dial-
ysis bath at each session, even exceeding 800-900 g yearly
for the 20 main AAs.” A limitation of this study may unfor-
tunately be represented by our decision to not ask patients
on dialysis to keep a food journal, which would have al-
lowed us to quantify calorie intake. The use of 48-h or
weekly recall as a method of dietary assessment led to
some issues with data capture. Many patients were unable
to recall a full period, and therefore, meals reported over
a mid-long recall period were a patchwork providing an
average estimation of nutritional intake’’ at the time of
assessment, the accuracy of which remains questionable.
This was in addition to the well-known problems of dietary
assessment including overestimation and underestimation
of intake and a tendency for participants to inform the
investigator of food intake that they feel is correct rather
than their actual intake."™"” Accordingly, calculation of
normalized protein catabolic rate™ has since been applied
which, particularly in patients on dialysis thrice-weekly,
provides a more precise estimation of protein intake. In
view also of the advanced age of patients, the presence of
a calorie deficit versus the recommended intake of 30-
35 kcal/kg/day is highly likely; however, the weight loss,
reduced appetite, and worsening observed over the 12-
month period of observation further supported our
opinion of a somatic protein form of malnutrition aggra-
vated by a calorie deficit. Indeed, a relative hypermetabolic
state, as observed in the present study, may contribute to-
ward determining a discrepancy between calorie intake
and demand. Accordingly, at the start of the study, our pa-
tients undergoing hemodialysis, who consumed +6% cal-
ories per kg of body cell mass, displayed a 12.4% lower
body cell mass than healthy controls (relative hypermeta-
bolic state). At 12 months, the normalized overconsump-
tion had increased in line with a further decrease in body
cell mass and virtually stable REE. These findings all indi-
cate a lack of compensation of calorie deficit in patients on
dialysis. The authors hypothesize therefore that an insuffi-
cient protein intake is of greater relevance than a calorie
deficit. This hypothesis is based on the finding of a wors-
ening over time of two body compartments: the muscular
system and immunocompetent cell network. Immuno-

competent cells, including lymphocytes, are indeed active
and avid consumers of amino acids.”’ Our study suggests
that an excessive muscle release of amino acids’ may main-
tain albumin synthesis but fail to support lymphocyte pro-
liferation. The latter is an important clinical observation
which should be further investigated to verify whether
this deterioration of lymphocytes may be associated with
the availability of different types of amino acids. Twelve
months after the start of the study, an increase in degree
of inflammation, although not significant, may lead to
serious metabolic consequences, as demonstrated by the
time trend observed in the findings obtained.

