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Abstract

Many organic solutes accumulate in ESRD and some are poorly removed removed with urea based
prescriptions for hemodialysis. However, their toxicities have been difficult to assess. We have
employed an animal model, the zebrafish embryo, to test the toxicity of uremic serum compared to
control. Serum was obtained from stable ESRD patients pre-dialysis or from normal subjects.
Zebrafish embryos 24 hours post fertilization were exposed to experimental media at a ratio of 3:1
water:human serum. Those exposed to serum from uremic subjects had significantly reduced
survival at 8 hours (19% +/- 18% vs. 94% +/- 6%; p < 0.05, uremic serum vs control,
respectively). Embryos exposed to serum from ESRD subjects fractionated at 50kD showed
significantly greater toxicity with the larger molecular weight fraction (83% +/— 11% vs 7% +/
-17% survival, p < 0.05, <50kD vs >50 kD, respectively). Heating serum abrogated its toxicity.
EDTA, a potent inhibitor of complement by virtue of calcium chelation, reduced the toxicity of
uremic serum compared to untreated uremic serum (96%-+/— 5% vs 28%-+/— 20% survival, p <
0.016, chelated vs non chelated serum respectively). Anti- factor B, a specific inhibitor of the
alternative complement pathway, reduced the toxicity of uremic serum, compared to untreated
uremic serum (98% +/— 6% vs. 3% +/— 9% survival, p < 0.016, anti- factor B treated vs non
treated, respectively).Uremic serum is thus more toxic to zebrafish embryos than normal serum.
Furthermore, this toxicity is associated with a fraction of large size, is inactivated by heat, and is
reduced by both specific and non-specific inhibitors of complement activation. Together these data
lend support to the hypothesis that at least some uremic toxicities may be mediated by
complement.
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Introduction

Methods

Patients with endstage renal disease (ESRD),including those receiving “adequate”
dialysis,are burdened with a complex array of metabolic derangements, clinical symptoms
(1) and poor survival compared (2). Compared to normal people, a large number of solutes
are elevated in the plasma of people with ESRD, even those receiving hemodialysis (3).
However, the relationship between these retained solutes and the residual uremic disabilities
remains poorly understood. Among the solutes that have especially poor removal by
hemodialysis are those that are protein bound, intracellular or large. Therefore they are
especially elevated in dialysis patients (4). Several epidemiologic studies have described a
relationship between individual uremic solutes and mortality. (5,6,7). Research into the
mechanisms of uremic toxicity has been limited in part by the lack of an animal model.
Maintaining these animals on dialysis is technically fraught and has been attempted rarely.
Zebrafish have been used extensively to model environmental and pharmacological toxicity
(8, 9). Zebrafish exhibit toxicity profiles similar to small mammals; toxic concentrations in
ambient fishwater are consistently similar to toxic serum concentrations in experimental
mammals (10). Zebrafish produce hundreds of offspring per week, making them a relatively
inexpensive and convenient model (11). Experimental toxins can be added to fishwater,
obviating complicated delivery systems.

In this study, a zebrafish model was employed to explore a mechanism of uremic toxicity.

Zebrafish mating pairs were maintained on a lighting schedule of 14 hours light and 10
hours darkness. Mating pairs were paired once weekly, and embryos were collected within 3
hours of spawning. Embryos were maintained at 28.5 °C in standard system water (11).
Embryos were manually dechorionated at the initiation of all experiments, with only the
most robust normal and apparently healthy embryos used. 9-11 embryos at 24 hours post
fertilization (hpf) of the same clutch were transferred into each well of a 6- well plate.
Experimental medium was pre-mixed and added to each well, then diluted with three parts
fishwater to one part medium. Fishwater is reverse osmosis treated distilled water with 60
mg of Instant Ocean Sea Salt added per liter. Nine to eleven 24-hour-old embryos were
added to each well. During toxicity experiments, embryos were observed hourly for survival,
defined as presence of a heartbeat, for eight hours. This time interval was chosen from
preliminary studies as the point at which approximately 90% of embryos in the uremic
solution had died. Results of experiments are expressed as percent survival at eight hours,
with the number of wells being the number (n) of observations for an experiment

