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PERITONEAL FIBROSIS AND HIGH TRANSPORT ARE INDUCED IN MILDLY PRE-INJURED
PERITONEUM BY 3,4-DIDEOXYGLUCOSONE-3-ENE IN MICE
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Peritoneal dialysis (PD) solution contains high concen-
trations of glucose and glucose degradation products
(GDPs). One of several GDPs—3,4-dideoxyglucosone-3-ene
(3,4-DGE)—was recently identified as the most reactive and
toxic GDP in PD fluids. In vitro, 3,4-DGE has been shown to
induce mesothelial cell damage; however, its role in perito-
neal fibrosis in vivo remains unclear. In the present study,
we intraperitoneally administered chlorhexidine gluconate
(CG) for mild peritonealinjury, and we then injected 3,4-DGE
[38 umol/L (low concentration) or 145 umol/L (high concen-
tration)] 5 times weekly for 4 weeks. Significant thickening
of the parietal peritoneal membrane was observed only
when treatment with low or high concentrations of 3,4-DGE
occurred after CG administration, but not when either CG or
3,4-DGE alone was given. The combination of CG and 3,4-DGE
also caused upregulation of messenger RNA expression of
transforming growth factor 31, connective tissue growth
factor, fibronectin, collagen type 1 o1 chain, alpha smooth
muscle actin (0-SMA), vascular endothelial growth factor 164,
NADPH oxidase 1 and 4, p22phox, p47phox, and gp91phoxin
peritoneal tissue. Treatment with CG alone was sufficient to
cause significant F4/80-positive macrophage infiltration, ap-
pearance of «-SMA-positive cells, and vessel formationin the
submesothelial layer. Addition of 3,4-DGE markedly enhanced
those changes and induced apoptosis, mainly in leukocytes.
The concentration of 3,4-DGE in the abdominal cavity declined
more rapidly in CG-treated mice than in PBS-treated mice.
Peritoneal membrane permeability determined by perito-
neal equilibration test showed high transport conditions in
peritoneum treated with both CG and 3,4-DGE. These results
indicate that, when mild peritoneal damage s already present,
3,4-DGE causes peritoneal thickening and fibrosis, resulting
in deterioration of peritoneal membrane function.
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Peritoneal dialysis (PD) is a well-established method
of home dialysis for patients with end-stage renal
failure. During long-term PD, the peritoneal membrane
develops peritoneal fibrosis in response to a variety
of injuries, including bioincompatible PD solutions,
peritonitis, uremia, and chronic inflammation (1,2).
Solutions for PD contain high concentrations of glu-
cose, which result in glucose degradation products
(GDPs) during the process of heat sterilization. Some
GDPs identified in PD fluid (3,4) include acetaldehyde,
3-deoxyglucosone, formaldehyde, 2-furaldehyde, gly-
oxal, 5-hydroxymethylfurfural, methylglyoxal (MGO),
and 3,4-dideoxyglucosone-3-ene (3,4-DGE). Among
those GDPs, the highly reactive 3,4-DGE is a toxic sub-
stancein PD fluid (4,5). Recently, PD fluid with a neutral
pH and lower GDPs has shown improved performance,
as indicated by reduced levels of inflammatory mark-
ers in effluent and of circulating advanced glycation
endproducts (6).

Fluids containing high GDP levels are relevant to
peritoneal fibrosis and loss of ultrafiltration (7,8).
Although the mechanisms of GDP cytotoxicity are not
fully understood, 3,4-DGE has been shown to affect
the cytotoxicity of acidic, heat-sterilized PD fluid on
human peritoneal mesothelial cells (9). In particular,
3,4-DGEinduces apoptosis and epithelial-mesenchymal
transition (EMT) in peritoneal mesothelial cells (10).
The concentration of 3,4-DGE in conventional PD fluids
is normally 10-38 umol/L (4,5), enough to promote
mesothelial cell apoptosis (10). The high reactivity of
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3,4-DGEisresponsible for depletion of totalintracellular
glutathione (9), suggesting that 3,4-DGE can enhance
oxidative stress in peritoneal mesothelial cells (11).
Infusion of conventional PD solution containing aninter-
mediate level of GDPs and lipopolysaccharide (compared
with low-GDP solution and lipopolysaccharide) induced
high peritonealtransportin rats (12,13). Low-GDP solu-
tion caused less peritoneal injury and submesothelial
vascularization in rats (14).

