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Introduction and aim of the thesis 11

The central theme of this thesis is the concept that it is possible to improve the
nutritional state of patients with chronic renal failure undergoing peritoneal
dialysis by adding nutrients to the dialysis fluid.

Peritoneal dialysis

In 1923 Ganter performed the first peritoneal dialysis (PD) in a woman with renal
failure! It was only in the 1960s that PD became an accepted renal replacement
treatment in end-stage renal failure.? Following the introduction of continuous
ambulatory PD (CAPD) in 1975 by Popovich and Monrief, and the introduction
of automated PD (APD) in 1980,*% the number of PD patients increased rapidly
worldwide. In the Netherlands, 25.7% of dialysis patients were on PD in 2005.5 In
CAPD 2 liters of fresh dialysis fluid are usually infused into the abdomen via a
peritoneal catheter. After a dwell time of 4 to 8 h, during which retained body fluid
and metabolites diffuse from the blood into the peritoneal cavity and vice versa, the
dialysis fluid is drained. After drainage, fresh dialysis fluid is infused. A common
prescription for CAPD is three to four exchanges during daytime and one long
(usually 6 to 12 h) overnight exchange. In contrast, in APD an automated cycler
regulates the infusions of the dialysis solutions (usually 2 liters) into the abdominal
cavity. The cycler is programmed to perform three to four (or more) exchanges
during the night. In the morning, 2 to 2.5 liters of fluid is left in the abdomen for
12 to 16 h. There is usually no additional exchange during the daytime, but in some
patients one or two additional exchanges are performed during the day to improve
clearance or ultrafiltration.

Ideally, a peritoneal dialysis solution should have a maximal and sustained
ultrafiltration capacityanda predictable solute clearance, with minimal absorption
of the osmotic agents, and deliver aminimal caloric load; it should have no systemic
toxicity, it should not accumulate in the body or in body compartments, it should
be non-toxic to the peritoneum, non-immunogenic, and it should be easy and
inexpensive to manufacture.” The first solute in PD fluid to be used commercially
on a large scale was glucose. However, it did not fulfill all requirements. After the
first commercial dialysis solution became available in 1959, several substances
including glycerol, amino acids, and various mixtures of low molecular weight
osmotic agents as well as the high molecular weight icodextrin have been studied
asalternatives to glucose.”® Despite the long-term disadvantages of glucose such as
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obesity, hyperglycemia, hypertriglyceridemia and bioincompatibility, it is still the
most widely used osmotic agent for PD. The standard peritoneal dialysis solutions
contain 1.36%, 2.27% or 3.86% of anhydrous dextrose/glucose as an osmotic
agent in an aqueous solution of electrolytes similar to blood, which also contains
a buffer, usually either lactate or a combination of lactate and bicarbonate. In
spite of improvements in the composition of PD fluids and in the care of dialysis
patients, however, the morbidity and mortality rates remain high.® Atherosclerotic
cardiovascular disease is a major cause of morbidity and mortality in patients with
chronic renal failure, including those treated with dialysis.*** Among the many
factors that affect outcome in the PD population, malnutrition plays an important
role.!?* Since insufficient intake of protein and calories due to a poor appetite
and protein loss into the dialysate are major risk factors for the development of
malnutrition in PD patients, intraperitoneal provision of amino acids (AA) and
glucose (calories) is a logical approach to improve the nutritional state of these
patients. This will be outlined in the next sections.