Amino Acid Loss and Metabolic Consequences
A series of factors may have influenced amino acid loss in
dialysate outflux, thus justifying the discrepancy in changes
observed in plasma concentrations over a 12-month period.
Amino acid/albumin association, in the same way as all
plasma molecules, may affect the transfer of AAs through
dialysis membrane pores; their absorptive effect however
should not be underestimated. No studies have been con-
ducted to date to investigate this phenomenon in view of
quantification encountered in patients on dialysis because
of intradialytic variations resulting from a marked change
from acid pH at the start of the session to basic pH on
completion. It should also be noted how AAs possess a se-
ries of side chains (CH3, OH, NH2, SH), thus hampering
determination of the effect produced by these factors on the
different AA categories with neutral nonpolar loads
(alanine, phenylalanine, glycine, isoleucine, leucine, methi-
onine, proline, tyrosine, tryptophan, valine), neutral polar
side chains (asparagine, glutamine, serine, threonine,
cysteine), acid side chains (aspartate, glutamate), and basic
side chains (arginine, histidine, lysine). Factors that may
potentially affect binding of some AAs with plasma proteins
are in turn influenced by the presence of PEW in patients
on dialysis, implying a significantly reduced serum concen-
tration of albumin. No specific data to this regard have been
reported in literature. As an example, in CKD 4-5 nor-
moalbuminuria patients, protein binding of tryptophan is
negatively correlated with GFR, which likely competes
to bind to this AA because of the increase in organic acids
present in the uremic environment.”' It is therefore prob-
able that the higher concentrations of radical acids present
at the time of sampling, coinciding with acidemia peak in
the patients studied, may result in an increased propensity
to dialytic loss during the first 2 hours because of higher
plasma concentrations of free AAs. The patients included
in this study manifested a change in pH from mean predial-
ysis plasma values of 7.360 % 0.05 versus 7.460 = 0.06 at
the end of the session, possibly accounting for an increase
in the number of free AAs, particularly over the second
half of the hemodialysis session. Regrettably, data relating
to the protein-binding of AAs in patients with CKD are
virtually nonexistent in the literature; in 1969, Burzynski52
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reported difficulties in comparing the concentration of 10
AAs and a wide range of variability, although observing
how a comparison of adults (aged 19-66 years) affected
by CKD with high plasma urea levels with subjects having
a normal kidney function revealed a high percentage of
albumin-bound glycine of +48.1%, aspartic acid
+34.5%, glutamic acid +22.8%, lysine +31.5%, and
threonine +21.5%. However, in the present study, free
AA levels were determined on dialysate outflux, with dia-
lytic losses seemingly unaftected by or correlated with
protein-binding; indeed, the correlation between
protein-bound AA levels and plasma losses of the same
proved to be overdispersive and nonsignificant (r = 0.39,
p: n.s.). We should however point out how the amino
acid profile of our patients on hemodialysis at the start of
the study was the result of a series of interacting, although
at the same time partially contrasting, factors. Changes to
the AA metabolism during the predialysis stage of kidney
disease, systemic inflammation present in CKD, dialysis
replacement treatment with specific focus on adequacy
and methodological differences, nutritional supplementa-
tion of proteins/AAs, and anomalies present in plasma
amino acid levels both on fasting and after meals, have all
been well documented in conservatively managed patients
with CKD.”” More specifically, an increase in urea synthesis
as a result of major loss of kidney function may induce both
an increase of sulphurated AAs”"”” and a reduction of tyro-
sine and tryptophan.” " A state of chronic inflammation
in the study patients on dialysis was key in eliciting a
further deterioration of plasma amino acid content, in
turn resulting in increased protein and amino acid
turnover with prevalence of catabolism on protein
synthesis and excessive uptake of AAs, particularly in
muscle tissue.”' This aspect has long been underestimated
in clinical practice. Subsequently, these losses close and
extend the vicious circle by exacerbating both systemic
inflammation and plasma levels of each single amino acid.
A further contribution is provided by chronic inflammation
of the gastrointestinal tract,”” frequently associated with
advanced stages of CKD up until dialysis treatment; dialysis
sessions per se are known to further worsen the state of sys-
temic inflammation.” In addition, continual AA losses in
dialysis outflux contribute after every session to the abnor-
malities registered in AA plasma concentrations. It should
be underlined how a mean of 6 g of amino acids are lost
in each hemodialysis session,’” as confirmed in both a pre-
vious® and present study. Currently, however, there is no
plausible hypothesis to account for the observed increased
plasma levels of histidine, although a key contribution
may possibly be ascribed to the reduced activity of protein
synthesis associated with dialysis treatment. Indeed, in pa-
tients with severe kidney failure, the concentration and ac-
tivity of proteins with a high histidine content such as
hemoglobin, myosin heavy chains, and cytochrome c-oxi-
dase are reduced.”’ Metabolic hyperactivity of the intestine

