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SUMMARY

 

Although complement is activated in the peritoneal cavity during chronic peritoneal dialysis (PD), little
is known about its role in peritoneal defence and injury related to long-term PD. We examined the
impact of glucose and commercial peritoneal dialysis solutions on complement expression in HPMCs
obtained by primary culture from omental tissues of consented patients undergoing elective abdominal
surgery. Constitutive expression of C3 and C4 mRNA in HPMCs was up-regulated upon exposure to
75 m

 

M

 

 glucose in a time-dependent manner. C3 and C4 protein was secreted in both apical and baso-
lateral directions. Glucose doses beyond 100 m

 

M

 

 markedly down-regulated C3 and C4 expression, and
stimulated LDH release dose-dependently. Such cytotoxic effects were attenuated using equivalent
doses of mannitol instead of glucose. Treatment with conventional lactate-buffered dialysis solution
gave rise to down-regulation of C3 and C4 expression, and heightened LDH release in HPMCs. These
effects correlated with the glucose strength of the solution, persisted despite replacement with a bicar-
bonate-buffered solution, aggravated by glycated albumin, and were partially abrogated by supplemen-
tation with 10% fetal bovine serum in the culture system. Our findings suggest that the artificial
conditions imposed by PD lead to alterations in local complement synthesis that have implications for
the role of the peritoneal mesothelium in both inflammation and defence.
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INTRODUCTION

 

The introduction of peritoneal dialysis (PD) over two decades ago
has subjected the peritoneal cavity to a novel environment in
which a whole new set of variables are likely to impact on its
structure and function. The key to long-term success in PD is the
maintenance of the integrity of the peritoneal membrane, which
understandably is at odds with expecting it to perform a function
for which it was not originally designed. There is increasing evi-
dence that long-term PD is associated with structural changes in
the peritoneal membrane that will eventually evolve into perito-
neal fibrosis and loss of function [1]. To date, the exact mechanism

of peritoneal membrane failure in patients on long-term PD is still
unclear. One common feature that precedes the development of
peritoneal fibrosis is chronic peritoneal inflammation that has
been shown to be triggered by a variety of mediators including
proinflammatory and profibrotic cytokines, adhesion molecules,
and growth factors. Because evidence exists for complement acti-
vation in the peritoneal cavity in patients on chronic PD [2,3], the
local production of complement is of potential interest as a pos-
sible effector mechanism of inflammatory injury in the causation
of chronic peritoneal damage. In the present study, we first exam-
ined the  impact  of  glucose  and  standard  peritoneal  dialysis
fluid on complement expression in cultured human peritoneal
mesothelial cells (HPMCs).

Another important function of the peritoneal mesothelium in
the setting of chronic PD is defence against peritonitis [4]. Under
normal circumstances the mesothelial lining acts as a physical bar-
rier to microbial invasion, but this is compromised in patients on
PD as a result of the artificial conditions imposed by the instilla-
tion of hypertonic glucose solutions. The peritoneal cavity itself
possesses a sophisticated and complex intrinsic immune defence
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system against pathogenic microbes [5]. The chief components of
this system are cells (leucocytes, both resident and infiltrating,
peritoneal mesothelial cells, and peritoneal fibroblasts) and the
inflammatory factors they secrete (cytokines, prostaglandins, leu-
kotrienes, chemoattractants). The complement system plays a key
role in innate immunity, and self defence. C3 possesses opsonic,
chemotactic, anaphylotoxic, and immunoregulatory properties;
while C4 is pivotal in classical and lectin pathway activation [6,7].
Thus, it is possible that locally produced complement may have a
role in peritoneal defence. The second objective of our study was
therefore to examine the relevance of complement as a means of
local antibacterial defence in PD.