Malnutrition in peritoneal dialysis patients

Protein and energy malnutrition (PEM) is common in patients with chronic
renal failure, including those undergoing peritoneal dialysis.® The reported
prevalence of PEM in PD patients varies from 18% to 56%, depending on the
characteristics of the included patients, the time on dialysis treatment, and
the nutritional assessment tools and nutritional markers used.®® There is
abundant evidence in patients with chronic renal failure for a strong association
between malnutrition, inflammation, and atherosclerosis (known as MIA
syndrome), but how these factors interact to cause malnutrition is not clear.?®
Although PEM is rarely the direct cause of death, it is an important risk factor
for morbidity and mortality in PD patients.?>? Prevention and treatment of
malnutrition have been advocated to reduce malnutrition-related complications
and to improve the quality of life and life expectancy. Although it seems self-
evident, the beneficial effect of improving nutritional status on the prognosis
of PD patients still needs to be confirmed. Effective strategies to prevent and
treat malnutrition in PD patients should be based on an understanding of the
pathogenesis. In the past decade two types of PEM in dialysis patients have
been identified. Type-1 malnutrition is mainly caused by inadequate nutrient
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intake. This type of malnutrition should benefit from nutritional supplements.
In contrast, type-2 malnutrition is thought to be induced by a catabolic state
due to inflammation and coexisting illnesses, rather than only a low nutrient
intake.? The terms wasting or malnutrition-inflammation complex syndrome or
malnutrition-inflammation-cachexia syndrome (MICS) have been proposed for
this latter condition.?® In type-2 malnutrition, in addition to sufficient nutrient
intake, treatment of the underlying illnesses and inflammation is essential. Most
malnourished dialysis patients probably suffer from a combination of the two
types of malnutrition. Factors thought to be involved in the pathogenesis of PEM
in PD patients will be summarized in the next paragraphs.

Low dietary nutrient intake

A large proportion of chronic renal failure patients, including patients on PD,
suffer from anorexia.?®® Factors involved in the suppression of appetite in
PD patients include uremic toxicity, metabolic acidosis, inflammation, fluid
overload, dialysis procedures, hormonal and gastrointestinal disturbances,
and complicating illnesses. The mechanisms of appetite suppression are poorly
understood.?” A relationship between the progression of renal failure and
spontaneous dietary protein intake, especially below a creatinine clearance
of 25 ml/min, has been documented.?*? In the Modification of Diet in Renal
disease (MDRD) study group, patients with a GFR of 24 mI/min/1.73 m?or lower
tended to lose body mass.?® It has been shown that the protein requirements for
CAPD patients are considerably higher than those for normal individuals.®*=
After about one year after commencing dialysis therapy, the protein intake of a
substantial proportion of PD patients remains far below an intake of 1.2 to 1.3
g/kg body weight per day that is recommended for clinically stable chronic PD
patients by the National Kidney Foundation Dialysis Outcome Quality Initiative
(NKF/DOQI) guidelines.?23 |n spite of the additional energy supplied by glucose
absorbed from the dialysis fluid, the actual energy intake is lower than the
recommended total (diet and dialysate) energy intake of 35 kcal/kg body weight
per day.®* In the few studies reporting resting energy expenditure (REE) in PD
patients, no difference in REE was found compared with healthy subjects.®3¢

Dialysis procedure
The number of dialysate exchanges per day, the glucose concentration of each
exchange and plasma glucose concentration, the dwell time, and patient’s membrane
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characteristics determine the amount of glucose absorbed from the dialysate.
Generally, CAPD patients absorb on average 100 to 200 g glucose per day from
dialysate, accounting for 12% to 34% of the total daily energy intake.®” Continuous
glucose absorption from the dialysate may lead to hyperinsulinemia, hyperglycemia
and hypertriglyceridemia, and may also suppress appetite.”*® When oral intake is
not reduced, in some patients glucose absorption may lead to obesity.3%4

A total daily loss of 3.4 + 1.2 (SD) g of amino acids and 5 to 15 g of protein
through peritoneal clearance has been reported in various studies.**® Factors
which are involved in the quantity of the protein lost into the dialysate include
the composition of the infused dialysis fluid, the peritoneal membrane transport
characteristics, the serum protein concentration, and the patient’s clinical state.
An early washout phenomenon due to residual peritoneal fluid may explain why
in intermittent peritoneal dialysis the protein concentration is usually highestin
the first exchange.** The protein and amino acid losses can be compensated by
an adequate protein intake.** A poor appetite, however, prevents a considerable
proportion of PD patients from consuming sufficient protein, resulting in protein
deficiency and a decrease in lean body mass. Various factors may play a role in
the development of PEM including loss of residual renal function, fluid overload,
underdialysis with accumulation of poorly defined uremic toxins, such as
middle molecular weight waste products of proteins.“-*® A relationship between
peritoneal membrane permeability characteristics and nutritional state has also
been suggested. A high permeability state may be a risk factor for PEM in PD
patients 4950