Peritoneal dialysis fluid containing GDPs is closely
associated with EMT of peritoneal mesothelial cells
in vivo (15). However, it is not clear whether 3,4-DGE
plays a role in peritoneal damage in vivo, because no
report has shown that 3,4-DGE induces peritoneal
fibrosisin that situation. We therefore used two doses of
3,4-DGE—38 umol/L, the highest found in conventional
PD fluid, and 145 umol/L, higher than the amount found
in PD fluid—to examine the role of 3,4-DGEin peritoneal
fibrosis and inflammation in vivo. We also examined
whether pre-existing chlorhexidine gluconate (CG)-
induced peritoneal injury increases 3,4-DGE-induced
peritonealinjury.

METHODS
ANIMAL MODELS

All animal experiments were approved by the ani-
mal experimentation committee of Kyoto University
Graduate School of Medicine. Purification of 3,4-DGE
was performed as previously described (11). We treated
(57BL/6J mice weighing approximately 26 g with intra-
peritoneal injections of 0.3 mL 0.1% CG in 15% ethanol
and 85% phosphate-buffered saline (PBS) every other
day for 1 week; they were then injected with 38 umol/L
or 145 umol/L 3,4-DGE dissolved in 1 mL PBS every
weekday for 4 weeks without antibiotics. Control mice
received PBS only. Mice were assigned randomly to one
of the following groups:

* Group 1: initial PBS and subsequent PBS without
3,4-DGE [PBS+3,4-DGE(-)], n =10

* Group 2: initial PBS and subsequent 38 umol/L
3,4-DGE (PBS+38 umol/L 3,4-DGE), n=8

* Group 3: initial PBS and subsequent 145 pmol/L
3,4-DGE (PBS+145 umol/L 3,4-DGE), n=5

* Group 4: initial CG and subsequent PBS without
3,4-DGE [CG+3,4-DGE(-)], n=8

* Group 5:initial CG and subsequent 38 umol/L 3,4-DGE
(CG+38 umol/L 3,4-DGE), n=11

* Group 6:initial CG and subsequent 145 umol/L 3,4-DGE
(CG+145 umol/L 3,4-DGE), n=5
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QUANTITATIVE ANALYSIS OF 3,4-DGE IN PLASMA AND
PERITONEAL EFFLUENT

The concentration of 3,4-DGE in the abdominal cavity
was evaluated. Mice were injected with PBS (n = 8) or
0.1% CG (n=17) every other day for 1 week. Then, using
an 18G needle, 4 mL 3,4-DGE diluted in PBS was injected
into the peritoneal cavity of the mice. Peritoneal solution
was collected at 1, 10, 20, and 30 minutes afterinjection.
At 30 minutes after injection, blood samples were col-
lected using heparin-coated capillary tubes from mice
given 145 umol/L 3,4-DGE (n = 2 from the PBS group,
n=3fromthe CG group). Blood samples were centrifuged
and plasma components were separated.

The concentrations of 3,4-DGE in plasma and peritone-
al effluent were analyzed by liquid chromatography-mass
spectrometry as a quinoxaline derivative afterareaction
with 2,3-diamino naphthalene. Briefly, 50 uL of sample
or standard solution was diluted with an equivalent
amount of 0.2 mol/L sodium phosphate buffer (pH 7.4).
Then 100 plL of 0.05% 2,3-diamino naphthalene (Tokyo
Chemical Industry, Tokyo, Japan) in acetonitrile was
added to the solution and carefully mixed. For depro-
teinization, the mixture was centrifuged (6000g for 10
minutes), after which an aliquot of the supernatant was
incubated at 25°Cfor 20 hours under dark conditions for
derivative formation. The reaction solution was assayed
by reverse-phase high-performance liquid chromatog-
raphy using a Symmetry column (Waters, Milford, MA,
USA) with 25% - 65% gradient elution of acetonitrile
containing 0.1% formic acid. The 3,4-DGE-quinoxaline
derivative was then detected as protonated molecularion
at 267.1 Da [C;H,,N,0, + H]* by electrospray positive-
ionization mass spectrometry.

