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Abstract

Acute kidney injury (AKI) continues to have an exceedingly high mortality rate, despite advances
in dialysis technology. Current dialysis therapies replace only the filtration function of the kidney,
not the critical transport, metabolic, and endocrine functions of renal tubule cells. Replacement of
these additional functions would provide more complete AKI therapy and thereby change the
natural history of this disease process. A renal tubule assist device (RAD) containing living renal
proximal tubule cells has been successfully engineered and has demonstrated differentiated
absorptive, metabolic, and endocrine functions of normal kidney in vitro and ex vivo in animal
experiments. The addition of the RAD containing human cells to conventional continuous renal
replacement therapy has been shown in preclinical and clinical studies to have the potential to
advance AKI treatment, from enhancing renal clearance to providing more complete renal
replacement therapy. This “bioartificial kidney” demonstrates metabolic activity with systemic
effects and improvement of survival in patients with AKI and multiorgan failure. It also appears to
influence systemic leukocyte activation and the balance of inflammatory cytokines, suggesting
that cell therapy by use of the RAD may improve morbidity and mortality by altering the
proinflammatory state of patients with renal failure. In addition to providing cellular metabolic
function, technologies directed toward disrupting systemic inflammatory response may well
enhance the clinical outcome of critically ill patients in the future. Innovative approaches to
intensive renal care such as the RAD may break the mold of current institutional dialysis therapies
and provide numerous opportunities to develop lifesaving technologies.
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INTRODUCTION

Acute Kidney injury (AKI), also called acute renal failure (ARF), affects 5-7% of
hospitalized patients and up to 30% of patients in intensive care units (ICUs). The
development of AKI in a hospitalized patient results in a 5- to 8-fold higher risk of death [1,
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2]. Improved treatment regimens in patients with AKI in the ICU have not shared the same
quantum leaps of progress that have been seen in other illnesses, such as myocardial
infarction, despite an improved understanding of the pathophysiology of AKI and
techniques for renal replacement therapy [1, 2].

Currently, the main treatment modalities for AKI are the dialysis therapies based on
diffusion, convection, or absorption. Although these therapies are undoubtedly life-
sustaining in patients with renal failure, morbidity and mortality rates are still unacceptably
high because dialysis replaces only the filtration function of the kidney, not the lost
homeostatic, regulatory, metabolic, and endocrine functions of the defected tubular elements
of the kidney [3]. Novel therapeutic approaches must be formulated to replace fully all
functions of the kidney and change the dismal prognosis for patients with AKI. The present
review will focus on the use of renal cell therapy in the treatment of AKI as an extension to
the current renal substitution processes of dialysis.

KIDNEY AS A FILTRATIVE, ENDOCRINE, METABOLIC, AND
IMMUNOREGULATORY ORGAN

The kidney plays a critical role in maintaining body water and electrolyte homeostasis
through excretory and regulatory functions of glomerulus and tubule. Current dialysis
therapies, including hemodialysis (HD), hemofiltration, and peritoneal dialysis (PD), replace
these functions by removing waste products and excess electrolytes from blood using
artificial or natural semipermeable membranes. In this regard, the kidney is unique in that it
is the first organ for which long-term ex vivo substitutive therapy has been available and
lifesaving.

The kidney, however, has many other roles. It is regarded as an important endocrine organ,
responsible for the secretion of hormones that are critical in maintaining hemodynamics
(renin, angiotension 11, prostaglandins, nitric oxide, endothelin, and bradykinin), red blood
cell production (erythropoietin), and bone metabolism (1,25-(OH),-vitDs or calcitriol) [4]. It
synthesizes glutathione and free-radical scavenging enzymes and provides gluconeogenic
and ammoniagenic capabilities [5, 6]. Catabolism of low-molecular-weight proteins,
including peptide hormones, cytokines, and growth factors, is also accomplished by the
kidney [7].