Metabolic acidosis

Metabolic acidosis is often overlooked in patients on PD, but may reduce appetite.
Another major consequence of chronic metabolic acidosis is activation of the
ATP-dependent ubiquitin-proteasome pathway and increased branched-chain
keto-acid dehydrogenase activity, which results in breakdown of muscle protein
and inhibition of protein synthesis.®** Several studies have shown that correction
of metabolic acidosis in maintenance dialysis prevents the up-regulation of
the ubiquitin-proteasome pathway and reduces protein degradation, and is
associated with an improvement in nutritional status.®*** The optimal level of
serum bicarbonate for correcting acidemia has not been established. The NKF/
DOQI guidelines for maintenance dialysis recommend a serum bicarbonate level
of 22 meqg/L or higher.
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Infammation and hypoalbuminemia
Inflammation is a common feature of end-stage renal failure as a cause of
PEM.55%¢ Infectious peritonitis and low-grade inflammation of the peritoneum
induced by the presence of glucose in the dialysis fluid are likely to contribute to
the increased levels of pro-inflammatory cytokines such as tumor necrosis factor
alpha (TNFa), interleukins 1 (IL-1B), and 6 (IL-6) in dialysate of PD patients.5"
Pro-inflammatory cytokines may suppress appetite, cause muscle wasting,
hypoalbuminemia, and increased C-reactive protein (CRP) concentrations.®®5! As
mentioned above, a pathophysiologic link between malnutrition, inflammation,
and atherosclerosis has been proposed in this patient population 62
Inflammation, alone or in combination with a low protein intake or
transperitoneal losses of albumin, plays a significant role in causing hypo-
albuminemia in PD patients.®® A strong association between hypoalbuminemia
and a high mortality rate has also been reported in PD patients.®*%
Hypoalbuminemia, however, reflects the presence of systemic disease rather
than malnutrition, and serum albumin is a poor nutritional parameter in PD
patients.5®

Gastrointestinal disturbances

Anincrease inabdominal pressure due to the presence of dialysis fluid, sometimes
combined with impaired gastric emptying, has inconsistently been reported as
a factor contributing to anorexia and malnutrition in PD patients.®”®® There is
evidence for impaired small intestinal protein assimilation in end-stage renal
disease, which seems to correlate with the severity of the MIA syndrome.®
Finally, an association between infection with Helicobacter pylori and anorexia
and malnutrition has been recently reported.”

Hormonal disturbances

Chronic renal failure of any cause is associated with insulin resistance of
peripheral tissues with hyperinsulinemia and glucose intolerance.” Resistance
to the anabolic effects of other hormones such as insulin-like growth factor
(IGF-1) may also contribute to PEM in maintenance dialysis patients.’"
A reduced serum IGF-1 has been found in malnourished uremic patients, and
it has been suggested to be an early indicator of malnutrition in end-stage renal
disease.”*” Another hormone that may play a role in the development of PEM is
leptin. However, whether leptin contributes to malnutrition in uremic patients
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has not yet been clarified. An association between an elevated serum leptin with
inflammation and a decrease in lean body mass during PD has been recently
reported.”™

Comorbidity

Pre-existing illnesses such as diabetes mellitus are highly prevalent in the
PD population and may be the most important determinant of morbidity
and mortality.”” There is a strong association between co-morbidity and poor
nutrition with a lower dietary protein and calorie intake.”

Methods to assess nutritional state in peritoneal dialysis
patients

Nutritional assessment is essential for the early recognition and treatment of
protein and calorie malnutrition (PEM) in PD patients. Unfortunately there
is no single perfect tool for evaluating the nutritional status of PD patients,
and in clinical practice we have to make do with a combination of objective
and subjective methods. These methods should preferably being simple and
inexpensive. The original subjective global assessment (SGA) is such a simple
and inexpensive method, initially validated as a screening tool for surgical
patients.” The SGA has been repeatedly modified and tailored to the needs of
the PD patients, as recently reviewed.8® However, the best version of the SGA as
a screening tool of the nutritional state of PD patients has still to be defined. In
our studies we used the original SGA. Other approaches such as the body mass
index (BMI), four-site skinfold anthropometry (FSA), bioelectrical impedance
analysis (BIA), and total body dual energy x-ray absorptiometry (DEXA) have
been used to measure body composition in PD patients. These methods will be
discussed in chapter 2.