The preliminary experiment confirmed that the blood
componentinhibited the reaction between 3,4-DGE and
2,3-diaminonaphthalene, and therefore, to minimize
theinhibitory effect, the calibration standards were pre-
pared using serum. For analysis of the peritoneal fluid,
aqueous solutions of 3,4-DGE were used as calibration
standards. All standard solutions were treated using
identical derivatization processing.

MODIFIED PERITONEAL EQUILIBRATION TEST

Before the mice were humanely euthanized, a modified
peritoneal equilibration test was performed to determine
peritoneal permeability as previously described (16).
Briefly, the mice (group 1: n=3; group 2: n=3; group 4:
n=3; group 5: n =5) were given 3-mL intraperitoneal
injections of 7% glucose dialysis solution (Perisate:
JMS, Hiroshima, Japan). After a 2-hour dwell, effluents
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were collected and blood samples were drawn. Serum
and dialysate creatinine and urea nitrogen levels were
measured by the enzymatic method (SRL, Tokyo, Japan).
Calculation of the mass transfer-area coefficient (MTAC)
of urea was calculated as previously described (17).
Mice were euthanized under anesthesia at 5 weeks after
CG-treatment, and samples were collected for histologic
and biochemical analyses.

HISTOLOGY AND IMMUNOHISTOCHEMICAL STUDY FOR
THE PERITONEUM

Anterior abdominal walls containing parietal perito-
neum were fixed with 4% buffered paraformaldehyde and
embedded in paraffin. We measured the thickness of the
fibrotic submesothelial zone above the abdominal muscle
layer in cross-sections as previously described (18).

For immunohistochemical analyses of F4/80, CD31,
and cytokeratin, the sections were processed as
described, with some modifications (18,19). After 0.1%
trypsin-mediated antigen retrieval, the samples were
incubated with rat monoclonal anti-F4/80 antibody
(Serotec, Oxford, UK), rat monoclonal anti-CD31 anti-
body (BD Biosciences, San Diego, CA, USA), or rabbit
polyclonal anti-cytokeratin antibody (Dako, Glostrup,
Denmark). After incubation with biotin-conjugated
secondary anti-rat immunoglobulin G antibody (Vector
Laboratories, Burlingame, CA, USA), the specimens
were treated with streptavidin-conjugated horse-
radish peroxidase (Dako) and then developed using
3,3’-diaminobenzidine tetrahydrochloride (Dako).
For immunohistochemical analyses of alpha smooth
muscle actin (a-SMA), the sections were processed using
microwave-mediated antigen retrieval and were then
incubated with rabbit polyclonal anti-o-SMA antibody
(Abcam, Cambridge, UK).

REAL-TIME POLYMERASE CHAIN REACTION ANALYSIS

Quantitative real-time polymerase chain reaction was
performed using Premix Ex Taq (Takara Bio, Shiga, Japan)
on an Applied Biosystems 7300 real-time polymerase
chain reaction system (Applied Biosystems, Foster City,
CA, USA) or a StepOnePlus system (Applied Biosys-
tems) as previously described, with some modifications
(18,19). Gene-specific primersand probes were then used
to determine the expression levels of mouse transform-
ing growth factor B1 (TGF-1), connective tissue growth
factor (CTGF), fibronectin, collagen type 1 alpha 1 chain
(COL1A1), a-SMA, vascular endothelial growth factor
164 (VEGF164), NADPH oxidase 1 (NOX1) and 4 (NOX4),
p22phox, p47phox, and gp91phox (Table 1). Expression

TABLE 1
TagMan primers and probe sequences?

