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Introduction: Skeletal muscle loss is common in patients with renal failure who receive maintenance

hemodialysis (MHD) therapy. Regular ingestion of protein-rich meals are recommended to help offset

muscle protein loss in MHD patients, but little is known about the anabolic potential of this strategy.

Methods: Eight MHD patients (age: 56 � 5 years; body mass index [BMI]: 32 � 2 kg/m2) and 8 nonuremic

control subjects (age: 50 � 2 years: BMI: 31 � 1 kg/m2) received primed continuous L-[ring-2H5]phenyl-

alanine and L-[1-13C]leucine infusions with blood and muscle biopsy sampling on a nondialysis day.

Participants consumed a mixed meal (546 kcal; 20-g protein, 59-g carbohydrates, 26-g fat) with protein

provided as L-[5,5,5-2H3]leucine-labeled eggs.

Results: Circulating dietary amino acid availability was reduced in MHD patients (41 � 5%) versus control

subjects (61 � 4%; P ¼ 0.03). Basal muscle caspase-3 protein content was elevated (P ¼ 0.03) and large

neutral amino acid transporter 1 (LAT1) protein content was reduced (P ¼ 0.02) in MHD patients versus

control subjects. Basal muscle protein synthesis (MPS) was w2-fold higher in MHD patients (0.030 �
0.005%/h) versus control subjects (0.014 � 0.003%/h) (P ¼ 0.01). Meal ingestion failed to increase MPS in

MHD patients (absolute change from basal: 0.0003 � 0.007%/h), but stimulated MPS in control subjects

(0.009 � 0.002%/h; P ¼ 0.004).

Conclusions: MHD patients demonstrated muscle anabolic resistance to meal ingestion. This blunted

postprandial MPS response in MHD patients might be related to high basal MPS, which results in a

stimulatory ceiling effect and/or reduced plasma dietary amino acid availability after mixed-meal

ingestion.
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P
atients with chronic renal failure who are under-
going MHD experience a number of metabolic and

phenotypic derangements, including skeletal muscle
wasting.1 MHD patients lose w1- to 3-kg muscle mass
annually,2 and this results in reduced functional ca-
pacity3 and an increased risk for morbidity and
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mortality.4 The underlying mechanisms of skeletal
muscle wasting in MHD patients is not clear, but likely
involves several factors, including chronic inflamma-
tion, reduced protein intake, metabolic acidosis, insulin
resistance, hormonal abnormalities, increased substrate
oxidation, and a loss of nutrients and/or amino acids
during dialysis.5 Thus, identification of more effective
preventative strategies to attenuate muscle mass loss
are mandatory to improve the quality of life in in-
dividuals on MHD.6

It was previously demonstrated that dialysis treat-
ment leads to increased rates of forearm phenylalanine
uptake with even greater rates of phenylalanine
1403
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Table 1. Participant characteristics

Characteristics
MHD patients
(n [ 8)

Control subjects
(n [ 8) P value

Dialysis period (yr) 5 � 1 — —

Age (yr) 56 � 5 50 � 2 0.23

Male sex 6 (75%) 6 (75%) —

Weight (kg) 94 � 9 94 � 4 0.98

BMI (kg/m2) 32 � 2 31 � 1 0.56

Fat (%) 31 � 3 29 � 2 0.75

Lean body mass (kg) 61 � 5 65 � 4 0.58

Systolic BP (mm Hg) 144 � 5a 129 � 4 0.04

Diastolic BP (mm Hg) 78 � 4 83 � 6 0.77

Statins 4 (50) 0 (0) —

Blood metabolites

Fasting glucose (mg/dl) 95 � 11 89 � 3 0.57

HOMA-IR 3.9 � 0.9 4.0 � 0.6 0.57

Blood urea nitrogen (mg/dl) 32 � 3a 15 � 1 <0.001

Creatinine (mg/dl) 7.4 � 0.9a 1.1 � 0.1 <0.001

eGFR (ml/min per 1.73 m2) 9 � 1a 82 � 6 <0.001

Total CO2 (mEq/l) 23 � 2 21 � 1 0.40

C-reactive protein (mg/l) 12 � 3a 2 � 1 <0.01

Cortisol (mg/dl) 14 � 4 13 � 1 0.71

Albumin (g/dl) 3.6 � 0.1a 3.9 � 0.1 0.04

Co-morbidities

Hypertension 8 (100) 2 (25) —

Diabetes mellitus 1 (12.5) 0 (0) —

Obesity 4 (50) 4 (50) —

Secondary hyperparathyroidism 8 (100) 0 (0) —

Arthritis 8 (100) 0 (0) —
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release.7,8 This resulted in the overall negative forearm
phenylalanine balance.7 Hence, the dialysis procedure
itself is catabolic and induces a catabolic carryover for
several hours after dialysis,7 which may disturb skel-
etal muscle and whole body protein metabolism in
MHD patients. Moreover, dialysis treatment results in
w20% losses of circulating amino acids in the dialy-
sate.9,10 Collectively, this creates the need to replace
amino acids by protein ingestion during and/or after
dialysis. It is promising that intradialytic protein feeding
can mitigate some of the amino acid losses on the whole
body11,12 and forearm (indirect estimate of muscle)
level.11 However, due to concerns regarding patient
safety (e.g., increased risk of postprandial hypotension,
choking, infection, and so on) and staff burden,13 meal
consumption during dialysis is currently not part of
standard care in dialysis clinics in the USA.14 Therefore,
the ingestion of protein-rich meals in between dialysis
treatments is necessary to counterbalance the dialysis-
induced catabolism and achieve the current recom-
mended protein intakes (set at 1.2 g/kg body weight per
day) for MHD patients to limit muscle protein losses.15

However, the effectiveness of protein-rich meal inges-
tion in augmenting postprandial whole body and muscle
protein metabolic responses in MHD patients remains
undefined.