Protein homeostasis

Protein homeostasis is a continuous process in which proteins are synthesized
from amino acids and degraded back to them, a process of protein turnover. A
‘nitrogen or amino acids pool’ is considered to exist in the body that is in dynamic
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equilibrium with tissue proteins (Figure 1). Amino acids (AA) are continually
taken from the pool for protein synthesis and replaced by dietary and tissue AA
through proteolysis. In a healthy adult, the total amount of protein in the body
is rather constant, so that the long-term rate of protein synthesis is equal to the
long-term rate of protein breakdown. In an average 70 kg person, about 300 g of
protein is synthesized each day and 300 g is degraded.8? About 80% of the amino
acids from degraded protein are reutilized for protein synthesis. Individual
proteins turn over at different rates. For example, some liver and plasma proteins
have a half-life of 180 days or more, while enzymes and hormones may be recycled
in a matter of minutes or hours. All cellular and tissue protein has a biological
function. Since surplus non-functional protein cannot be stored, any amino acids
that are not immediately used are oxidized and their nitrogen converted to urea,
which is excreted from the body. There is a diurnal pattern of protein and energy
metabolism in the human body due to the cyclic pattern of food intake.®* The
discontinuous pattern of nutrition consists of a post-absorptive phase (fasting
state) of negative net protein balance (/.e. protein synthesis minus breakdown),
while in a post-prandial phase (fed state) repletion of the post-absorptive losses
occurs, resulting in a positive balance after ingestion of food. Various studies
of the effects of administration of insulin and amino acids (AA) on protein
metabolism have been published.?*# In healthy human subjects, insulin and
AA have different effects on protein dynamics in the splanchnic bed and skeletal
muscle 2% After an overnight fast (post-absorptive state), muscle is in a catabolic
state and provides AA for synthesis of essential proteins in other parts of the
body, e.g. the splanchnic bed. Insulin has been shown to have an inhibitory
effect on protein breakdown (PB) in skeletal muscle and supplying AA did not
enhance this inhibitory effect. In contrast, in the splanchnic bed insulin had
no inhibitory effect on PB, while AA had a profound inhibitory effect on PB. In
muscle, insulin and AA had an additive effect on protein synthesis (PS), whereas
no such additive effect was found in the splanchnic bed. After a mixed meal a
net positive AA balance is achieved mainly by the insulin-induced inhibition
on muscle PB and the AA-induced stimulation of muscle PS. The net positive
AA balance in splanchnic bed was a consequence of an AA-induced inhibition
of PB and an AA-induced stimulation of PS. This effect of AA is independent of
insulin, as studies of subjects with type 1 diabetes have shown that in the insulin
deficiency state, high circulating AA are associated with increased AA uptake in
the splanchnic bed and an increase in PS rate.*> Taken together, these findings
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indicate that AA are predominant stimulants of splanchnic PS® It is likely that
the increase in splanchnic PS results from an increase in gut PS, as infusion of AA
together with insulin did not stimulate PS in the liver.® Thus, protein anabolism
in muscle is mostly due to the insulin effect on muscle protein breakdown;
insulin alone plays little or no role in stimulating muscle protein synthesis. By
contrast, protein anabolism in the splanchnic bed is largely determined by amino
acids through stimulating protein synthesis and inhibiting protein breakdown.
A differential effect of insulin on the synthesis rates of various liver proteins has
also been reported.® The results, however, are conflicting.%#®® In human studies,
insulin infusion decreased splanchnic protein synthesis in non-diabeticand type
1 diabetic subjects.®*92 Although insulin may stimulate the synthesis of some liver
proteins®® like albumin, the synthesis of other liver proteins, such as fibrinogen, is
suppressed.®® To maintain the synthesis rate of albumin, insulin together with a
supply of amino acid is necessary. % %7

Insulinresistanceiscommonin patientswith CRF,including thoseonPD." In
CRF patients, the insulin-mediated suppression of muscle protein breakdown is
normal,®® but the ability of amino acids and insulin to augment protein synthesis
during AA-infusion seems to be impaired.®® Conversely, in CAPD patients the
post-absorptive reduction of protein synthesis is reversed by supplying amino
acids, which suggests a normal anabolic response to protein feeding.X

Methods of measuring whole-body protein metabolism

Overall protein metabolism in an organism can be studied by techniques that
enable quantification of biological pathways (of amino acids) involved in protein
synthesis and breakdown.