Probe

Reverse primer

Forward primer

Gene

5’-FAM-AGTGGCTGAACCAAGGAGACGGAA-TAMRA-3’
5’-FAM-CCTGGGAAATGCTGCAAGGAGTGG-TAMRA-3’
5’-FAM-CCGACGAAGAGCCCTTACAGTTCCA-TAMRA-3’

5’-GCTGAATCGAAAGCCCTGT-3"

5’-GACGTCACTGGAGTTGTACGG-3’

TGF-B1
CTGF

5’-TCCTTGGGCTCGTCACACA-3’
5’-TCGCACTGGTAGAAGTTCCA-3’
5’-CATCTTCTGAGTTTGGTGATACGT-3"

5’-TTCCCGAGAAGGGTCAAGCT-3’
5’-ATCATTTCATGCCAACCAGTT-3’

Fibronectin
COL1A1

5’-FAM-TGCTGTGCTTTCTGCCCGGA-TAMRA-3’
5’-FAM-ACACGGCATCATCACCAACTGGGA-TAMRA-3"
5’-FAM-CTGTAGGAAGCTCATCTCTCCTATGTGC-TAMRA-3"

5’-GTCCCAACCCCCAAAGAC-3’
5’-CCTGACGCTGAAGTATCCGATAG-3’

5’-GGTGCCAGATCTTTTCCATGTC-3’
5’-GACAAACAAATGCTTTCTCCG-3'

o-SMA
VEGF164

NOX1

3,4-DGE IN PERITONEAL FIBROSIS

5’-AACGATGAAGCCCTGGAGTG-3"
5’-TCGTCTATATCATCTGCTTAGGGATC-3"
5’-GCAAGACTCTACACATCACATGTG-3"

5’-FAM-GGCTTTCACCCAAGCTCTCC-TAMRA-3’
5’-FAM-TCTCAGGTGTGCATGTAGCCGCCCA-TAMRA-3’

5’-GGCTTTCACCCAAGCTCTCC-3"
5’-,TGCTGCATTCAGTTCAAGGAAATC-3’

NOX4

5’-FAM-CTCCACTTCCTGTTGTCGGTGCCTGC-TAMRA-3’

5’-CACTGCTCACCTCGGATGG-3’
5’-CGTTGAAGTATTCAGTGAGAGTGC-3

5’-CCCCTCACCAGGAATTACTACG-3’
5’-GGCGAGATCCACACAGAGAAC-3’
5’-GGTGACAATGAGAACGAAGAGTATC-3

p22phox
p47phox

5’-FAM-TCCCACACCTCCCGGCACCCAG-TAMRA-3’
5’-FAM-CAGCCAACCGAGTCACGGCCACATAC-TAMRA-3’

5’-GAGACACAGTGTGATGACAATTCC-3’

gp91phox

vascular

cytochrome b245,

alpha smooth muscle actin, VEGF

neutrophil cytosolic factor 1; gp91phox

connective tissue growth factor; COL1A1 = collagen type 1 a1 chain; o-SMA =

transforming growth factor p1; CTGF

TGF-B1

cytochrome b-245, alpha polypeptide; p47phox =

NADPH oxidase; p22phox =

endothelial growth factor; NOX

beta polypeptide.

[y
N
o1

3 Purchased from Applied Biosystems and Sigma Genosys, Tokyo, Japan.
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of each messenger RNA (mRNA) was normalized to GAPDH
mRNA (TagMan rodent GAPDH control reagents: Applied
Biosystems).

ASSESSMENT OF APOPTOSIS

Apoptosis was quantified using a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay with in situ cell death detection kit and
fluorescein (Roche, Basel, Switzerland) as previously
described (20). To detect apoptotic cell types, triple
staining for CD45, TUNEL, and DAPI was performed.
Paraffin-embedded peritoneal sections 4 um in thick-
ness were deparaffinized and treated with microwaves
for antigen retrieval. Sections were then processed
with rabbit polyclonal anti-CD45 antibody (Abcam)
for 1 hour at room temperature. After incubation with
DyLight 549 conjugated donkey anti-rabbit antibody
(Jackson ImmunoResearch, West Grove, PA, USA),
the sections were treated with 0.1% Triton X in 0.1%
sodium citrate buffer and then incubated with TUNEL
reaction mixture.