 

MATERIALS AND METHODS

 

Reagents

 

Cell culture media, defined medium additives, trypsin-EDTA,
lypopolysaccharide (LPS, serotype 0111:B4), and general chemi-
cals were purchased from Sigma Chemicals (Poole, UK). Antibi-
otics, sera, agarose, and DNA size markers were obtained from
Life Technologies (Rockville, MD, USA). Antibodies for cell
characterization were from Sigma, for C3 and C4 ELISA from
Dako (High Wycombe, UK) and the Binding Site (Birmingham,
UK). ELISA kit for C5a assay was obtained from BD Biosciences
Pharmingen (San Diego, CA, USA). Permeable membrane sup-
ports were supplied by Costar (Cambridge, MA, USA). Reagents
for cDNA synthesis were from Pharmacia (Milton Keynes, UK),
for PCR from Promega (Southampton, UK). Peritoneal dialysis
solution (Gambrosol trio 40) was from Gambro Lundia AB
(Lund, Sweden). The bag is made of polyvinyl chloride and con-
sists of 3 compartments. Each litre of electrolyte solution is com-
posed of 5·38 g sodium chloride, 4·72 sodium lactate, and minute
quantities of calcium chloride, magnesium chloride, and sodium
hydroxide. After reconstitution, the final glucose concentrations
in 1·5%, 2·5%, and 4% solutions are 83 m

 

M

 

, 138 m

 

M

 

, and 220 m

 

M

 

,
respectively. Bicarbonate-buffered peritoneal dialysis fluid
(25 m

 

M

 

 bicarbonate/15 m

 

M

 

 lactate, pH 7·3) was from Baxter
Healthcare (Newbury, UK).

 

Culture of human peritoneal mesothelial cells

 

Approval from the local Ethics Committee was granted for
sampling of human omental tissue. HPMCs were obtained from
omental tissues of consented patients undergoing elective abdom-
inal surgery. The cells were isolated and characterized using pro-
cedures described previously [8]. Mesothelial cells showed typical
cobblestone appearance at confluence. Immunohistochemical
staining was performed with monoclonal antibodies (mAb) for
human cytokeratin 18 and vimentin, as well as a polyclonal anti-
body for human factor VIII. Visualization was done with a fluo-
rescein-conjugated secondary antibody. All cells were positive for
cytokeratin and vimentin (excluding the presence of fibroblasts),
but factor VIII antigen was not detected (excluding the presence
of endothelial cells). The cells were maintained in medium 199
(Life Technologies, Gaithersburg, MD, USA) supplemented with
penicillin (100 U/ml), streptomycin (100 

 

m

 

g/ml), 

 

L

 

-glutamine
(2 m

 

M

 

), transferrin (5 

 

m

 

g/ml), insulin (5 

 

m

 

g/ml) and 10% v/v FCS.
HPMCs were incubated at 37

 

∞

 

C in a humidified atmosphere with
5% CO

 

2

 

. Once monolayers of HPMCs reached confluence, the
culture medium was removed and medium 199 containing 0·1% v/
v FCS was added to the cells for 48 h prior to further culture
experiments. Under these conditions, the HPMCs were quiesced

and  remained  in  a  nonproliferative,  viable  condition  for  up  to
96 h [9]. Confluent cells were split at a ratio of 1 : 3 and all exper-
iments were performed with cells of the second passage. Experi-
ments were performed using HPMCs derived from 10 individuals.

 

Growth of HPMC on inserts and permeability studies

 

At the second passage the cells were seeded into six-well plates on
semipermeable membrane supports of 0·4 

 

m

 

m pore size, and
grown to a confluent monolayer. The apical and basal superna-
tants were thus separated by the confluent layer of cells and could
be sampled independently. To ensure the integrity of this cell
monolayer, its permeability to 

 

125

 

I human albumin was measured.
After a confluent cell monolayer was obtained 5 

 

m

 

l of 

 

125

 

I human
albumin (0·5 

 

m

 

Ci/

 

m

 

l) was added to the apical media. After 24 h,
50 

 

m

 

l of apical and basal supernatants were sampled and counted
in a gamma counter. To distinguish between leakage of albumin
between cells and metabolism with release of amino acids into the
basal supernatant, basal samples were precipitated with 10%
trichloroacetic acid. All experiments were performed in triplicate.