Nitrogen balance

The classical nitrogen balance (N-balance) is the oldest method and is the
traditional reference technique for assessing nutritional efficacy in protein
metabolism, despite its limitations.’** It measures the net change in total body
protein, i.e. the difference between the amount of nitrogen entering the body and
the amount leaving the body. It is calculated using measured nitrogen intake,
measured fecal and urinary nitrogen losses, while fixed values of 1.5 and 0.5 g/d
for nitrogen losses via feces and via the skin respectively are usually assumed.
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When applied to patients with renal failure, nitrogen balance must be adjusted
for changes in the body nitrogen pool, because of a large urea N pool.1**1%2 Such
changes are detected by daily measurement of serum urea nitrogen.

Whole-body protein turnover

Since stable isotopes became available in 1939, they have been extensively used in
diagnostic testsand in clinical research.'® In 1949, Sprinson and Rittenberg were
the first to publish the end-product method using asingle oral dose of [**N]glycine
and measuring *N enrichment of urinary urea as end product to estimate
whole-body protein turnover (WBPT).2** This method has subsequently been
modified several times. Waterlow introduced the single oral [**N]glycine method
with ammonia as end product.’>1% Fern et al made a correction by measuring
the body urea pool during WBPT assessment.’*” The various modifications of
the end-product methods of measuring WBPT have been reviewed recently by
Duggleby and Waterlow.’® A technique that developed after the single-dose
method makes use of continuous infusion of stable isotopic tracers of amino
acids and is known as the precursor method. The precursor method with
continuous infusion of L-[1-*“C]leucine has previously been compared with the
end-product method using [**N]glycine. It was concluded that the results of
both methods were comparable.’®® The precursor method,*® however, provided
more appropriate results than those obtained with the end-product method.
In this thesis, the precursor method with L-[1-**C]leucine, administered as a
primed continuous intravenous infusion, is used as the reference tracer method
for measuring WBPT. To our knowledge there is no study comparing the two
methods in PD patients. In this thesis, the end-product method with [**N]glycine
given asasingle oral dose is compared with the precursor method using a primed
continuously intravenous infusion of L-[1-**C]leucine for measuring WBPT to
have a methological comparison in PD patients. The precursor method will be
described in chapters 3 and 4, and the comparison between both methods will
be discussed in chapter 6.

Principles of the whole-body protein turnover-methods
A model consisting of simple homogeneous pools as shown in Figure 1, restricted
by some assumptions, represents the human whole body.

In this model there is one amino acid pool and one protein pool. It is
considered that each of these pools is mixed homogeneously. The following
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assumption is that there is equilibrium between these pools during the time of
sampling for measurements. Amino acids are continuously entering the pool
via diet and/or dialysate (I) and as a consequence of tissue protein breakdown
(B). At the same time, amino acids are leaving the pool for new protein
synthesis (S) and are susceptible to oxidation (O). The total flow through
this system is called the flux (Q). The ideal situation to be reached during
measurements for protein turnover is that there is a steady state for the system
during which the pools do not change in size. In this steady state, the total
rate of AA appearance in the pool is equal to the total rate of disappearance.
In this situation the total flux Q can be represented as Q = S + O. But at the
same time, the flux can be represented with the formula: Q = | + B. Because
there is only one flux per definition, the formula can be written as Q = S +
O =1 + B. When known variables are substituted, the unknown processes as
synthesis and breakdown can be calculated by this method. This simple model
can be used in two different ways to find synthesis and breakdown of protein:
the precursor method using continuous infusion of L-[1-**C]leucine or the
end-product method using a single oral dose of [**N]glycine. Both methods are
shortly explained hereafter.

Intheprecursor method L-[1-*C]leucineisinfusedafteraprimingdose,which
leads to an equilibrium (plateau concentration) of the infused material. Instead
of L-[1-2C]leucine itself the measurements are based on [“*C]ketoisocaproic
acid (KICA) which is a metabolite representing closely the L-[1-2C]leucine
value inside the tissue cells where protein synthesis actually takes place.!'* The
rate of oxidation of amino acid is calculated from the **CQO, in expired air. The
flux, protein synthesis, and breakdown rates are calculated from these results.
Since part of the absorbed amino acid is taken up by the splanchnic tissues
(i.e. first pass uptake), the splanchnic retention has to be taken into account as
reported,’*213and as will be discussed in chapters 3 and 4.