Therefore, the purpose of this study was to compare
basal and postprandial whole body leucine body ki-
netics, muscle anabolic�sensing mechanisms, markers of
muscle proteolysis, and myofibrillar protein synthesis
rates to mixed-meal ingestion in MHD patients on a
nondialysis day, and to compare these outcomes with
age- BMI-matched control subjects. We specifically
produced intrinsically L-[5,5,5-2H3]leucine-labeled eggs16

to combine with primed constant infusion methods of
stable isotope amino acid tracers. We hypothesized that
mixed-meal ingestion would result in impaired dietary
protein digestion and absorption kinetics in MHD pa-
tients compared with the control group.17 Similar to
other anabolic resistant populations,18–21 we further
hypothesized that the phosphorylation of anabolic and
nutrient sensing mechanisms (i.e., mammalian target of
rapamycin complex 1 [mTORC1] signaling and muscle
LAT1 protein content) and muscle protein synthesis
(MPS) rates in response to feeding would be diminished
in MHD patients compared with the control group.
Neuropathy 2 (25) 0 (0) —

History of cardiovascular disease 2 (25) 1 (12.5) —

Hematological disease 2 (25) 0 (0) —

Gastroesophageal reflux disease 1 (12.5) 0 (0) —

Liver disease 2 (25) 0 (0) —

BMI, body mass index; BP, blood pressure; CO2, carbon dioxide; eGFR, estimated
glomerular filtration rate; HOMA-IR, homeostasis model assessment of insulin
resistance.
Data are mean � SEMs or no. (%).
aSignificantly different between groups.
METHODS

Participants and Ethical Approval

Eight MHD patients (mean � SEM: age: 56 � 5 years;
BMI: 32 � 2 kg/m2) and 8 control subjects (mean �
SEM: age: 50 � 2 years; BMI: 31 � 1 kg/m2) vol-
unteered for this study. The participants were matched
1404
for age, sex, BMI, and insulin resistance as defined by
the homeostasis model assessment of insulin resistance.
Participant characteristics are presented in Table 1.
MHD patients and control participants were deemed
eligible based on responses to a routine medical
screening questionnaire and routine blood panels (see
details in the following). All participants were
informed about the experimental procedures, the pur-
pose of the study, and all potential risks before giving
written consent. Participants had no history of
participating in stable isotope amino acid tracer ex-
periments. For MHD patients, we requested physician
clearance from their nephrologist to further ensure it
was safe for the patient to participate in this study. The
study was approved by the Institutional Review Board
at University of Illinois at Urbana-Champaign and
conformed to standards for the use of human partici-
pants in research as outlined in the seventh revision of
the Declaration of Helsinki.
Kidney International Reports (2018) 3, 1403–1415
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Screening Protocol

Body weight and height were measured, as well as
body composition, by dual-energy x-ray absorptiome-
try (Hologic QDR 4500A, Bedford, MA). Participants
were instructed to refrain from vigorous physical ac-
tivity for 3 days before each trial and to maintain their
habitual dietary pattern. Furthermore, MHD patients
were instructed to maintain daily medication as pre-
scribed by their healthcare provider. A single excep-
tion was made for 1 diabetic MHD patient, who
refrained from insulin injection during the infusion
trial. The classes of medications of the MHD patients
were as follows: phosphatase binders (n ¼ 8), calcimi-
metics (n ¼ 8), angiotensin-converting enzyme in-
hibitors (n ¼ 6), nonsteroidal anti-inflammatory drugs
(n ¼ 6), b-blockers (n ¼ 4), calcium channel blockers
(n ¼ 4), diuretics (n ¼ 4), statins (n ¼ 4), proton pump
inhibitors (n ¼ 3), xanthine oxidase inhibitors (anti-
gout) (n ¼ 3), opioids (n ¼ 3), vasodilators (n ¼ 2),
P2Y12 (platelet) inhibitors (n ¼ 2), serotonin-reuptake
inhibitors (antidepressants) (n ¼ 2), antihistamine
(n ¼ 1), prokinetic (n ¼ 1), and immunosuppressant
(n ¼ 1). The classes of medications of the control
subjects were nonsteroidal anti-inflammatory drugs
(n ¼ 2).

All participants consumed a standardized meal of the
same composition (320 kcal; 22-g protein, 43-g carbo-
hydrates, 7-g fat) the evening before the infusion trial
and were instructed to remain fasted. A 2-day dietary
recall was performed using dietary analysis software
(Nutritionist Pro, version 2.1.13, Axxya Systems,
Redmond, WA). Average 2-day protein intake tended
to be lower in MHD patients (0.9 � 0.14 g/kg body
weight per day) compared with control subjects (1.14
� 0.05 g/kg body weight per day) (P ¼ 0.07) with no
differences in other macronutrients (all P > 0.05)
(Supplementary Table S1).