STATISTICAL ANALYSIS

Data are expressed as mean + standard error of the
mean. The statistical analysis was performed using
one-way analysis of variance or the Student t-test, as
appropriate. A p value of less than 0.05 was considered
statistically significant.

RESULTS

PRETREATMENT WITH CG ENHANCES 3,4-DGE-INDUCED
PERITONEAL FIBROSIS

Mice received intraperitonealinjections of PBS every
other day for 1 week (3 times) and then injections of low
(38umol/L) orhigh (145 umol/L) concentrations 3,4-DGE
every weekday for 4 weeks. Mice treated with 3,4-DGE or
CG (or both) and mice receiving PBS+3,4-DGE(-) all
had similar body weights (Figure 1). The thickness of
the peritoneal membrane was analyzed using Masson
trichrome staining. The PBS+3,4-DGE(-) and 38 umol/L
or 145 umol/L PBS+3,4-DGE mice showed almost normal
peritoneal tissues. Notably, the thickness of the perito-
neal membrane was greater for CG+38 umol/L 3,4-DGE
mice than for CG+3,4-DGE(-) mice. The CG+145 umol/L
3,4-DGE mice showed even more pronounced peritoneal
membrane thickness: PBS+3,4-DGE(-), 27.9 + 4.8 um;
PBS+38 umol/L 3,4-DGE, 23.5 + 1.6 um; PBS+145 umol/L
3,4-DGE, 26.8 + 4.1 um; CG+3,4-DGE(-), 47.2 £ 1.7 um;
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CG+38 umol/L 3,4-DGE, 142 + 11 um; CG+145 umol/L
3,4-DGE, 253 + 16 um (Figure 2).

EFFECT OF CG AND 3,4-DGE ON GENE EXPRESSION IN
PERITONEAL INJURY

We next examined gene expression of TGF-B1, CTGF,
fibronectin, COL1A1, a-SMA, and VEGF164in peritoneum
(Figure 3). Administration of 38 umol/L or 145 umol/L
3,4-DGE in PBS-treated mice did not increase mRNA
expression of TGF-B1, CTGF, fibronectin, COL1A1, o-SMA,
and VEGF164. Compared with CG+3,4-DGE(-) mice, the
CG+145 umol/L 3,4-DGE mice showed increased TGF-f31,
CTGF, fibronectin, COL1A1, o-SMA, and VEGF164 expres-
sion, suggesting that the combination of CGand 3,4-DGE
enhances extracellular matrix production.

Next, we examined the expression of NOX1, NOX4,
p22phox, p47phox, and gp91phox, which are essential
membrane components of NAD(P)H oxidase, in peri-
toneum. Compared with PBS+3,4-DGE(-) mice, the
PBS+38 umol/L 3,4-DGE mice did not show increases in
mRNA expression for those components. Compared with
PBS+3,4-DGE(-) mice, the PBS+145 umol/L 3,4-DGE

—O0-PBS+3,4-DGE(-) —o— CG+3,4-DGE(-)
——PBS+38 pM 3,4-DGE ~ —A— CG+38 uM 3,4-DGE
30 - —0—PBS+145uM 3,4-DGE(+) — CG+145 uM 3,4-DGE