Blood was obtained from stable maintenance hemodialysis patients before the initiation of
treatment, or from volunteers without kidney disease, using standard separator tubes without
anticoagulant. Samples were centrifuged for 15 minutes at 3000 RPM. Serum was stored at
-30 °C and then thawed in 40 °C water for use. The study was approved by the Institutional
Review Board of Albert Einstein College of Medicine.
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For separate solutes of large size, serum was centrifuged at 15K RPM using Microcon
centrifugal filters with a 50 kD membrane for 20 minutes (Millipore Corp, Bedford, MA).
The ultrafiltered volume lost was replaced by saline in the initial serum sample. Heating
experiments were performed by heating serum at 60 °C for 30 minutes. EDTA was added to
serum at 10 mM (before being diluted 3:1 in fishwater, as above). 500 ug of an anti-factor B
antibody mAb 1379 (stock 3.26 mg/ml) and / or a control murine IgG1 clone 171 (stock
23.5 mg/ml) were used per ml of serum, then diluted 3:1 in fishwater as above.

Statistical analysis was performed using unpaired two-tailed Student t-tests. Bonferroni
correction was used for groups n > 2. Results are reported as means * standard deviations.

Zebrafish embryos exposed at 24 hpf to uremic serum for 7 hours had diminished survival,
as compared to embryos similarly exposed to control serum (19% +/— 18% vs. 94% +/— 6%;
p < 0.05, uremic vs. control serum, respectively, with n = 8. See Figure 1). Fractionation of
uremic serum demonstrated that toxicity was strongly associated with the >50kD component
as opposed to the < 50 kD component, suggesting the toxic molecule(s) was either larger
than 50kD or protein bound (83% +/— 11% vs. 7% +/— 17% p < 0.05, <50kD vs. >50 kD,
respectively, with n = 5. See Table 1). Heating uremic serum abrogated its toxicity (100%
survival) as compared unheated uremic serum (32% +/- 25% survival) and normal serum
(96% +/- 6%; p < 0.016 and n = 6), suggesting that the toxicity of uremic serum on
zebrafish embryos may be mediated by protein molecule(s) (See Table 2). EDTA, an
inhibitor of complement, diminished toxicity when added to uremic serum (96%-+/— 5%),
compared to uremic serum alone (28%-+/— 20%), and yielded survival similar to normal
serum (94% +/- 6%; p < 0.016 and n = 4) (See Table 3). To specifically test that
complement may be mediating uremic toxicity, a monoclonal antibody to complement factor
B was added to uremic serum (12). Uremic serum with anti- factor B was significantly less
toxic than uremic serum alone or uremic serum plus a nonspecific murine 1gG (98% +/- 6%
vs. 3% +/— 9% 1% +/— 4%, respectively; p < 0.016 and n = 12) (See Table 4).

Discussion

Establishing links between individual retained solutes and uremic toxicity has been hindered
by several factors, among them the lack of an animal model. Several epidemiologic studies
have described a relationship between individual uremic solutes and mortality. (5,6,7).
However, with very few exceptions, there is little compelling data linking a specific uremic
toxin to its pathologic effect.

Solutes that are relatively poorly removed by hemodialysis include those that are protein
bound or of large size. Such solutes are therefore especially elevated in the plasma of
dialysis patients (4).

The zebrafish has previously been established as a useful model for the study of
environmental and pharmacologic toxicity (10). This study, however, represents the first
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attempt to use the zebrafish to model uremic toxicity. Zebrafish embryos exposed to uremic
serum exhibited in significantly more toxicity than those exposed compared with exposure
to the serum of normal subjects. Fractionation experiments demonstrated that the toxicity
was associated with solutes in the size fraction, >50 kD, implicating a molecule that is either
large or protein bound.

Among the larger molecules likely to be toxic are those of the complement cascade. Given
that strong possibility, we tested sequentially maneuvers know to interfere with complement
system. First heating rendered the uremic serum innocuous. Next EDTA, a non-specific
inhibitor of complement abrogated the toxicity of uremic serum. Monoclonal antibody 1379
is a specific inhibitor of factor B, an essential component of the alternative complement
pathway, and has been shown to inhibit complement activity in various animal models, as
well as human serum (12). Furthermore it has been demonstrated to protect against the
development of complement mediated disease in mouse models of antiphospholipid
antibody- induced fetal loss (12). This antibody completely largely abolished the toxicity of
uremic serum, strongly suggesting that the demonstrated toxicity is complement- dependent.