may justify the low levels of glutamine detected in our study
because this amino acid is generally widely used by intesti-
nal epithelial cells and immune cells implicated in chronic
inflammation. Theoretically, the nutritional intake of AAs
through proteins may contribute toward reducing changes
in plasma AAs; however, in the patients studied, in the same
way as the majority of patients undergoing hemodialysis,
protein intake is frequently insufficient and markedly lower
(by 25%-35%) to recommended intake for patients on dial-
ysis.”* Consequently, a combination of prevalently cata-
bolic metabolic activities and an insufficient nutritional
intake of AAs, in addition to changes in amino acid meta-
bolism during the predialysis stage of the disease, may
explain the changes in circulating AAs observed in the pre-
sent study. After 12 months’ follow-up, a deterioration in
AA plasma levels was highlighted: with the exception of
glutamine, all other AAs displayed reduced plasma concen-
trations, with the phenomenon particularly evident in the
reduction of lysine, a fundamental essential amino acid,
the concentration of which was lower than that observed
in healthy controls. An increase in catabolic processes is sus-
tained by at least three factors supporting this hypothesis: (1)
Both hypercatabolism and anabolism are metabolic pro-
cesses that require extensive availability of energy (particu-
larly in the form of ATP), the production of which is based
on AA activity within the cell cycle of tricarboxylic acids.”*
A turther deterioration of lean body mass at 12 months was
clearly the result of an increase in catabolic processes,
particularly in lean muscle tissue; (2) indeed, an important
role in muscle catabolism is played by metabolic acidosis,
notably in the presence of uncompensated acidosis, as the
former stimulates the ubiquitin-proteasome pathway of
protein degradation'"; (3) although no nutritional supple-
mentation was prescribed throughout the study, glutamine
was found to have increased significantly after 12 months’
follow-up, with the increase detected in our study being a
direct consequence of the intense buffer activity of
ammonia on skeletal muscle produced through proteolysis
and oxidation of AAs, as well as through the nucleotide
metabolism in messengers such as cyclic adenosine mono-
phosphate and cyclic guanosine monophosphate needed to
ensure regular functioning of the Krebs cycle and transduc-
tion of cell signals, ionic conductance channels, and glyco-
genolysis. Moreover, the increase in catabolic processes and
formation of glutamine would appear to exceed intestinal
uptake of this amino acid and losses in dialysis; this might
explain the diphasic behavior of glutamine, switching
from low plasma concentrations at the start of the study
to high concentrations 12 months later. Lysine reduction
may be secondary to an excessive intake aimed at support-
ing protein synthesis and promoting the production of aer-
obic cellular energy. The results of this study highlight the
existence of an apparent paradox: although representing
on average 65% of total nutritional AAs, plasma levels of
nonessential AAs displayed a progressive decrease. On the
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contrary, in the present study, branched-chain AAs,
featuring a nutritional intake ranging from 12 to 20%,
maintained normal plasma concentrations. The paradox
however is merely apparent because of the fact that the
normality of plasma concentrations of branched-chain
AAs is likely the result of an increased release from muscles
secondary to intense proteolysis, as demonstrated by Murtas
et al. by means of accurate BIA measures.” The decrease in
nonessential AAs is however likely due to an excessive
intake, which occurs in particular during anabolic meta-
bolic cycles and energy production. In spite of the observa-
tional and prospective nature of this study, the potential
complications deriving from changes to the amino acid
profile should be taken into account; accordingly, we here-
by provide a few considerations that may be of use in
routine clinical practice: (1) If the changes to the amino
acid profile remain uncorrected, the risk of developing,
worsening, or accelerating the onset of cachexia and/or
PEW will rise considerably, thus affecting both quality of
life and survival rates; (2) a decrease in plasma tyrosine levels
may elicit a reduction in the cerebral production of adren-
ergic neurotransmitters and consequent risk of motor
dysfunction, cognitive impairment, and mood and
behavior disorders; this picture is further complicated by
low levels of tryptophan resulting in the decreased cerebral
production of serotonin®>*’; (3) amino acid abnormalities
hamper myocardial energy production’’ with a risk of
reduced pump function and/or increased arrhythmias; (4)
an increase of methionine, and consequent increase of ho-
mocysteine synthesis, may produce widespread damage to
the vascular structures, in part subsequent to a compro-
mised microbiota produced by a state of uremia, in the pres-
ence of a slightly compromised GFR and poor intake of
vegetable proteins”; (5) in the light of the findings of the
present study, patient adherence to recommended protein
intake is essential in attempting to correct and/or limit
amino acid abnormalities. Should the recommended pro-
tein intake not be sufficient to correct amino acid abnor-
malities, it might be hypothesized that the dialysis
patients’ nonessential AAs behave and carry out their meta-
bolic function as semiessential AAs. To conclude, the loss of
amino acids through hemodialysis is unavoidable irrespec-
tive of the type of dialysis method used, although extracor-
poreal convective methods may contribute toward an
increased protein and amino acid loss, amounting to
more than 800-900 g yearly. The amino acid profile, even
when compared to those of healthy controls, reveals unex-
pected results, never to date described in literature, relating
to the metabolic derailing of the amino acid profile in line
with the uremic environment. The frequent nutritional de-
ficiencies and insufficient calorie intake observed in pa-
tients undergoing hemodialysis, particularly the elderly,
and consequent deficit of essential AAs, imply a need to
supplement losses by implementing a balanced intake of
BCAA:s, thus ensuring supply of almost all NEAAs which,