Body Weight (g)
& 3

Weeks

Figure 1 — Time course of body weight in mice. Mice were
treated with intraperitonealinjections of 0.1% chlorhexidine
gluconate (CG) or phosphate buffered saline (PBS) every
other day for a week. They were then injected with 38 umol/L
or 145 umol/L 3,4-dideoxyglucosone-3-ene (3,4-DGE) or PBS
every weekday for 4 weeks. Initial PBS followed by PBS without
3,4-DGE (n=10, open circles); initial PBS followed by PBS plus
38 umol/L 3,4-DGE (n=8, open triangles); initial PBS followed
by PBS with 145 umol/L 3,4-DGE (n =5, open squares); initial
CG followed by PBS without 3,4-DGE (n = 8, closed circles);
initial CG followed by PBS with 38 umol/L 3,4-DGE (n = 11,
closed triangles); CG plus 145 umol/L followed by PBS with
3,4-DGE (n =5, close squares). All mice were compared with
mice receiving PBS without 3,4-DGE; no significant differences
were observed.
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Figure 2 — Histologicappearance of the peritoneum in each group. (A) Compared with mice treated with phosphate-buffered saline
(PBS) plus 38 umol/L 3,4-dideoxyglucosone-3-ene (3,4-DGE), mice treated with chlorhexidine gluconate (CG) plus 38 umol/L
3,4-DGE showed thickened peritoneum. In mice treated with CG+145 umol/L 3,4-DGE, peritoneal fibrosis was more pronounced.
Arrows indicate the submesothelial compact zone (Masson trichrome stain). (B) Thickness of the peritoneal membrane (mean
+ standard error of the mean) in mice under various conditions: PBS without 3,4-DGE [PBS+3,4-DGE(-), n = 7]; PBS+38 umol/L
3,4-DGE (n=5); PBS+145 umol/L 3,4-DGE (n=5); CG+3,4-DGE(-) (n=5); CG+38 umol/L 3,4-DGE (n =6); CG+145 umol/L 3,4-DGE
(n=5). ** p<0.01 versus mice treated with PBS and same dose of 3,4-DGE; * p < 0.05; *# p < 0.01.

mice showed increased mRNA expression of p22phox.
The CG+38 umol/L 3,4-DGE mice showed higher expres-
sion of NOX1 and NOX4 than did CG+3,4-DGE(-) mice.
In CG+145 umol/L 3,4-DGE mice, NOX4, p47phox, and
gp91phox mRNA expression were higherthan the expres-
sion observed in PBS+3,4-DGE(-) mice. These results
suggest that the combination of CG and 3,4-DGE can
increase oxidative stress.

MACROPHAGE RECRUITMENT, A-SMA-POSITIVE CELLS, AND
VASCULAR VESSELS

Macrophage infiltration was assessed by immuno-
histochemistry for F4/80 [Figure 4(A)]. The number of
macrophages in peritoneum was very smallin PBS+3,4-
DGE(-) and 38 umol/L or 145 umol/L PBS+3,4-DGE mice
[Figure 4(B)]. In CG+3,4-DGE(-) mice, significantly
increased numbers of F4/80-positive cells were observed
around the submesothelial compact zone. Although
the presence of 38 umol/L 3,4-DGE did not change the
number of infiltrating macrophages, the numbers of
those cells were markedly increased in CG+145 umol/L

3,4-DGE mice compared with CG+3,4-DGE(-) mice
(85.1+ 9.4 vs 5.8 + 1.1). These results indicate that
3,4-DGEalone did notincrease macrophageinfiltration at
the concentrations tested, but that 3,4-DGE augmented
macrophage infiltration in the presence of pre-existing
peritonealinjury.

We next examined a-SMA-positive cells using immu-
nohistochemistry [Figure 4(A)]. The expression of
o-SMA was confined to vascular smooth muscle cells in
PBS-treated mice. In CG-treated mice, o.-SMA-positive
cells were localized in the submesothelial compact zone.
The numbers of a-SMA-positive cells were significantly
higher in both 38 umol/L and 145 umol/L CG+3,4-DGE
mice thanin CG+3,4-DGE(-) mice [20.2+2.2and 32 +4.5
vs 9.4 £ 1.4, Figure 4(C)].

To investigate vascular changes, we performed an
immunohistochemical study for CD31 [Figure 4(A)].
In PBS-treated mice, no CD31-positive vessels were
observedin the submesothelial layer. The CG+3,4-DGE(-)
mice showed increased CD31-positive vessels in the
compact zone, an increase that was further augmented
in 38 umol/L and 145 umol/L CG+3,4-DGE mice.
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Figure 3 — Analysis by real-time reverse-transcriptase polymerase chain reaction of peritoneal expression of messenger RNA for
transforming growth factor B1 (TGF-B1), connective tissue growth factor (CTGF), fibronectin, collagen type 1 o1 (COL1A1), alpha
smooth muscle actin (0-SMA), vascular endothelial growth factor 164 (VEGF164), NOX1, NOX4, p22phox, p47phox, and gp91phox.
GAPDH was used as a control. Number of mice: phosphate buffered saline (PBS) without 3,4-dideoxyglucosone-3-ene (3,4-DGE)
(n=7); PBS+38 umol/L 3,4-DGE (n = 5); PBS+145 umol/L 3,4-DGE (n = 5); CG without 3,4-DGE (n = 5); CG+38 umol/L 3,4-DGE