The kidney also has an immunoregulatory function, which has been less recognized. The
mammalian renal proximal tubule cells are immunologically active. They are antigen-
presenting cells [8] that have co-stimulatory molecules [9] that synthesize and process a
variety of inflammatory cytokines [9, 10]. The roles of the renal tubule cells in glutathione
metabolism [5], regulation of vitamin D, and production and catabolism of multiple
cytokines [4] are critical to immunoregulation to maintain tissue integrity and host defense
under stress conditions [11]. A growing body of evidence indicates that inflammation plays
a major role in the pathophysiology of AKI, so that this disorder is, to some extent, an
inflammatory disease [12].

AKI AS SYSTEMIC INFLAMMATORY RESPONSE SYNDROME

The cause of death in AKI patients is usually the development of a systemic inflammatory
response syndrome (SIRS) [13]. The exceptionally high mortality associated with SIRS is
caused in part by the development of the multiple system organ failure (MSOF) syndrome in
a subset of patients and is not ameliorated by conventional renal replacement therapy
(CRRT), which treats volume overload, uremia, acidosis, and electrolyte derangements [13].
The propensity of patients with AKI to develop SIRS and sepsis suggests that renal function,
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specifically renal tubule cell function, plays a critical immunomodulatory role in individuals
under stress states [11].

Inflammatory cascades initiated by endothelial dysfunction in SIRS can be augmented
dramatically by the generation of several potent mediators by the ischemic proximal tubule.
These are evidenced by recent human studies demonstrating that the levels of the
proinflammatory cytokines interleukin (IL)-6 and IL-8 in the plasma predict mortality in
patients with AKI [14]. Strategies that modulate the inflammatory response provide
significant beneficial effects in experimental AKI [15]. A more promising direction to
improve the outcome of AKI is to better understand and interrupt the pathophysiologic
processes that are activated in AKI, resulting in distant multi-organ dysfunction and
eventually death. Technologies directed to disrupting multi-organ dysfunction may well be
the next major improvement to enhance the clinical outcome of these critically ill patients.
Renal cell therapy may alter the natural history of this disorder if the renal tubular
epithelium has an immunoregulatory role in whole-body homeostasis.

CURRENT RENAL REPLACEMENT THERAPIES IN AKI

Current renal replacement therapy for AKI is predominantly supportive in nature. The
therapeutic goals are the maintenance of fluid and electrolyte balance, adequate nutrition,
and treatment of infection and uremia when they are present. Uremia is treated with either
intermittent hemodialysis or continuous hemofiltration. This approach has had substantial
impact on this disease process over the past 40 years, but patients with acute tubular necrosis
(ATN) still have an exceedingly high mortality of greater than 50% [14, 16]. Although
intensivists and nephrologists have attempted to improve outcomes of AKI by increasing the
dose of hemodialysis or hemodiafiltration, the results have been disappointing. The
improvements in renal small-solute clearance alone have had minimal impact on clinical
outcomes [17-19].

During the maintenance phase of AKI, a patient undergoing hemodialysis or hemofiltration
may die from multi-organ failure while in exquisite electrolyte and fluid balance. This high
mortality is caused by the propensity of these patients to develop SIRS, most commonly
secondary to bacterial sepsis, with resulting multiorgan damage from cardiovascular
collapse and ischemia [20]. Since AKI secondary to ischemic and/or nephrotoxic insults
predominantly arises from the necrosis of renal proximal tubule cells, replacement of the
functions of these cells during the episode of AKI would provide almost full renal
replacement therapy in conjunction with hemofiltration. The addition of metabolic activity
such as ammoniagenesis and glutathione reclamation, endocrine activity such as vitamin D3
activation, and cytokine homeostasis may provide additional physiologic replacement
activities to change the current natural history of this disease process [11]. Still lacking are
methods to down-regulate the inflammatory response, which plays a major role in the
pathophysiology of AKI.

RENAL TUBULE ASSIST DEVICE (RAD) FOR CELL THERAPY

Cell therapy harnesses the natural ability of cells to recognize various biological signals and
respond with a complex array of cell products to replace physiologic functions deranged or
lost in acute or chronic disease processes [21]. One extension of cell therapy is the
developing field of tissue engineering in which techniques from the biological and
engineering sciences are combined to create structures and devices to replace lost tissue or
organ functions [22, 23]. The majority of current applications involve the seeding of animal
or human cells within artificial constructs such as hollow-fiber bioreactors or encapsulating
membranes. Given the success of renal replacement therapy with hemodialysis and
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hemofiltration during the last four decades, a natural application of tissue engineering is the
treatment of acute and chronic renal failure [16].