Infusion Protocol

On the day of the infusion trial, participants reported
to the laboratory at 7:00 AM after an overnight fast.
MHD patients were studied approximately 24 hours
after their previous dialysis treatment. A Teflon cath-
eter was inserted into an antecubital vein for baseline
blood sample collection (t ¼ �180 minutes), after
which participants received priming doses of labeled
isotopic bicarbonate (2.35 mmol/kg), L-[1-13C]leucine
(7.6 mmol/kg fat-free mass), and L-[ring-2H5]phenylalanine
(2.0 mmol/kg fat-free mass). Subsequently, a continuous
i.v. infusion of L-[1-13C]leucine (0.10 mmol/kg fat-free
mass per minute) and L-[ring-2H5]phenylalanine (0.05
mmol/kg fat-free mass per minute) was initiated
(t ¼ �180 minutes) and maintained until the end of the
trial. A second Teflon catheter was inserted into a
Kidney International Reports (2018) 3, 1403–1415
heated dorsal hand vein of the same arm for repeated
arterialized blood sampling and remained patent by a
0.9% saline drip. In the postabsorptive state, muscle
biopsies were collected at t ¼ �120 and 0 minutes of the
infusion. Biopsies were collected from the middle region
of the vastus lateralis (15 cm above the patella) with a
Bergström needle modified for suction under local anes-
thesia (2% lidocaine). The postabsorptive muscle bi-
opsies were collected from the same incision with the
needle pointed in the distal and proximal directions,
respectively. Subsequently, participants consumed a
mixed meal (see details in the following), and the
completion of the meal marked the start of the post-
prandial phase (t ¼ 0 minute). An additional muscle
biopsy was collected at 300 minutes to determine muscle-
related outcomes. The postprandial muscle biopsy was
collected through a separate incision 2 to 3 cm above the
postabsorptive incision. All biopsy samples were freed
from any visible blood, adipose, and connective tissue,
and immediately frozen in liquid nitrogen and stored
at �80�C until subsequent analysis.

Breath samples and arterialized blood samples were
collected every 30 or 60 minutes during the post-
absorptive and postprandial states. Total carbon diox-
ide production rates were measured with a metabolic
cart (TrueOne 2400, ParvoMedics, Sandy, UT) at reg-
ular intervals throughout the infusion trials. The blood
samples were immediately analyzed for whole blood
glucose concentrations (2300 Stat Plus, YSI Life Sci-
ences, Springs, OH) and subsequently centrifuged at
3000g for 10 minutes at 4 �C. Aliquots of plasma were
frozen and stored at �80 �C until subsequent analysis.
The breath samples were collected in 10-ml vacutainers
and stored at 20 �C until subsequent determination of
carbon-13C dioxide enrichment by isotope ratio mass
spectrometry (IDmicro Breath, Compact Science Sys-
tems Ltd, Newcastle-Under-Lyme, UK).

Meal Composition

Participants ingested a meal consisting of 3 scrambled
L-[5,5,5-2H3]leucine-labeled eggs, 1 slice of toastedwhite
bread, 300 ml of apple juice, and 10 g of cow butter (546
kcal; 20-g protein, 59-g carbohydrates, 26-g fat). We
chose this meal as a typical breakfast recommended for
this patient population.22 The intrinsically L-[5,5,5-2H3]
leucine-labeled eggs were specifically produced by
supplementing the diet of laying hens (Lohmann LSL
Whites) with 0.3% L-[5,5,5-2H3]leucine as described
previously.16 The L-[5,5,5-2H3]leucine enrichment of the
eggs was determined by gas chromatography mass
spectrometry (GC-MS) and averaged 13.1 mole percent
excess (MPE). Proximate analyses for protein, lipid, and
carbohydrate concentrations of the eggs were deter-
mined using the combustion method (method 990.03;
1405
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AOAC International, 2000; TruMac; LECO Corp., Saint
Joseph, MI).16 For the other foods, macronutrient
composition was determined from their respective food
labels. Leucine content of the whole eggs (1.6 g for 3
eggs) were determined by GC-MS with integration of
amino acid peak areas compared with an internal stan-
dard (DL-p-chlorophenylalanine) using the AMDIS
software package (v. 2.71; NIST, Gaithersburg, MD).23