 

Preparation of advanced glycation end products

 

Bovine serum albumin (BSA) (Fraction V, Sigma Chemical Co.,
St. Louis, MO, USA) was passed over an affinity Gel Blue column
(Bio-Rad Inc., Hercules, CA, USA), a heparin Sepharose CL6B
column (Pharmacia, Arlington, IL, USA), and an endotoxin bind-
ing affinity column (Pierce, Inc.) to remove possible contami-
nants. BSA modified by advanced glycation (AGE-BSA) was
prepared as described elsewhere [10]. Briefly, BSA was incubated
with 0·5 

 

M

 

 

 

D

 

-glucose in 0·2 

 

M

 

 phosphate buffer (pH 7·4) at 37

 

∞

 

C
for 8 weeks under sterile conditions and then low molecular
weight reactants and glucose were removed by dialysis against
phosphate-buffered saline. BSA incubated without glucose was
used as control BSA for all experiments.

 

RNA extraction and cDNA synthesis

 

Total RNA was extracted from 10

 

6

 

 cells by a modification of the
method by Chomczynski and Sacchi [11] from unstimulated and
glucose-stimulated cells. Briefly, cells were lysed in 4 

 

M

 

 guanidin-
ium thiocyanate, 25 m

 

M

 

 sodium citrate pH 7·0, 0·5% sarcosyl and
0·1 

 

M

 

 2-mercaptoethanol. This was followed by phenol/chloro-
form:isoamyl alcohol extraction and isopropanol precipitation.
RNA was quantified by absorbance at 260 nm. Five 

 

m

 

g total RNA
was reverse transcribed to cDNA in a reaction mixture containing
160 ng oligo (dT)

 

12

 

-

 

18

 

, 500 

 

m

 

M

 

 of each dNTP and 200 U Moloney
murine leukaemia virus reverse transcriptase in 20 

 

m

 

l solution for
80 min at 37

 

∞

 

C. cDNA was stored at 

 

-

 

20

 

∞

 

C until further use.

 

PCR amplification

 

Primer sequences (Table 1) were based on the known sequence of
human C3 and C4 cDNA [12,13]. PCR was carried out with
cDNA diluted to reflect 0·2 

 

m

 

g RNA, 3 U Taq polymerase and
12·5 pmol each of 3

 

¢

 

 and 5

 

¢

 

 primers in 25 

 

m

 

l of a solution contain-
ing 10 m

 

M

 

 Tris-HCl pH 9, 50 m

 

M

 

 KCl, 2 m

 

M

 

 MgCl

 

2

 

, 0·01% gelatin
wt/vol, 0·1% Triton X-100, and 200 

 

m

 

M

 

 of each dNTP. The PCR
cycle consisted of 1 min of denaturation at 94

 

∞

 

C, 1 min of primer
annealing at 65

 

∞

 

C, and 2 min of extension/synthesis at 72

 

∞

 

C. After
30 cycles of amplification, samples were incubated for another
10 min at 72

 

∞

 

C. PCR reactions were carried out in a DNA thermal
cycler (MJ Research, Watertown, MA, USA). The products were
separated on 1·2% agarose gels and stained with ethidium
bromide.
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For quantification, glyceraldehyde 3-phosphate-dehydroge-
nase (GAPDH) [14] was amplified in every reaction as an internal
control. The number of PCR cycles (28 cycles) was in the linear
range of amplification for both sets of primers in accordance with
preliminary experiments (data not shown). PCR products in
ethidium bromide gels were photographed and the bands scanned
using the Gel Doc 1000 Densitometry System and Quantity One
(Bio-Rad Laboratories Ltd, Hercules, CA, USA). The product
yield was expressed as a ratio of the intensity of the band of the
investigated complement transcript to that of the actin band (nor-
malized PCR product yield).