(n=16); and CG+145 umol/L 3,4-DGE (n=5). All values: mean + standard error of the mean. *

p <0.05; ** p<0.01 versus mice

receiving PBS with the same dose of 3,4-DGE; * p <0.05; #* p <0.01.

The area of CD31-positive vessels in the submesothe-
lial compact zone was also quantified [Figure 4(D)]. The
area of these blood vessels was greaterin 38 umol/Land
145 umol/L CG+3,4-DGE mice than in CG+3,4-DGE(-)
mice, and the effect was dose-dependent (1.8% + 0.45%
and 8.3% + 1.9% vs 0.42% + 0.11%). These results dem-
onstrate that 3,4-DGE canincrease CD31-positive vessels
ininjured peritoneum.

We next examined the presence of mesothelial cells
by cytokeratin staining. All PBS-treated mice, including
those receiving 145 umol/L 3,4-DGE showed almost
intact mesothelial cells [Figure 4(A)]. Although CG+3,4-
DGE(-) mice showed no changein mesothelial cells, mice
treated with of 3,4-DGE in addition to CG showed severe
detachment of mesothelial cells from the peritoneal
membrane [Figure 4(A)].

APOPTOSIS

We next used TUNEL staining to examine apoptosisin
peritonealinjury. Almost no apoptotic cells were detect-
ed without 3,4-DGE or with 38 umol/L 3,4-DGE even in
CG-treated mice. In CG+3,4-DGE(-) mice, apoptotic cells
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wereincreased onlyin the abdominal rectus muscles, not
in the submesothelial compact zone [Figure 5(A)]. The
PBS+145 umol/L 3,4-DGE and CG+145 umol/L 3,4-DGE
mice both showed pronounced apoptotic cells in perito-
neum [Figure 5(A)].

For nuclear staining, DAPI was used. Most TUNEL-
positive cells were also positive for DAPI, confirming
that the TUNEL signals derived specifically from nuclei.
The mean number of TUNEL-positive cells in PBS+3,4-DGE
and CG+3,4-DGE mice was 3.0and 5.9, respectively [Fig-
ure5(B)], indicating that 3,4-DGE s relevant to apoptosis
in vivo in the peritoneum.

To detect the cell type of the apoptotic cells, triple
staining for TUNEL, DAPI, and CD45 (a leukocyte marker)
was performed in CG+3,4-DGE mice [Figure 5(C)]. Some
TUNEL-positive cells were positive for CD45, indicating
that some of apoptotic cells were leukocytes.

ELIMINATION OF 3,4-DGE FROM THE PERITONEAL CAVITY AND
APPEARANCE OF 3,4-DGE IN PLASMA

We next examined the rate at which 3,4-DGE was elimi-
nated from the peritoneal cavity in PBS- or CG-treated
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Figure 4 — (A) Immunohistochemical study for F4/80, alpha smooth muscle actin (a-SMA), (D31, and cytokeratin in the peri-
toneum. Mice receiving chlorhexidine gluconate (CG) plus 38 umol/L or 145 pumol/L 3,4-dideoxyglucosone-3-ene (3,4-DGE)
showed increased F4/80-positive cells (arrows) and o-SMA positive cells (arrows). Vessels positive for CD31 were increased in
mice treated with CG plus 38 wmol/L or 145 pumol/L 3,4-DGE. Cytokeratin staining showed that mesothelial cells were detached
in mice treated with CG plus 38 umol/L or 145 umol/L 3,4-DGE. (B) Number of F4/80-positive cells in the submesothelial area.
(C) Number of oi-SMA-positive cells in the submesothelial area. (D) Ratio of the areain the submesothelial layer positive for (D31
tothetotalarea of the submesothelial layer. Number of mice: phosphate buffered saline (PBS) without 3,4-DGE [PBS+3,4-DGE(-),
n=17]; PBS+38 umol/L 3,4-DGE (n =5); PBS+145 umol/L 3,4-DGE (n=5); CG+3,4-DGE(-) (n=5); CG+38 umol/L 3,4-DGE (n=6);
CG+145 umol/L 3,4-DGE (n=5). All values: mean + standard error of the mean. * p <0.05; ** p <0.01 versus mice treated with