Our laboratory developed an extracorporeal bioartificial renal tubule assist device (RAD)
utilizing a standard hemofiltration cartridge containing more than 10° renal tubule cells
grown in confluent monolayers along the inner surface of the fibers [3, 24, 25]. The
nonbiodegradability and the pore size of the hollow fibers allow the membranes to act as
both scaffolds for the cells and as an immunoprotective barrier. In vitro and ex vivo studies
of the RAD have demonstrated that the cells retain vectorial fluid transport properties as a
result of Na, K-ATPase; other differentiated active transport properties, including active
glucose and bicarbonate transport; differentiated metabolic activities, including intra-luminal
glutathione breakdown, constituent amino acid uptake and ammonia production; and the
important endocrinologic conversion of 25-OH-vitD3 to 1,25-(OH),-vitD3 (Table 1). These
characteristics were observed in RADs that maintained viability and functionality ex vivo
when connected in series to a hemofiltration cartridge within an extra-corporeal perfusion
circuit in an acutely uremic animal [26]. The RADs reabsorbed 40-50% of ultrafiltrate (UF)
volume presented to the devices and achieved active transport of potassium, bicarbonate,
and glucose, as well as ammonia excretion, glutathione metabolism, and 1,25-(OH),-vitD3
production.

BIOARTIFICIAL KIDNEY FOR FULL RENAL REPLACEMENT THERAPY

The bioartificial kidney consists of a filtration device (a conventional high-flux hemofilter)
followed in series by the RAD [26-28]. Specifically, blood is pumped out of the patient and
enters the fibers of the hemofilter, where UF is formed and delivered to the fibers of the
tubule lumens within the RAD downstream to the hemofilter. Processed UF exiting the
RAD is collected and discarded as “urine.” The filtered blood exiting the hemofilter enters
the RAD through the extracapillary space port and disperses among the fibers of the device.
On exiting the RAD, the processed blood is returned to the patient’s body by a third pump

(Fig. 1).

The RAD maintains viability because metabolic substrates and low-molecular weight
growth factors are delivered to the tubule cells from the ultrafiltration unit and the blood in
the extracapillary space. At the same time, immunoprotection of the cells grown within the
hollow fibers is achieved because of the impenetrability of these fibers to immunoglobulins
and immunologically competent cells. Besides the immunoisolating effect, this approach
allows recovery of the implant, a key fail-safe condition if unwanted events arise. This
strategy is more controllable than indiscriminate direct injections of genes or stem cells, or
direct implantation of heterologous, transformed cells into the patient with the inability to
control the final destination of the cells or to retrieve the genetically modified cells from the
body should their removal become medically desirable [29, 30].

The arrangement of the RAD and hemofilter within the extracorporeal circuit allows the
filtrate to enter the internal compartments of the hollow fiber network, lined with confluent
monolayers of renal tubule cells for regulated transport and metabolic function. This circuit
design reconstructs the functional structure of the nephron, comprising both glomerulus and
tubule. Replacement of the functions of the tubule cells during the episode of ATN will
provide almost full renal replacement therapy in conjunction with hemofiltration. This
extracorporeal circuit containing the RAD was initially tested on uremic dogs with bilateral
nephrectomies [26]. The animals were treated with either a RAD or a sham control cartridge
daily for either 7 or 9 h for 3 successive days or for 24 h continuously. The RADs
maintained viability and functionality throughout the study period. Fluid and small solutes,
including blood urea nitrogen (BUN), creatinine (Cr), and electrolytes, were adequately
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controlled in both groups, but potassium and BUN levels were more easily controlled by
RAD treatment. Furthermore, active reabsorption of K*, HCO3~, and glucose and excretion
of ammonia were accomplished only in RAD treatments. Glutathione reclamation from UF
exceeded 50% in the RAD. Finally, uremic animals receiving cell therapy attained normal
1,25-(OH),-vitD3 levels, whereas sham treatment resulted in a further decline from the
already low plasma levels.