 

Assay of C3 and C4 in cell supernatants

 

To characterize the direction of C3 and C4 synthesis, the con-
centration of these proteins was measured in the apical and
basal supernatants of HPMCs grown on cell culture inserts. To
evaluate the effect of exposure to glucose, C3 and C4 secretion
in both supernatants was assayed after apical incubation of
HPMCs in media containing 5, 30, or 75 mmol/l glucose for
48 h. An equivalent volume of medium was added to the con-
trols. A double ligand ELISA was used. Nunc MaxiSorp immu-
noplates (Nunc, Roskilde, Denmark) were coated overnight at
4

 

∞

 

C with 100 

 

m

 

l of sheep anti-human C3c or C4 diluted 1/200 in
PBS. After washing, they were blocked with PBS, 2% BSA for
1 h at 37

 

∞

 

C. Appropriately diluted supernatant samples were
added in duplicates. Rabbit anti-human C3c or C4 diluted 1/
3000 in sample buffer (PBS, 2% BSA, 0·05% Tween) was then
applied followed, after incubation at 37

 

∞

 

C for 1 h, by horserad-
ish peroxidase-conjugated goat anti-rabbit IgG diluted 1/5000 in
sample buffer. The enzyme activity was read after incubation
with 

 

o

 

-phenylenediamine by measuring absorbance at 490 nm
(MRX 1·1, Dynatech Laboratories, Inc., VG, USA). A pooled
normal human serum of known C3 and C4 concentration was
used to generate a standard curve and was included in every
reaction. The limit of sensitivity of this assay was 0·3 ng/ml for
C3, and 0·33 ng/ml for C4.

 

Lactate dehydrogenase assay

 

Cell viability was measured by LDH release. Following exposure
to glucose, LDH was measured in the culture media using a com-
mercially available method that detects the reduction of pyruvate
to lactate causing a change in optical density at 340 nm (Sigma).
Total cellular LDH was determined in cell lysates prepared by
scraping the cells into a solution of 1% Triton X-100 in PBS fol-
lowed by disruption of the cells by sonnication.

 

Statistical analysis

 

All data were expressed as means

 

±

 

standard deviation. Statistical
analysis was performed using SPSS statistical software (Statistical
Package for the Social Sciences, Inc., Chicago, IL, USA). Inter-
group differences for continuous variables were assessed by one-
way analysis of variance. Post hoc multiple comparisons using
Tukey’s HSD test was used to determine the significance of dif-
ferences between groups. A 

 

P

 

-value of less than 0·05 was consid-
ered statistically significant.

 

RESULTS

 

Permeability of cell monolayer

 

125

 

I human serum albumin was used as a marker to measure pro-
tein transport and leakage across the HPMC monolayer. In con-
trols, 0·94 

 

±

 

 0·26% of apical counts appeared in the basal media at
24 h. Albumin precipitated by trichloroacetic acid accounted for
17·4 

 

±

 

 2·22% of these basolateral counts. The cell monolayer
therefore remained intact with minimal protein leakage. There
was no significant change in permeability after incubation with
glucose, mannitol or dialysate apically (data not shown).

 

C3 and C4 gene expression in HPMC

 

In the quiescent state, HPMCs expressed C3 and C4 mRNA con-
stitutively. Exposure to 75 m

 

M

 

 glucose up-regulated both C3 and
C4 gene expression in a time-dependent manner for up to 24 h,
thereafter the expression of both amplicons returned progres-
sively to baseline at 96 h of incubation (Fig. 1). Exposure to doses
beyond 100 m

 

M

 

 for 24 h significantly down-regulated C3 gene
expression, while C4 was down-regulated after incubation with
200 m

 

M

 

 glucose for 24 h (Fig. 2).

 

Effect of glucose on complement secretion in HPMC

 

Constitutive secretion of C3 and C4 by HPMC was up-regulated
after exposure to 75 m

 

M

 

 glucose for 72 h and 48 h, respectively
(Fig. 3). The polarity of C3 and C4 synthesis in HPMCs is shown
in Fig. 4. HPMCs grown on permeable cell culture inserts pro-
duced C3 in both the apical and basolateral directions, with apical
synthesis predominating regardless of the apical medium glucose
concentration ranging from 0 to 75 m

 

M

 

. Apical and basolateral C3
secretion was not significantly altered after apical incubation with
up to 75 m

 

M

 

 of glucose for 24 h. C4 secretion was of a lower mag-
nitude than C3, and C4 was secreted in both directions without
polarity between the apical and basolateral media. Apical and
basolateral C4 secretion was not significantly altered after apical
incubation with glucose.