Blood Analyses

Bloodmetabolites were determined using a point-of-care
chemistry analyzer (Piccolo Xpress Chemistry Analyzer;
Abaxis, Union City, CA). Plasma insulin, cortisol, and
high-sensitivity C-reactive protein concentrations were
determined using a commercially available enzyme-
linked immunosorbent assays (Alpco Diagnostics;
Salem, NH). Plasma amino acid concentrations and
tracer enrichments were determined by GC-MS analysis
(Agilent 7890A GC/5975C; MSD, Little Falls, DE) as
described in our previous work.16 Briefly, plasma sam-
ples were prepared for amino acid analysis using a
mixture of isopropanol/acetonitrile/water (3:3:2, v/v)
and centrifuged at 20,000g for 10 minutes at 4 �C. Sub-
sequently, the supernatant was dried and the amino
acids converted into tert-butyldimethylsilyl (t-BDMS)
derivatives before GC-MS analysis. Plasma L-[1-13C]
leucine and L-[5,5,5-2H3]leucine enrichments were
determined by ion monitoring at mass/charge (m/z) ra-
tios of 302 (m þ 0), 303 (m þ 1), and 305 (m þ 3) with
m þ 0 representing the lowest molecule weight of the
ion, or unlabeled leucine. For L-[ring-2H5]phenylalanine,
m/z 336 (m þ 0) and 341 (m þ 5) were monitored for
unlabeled and labeled phenylalanine, respectively.
Plasma enrichments of the t-BDMS derivative of a-[13C]-
ketoisocaproate were measured by GC-MS analysis by
ion monitoring atm/z ratios 232 (mþ 0) and 233 (mþ 1).
The plasma leucine concentrations were determined by
integrating amino acid peak areas in comparison to U-
[13C6]leucine as an internal standard using the AMDIS
software package (v. 2.71; NIST).23

Muscle Analysis

Myofibrillar protein�enriched fractions were isolated
from w50 mg of wet tissue and analyzed as described in
our previous work.24 Briefly, myofibrillar-enriched pro-
tein pellets were hydrolyzed overnight in 6 M hydro-
chloride at 110�C. The resultant free amino acids were
purified using cation exchange chromatography (Dowex
50W-X8-200 resin; Acros Organics, Geel, Belgium) and
dried under vacuum. Free amino acids were re-
suspended in 60% methanol and centrifuged before the
myofibrillar protein�bound enrichments were deter-
mined by 5500 QTRAP liquid chromatography-tandem
mass spectrometry (Sciex, Framingham, MA). The
1406
myofibrillar protein�bound L-[ring-2H5]phenylalanine
enrichments were determined by multiple reaction
monitoring (MRM) at m/z 166.0 to 103.0 and 171.0 to
106.0 for unlabeled and labeled L-[ring-2H5]phenylala-
nine, respectively. Sciex Software Analyst 1.6.2 was used
for data acquisition and analysis.

Western Blotting

A portion of whole muscle homogenates isolated during
the myofibrillar protein extractions were used for ex-
amination of static snapshots of anabolic signaling
mechanisms and proteolysis by Western blotting anal-
ysis as described in our previous work.24 The antibodies
used to determine total protein content of mTOR at
Ser2448 (cat. 2972), caspase-3 (cat. 9662S), and ubiquitin
(cat. 3933) and phosphorylation of mTOR at Ser2448 (cat.
2971) were purchased from Cell Signaling Technology
(Danvers, MA). Membranes from the respective proteins
were incubated with appropriate secondary antibodies,
and protein content was detected using West Femto
Maximum Sensitivity substrate (SuperSignal, Thermo
Scientific, Waltham, MA) and the ChemiDoc XRSþ Im-
aging System (Bio-rad, Hercules, CA). After detection of
phosphorylation of mTOR at Ser2448, membranes were
stripped with Western blot stripping buffer (Restore;
Thermo Scientific) and reincubated with the antibody
against total protein content of mTOR. Bands were
quantified using ImageJ software (Protein Simple, San
Jose, CA) and normalized to Ponceau S staining; this
approach was validated as an alternative loading control
(e.g., a-actin) for Western blot analysis.25,26 In addition,
data were standardized to a control sample included on
each blot to account for interblot variability.

Calculations

Whole body leucine kinetics were assessed under
nonsteady conditions by ingestion of L-[5,5,5-2H3]
leucine eggs combined with i.v. infusion of L-[1-13C]
leucine. Total, exogenous (i.e., from dietary sources),
and endogenous (i.e., breakdown) leucine rates of
appearance and disappearance (i.e., synthesis) were
calculated using modified Steele equations,27,28 as
described in our previous work.24 Myofibrillar protein
fractional synthesis rates (FSRs), a direct measurement
of protein synthesis, were calculated using the stan-
dard precursor-product equation by dividing the
increment in L-[ring-2H5]-phenylalanine enrichment in
the myofibrillar protein pool by the weighted average
of L-[ring-2H5]-phenylalanine enrichment in the plasma
precursor pool over time.

Statistics

A power calculation based on previous research29 that
assessed the feeding-mediated stimulation of myofibrillar
Kidney International Reports (2018) 3, 1403–1415
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protein synthesis rates showed that n ¼ 6 was sufficient
to detect differences between groups when using a
2-sided statistical test (P < 0.05, 95% power, f ¼ 0.86;
G*power version 3.1.9.3). Considering a potential
dropout rate of 20% during the protocol, the final
number of participants recruited was 8 per group. Dif-
ferences in participant characteristics, dietary intakes,
within group FSRs, and net area under the time curves
were analyzed by unpaired Student’s t-test. Differences
in time-dependent blood and muscle measurements were
tested by 2-factor (time � condition) repeated measures
analysis of variance. When significant interaction effects
were identified in the analysis of variance, Tukey post
hoc tests were performed to determine the differences
between means for all significant main effects and in-
teractions. For all analysis, differences were considered
significant at P < 0.05. All calculations were performed
using SPSS Statistics (version 24; IBM, Armonk, NY). All
data are expressed as mean � SEMs.