in patients undergoing dialysis with chronic uremia, assume
a fundamental and essential compensatory role.

Pratical Application

Itis an acknowledged fact that the use of currently available
hemodialysis technologies elicits a dramatic loss of amino
acids during dialysis. The amounts of amino acids lost vary,
although inevitably patients will continue year on year to
experience losses targeting particularly the muscular mass
and progressively leading to a state of protein energy wasting
and subsequently overt cachexia. In the authors’ opinion, the
only means of slowing down or arresting this severe meta-
bolic decline is to ensure that losses are constantly replaced
by the administration of products containing doses tailored
to meet the deficit of each individual amino acid. Further
studies should be undertaken to support the validity of this
hypothesis.”* ",

Acknowledgments
Financial Disclosure: The authors declare that they have no relevant
financial interests.
The authors declare they had full access to all the data in this study, and
all authors assume full responsibility for the integrity of data and accuracy
of data analysis.

References

1. Xia T, Gao S, Shu C, et al. Analysis of amino acids in human blood using
UHPLC-MS/MS: potential interferences of storage time and vacutainer tube
in pre- analytical procedure. Clin Biochem. 2016;49:1372-1378.

2. Tan I-K, Gajra B. Plasma and urine amino acid profiles in a healthy adult
population of Singapore. Ann Accad Med Singapore. 2006;35:468-475.

3. Foroumandi E, Alizadeh M, Kheirouri S. Age-dependent changes in
plasma amino acids contribute to alterations in glycoxidation products. |
Med Biochem. 2018;37:426-433.

4. Atlano-Carsi X, Bajo MA, Del Peso G, Sanchez R, Selgas R. Normal
values of bioimpedance vector in Spanish population. Nutr Hosp.
2014;31:1336-1344.

5. Duranton F, Lundin U, Gayrard N, et al. Plasma and urinary amino acid
metabolomic profiling in patients with different levels of kidney function.
Clin J Am Soc Nephrol. 2014;9:37-45.

6. Schefold JC, Zeden JP, Fotopoulou C, et al. Increased indoleamine 2,3-
dioxygenase (Ido) activity and elevated serum levels of tryptophan catabolites
in patients with chronic kidney disease: a possible link between chronic inflam-
mation and uraemic symptoms. Nephrol Dial Transpl. 2009;24:1901-1908.

7. Koenig P, Nagl C, Neurauter G, Schennach H, Brandacher G, Fuchs D.
Enhanced degradation of tryptophan in patients on hemodialysis. Clin Neph-
rol. 2010;74:465-470.

8. Murtas S, Aquilani R, Deiana ML, et al. Differences in amino acid loss
between high-efficiency hemodialysis and post-dilution and pre-dilution he-
modiafiltration using high convection volume exchange-A new metabolic
scenario? A pilot study. J Ren Nutr. 2019;29:126-135.

9. Aquilani R, La Rovere MT, Corbellini D, et al. Plasma Aminoacid Ab-
normalities in chronic heart failure. Mechanisms, potential risks and targets in
human Myocardium metabolism. Nutrients. 2017;9.

10. Garibotto G, Russo R, Sofia A, et al. Muscle protein turnover in
chronic renal failure patients with metabolic acidosis or normal acid-base bal-
ance. Miner Electrolyte Metab. 1996;22:58-61.