EFFECT OF BIOARTIFICIAL KIDNEY IN ANIMAL MODEL OF AKI AND

SEPSIS

A series of additional animal experiments investigated the impact of RAD treatment on the
mortality of sepsis complicated by AKI. Studies in both dogs and pigs have demonstrated
that RAD treatment in a bioartificial kidney circuit improves cardiovascular performance
associated with changes in cytokine profiles and confers a significant survival advantage in
endotoxin or bacterial septic shock in acutely uremic animals. In endotoxin (LPS)-
challenged nephrectomized Mongrel dogs, simulating gram-negative septic shock and AKI,
the RAD in conjunction with continuous venovenous hemofiltration (CVVH) improved
hemodynamics and altered cytokine response compared to a sham cartridge with CVVH
[28]. Mean peak levels of an antiinflammatory cytokine, IL-10, and mean arterial pressures
(MAPSs) were significantly higher in RAD-treated animals. This result was confirmed in a
subsequent experiment in ARF with gram-negative bacterial peritonitis-induced septic shock
[31]. In E. coli-challenged nephrec-tomized dogs, RAD treatment maintained better
cardiovascular performance, as determined by MAP and cardiac output, for longer periods
than sham-RAD therapy. All sham-treated animals expired 2 to 10 hours after bacteria
administration, whereas all cell-RAD-treated animals survived longer than 10 hours. Plasma
levels of 1L-10 were significantly elevated in the RAD group. The RAD maintained renal
metabolic activity, as determined by 1,25-(OH),-vitD3 level, throughout the septic period.

In another study, pigs with normal kidney function were administered E. coli
intraperitoneally [32]. All animals developed ARF with anuria 2 to 4 hours after bacteria
administration. RAD treatment maintained better cardiovascular performance for longer
periods than sham therapy. Consistently, the RAD group survived longer than the controls
(10 £ 2 hours versus 5 + 1 hour, respectively). RAD treatment was associated with
significantly lower plasma circulating levels of IL-6 and interferon (INF)-y. These data
demonstrate that treatment with the bioartificial kidney improves cardiovascular
performance associated with changes in cytokine profiles and confers a significant survival
advantage.

FABRICATION OF HUMAN-CELL BIOARTIFICIAL RAD

Early RAD studies utilized porcine cells. However, recent reports of the ability of porcine
endogenous retroviruses (PERVS) to infect human cells in co-culture in vitro raised concerns
of the potential, but currently unquantifiable, risk of transmission of viral elements between
species with the use of porcine tissue in xenotransplantation or cell therapy devices [33, 34].
Accordingly, human renal tubule cells were isolated from kidneys donated for cadaveric
transplantation but found unsuitable for such purpose because of anatomic or fibrotic
defects. The experiments demonstrated that renal tubule cells can be isolated from human
kidneys, expanded and seeded into a hemofiltration cartridge to produce a device containing
over 109 cells suitable for clinical study. The human-cell RAD maintained excellent
viability in an extracorporeal hemoperfusion circuit in series with a synthetic hemofilter
during CVVH [27]. With these results, the FDA approved the first investigator-initiated
Phase I/11 clinical trial of the RAD and bioartificial kidney in patients with ARF.
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EFFICACY AND SAFETY OF THE BIOARTIFICIAL KIDNEY IN HUMAN
CLINICAL STUDIES

The first human clinical study of the bioartificial kidney containing human cells was carried
out in 10 ICU patients with AKI receiving CVVH [35]. This study demonstrated that the
RAD can be used safely for up to 24 hours. Cardiovascular stability was maintained, and
increased native renal function, as determined by elevated urine outputs, temporally
correlated with RAD treatment. All patients were critically ill with AKI and MOF, with
predicted hospital mortality rates between 80% and 95%, and 6 of the 10 treated patients
survived past 30 days, with mortality reduced to 40%. The human renal tubule cells
contained in the RAD demonstrated differentiated metabolic and endocrinologic activity in
this ex vivo condition, including glutathione degradation and endocrinologic conversion of
25-OH-vitD3 to 1,25-(0OH),-vitD3 (Fig. 2). Plasma cytokine levels suggest that RAD therapy
produces dynamic and individualized responses in patients depending on their unique
pathophysiologic conditions. For the subset of patients who had excessive proinflammatory
levels, RAD treatment resulted in significant declines in granulocyte-colony stimulating
factor (G-CSF), IL-6, IL-10, and especially IL-6/IL-10 ratio, suggesting a greater decline in
IL-6 relative to IL-10 levels and a less proinflammatory state (Fig. 3).