Exposure to glucose doses at 100 m

 

M

 

 and beyond significantly
down-regulated both C3 (Fig. 5) and C4 (Fig. 6) secretion in a
time-dependent manner. To investigate whether these effects
were due to glucose per se and to the hyperosmolar milieu it cre-
ates, we used equivalent doses of mannitol as an osmotic control.
Constitutive C3 and C4 secretion was unchanged when exposed
to mannitol instead of glucose, although there was a trend for
reduced C3 (Fig. 5) and C4 (Fig. 6) secretion when the dose of
mannitol reached 100 m

 

M

 

 and beyond.
Apart from C3 and C4, the anaphylatoxin C5a is of potential

interest because recent evidence suggests that C5a mediates an
early step in the onset of sepsis by enhancing the production of
various proinflammatory mediators in different cell types [15].
The level of C5a was below the detection limit of 0·625 ng/ml
under all experimental conditions (data not shown).

 

Table 1.

 

PCR primer sequences

Primer* Oligonucleotide sequence
Product

size

C3-1

 

GCT GCT CCT GCT ACT AAC CCA

 

784 bp
C3-2

 

AAA GGC AGT TCC CTC CAC TTT

 

C4-1

 

ATG GTT CCT ATG CGG CTT GGT TGT C

 

256 bp
C4-2

 

GCG ATG GTC ACA AAG GCT GTG AGT G

 

GAPDH-1

 

ACC ACA GTC CAT GCC ATC AC

 

452 bp
GAPDH-2

 

TCC ACC ACC CTG TTG CTG TA

 

*Primer-1 is identical to the coding strand; Primer-2 is complementary
to the coding strand.
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Viability of HPMCs after exposure to glucose

 

There was no appreciable change in cell number or LDH release
in cell supernatant after exposure to 5, 30, or 75 m

 

M

 

 of glucose for
up to 72 h. Exposure to doses beyond 100 m

 

M

 

 led to a significant
dose- and time-dependent release of LDH. Parallel experiments
using mannitol as an osmotic control showed marked attenuation
in LDH release at doses above 100 m

 

M

 

 compared to glucose as
the stimulant (Fig. 7).

 

Effect of therapeutic peritoneal dialysis fluid (PDF)

 

Treatment of HPMC with Gambrosol Trio dialysis fluid for 4 h
attenuated C3 (Fig. 8) and C4 (Fig. 9) secretion compared to incu-
bation in M199 culture medium. This effect was dependent on the
strength of the dialysis solution used, and was markedly exagger-
ated upon extending the duration of incubation to 24 h. To inves-
tigate whether the inhibitory effect of PDF on HPMC C3 and C4
production was due to cytotoxicity, we supplemented the culture
medium with serum. Supplementation with 10% FBS partially
nullified the effect of PDF at 24 h. The effect of bicarbonate-buff-
ered PDF (pH = 7·3) on C3 (Fig. 10) and C4 (Fig. 11) secretion in
HPMC was not different from conventional lactate-buffered
PDF.

Treatment with BSA modified by advanced glycation (AGE-
BSA) reduced C3 secretion as compared to BSA alone (Fig. 10).
There was also a trend for down-regulated C4 secretion by AGE-
BSA, although the difference did not reach statistical significance

(Fig. 11). LPS (10 ng/ml) stimulated both C3 and C4 secretion by
HPMC and served as a positive control. C5a remained undetect-
able under all experimental conditions (data not shown).

The effect of PDF on LDH release in HPMC is depicted in
Fig. 12. LDH release from HPMC was a function of both the glu-
cose concentration of the dialysis fluid and the duration of expo-
sure to PDF. The LDH response at 1 h and 4 h, but not at 24 h, of
incubation was markedly attenuated when PDF was supple-
mented with 10% FBS.