11. Russo R, Sofia A, Sala MR, et al. Skeletal muscle protein synthesis and
degradation in patients with chronic renal failure. Kidney Int. 1994;45:1432-1439.


http://refhub.elsevier.com/S1051-2276(19)30425-X/sref1
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref1
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref1
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref2
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref2
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref3
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref3
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref3
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref4
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref4
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref4
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref4
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref5
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref5
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref5
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref6
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref6
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref6
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref6
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref7
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref7
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref7
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref8
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref8
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref8
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref8
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref9
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref9
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref9
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref10
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref10
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref10
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref11
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref11

450 MURTAS ET AL

12. Rodriguez Ayala E, Divino Filho JC, Alvestrand A, et al. Inflammation
contributes to low plasma amino acid concentrations in patients with chronic
kidney disease. Am_J Clin Nutr. 2005;82:342-349.

13. Lofberg E, Essén P, McNurlan M, et al. Effect of hemodialysis on pro-
tein synthesis. Clin Nephrol. 2000;54:284-294.

14. Pastoris O, Aquilani R, Foppa P, et al. Altered muscle energy meta-
bolism in post-absorptive patients with chronic renal failure. Scand J Urol
Nephrol. 1997;31:281-287.

15. Pérez-Torres A, Gonzilez Garcia ME, San José-Valiente B, et al. Pro-
tein-energy wasting syndrome in advanced chronic kidney Disease: preva-
lence and specific clinical characteristics. Nefrologia. 2018;38:141-151.

16. Garibotto G, Russo R, Sofia A, et al. Skeletal muscle protein synthesis and
degradation in patients with chronic renal failure. Kidney Int. 1994;45:1432-1439.

17. Bolasco P, Altieri P, Andrulli S, et al. Convection versus diffusion in
dialysis: an Italian prospective multicentre study. Nephrol Dial Tianspl.
2003;18(Suppl 7):vii50-vii54.

18. Maduell E Varas J, Ramos S, et al. Hemodiafiltration reduces all-cause
and cardiovascular mortality in incident hemodialysis patients: a Propensity-
Matc HEHD cohort study. Am J Nephrol. 2017;46:288-297.

19. Gil HW, Yang JO, Lee EY, Lee EM, Choi JS, Hong SY. The effect of
dialysis membrane flux on amino acid loss in hemodialysis patients. J Korean
Med Sci. 2007;22:598-603.

20. Iktzler TA, Flakoli PJ, Parker RA, Hakim M. Amino acid and albumin
losses during hemodialysis. Kidney Int. 1994;46:830-837.

21. Garibotto G, Fiorini E Sala MR, et al. Amino acid loss with polyether-
sulfone. Contrib Nephrol. 2003;138:59-67.

22. Kim H, Choi GH, Shim KE, et al. Changes in bioimpedance analysis com-
ponents before and after hemodialysis. Kidney Res Clin Pract. 2018;37:393-403.

23. Kyle UG, Bosaeus I, De Lorenzo AD, et al. Bioelectrical impedance
analysis-part II: utilization in clinical practice. Clin Nutr. 2004;23:1430-1453.

24. Urbani A, Sirolli V, Lupisella S, et al. Proteomic investigations on the
effect of different membrane materials on blood protein adsorption during
haemodialysis. Blood Transfus. 2012;10(Suppl 2):s101-s112.

25. Hoenich NA, Katopodis KP. Clinical characterization of a new polymeric
membrane for use in renal replacement therapy. Biomaterials. 2002;23:3853-3858.

26. Depner TA, Daugirdas JT. Equations for normalized protein catabolic
rate based on two-point modeling of hemodialysis urea kinetics. | Am Soc
Nephrol. 1996;7:780-785.

27. Kim T, Streja E, Soohoo M, et al. Serum ferritin variations and mor-
tality in incident hemodialysis patients. Am | Nephrol. 2017;46:120-130.

28. Zoccali C, Mallamaci E Moderator’s view: low-protein diet in chronic
kidney disease: effectiveness. efficacy and precision nutritional treatments in
nephrology. Nephrol Dial Transpl. 2018;33:387-391.