These favorable Phase 1/11 trial results led to a randomized, controlled, open-label Phase Il
trial conducted at 12 clinical sites in the U.S. [36]. Fifty-eight patients with ARF requiring
CVVH in the ICU were randomized (2:1) to receive CVVH + RAD (n = 40) or CVVH alone
(n = 18). Despite the critical nature and life-threatening illnesses of the patients enrolled in
this study, the addition of the RAD to CVVH resulted in a substantial clinical impact on
survival compared with the conventional CVVH-treatment group. RAD treatment for up to
72 h promoted a statistically significant survival advantage over 180 d of follow-up in ICU
patients with AKI and demonstrated an acceptable safety profile. Cox proportional hazards
models suggested that the risk of death was approximately 50% of that observed in the
CRRT-alone group (Fig. 4). A follow-up Phase I1b study to evaluate a commercial
manufacturing process was not completed due to difficulties with the manufacturing process
and clinical study design. This approach will be further evaluated when an improved scale-
up manufacturing process is established.

IMMUNOMODULATORY EFFECT OF THE RAD

As described previously, RAD treatment altered systemic circulating cytokine levels in
animal and human experiments. In endotoxin-challenged and gram-negative peritonitis
uremic dog models [28, 31], plasma levels of IL-10 were significantly higher in RAD-
treated animals. The role of IL-10 in regulating immune response continues to be elucidated,
but data suggest that IL-10 levels influence outcome in endotoxin shock and gram-negative
sepsis. Several reports have demonstrated that administration of recombinant IL-10 is
protective against gram-negative septic shock in murine sepsis models [37-39]. Another
study in a similar model demonstrated that administration of antibodies to IL-10 was
associated with higher mortality [40]. The mechanism underlying the link between proximal
tubule function and 1L-10 levels remains to be detailed, but preliminary data suggest that
renal production of IL-6 induces liver production of I1L-10 [41].

In gram-negative septic pigs without nephrectomy [32], RAD treatment significantly
reduced plasma circulating levels of IL-6 and INF-y. The difference in IL-6 concentrations
is especially noteworthy, since the plasma elevations of this proinflammatory cytokine have
been directly correlated to clinical outcome in patients with SIRS [42]. The lower
concentration of plasma INF-y may be important due to its central role in the inflammatory
response. INF-y stimulates B-cell antibody production, enhances polymorpholeukocyte
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phagocytosis, and activates monocytes and macrophages to release proinflammatory
cytokines [43-45]. Excessive rates of INF-y production by NK cells have correlated with
progression to lethal endotoxin shock in mice [46].

Further support for an immunomodulatory role of renal tubule cells has been suggested in
the Phase I/11 clinical trial of the RAD containing human renal tubule cells [35]. The patients
treated in this study had a wide spectrum of plasma cytokine levels. The subset of patients
who presented with very high plasma cytokine levels and who were treated for an adequate
period showed that RAD treatment resulted in significant reductions in G-CSF, IL-6, and
IL-10 levels. The greater relative reduction in IL-6/I1L-10 ratio suggests renal tubule cell
therapy may rebalance the excessive proinflammatory response with the concurrent anti-
inflammatory response. These results are consistent with an immunomo-dulatory role for the
RAD in patients with ATN and multiorgan failure.

To further evaluate the RAD’s influence on local inflammation in tissue and distant organ
dysfunction, especially in the lungs, a recent study compared bronchoalveolar lavage (BAL)
fluid from cell-RAD-treated and non-cell, sham-treated groups in a pig model with septic
shock with AKI. The levels of total protein in BAL were significantly higher in sham
control animals than in the RAD group (143 £ 11 compared to 78 + 10 pg/mL, respectively;
p > 0.05). Pro-inflammatory cytokines, including IL-6 and IL-8, were markedly elevated in
the non-cell group. These results demonstrate an important role for renal epithelial cells in
ameliorating multiorgan injury in sepsis by influencing microvascular injury and the local
proinflammatory response [47].