 

DISCUSSION

 

Various studies have indicated that the morphological changes in
the peritoneal mesothelium that accompany long-term PD are
heralded by a state of chronic inflammation which subsequently
progresses to denudation of peritoneal mesothelial cells, and
duplication of submesothelial and capillary basement membranes
[1,16,17]. The terminal events are represented by mesenchymal
transdifferentiation, fibrosis and, ultimately, ultrafiltration failure.
The molecular mechanisms underlying these immunopathologi-
cal processes are not well understood, and are likely to be multi-
factorial. Despite the continuous development of new dialysis
solutions over the past two decades [18], one fundamental prop-
erty that has hardly changed is the use of hypertonic glucose as an
osmotic agent. The complement cascade is a major mediator of
inflammation and host protection, and plays an instrumental role

 

Fig. 1.

 

Time kinetics of C3 and C4 gene expression. Growth-arrested HPMCs in M199 media were exposed to 75 m

 

M

 

 glucose for up to
96 h. Results were obtained from triplicate experiments. A representative gel each for C3 and C4 expression in relation to GAPDH
expression was shown at the top. *

 

P =

 

 0·02, #

 

P =

 

 0·003 

 

versus

 

 time zero control.
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in the development of an effective inflammatory response by gen-
erating important peptides, known collectively as complement
‘split products’, of which C3a, C4a, and C5a are the most pro-
inflammatory [7]. The capacity of peritoneal mesothelial cells to
synthesize complement components during PD [2,3,19] implies
that complement may play a role in immunoregulation in the peri-

 

Fig. 2.

 

Dose effect of glucose on C3 (

 

�

 

) and C4 (

 

�

 

) expression. Growth-arrested HPMCs in M199 media were exposed to escalating doses
of glucose for 24 h. Results were obtained from triplicate experiments. A representative gel each for C3 and C4 expression in relation to
GAPDH expression was shown at the top. *

 

P =

 

 0·018, #

 

P =

 

 0·001 compared to control.
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Fig. 3.

 

Time kinetics of C3 and C4 protein secretion. Growth-arrested
HPMCs in M199 media were exposed to 75 m

 

M

 

 glucose for up to 96 h.
Cell supernatants were harvested for ELISA. Results were obtained from
triplicate experiments. *

 

P =

 

 0·008, #

 

P =

 

 0·046, †

 

P =

 

 0·014, ‡

 

P = 0·000,
§P = 0·001 versus time zero control.
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Fig. 4. Polarity of C3 (�) and C4 (�) production by HPMCs. Cells were
grown to confluence on Transwell chambers and growth-arrested. Medium
supplemented with different concentrations of glucose was added to the
apical compartment, while medium alone was added to the basolateral
compartment. After 24 h, apical and basolateral media were harvested for
assay of C3 and C4 protein by ELISA. Results are means ±SD obtained
from triplicate experiments. *P = 0·002, †P = 0·021, #P = 0·016, ¶ P = 0·02
versus corresponding basolateral compartment.
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toneal cavity during PD. Yet, limited data is available in the liter-
ature on the role of complement in the evolution of peritoneal
membrane structure and function in the context of chronic PD.

In the present study, we examined three major components of
the complement system in HPMCs – C3, C4, and C5a. C3 is the
most abundant complement protein in circulation and plays a piv-
otal role in complement activation, as the classical, the alternative
and lectin pathways have to proceed through cleavage of the C3
molecule [20]. C4 functions as an intermediary component of the
classical and lectin pathways. Its local production could facilitate

response against pathogens or aggravate immune-mediated
injury by releasing the anaphylotoxin, C4a [21], and stimulating
antigen-specific T-cells during antigen presentation [20]. C5a is
also an anaphylatoxin and can cause toxic oxygen radical forma-
tion [15]. Here, we showed that HPMCs expressed C3 and C4
constitutively. In contrast, C5a was not generated during these
experiments. Exposure to 75 mM glucose up-regulated both C3
and C4 production. However, exposure to glucose beyond 75 mM

significantly down-regulated C3 and C4 expression and stimu-
lated LDH release in HPMCs, suggesting that these concentr-