29. Rodrigues J, Cuppari L, Campbell KL, Avesani CM. Nutritional
assessment of elderly patients on dialysis: pitfalls and potentials for practice.
Nephrol Dial Transpl. 2017;32:1780-1789.

30. Rogowski b, Kusztal M, Gotebiowski T, Buliriska K, Zembron-Lacny
A, Wyka J, Klinger M, Wozniewski M, Dziubek W. Nutrition assessment of
patients with end-stage renal disease using the MNA Scale. Adv Clin Exp Med.
2018;27:1117-1123.

31. Santoro A, Ferramosca E, Mancini E, et al. Reverse mid-dilution: new
way to remove small and middle molecules as well as phosphate high intrafilter
convective clearance. Nephrol Dial Transpl. 2007;22:2000-2005.

32. Bolasco P, Galfré A, Caria S, Scotto P, Murtas S. Phosphate nutritional
intake control between patient undergoing conventional thrice weekly and
infrequent hemodialysis. Int | Clin Nutr. 2017;5:18-23.

33. Daugirdas JT. Estimating time-averaged serum urea nitrogen concen-
tration during various urine collection periods: a prediction equation for
thrice weekly and biweekly dialysis schedules. Semin Dial. 2016;29:507-509.

34. Santana NM, Pinho CPS, da Silva CP, Dos Santos NF, Mendes RML.
Phase Angle as a sarcopenia marker in hospitalized elderly patients. Nutr Clin
Pract. 2018;33:232-237.

35. Koppe L, Fouque D, Kalantar-Zadeh K. Kidney cachexia or protein-
energy wasting in chronic kidney disease: facts and numbers. J Cachexia Sar-
copenia Muscle. 2019;10:479-484.

36. Fouque D, Vennegoor M, ter Wee P, et al. EBPG guideline on nutri-
tion. Nephrol Dial ‘Transpl. 2007;22:45-87.

37. Yuqiu Y, Hongyong L, Yanbing C, et al. Hemoglobin targets for the
anemia in patients with dialysis-dependent chronic kidney disease: a meta-
analysis of randomized, controlled trials. Ren Fail. 2018;40:672-680.

38. Schindler R. Causes and therapy of microinflammation in renal failure.
Nephrol Dial Transpl. 2004;19(Suppl 5):V34-V40.

39. Fouque D, Kalantar-Zadeh K, Kopple J, et al. A proposed nomencla-
ture and diagnostic criteria for protein-energy wasting in acute and chronic
kidney disease. Kidney Int. 2008;73:391-398.

40. Kalantar-Zadeh K, Ikizler TA, Block G, Avram MM, Kopple JD.
Malnutrition-inflammation complex syndrome in dialysis patients causes
and consequences. Am | Kidney Dis. 2003;42:864-881. Review.

41. Pakpour AH, Saffari M, Yekaninejad MS, Panahi D, Harrison AP,
Molsted S. Health-related quality of life in a sample of Iranian patients on he-
modialysis. Iran | Kidney Dis. 2010;4:50-59.

42. Elsurer R, Afsar B, Sezer S, Arat Z, Ozdemir FN, Haberal M. Malnu-
trition inflammation score is associated with coronary artery disease in hepatitis
C virus-infected hemodialysis patients. Eur | Clin Nutr. 2008;62:1449-1454.

43. Bilgic A, Akgul A, Sezer S, Arat Z, Ozdemir FN, Haberal M. Nutri-
tional status and depression, sleep disorder, and quality of life in hemodialysis
patients. J Ren Nutr. 2007;17:381-388.

44. Ho LC, Wang HH, Peng YS, et al. Clinical utility of malnutrition-
inflammation score in maintenance hemodialysis patients: focus on identi-
fying the best cut-oft point. Am_J Nephrol. 2008;28:840-846.

45. Micozkadioglu H, Micozkadioglu I, Zumrutdal A, et al. Relationship
between depressive affect and malnutrition-inflammation complex syndrome
in haemodialysis patients. Nephrology (Carlton). 2006;11:502-505.