FURTHER STRATEGIES DIRECTED TO DISRUPTING SIRS AND
MULTIORGAN DYSFUNCTION

A more promising direction to improve outcome of AKI is to better understand and interrupt
the pathophysiologic processes that are activated in AKI, resulting in distant multi-organ
dysfunction and eventually death. AKI results in a profound inflammatory response state
resulting in micro-vascular dysfunction in distant organs [15, 48]. Leukocyte activation
plays a central role in these acute inflammatory states. Disruption of the activation process
of circulating leukocytes may limit microvascular damage and multi-organ dysfunction [49].
The RAD appears to influence systemic leukocyte activation and the balance of
inflammatory cyto-kines and may alter the proinflammatory state of AKI and, ultimately,
improve morbidity and mortality. Our group has recently developed a novel synthetic
membrane embedded in an extracorporeal device to bind and inhibit circulating leukocytes.
This “selective cytopheretic inhibitory device” (SCD) mimics immunomodulation and
duplicates RAD efficacy. The SCD improved septic shock survival times in pre-clinical
animal models and improved the survival outcome of ICU patients with multiorgan failure
in a small exploratory, randomized, double-blinded, multicenter trial [50, 51].

CONCLUSION

Despite refinements in dialysis therapy, AKI remains an unmet medical need largely
because dialysis substitutes for only the filtration function of the kidney. A bioartificial
kidney combining a conventional hemodialysis filter and living renal proximal tubule cells
may advance AKI therapies by providing more complete renal replacement than the renal
clearance achieved by dialysis. Differentiated activities of the RAD have been demonstrated
experimentally both in vitro and ex vivo. Data from Phase I/l and Phase 1l clinical studies
have shown that treatment with the bioartificial kidney resulted in a significant clinical
impact on survival with an acceptable safety profile. AKI may lead to a profound systemic
inflammatory response, distant multi-organ dysfunction, and eventually death, and methods
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to disrupt this process have been lacking. The bioartificial kidney and SCD may improve
morbidity and mortality by altering the proinflammatory state in patients with renal failure.
Technologies directed toward preventing multiorgan dysfunction may well represent the
next major improvement in the clinical outcome of these critically ill patients.
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Fig. 1.

Venous blood

Schematic of the extracorporeal bioartificial kidney circuit consisting of a synthetic
hemofilter and the RAD cartridge.

(Previously published in: Tiranathanagul K, Eiam-Ong S, Humes HD. The future of renal
support: High flux dialysis to bioartificial kidneys. In: Kellum J, ed. Critical Care
Nephrology, Critical Care Clinics. Vol. 21, no. 2. Philadelphia: W.B. Saunders, 2005).
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Fig. 2.
Plasma 1,25-(OH),-vitD3 levels in patients with detectable levels and treated with the
bioartificial kidney and RAD for >20 hours [35].
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Plasma cytokine levels and ratios for excessively proinflamed patients before and after
treatment with the bioartificial kidney and RAD [35]. In (A), dashed lines refer to the left
axis, and solid lines refer to the right axis.
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Kaplan-Meier estimates of survival among patients in the RAD and conventional CRRT

groups [36].
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In vitro and Ex Vivo Properties of Renal Tubule Cell Assist Device

In vitro Ex Vivo
Sodium—ouabain inhibitable Sodium
Bicarbonate—acetazolamide inhibitable Potassium
Transport L .
Glucose—phlorizin inhibitable Bicarbonate
PAH—probenecid inhibitable Glucose
Ammoniagenesis—pH sensitive Ammonia excretion
Metabolic

Glutathione synthesis—acivicin inhibitable

Glutathione reclamation

Endocrinologic

1-hydroxylation of vitamin Ds-PTH - Pi sensitive

1-hydroxylation of 25-OH vit D3

Immunomodulatory

1 IL-10, |} IL-6, | TNF-y in uremic animal; J IL-6 / IL-10 ratio in
human
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