Fig. 6. Effect of glucose and mannitol on C4 expression. Quiescent HPMCs were incubated with escalating doses of glucose or mannitol
in M199 media for 24 h (�), 48 h (�), or 72 h (�), after which culture supernatants were harvested for C4 ELISA. Results were obtained
from triplicate experiments. *P = 0·028, #P = 0·000, †P = 0·028 compared to medium control.
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ations of glucose are cytotoxic. The detrimental effects of
supraphysiological concentrations of glucose on HPMCs are fur-
ther supported by the failure of equivalent doses of mannitol as
an osmotic control to reproduce the impact of glucose alone. This
concurs with the finding by Gotloib et al. [22] in a mouse model of
peritoneal dialysis that the harmful effects of hyperosmolality per
se on the mesothelium are only modest as opposed to those of
hypertonic glucose.

Although the glucose content of even the lowest strength of
neat commercial dialysis solution exceeds 75 mM, our unpub-
lished experience obtained from performing the peritoneal equil-
ibration test [23] in over 350 subjects receiving maintenance PD
showed that the steady state glucose level of spent dialysate is in
the range 71·3 ± 16·8, 46·1 ± 21·7, and 24·0 ± 13·3 mM for 4%,
2·5%, and 1·5% dialysis solutions, respectively. This implies that
C3 and C4 expression in mesothelial cells, upon prolonged exp-

Fig. 7. Effect of glucose and mannitol on LDH release. Quiescent HPMCs were incubated with escalating doses of glucose or mannitol
in M199 media for 24 h (�), 48 h (�), or 72 h (�), after which culture supernatants were harvested for assay of LDH release. Results were
obtained from triplicate experiments. *P = 0·01, #P = 0·000, †P = 0·026, ‡P = 0·001, §P = 0·002 compared to medium control.
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Fig. 8. Effect of peritoneal dialysis fluid (PDF) on C3 secretion. Quiescent HPMCs were incubated with serum-free M199 medium, or
glucose-free PDF, or PDF of various glucose strengths, or equivalent solutions supplemented with 10% FBS for 4 h or 24 h. Culture
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respectively. Results were obtained from triplicate experiments. *P = 0·018, #P = 0·002, †P = 0·000, ‡P = 0·011, §P = 0·001 compared to
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Fig. 9. Effect of peritoneal dialysis fluid on C4 secretion. Quiescent HPMCs were incubated with serum-free M199 medium, or glucose-
free PDF, or PDF of various glucose strengths, or equivalent solutions supplemented with 10% FBS for 4 h or 24 h. Culture supernatants
were harvested for C4 ELISA. The glucose concentrations of 1·5%, 2·5%, and 4% solutions are 83 mM, 138 mM, and 220 mM, respectively.
Results were obtained from triplicate experiments. *P = 0·02, #P = 0·002, †P = 0·000, ‡P = 0·009, §P = 0·001 compared to medium control.
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Fig. 10. Effect of bicarbonate PDF and glycated albumin on C3 secretion.
Quiescent HPMCs were treated with PDF of different strengths, glycated
BSA (0·25 mg/ml), or BSA (0·25 mg/ml) in M199. Incubation with 10 ng/ml
lipopolysaccharide (LPS) in M199 served as positive control. After 48 h,
culture supernatants were harvested for C3 ELISA. The glucose concen-
trations of 1·5%, 2·5%, and 4% solutions are 83 mM, 138 mM, and 220 mM,
respectively. Results were obtained from triplicate experiments. *P = 0·000
compared to medium control.
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osure to a glucose load of less than 75 mM during the steady-state
in patients undergoing maintenance PD, may be chronically stim-
ulated to promote a proinflammatory environment. Our finding
of basal, as well as apical secretion of C3 and C4 is consistent with
the speculation that complement may participate in the process of
chronic inflammation of the peritoneal membrane during main-
tenance PD. Further studies to validate or refute such contention
would be best carried out in a complement knockout animal
model, such as the C3-deficient mice [24].