46. Elwyn DH, Bryan-Brown CW, Shoemaker WC. Nutritional aspects of
body water dislocations in postoperative and depleted patients. Ann Surg.
1975;182:76-85.

47. Jackson L, CohenJ, Sully B, Jackson SJ. NOURISH, Nutritional Out-
comes from a randomised Investigation of Intradialytic oral nutritional Sup-
plements in patients receiving Haemodialysis: a pilot randomised controlled
trial. Pilot Feasibility Stud. 2015;1:11.

48. Beaton G, Burema J, Ritenbaugh C. Errors in the interpretation of di-
etary assessments. Am _J Clin Nutr. 1997;65:1100-1107.

49. Molfino A, Kaysen GA, Chertow GM, et al. Validating appetite assess—
ment tools among patients receiving hemodialysis. | Ren Nutr. 2016;26:103-110.

50. Roth E. Immune and cell modulation by amino acids. Clin Nutr.
2007;26:535-544.

51. Walser M. Hill SB Free and protein-bound tryptophan in serum of un-
treated patients with chronic renal failure. Kidney Int. 1993;44:1366-1371.

52. Burzynski S. Bound amino acids in serum of patients with chronic
renal insufficiency. Clin Chim Acta. 1969;25:231-237.

53. Garibotto G, Pastorino N, Dertenois L. Protein and amino acid meta-
bolism in renal disease and in renal failure. In: Kopple JD, Massry S, eds. Nutri-
tional Management of Renal Diseases. Baltimore: William & Wilkins; 2003.

54. Owen EE, Robinson RR. Amino acid extraction and ammonia meta-
bolism by the human kidney during the prolonged administration of ammo-
nium chloride. J Clin Invest. 1963;42:263-276.

55. Garibotto G, Valli A, Anderstam B, et al. The kidney is the major site of
S-adenosylhomocysteine disposal in humans. Kidney Int. 2009;76:293-296.

56. Tessari P, Garibotto G. Interorgan amino acid exchange. Curr Opin
Clin Nutr Metab Care. 2000;3:51-57.

57. Boirie Y, Albright R, Bigelow M, Nair KS. Impairment of phenylal-
anine conversion to tyrosine in end-stage renal disease-causing tyrosine defi-
ciency. Kidney Int. 2004;66:591-596.

58. Moller N, Meek S, Bigelow M, Andrews J, Nair KS. The kidney is
an important site for in vivo phenylalanine-to-tyrosine conversion in
adult humans: a metabolic role of the kidney. Proc Natl Accad Sci U S A.
2000;97:1242-1246.

59. Boirie Y, Albright R, Bigelow M, Nair KS. Impairment of phenylal-
anine conversion to tyrosine in end-stage renal disease-causing tyrosine defi-
ciency. Kidney Int. 2004;66:591-596.


http://refhub.elsevier.com/S1051-2276(19)30425-X/sref12
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref12
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref12
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref12
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref13
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref13
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref13
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref13
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref14
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref14
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref14
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref15
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref15
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref15
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref15
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref15
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref15
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref16
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref16
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref17
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref17
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref17
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref18
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref18
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref18
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref19
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref19
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref19
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref20
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref20
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref21
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref21
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref22
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref22
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref23
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref23
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref24
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref24
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref24
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref25
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref25
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref26
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref26
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref26
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref27
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref27
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref28
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref28
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref28
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref29
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref29
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref29
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref31
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref31
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref31
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref32
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref32
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref32
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref32
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref33
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref33
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref33
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref34
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref34
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref34
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref35
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref35
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref35
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref36
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref36
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref37
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref37
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref37
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref38
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref38
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref39
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref39
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref39
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref40
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref40
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref40
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref41
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref41
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref41
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref42
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref42
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref42
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref43
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref43
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref43
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref44
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref44
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref44
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref45
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref45
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref45
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref46
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref46
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref46
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref47
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref47
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref47
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref47
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref48
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref48
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref49
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref49
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref50
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref50
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref51
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref51
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref52
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref52
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref52
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref53
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref53
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref53
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref54
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref54
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref54
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref55
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref55
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref56
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref56
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref57
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref57
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref57
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref58
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref58
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref58
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref58
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref58
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref59
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref59
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref59