RESULTS

Plasma Metabolites

Plasma leucine concentrations increased after meal con-
sumption in both groups (P < 0.001) (Figure 1a). How-
ever, plasma leucine concentrations were lower in MHD
patients compared with control subjects (P ¼ 0.04).
Plasma glucose concentrations increased after meal con-
sumption (P< 0.001) to a greater extent in MHD patients
compared with control subjects (P ¼ 0.05) (Figure 1b).
Plasma insulin concentrations increased after mixed-meal
ingestion (P < 0.001) with no differences between
groups (P ¼ 0.29) (Figure 1c).

Plasma Tracers and Whole Body Leucine

Kinetics

Plasma L-[5,5,5-2H3]leucine enrichments increased to a
greater extent between 90 and 180 minutes in the
control group compared with the MHD patients (P <
0.05) (Figure 2a). Plasma L-[1-13C]leucine enrichments
decreased after meal ingestion (P ¼ 0.02), with no
differences between groups (P ¼ 0.78) (Figure 2b).
Plasma a-[13C]ketoisocaproate enrichments increased
after meal ingestion (P < 0.001) to a greater extent in
control subjects compared with MHD patients (P ¼
0.04) (Figure 2c). Plasma L-[ring-2H5]phenylalanine en-
richments decreased after mixed-meal ingestion (P ¼
0.003), with no differences between groups (P ¼ 0.71)
(Figure 2d).

Exogenous leucine rates of appearance (representing
the appearance of dietary protein�derived leucine into
circulation) increased after mixed-meal consumption
(P < 0.001). (Figure 3a). Exogenous leucine appearance
rates were higher between 90 and 300 minutes after
mixed-meal ingestion in the control subjects compared
Kidney International Reports (2018) 3, 1403–1415
with MHD patients (P < 0.05). As such, the amount of
dietary protein�derived leucine that appeared in cir-
culation throughout the 0- to 5-hour postprandial
period was reduced in MHD patients (41 � 5%)
compared with control subjects (61 � 4%) (P ¼ 0.03)
(Figure 3b). Endogenous leucine rates of appearance
(which represented the appearance of leucine derived
from whole body protein breakdown into the circula-
tion) decreased after meal consumption (P < 0.001),
with no differences between groups (P ¼ 0.41)
(Figure 4a). Total leucine rates of appearance increased
after meal consumption (P ¼ 0.01), with no differences
between groups (P ¼ 0.94) (Figure 4b). Total leucine
rates of disappearance tended to increase after meal
consumption (P ¼ 0.08), with no differences between
MHD patients and control subjects (P ¼ 0.86)
(Figure 4c).

Area under the curves of fasted and fed rates of
whole body protein breakdown, synthesis, oxidation,
and net balance are presented in Figure 5. Whole body
protein breakdown rates decreased after meal con-
sumption (P < 0.001), with no differences between
groups (P ¼ 0.63). Whole body protein synthesis rates
remained unchanged after meal consumption (P ¼
0.33), with no differences between groups (P ¼ 0.55).
Whole body oxidation rates increased after meal con-
sumption (P ¼ 0.03), with no differences between
MHD patients and control subjects (P ¼ 0.12). How-
ever, whole body oxidation rates were lower overall in
MHD patients compared with control subjects (P ¼
0.04). Whole body net protein balance after mixed-
meal consumption tended to increase to a greater
extent in control subjects than that in MHD patients
(P ¼ 0.07).

Muscle Anabolic Signaling and Amino Acid

Transporters

Skeletal muscle LAT1 protein content was reduced in
MHD patients compared with control subjects (P ¼
0.016) (Figure 6a). There was no change in muscle
LAT1 protein content after mixed-meal ingestion in
MHD patients or control subjects (P ¼ 0.99). There
were no differences in the relative content of total
mTORC1 protein between the MHD patients and the
control group (P ¼ 0.34). Moreover, mTORC1 phos-
phorylation did not differ from baseline after mixed-
meal ingestion in the MHD patients or the control
group (P ¼ 0.61) or between groups (P ¼ 0.40)
(Figure 6b). Representative blots are shown in
Supplementary Figure S1.

Muscle Proteolysis

Relative muscle caspase-3 protein content in the basal
state was elevated in MHD patients compared with
1407



Figure 1. Plasma leucine (in micromoles per liter) (a), blood glucose (in milligram per deciliter) (b), and plasma insulin concentrations
(in micro�International Units per milliliter) (c) in the basal state and after mixed-meal ingestion in maintenance hemodialysis (MHD) patients
(n ¼ 8) and control subjects (n ¼ 8). Insets show the areas under the time curves (AUC) for the fed state. Dashed lines refer to meal ingestion.
Data are mean � SEMs. *Significantly different compared with MHD at that time point. Insets: all P > 0.05.
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control subjects (P ¼ 0.033). There was trend for muscle
caspase-3 protein contents to be different in the fed state
between MHD patients and control subjects (P ¼ 0.08).
Mixed-meal ingestion did not change muscle caspase-3
protein content in MHD patients or control subjects
(P ¼ 0.85) (Figure 7b). Muscle ubiquitin protein content
was not different between MHD patients and control
subjects (P ¼ 0.23) (Figure 7c). Representative blots are
shown in Supplementary Figure S2.