Another important function of the peritoneal mesothelium
is defence against and clearance of peritonitis in PD. Despite
substantial improvements in bag connection technology, perito-
nitis remains an important cause of morbidity and dialysis fail-
ure in patients undergoing PD. A large body of evidence
indicates that conventional peritoneal dialysate fluids cause a
functional impairment of peritoneal host defence mechanisms
[25], which consist mainly of resident mononuclear phagocytes,
mesothelial and dendritic cells [5]. The initial phase of the
inflammatory response to infection involves activation of the
innate immune system, in particular the complement system
and neutrophils [7]. Bacteria are able to activate both the clas-
sical and alternative pathways, leading to opsonization of bac-
terial cells by C3. This in turn enhances their phagocytosis by
neutrophils and macrophages. The major organisms causing
PD-related peritonitis include Staphylococcus aureus, Staphylo-
coccus epidermidis, and other Gram-negative bacteria such as
Escherichia coli and Pseudomonas aeruginosa [26]. These
microbes have been shown to infect the peritoneum by bacte-
rial attachment followed by internalization [27]. Furthermore,
Celik et al. [28] has demonstrated that an effective antimicro-
bial immune defence in a mouse model of peritonitis is com-
plement-dependent. Thus, we undertook to investigate whether

PD may affect complement synthesis in the peritoneal
mesothelium.

To mimic the in vivo environment in PD, HPMCs were incu-
bated with various strengths of commercial PD solutions with glu-
cose content ranging from 83 mM to 220 mM. Regardless of the
strength of the solution used, constitutive C3 and C4 expression
was markedly suppressed, while LDH release was stimulated.
These effects were partially abrogated by supplementation with
10% FBS, signifying the cytotoxic nature of PD solutions. This
enhanced viability of HPMCs with FBS supplementation is con-
sistent with our previous in vitro findings [29].

To investigate the effect of the lactate component of dialysate,
we used a bicarbonate-buffered solution and found little change
in the inhibitory capacity of the fluid on complement production
by HPMCs as compared with conventional lactate-buffered dialy-
sate. Such finding is in keeping with previous report on the sub-
optimal biocompatibility of bicarbonate solutions [30].

Apart from tonicity, pH, and high glucose contents, the for-
mation of glucose degradation products during heat-sterilization
and storage of the dialysate is another important consideration.
Glucose as a highly reactive substance is easily degraded into glu-
cose degradation products (GDP), which are toxic [31] and can
give rise to early or advanced glycation end products. Exposure of
HPMCs to glycated BSA marginally inhibited C3 expression
compared with control, while C4 expression was also decreased
though the reduction did not achieve statistical significance.
Taken together, our findings suggest that hypertonic glucose, lac-
tate, and possibly the bicarbonate components of commercial PD
dialysates as well as AGEs are all toxic to HPMCs. The chief com-
ponents of the peritoneal defence system are resident macroph-
ages, neutrophils that are recruited from the systemic circulation,
mesothelial cells, and fibroblasts [5,32,33]. In view of the link

Fig. 12. Effect of peritoneal dialysis fluid on LDH release. Quiescent HPMCs were incubated with serum-free M199 medium, or glucose-
free PDF, or PDF of various glucose strengths (a), or equivalent solutions supplemented with 10% FBS (b) for 1 h (�), 4 h (�), or 24 h
(�). Culture supernatants were harvested for assay of LDH release. The glucose concentrations of 1·5%, 2·5%, and 4% solutions are
83 mM, 138 mM, and 220 mM, respectively. Results were obtained from triplicate experiments. *P = 0·001, #P = 0·005, †P = 0·000 compared
to medium control.
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between complement fragments and the opsonic and phagocytic
property of macrophages [7,21,34], it would be logical to postulate
that the down-regulation of complement production by PD solu-
tions leads to increased susceptibility to infection due to ineffec-
tive clearance of any invading bacteria. In conclusion, our findings
suggest that the artificial conditions imposed by PD lead to alter-
ations in local complement synthesis that have implications for
the role of the peritoneal mesothelium in both inflammation
(through up-regulated basolateral complement production in the
steady state) and defence (through cytotoxicity and down-regu-
lated complement production upon acute exposure to dialysis
solutions).
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