FATE OF INDIVIDUAL AMINOACIDS IN HEMODIALYSIS 451

60. Moller N, Meek S, Bigelow M, Andrews J, Nair KS. The kidney is an
importantsite for in vivo phenylalanine-to-tyrosine conversion in adult humans:
a metabolic role of the kidney. Proc Natl Acad Sci U S A. 2000;97:1242-1246.

61. Zoico E, Roubenoff R. The role of cytokines in regulating protein
metabolism and muscle function. Nutr Rev. 2002;60:39-51.

62. Vaziri ND, Dure-Smith B, Miller R, Mirahmadi MK. Pathology of
gastrointestinal tract in chronic hemodialysis patients: an autopsy study of
78 cases. Am | Gastroenterol. 1985;80:608-611.

63. Adey D, Kumar R, McCarthy JT, Nair KS. Reduced synthesis of mus-
cle proteins in chronic renal failure. Am J Physiol Endocrinol Metab.
2000;278:E219-E225.

64. Fouque D, Horne R, Cozzolino M, Kalantar-Zadeh K. Balancing
nutrition and serum phosphorus in maintenance dialysis. Am J Kidney Dis.
2014;64:143-150.

65. Aquilani R, Iadarola P, Boschi F Pistarini C, Arcidiaco P,
Contardi A. Reduced plasma levels of tyrosine, precursor of brain cate-
cholamines, and of essential amino acids in patients with severe trau-
matic brain injury after rehabilitation. Arch Phys Med Rehabil.
2003;84:1258-1265.

66. Aquilani R, Verri M, Iadarola P, et al. Plasma precursors of brain cate-
cholaminergic and serotonergic neurotransmitters in rehabilitation patients
with ischemic stroke. Arch Phys Med Rehabil. 2004;85:779-784.

67. LaRovere MT, Corbellini D, Pasini E, et al. Plasma amino acid abnor-
malities in chronic heart failure. Mechanisms, potential risks and targets in hu-
man myocardium metabolism. Nutrients. 2017;9:E1251.

68. Pignanelli M, Bogiatzi C, Gloor G, et al. Moderate Renal Impairment
and toxic metabolites produced by the intestinal microbiome: dietary impli-
cations. J Ren Nutr. 2019;29:55-64.


http://refhub.elsevier.com/S1051-2276(19)30425-X/sref60
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref60
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref60
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref60
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref61
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref61
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref62
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref62
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref62
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref63
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref63
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref63
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref64
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref64
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref64
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref65
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref65
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref65
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref65
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref65
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref66
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref66
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref66
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref67
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref67
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref67
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref68
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref68
http://refhub.elsevier.com/S1051-2276(19)30425-X/sref68

	Differences and Effects of Metabolic Fate of Individual Amino Acid Loss in High-Efficiency Hemodialysis and Hemodiafiltration
	Introduction
	Methods
	Patients
	Study Design
	Extracorporeal Dialysis Procedures and Study of Nutritional Status
	Kinetics and Determination of Amino Acids
	Statistical Analysis

	Results
	Dialysis Adequacy
	Nutritional Status
	Comparison Between Healthy Subjects and Patients on Hemodialysis at the Time of Recruitment (T0)
	Variations Over Time (T0 vs. T12) of Dialysis Patient Parameters
	Behavior of Amino Acids According to Category
	Essential Amino Acids
	Nonessential Amino Acids
	Branched-Chain Amino Acids
	Changes in Plasma Amino Acids After 12 Months of Dialysis

	Discussion
	Amino Acid Loss and Metabolic Consequences

	Pratical Application
	Acknowledgments
	References