Myofibrillar Protein Synthesis

Basal rates of myofibrillar protein synthesis were
w2-fold higher in MHD patients compared with con-
trol subjects (P ¼ 0.001) (Figure 8). Meal ingestion did
1408
not increase myofibrillar protein synthesis rates in
MHD patients (absolute change from basal: 0.0003 �
0.005%/h) or control subjects (0.009 � 0.002%/h) (P ¼
0.20). There was a trend for the 0- to 5-hour post-
prandial myofibrillar protein synthetic to be greater in
the MHD patients versus the control group (P ¼ 0.07).
Due to the strong main effect of MHD on FSRs within
the 2-factor analysis of variance, we ran a paired t-test
to assess and isolate the effectiveness of our feeding
intervention to elicit an increase in postprandial
myofibrillar protein synthesis rates in the control
group. Using this approach, we observed an increase in
postprandial myofibrillar protein synthesis above basal
after mixed-meal ingestion in the control subjects
Kidney International Reports (2018) 3, 1403–1415



Figure 2. Plasma L-[5,5,5-2H3]leucine (a), L-[1-13C]leucine (b), a-[13C]-ketoisocaproate (c), and L-[ring-2H5]phenylalanine (d) enrichments over
time in the basal state and after meal consumption in maintenance hemodialysis (MHD) patients (n ¼ 8) and control subjects (n ¼ 8). Dashed
lines refer to meal ingestion. Data are expressed as mole percent excess (MPE) (a,b,d) and atom percent excess (APE) (c). Data are mean �
SEMs. *Significantly different compared with MHD at that time point.
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(t-test: P ¼ 0.004) but not in the MHD patients (t-test:
P ¼ 0.93).

DISCUSSION

The frequent ingestion of protein-rich meals is recom-
mended to achieve higher daily protein intakes to
Figure 3. Exogenous leucine rate of appearance (Ra), index of protein digesti
amount of dietary protein�derived amino acids that appeared in circulation (p
sumption) (b) after mixed-meal ingestion in maintenance hemodialysis (MHD) p
meal ingestion. Gray shapes denote individual data in each group. Data are mea
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offset net muscle protein loss in MHD patients.22

However, there are major gaps in our knowledge of
how skeletal muscle mass is regulated by protein
ingestion in MHD patients. This represents a significant
challenge when attempting to design nutritional stra-
tegies to prevent muscle wasting in this patient group.
on and absorption kinetics (in nanomole leucine/kg per min) (a), and the
ercentage dietary leucine that appeared in the plasma after meal con-
atients (n¼ 8) and control subjects (n¼ 8). Dashed line refers to mixed-
n� SEMs. *Significantly different comparedwithMHD at that time point.
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Figure 4. Endogenous leucine rate of appearance (Ra) (a), total
leucine Ra (b), and total leucine Rd (c) over time in the basal state
and after meal consumption in maintenance hemodialysis (MHD)
patients (n ¼ 8) and control subjects (n ¼ 8). Dashed lines refer to
meal ingestion. Data are mean � SEMs.

Figure 5. Whole-body leucine metabolism shown as the area under
the curve of endogenous rate of appearance (marker of protein
breakdown), nonoxidative leucine disposal (marker of protein syn-
thesis), leucine oxidation (oxidation), and net leucine balance in the
basal state and after meal consumption in maintenance hemodial-
ysis (MHD) patients (n ¼ 8) and control subjects (n ¼ 8). Dashed line
refers to meal ingestion. Data are mean � SEMs.

CLINICAL RESEARCH S van Vliet et al.: Postprandial Protein Handling in MHD Patients
We demonstrated that skeletal muscle subject to MHD
is overstimulated in the basal state because myofibrillar
protein synthesis rates are elevated w2-fold (coupled
with increased proteolysis) compared with age- and
BMI-matched control subjects. Moreover, dietary
1410
protein�derived amino acid availability in circulation
and the postprandial myofibrillar protein synthetic
response were impaired in individuals in MHD patients
versus control subjects.

We chose to fractionate and target the synthetic
rates of the myofibrillar fraction because this protein
pool accounts for approximately 60% to 65% of all
skeletal muscle proteins, represents the major force
producing units in muscle, and is extremely sensitive
to dietary amino acids in circulation in humans.30,31 We
demonstrated that basal myofibillar protein synthesis
rates are elevated in MHD patients versus control
subjects (Figure 8). It was shown that postabsorptive
MPS rates are directly, and inversely, linked to the
magnitude of stimulation of postprandial MPS rates
after protein ingestion in other anabolic resistant
populations (e.g., the aging).21 In our work, basal-state
myofibrillar protein synthesis rates in MHD patients
were likely nearing a stimulatory ceiling or an upper
physiological limit, and this might explain the inability
of dietary amino acids in circulation to signal a robust
rise in the postprandial muscle protein synthetic
response in MHD patients compared with control
subjects. Previous work showed that the intradialytic
period is characterized by increased mixed MPS rates32

and results in net efflux of amino acids from skeletal
muscle.7,8 The efflux of amino acids from proteolysis is
likely the result of increased demand for amino acids
by visceral organs (particularly, the splanchnic region)
during hemodialysis.33 Our work could indicate a
Kidney International Reports (2018) 3, 1403–1415



Figure 6. Muscle protein content of large neutral amino acid
transporter (LAT1) (a) and phosphorylation of mammalian target of
rapamycin complex 1 (mTORC1) at Ser2448 (b) before and after
mixed-meal ingestion in maintenance hemodialysis (MHD) patients
(n ¼ 8) and control subjects (n ¼ 8). Data are mean � SEMs. AU,
arbitrary units. *Significantly different compared with MHD at that
time point.