The end-product method uses [**N]glycine as a tracer, which is orally
ingested as one single dose. In the period following, this amino acid is diluted
in the pool and is subject to metabolism along with the other amino acids.
After this ‘pulse label’ is metabolized (usually 9 h), the end products urea and
ammonia can be analyzed for [**N] and lead to a prediction of the amounts of N
used for synthesis (S) or breakdown (B) of protein. Both methods are based on
different assumptions and calculation procedures, which are reviewed in detail
elsewhere 1%
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Dietary protein intake

l

A Synthesis
Labeled AA
AApool < Protein
Breakdown synthesis
Breakdown
N-excretion (urine) co2
(NH3 and urea) (expired air)

Figure 1. A general model of protein metabolism used in the whole-body turnover method?®?
HiNifobuboiognoiuoooibbomoibinobnog

Intraperitoneal nutrition has been proposed as an alternative approach to
overcome protein deficiency in PD patients, and dialysis solutions, which contain
amino acids, have become commercially available.

] R M A M

Gjessing (1968) was the first to evaluate the effects of adding amino acids (AA) to
the dialysis fluid in patients under regular PD regimens for chronic renal failure.
He noticed considerable absorption of AA by the peritoneum and a diminished
reduction of serum protein.!** Oreopoulos et al (1979) was the first to use AA-
based dialysate in CAPD patients.*> The use of AA-based peritoneal dialysis
solutions has been extensively reviewed.!*1*® To summarize, peritoneal solute
transport and ultrafiltration during dialysis with solutions containing 1% AA
and containing 1.36% glucose are similar. The average molecular weight of AA
included in the AA-containing PD solutions is about 140 daltons. In short-term
studies it has been found that AA-based PD solutions are capable of providing
sufficient ultrafiltration, although the period of effective ultrafiltration is rather
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short due to the more rapid absorption of AA than that of glucose. The amount
of absorbed AA depends on the AA concentration in the PD solutions, dwell time
and dwell volume, and a patient’s membrane transport characteristics. In CAPD
an absorption ranging from 60 to 90% is reported during a 4 to 6 h dwell. Plasma
AA concentrations rise significantly during the use of AA-containing solutions.
After peritoneal delivery, peak plasma levels of most AA were comparable with
the levels that are normally found after ingestion of a large protein meal or after
mixed meals with a protein ingestion similar to that observed after a protein-
only meal. An increased peritoneal protein loss with AA solutions has been
reported in studies with 1% and 2.7% AA-based solutions respectively.!'%20 The
composition of the AA-PD solutions and the buffer component have been changed
over time and adjusted to the needs of CRF patients. In the earlier studies an AA-
PD solution (Travasol, Baxter Healthcare, Deerfield, Il, USA) was used. The pH
of the solution was 6.0 to 6.5 and the buffer was lactate at a concentration of 33
mmol/liter either alone or combined with acetate at 7 mmol/liter. Studies with
a small number of patients showed a wide discrepancy in nutritional effects,
in part due to a great diversity in the nutritional parameters examined, while
there was a little overall nutritional benefit. Uremic symptoms and metabolic
acidosis were reported. In subsequent studies performed with RenAmin (Baxter
Healthcare), the AA composition was changed, with an increase in the essential
AA. The total AA concentration remained at 1%, the lactate concentration was
increased to 35 mmol/liter and the pH maintained at 6.0 to 6.5. These studies in
a small number of patients demonstrated an overall positive nutritional benefit,
but an increase in BUN and mild metabolic acidosis persisted. The solution was
well tolerated. The current 1.1% AA-PD solution (Nutrineal, Baxter Healthcare)
approaches the assumed optimal balance between essential and non-essential
AArequired for a CRF patient. It contains all nine essential AA, six non-essential
AA, and the buffer component is lactate at a level of 40 mmol/liter (Table 1).
Studies conducted with the 1.1% AA-based PD solutions encompass a larger
number of patients. The gain of amino acids exceeds the l