A large number of compounds have been identified as elevated in the serum of ESRD
patients maintained on hemodialysis. These retained solutes are presumed to cause the
uremic condition that persists in ESRD patients, even with adequate maintenance
hemodialysis—what Depner termed “residual syndrome” characterized by decreased
survival, end organ damage, functional decline, neuro-cognitive deficits, as well as multiple,
disparate metabolic derangements (13, 14). Vanholder (15, 16) and others have compiled list
of known uremic solutes and described their potential toxic effects. A few studies have
demonstrated epidemiologic links between individual retained solutes and mortality in
ESRD patients. To date, little work has been done to demonstrate the pathologic mechanism
of any a specific retained solute, although recent studies have demonstrated the influence of
several uremic toxins on endothelial function (17, 18).

The present study is the first to employ an animal model to link complement activity to
uremic toxicity. Complement is a relatively well-described uremic solute. Factor D, a rate-
limiting component of the alternative pathway of complement activation, has a molecular
weight of 24 kD, is filtered by the glomerulus and catabolized by the proximal tubular
epithelium (19, 20).

Clearance is reduced in human subjects with kidney disease, and plasma levels of Factor D
correlate well and inversely with GFR (21). Other small components of the complement
cascade such as C3a may also accumulate in uremia but have not been explored in the detail
of Factor D. We suspect that Factor D probably in the company of other smaller element of
the complement system or even unrelated compounds activate the larger elements of the
pathway such as C3 in vivo and account for the residual toxicity residing above the
molecular weight cutoff of 50kD.In addition, accumulation due to decreased clearance,
complement activation or even increased synthesis of some components may occur with
uremia treated by dialysis. For example, exposure of blood to artificial surfaces within the
hemodialysis membrane may stimulate the formation and activation of complement (22),
although this may be ameliorated by more biocompatible dialyzers (23). Furthermore,
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hemodialysis patients may have increased exposure to endotoxin, either from the dialysis
procedure itself or due to reduced immune function, which may be a further stimulant of
complement activation (24). Complement has been identified in the intima of atherosclerotic
plaques in both normal and uremic patients, and may contribute to the local inflammatory
environment thought essential to the development of vascular disease (25, 26, 27).

The present results open several potential lines of inquiry in the treatment of ESRD. Since
the advent of hemodialysis, therapy has focused almost exclusively on the clearance of urea.
However, urea is relatively non-toxic, and likely plays little role in uremic toxicity (28).
Moreover, many potential uremic toxins, some complement components among them, are
poorly removed by urea- based dialysis prescriptions. Nevertheless, it must be
acknowledged that conventional hemodialysis targeted at urea removal does dramatically
reverse the severest symptoms of untreated uremia and can sustain life for years. The
residual chronic disabilities that hemodialyzed patients sustain may be related to these
poorly dialyzed solutes High flux membranes designed to remove proteins in the size range
of beta 2 microglobulin (13kD) have been in use for many years . However, the clearances
are still rather modest when compared to the native kidney. Thus, though lower with high
flux membranes than with older types of dialyzers, serum levels of “middle molecules” are
still much higher than normal. In fact, while high flux hemodialysis does remove factor D,
the effect is relatively modest compared to urea, or even b2-microglobulin removal (29).
Moreover, there are numerous potential therapies that target complement activation and
production, and may prove effective in the treatment of patients with ESRD.

In summary, uremic serum is toxic to zebrafish embryos though a complement mediated
pathway. Accumulation of complement components, their activation and /or increases in
their synthesis may contribute to uremic toxicity.
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Figure 1.

A time-course plot of percent survival + standard deviation in Control vs. Uremic serum for
8 hours, n = 8. Note that for this figure and all the tables, n refers to the number of
independent experimental observations, each evaluating the survival of approximately 10

embryos.
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Percent survival in fractionated uremic serum, <50kD and > 50kD, at 7 hours (p < 0.05), n = 5.

Table 1

Percent Survival

Uremic <50kD

83+11%

Uremic >50kD

7+17%
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Percent survival in Control, Uremic, and Heated Uremic serum at 7 hours (p < 0.0167), n = 6.

Table 2

Percent Survival

Control 96 + 6%
Uremic 32 + 25%
Heated Uremic 100 + 0%
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Percent survival in Control, Uremic, and Uremic + EDTA serum at 7 hours (p < 0.0167), n = 4.

Table 3

Percent Survival

Control 94 + 6%
Uremic 28 + 20%
Uremic + EDTA 96 + 5%
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Percent survival in Uremic, Uremic + anti-factor B Ab (Ab 1379) and Uremic + Control Ab (clone 171) serum

Table 4

at 7hours (p < 0.0167), n = 12.

Percent Survival

Uremic 3+9%
Uremic + anti-factor B Ab 98 + 6%
Uremic + Control Ab 1+4%
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