Figure 7. Muscle protein content for caspase-3 (a) and ubiquitin (b)
before and after mixed-meal ingestion in maintenance hemodialysis
(MHD) patients (n ¼ 8) and control subjects (n ¼ 8). Data are
mean � SEMs. AU, arbitrary units. *Significantly different compared
with MHD at that time point.
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catabolic carryover from hemodialysis into nontreat-
ment days, and thus might contribute to the observed
dysregulated muscle protein metabolic responses in
MHD patients. Importantly, this interorgan amino acid
exchange is generally masked on a whole body level,
and similar to others,7,8 we observed marked distur-
bances in muscle protein kinetics with no apparent
differences in whole body protein breakdown, syn-
thesis, or net balance (Figure 5).

In this study, we did not directly measure muscle
protein breakdown rates, and instead relied on static
markers of muscle proteolysis. This was due to the fact
that the modeling of muscle fractional protein break-
down rates is problematic without a physiological
steady-state, and there is no method to measure frac-
tional protein breakdown rates within specific muscle
protein fractions (i.e., myofibillar protein pool). How-
ever, examination of static snapshots of proteolysis
Kidney International Reports (2018) 3, 1403–1415
revealed that the relative protein content of caspase-3 is
elevated in MHD patients compared with control sub-
jects (Figure 7). Moreover, MPS and breakdown rates
were shown to be interconnected in healthy adults34

and in MHD patients.32 Thus, we interpreted our find-
ings of elevated basal myofibrillar protein synthesis rates
and increased muscle caspase-3 protein content in MHD
patients as evidence of persistent hypercatabolism, which
could be the result of a variety of end-stage renal
disease�related factors, such as a direct catabolic carry-
over effect of the dialysis procedure itself,7,8 several co-
morbidities (including chronic systemic inflammation),35

secondary hyperparathyroidism,36 and/or medication use
(e.g., statins).37

To offset the hemodialysis-induced catabolic state, the
ingestion of protein-rich meals in between dialysis
treatments is recommended as the main strategy to limit
muscle protein losses.15 We demonstrated an anabolic
1411



Figure 8. Myofibrillar protein synthesis (a) expressed as the frac-
tional synthesis rate (FSR) before (basal) and after mixed meal
ingestion in MHD patients (n ¼ 8) and control subjects (n ¼ 8). In-
dividual data for the myofibrillar protein synthesis responses in MHD
patients and control subjects (b). *Significantly different compared
with MHD at that time point. Note different scales on y-axes be-
tween graphs. †Significantly different from basal.
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resistance of myofibrillar protein synthesis rates after the
ingestion of a typical recommended breakfast (containing
20 g protein and 546 kcal) for this patient population.22

The postprandial protein�derived amino acid availabil-
ity in circulation after the ingestion of a meal is an
important determinant of MPS rates.38,39 We demon-
strated that the postprandial release of dietary amino
acids into the circulation was reduced in MHD patients
compared with control subjects. As a result, the total
amount of protein-derived amino acid availability in
1412
circulation was lower in MHD patents (41 � 5%)
compared with control subjects (61 � 4%) throughout
the postprandial period. This notion was further sup-
ported by peak plasma leucine concentrations that were
approximately 14% lower in the MHD patients, with no
differences in total whole body amino acid flux rates or
plasma distribution volumes for leucine, compared with
control subjects. This implied that impairments in protein
digestion, amino acid absorption, and/or increased
splanchnic sequestration of amino acids were other po-
tential factors that might provide an explanation for why
feeding failed to elicit a postprandial rise in myofibrilllar
protein synthesis rates in these patients. However, MHD-
related increases in splanchnic sequestration (namely, in
the gut and liver) of amino acids might be the most
prevalent site of dysregulation. MHD patients are
commonly characterized by several splanchnic abnor-
malities, such as intestinal small bacterial overgrowth,40

gut microbiome alterations,41 gastrointestinal inflamma-
tion,42 gut motility disorders,43 hypergastrinemia,44 and
increased hepatic protein synthesis rates.8 All these
MHD-related factors have the potential to contribute to
the lower postprandial protein�derived amino acid
availability in circulation after eating a protein-
containing meal. Moreover, similar observations of
increased first-pass splanchnic extraction of dietary
amino acids (leucine) were shown with aging,45 and this
population also demonstrated chronic low-grade inflam-
mation. The potential mechanisms underpinning the age-
related increase in splanchnic sequestration of amino
acidswas suggested as being related to increased gut and/
or liver protein synthesis, increased amino acid extrac-
tion by resident macrophages in the liver, or altered
leucine aminotransferase activity in splanchnic tissues.46

Similar mechanisms might be in play in MHD patients,
but more work is required to confirm any of the pre-
ceding speculations.

Wemeasured relevant nutrient-sensing and anabolic-
signaling mechanisms in muscle to probe other factors
that might underpin the anabolic resistance in patients
on MHD. We showed that both basal and fed-state
muscle LAT1 protein content was reduced in MHD
patients compared with control subjects. LAT1 is an
amino acid transporter that is found in close proximity
to capillaries47; it imports leucine and other amino acids
into muscle cells via glutamine exchange.47,48 Previ-
ously, it was demonstrated that MHD patients have
higher muscle and/or plasma gradients compared with
control subjects,49 which might indicate a failure to
effectively export glutamine frommuscle cells, which in
turn, interferes with effective leucine import into
muscle cells. Alternatively, the lower skeletal muscle
LAT1 protein content in MHD patients could simply be
related to the lower plasma leucine concentrations in
Kidney International Reports (2018) 3, 1403–1415
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this patient population. Thus, it remains to be estab-
lished if an MHD-related reduction in muscle LAT1
protein content represents a relevant site of impairment.
Moreover, fed-state mTORC1 phosphorylation did not
differ between the MHD patients and control subjects
(Figure 6). The lack of observed effect of mTORC1
phosphorylation between MHD patients and control
subjects might be related to the timing of the post-
prandial muscle biopsies, which was designed for the
FSR measurement, as opposed to capturing optimal
anabolic-signaling mechanisms.50 Specifically, mTORC1
phosphorylation is more robust early (1�2 hours) after a
feeding stimulus.50 Moreover, total protein content via
Western blot did not provide insight into the intracel-
lular localization of these transporters nor did their ac-
tivity level and/or transport capacity. Thus, it is unclear
if the lower LAT1 protein content in MHD might have
contributed to the lack of postprandial myofibrillar
protein synthetic response via an attenuated uptake of
dietary amino acids. Raj et al.32 reported that the dialysis
procedure did not affect leucine inward transport into
MHD muscles, although without a control group, it was
not possible to isolate if problems existed in amino acid
transport capacity in this patient population. Thus,
additional research is warranted to elucidate the mech-
anism(s) by which MHD skeletal muscle becomes ana-
bolically resistant to dietary amino acids in circulation.

From a methodical perspective, our experimental
design of combining the ingestion of intrinsically
L-[5,5,5-2H3]leucine-labeled eggs with primed constant
infusions of L-[1-13C]leucine and L-[ring-2H5]phenylal-
anine allowed us to calculate the release of dietary
protein�derived amino acids into circulation and the
subsequent postprandial myofibrillar protein synthetic
response in MHD patients and control subjects. Specif-
ically, the i.v. infusion of L-[1-13C]leucine was used to
determine total leucine flux and leucine oxidation rates.
The orally ingested L-[5,5,5-2H3]leucine allowed us to
determine the rate of dietary protein�derived leucine
into circulation (exogenous appearance rates) by
repeated measurements of plasma leucine concentra-
tions and enrichments throughout the postprandial
period. As such, this methodology did not assess the
true rate of dietary protein�derived amino acid ab-
sorption, and our findings were restricted to the
assessed 5-hour postprandial period. Hence, our meth-
odology did not allow us to determine if the impaired
postprandial release of dietary amino acids into circu-
lation in MHD patients was due to (i) incomplete
digestion of dietary protein; (ii) increased splanchnic
(i.e., gut and liver) amino acid uptake; or (iii) continued
release of dietary protein�derived amino acids into the
circulation after the measured 5-hour postprandial phase.
In addition, the measurement of the increment of the
Kidney International Reports (2018) 3, 1403–1415
myofibrillar protein bound L-[ring-2H5]phenylalanine
enrichment allowed us to calculate myofibrillar protein
fractional synthetic rates, which is the most direct mea-
surement of MPS (contractile) rates. Human MPS rates
were shown to be influenced by a number of factors, such
as age,21 obesity,29 insulin resistance,51 metabolic
acidosis,52 and habitual physical activity level.34 To rule
out the influence of several nonuremic factors onMPS, we
intentionally recruited sedentary control subjects who
were matched for age, sex, and the presence of obesity and
insulin resistance. In addition, theMHD patients recruited
for this study had metabolic acidosis corrected through
routine bicarbonate supplementation. To confirm the
absence of metabolic acidosis in MHD patients, plasma
total carbon dioxide, which is a widely accepted clinical
measurement of blood acid balance,53 revealed normal
values in both the MHD patients (23 � 2 mEq/l) and
control subjects (21� 1 mEq/l) (P¼ 0.40) (Table 1). Thus,
there is a clear defect in basal and postprandial myofi-
brillar protein synthesis rates in adults who receive MHD
that cannot be explained by these extrinsic factors.

In conclusion, our data provided the first mecha-
nistic basis into how dietary protein is handled in
response to mixed-meal ingestion in MHD patients. We
demonstrated that MPS rates in MHD patients are
overstimulated in the basal state and muscle anabolic
resistance to mixed-meal ingestion compared with age-
and BMI-matched control subjects. This suggested that
merely feeding a high protein meal is not a sufficient
strategy to prevent muscle wasting in MHD patients.
Studies are needed to identify if reducing the inflam-
matory and/or uremic milieu can restore the anabolic
potential of feeding in MHD patients.
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