PBS and the same dose of 3,4-DGE; # p < 0.05; # p <0.01.

mice, because apoptosis was not detected in the
38 umol/L 3,4-DGE group, a result thatis not consistent
with a previous in vitro study that showed induction
of mesothelial cell apoptosis even in the presence of
38 umol/L 3,4-DGE.

We speculated that the 3,4-DGE injected into the
peritoneal cavity was rapidly eliminated, especially
in injured perineum. The residual concentration of

3,4-DGE in PBS-treated mice was 53% [Figure 6(A)].
In contrast, CG-treated mice showed a much reduced
residual level of 3,4-DGE [10%, Figure 6(A)]. Inter-
estingly, in mice given 145 umol/L 3,4-DGE, the
plasma concentration of 3,4-DGE was much higher in
the CG-treated group than in the PBS-treated group
[Figure 6(B)]. These resultsindicate thatinjured perito-
neum causes 3,4-DGE to disappear from the peritoneal
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Figure 5 — Apoptotic cells in the peritoneum. (A) TUNEL staining (green), DAPI staining (blue), and merged images. Mice treated
with phosphate-buffered saline (PBS) plus 145 umol/L 3,4-dideoxyglucosone-3-ene (3,4-DGE) showed TUNEL-positive cells (ar-
rows). Mice treated with chlorhexidine gluconate (CG) plus 145 umol/L 3,4-DGE showed more TUNEL-positive cells than did mice
treated with PBS+145 umol/L 3,4-DGE (arrows). DAPI was used as nuclear staining. Most TUNEL-positive cells were also positive for
DAPI. Number of mice: PBS without 3,4-DGE [PBS+3,4-DGE(-), n=7]; PBS+38 umol/L 3,4-DGE (n = 5); PBS+145 umol/L 3,4-DGE
(n=5); CG+3,4-DGE(-) (n=5); CG+38 wmol/L 3,4-DGE (n=6); CG+145 umol/L 3,4-DGE (n = 5). (B) Ratio of TUNEL-positive cells
to DAPI-positive cells in the submesothelial area in mice. All values: mean + standard error of the mean. * p < 0.05 versus mice
treated with PBS and the same dose of 3,4-DGE; # p < 0.01. (C) Triple staining for TUNEL (green), CD45 (red), and DAPI (blue) in
mice (n=5) treated with CG+145 umol/L 3,4-DGE. Some of TUNEL-positive cells are leukocytes (arrows).

cavity rapidly and that some 3,4-DGEis absorbed into the
systemic circulation.

MODIFIED PERITONEAL EQUILIBRATION TEST

Peritoneal equilibration tests were performed to
examine the functional role of 3,4-DGE in peritoneal
fibrosis. Figure 7(A) shows that the dialysate-to-plasma
ratio of creatinine (D/P Cr) in PBS+38 umol/L 3,4-DGE
mice was not different from that in PBS+3,4-DGE(-)
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mice. In contrast, the D/P Cr was significantly higher
in CG+38 umol/L 3,4-DGE mice than in PBS+38 umol/L
3,4-DGE or CG+3,4-DGE(-) mice (0.68 vs 0.55 and
0.54 respectively). By analyzing the ratio of net
ultrafiltration to body weight, CG-treated mice not
receiving 3,4-DGE showed reduced ultrafiltration and
CG+38 umol/L 3,4-DGE mice showed net ultrafiltration
failure. The MTAC urea also indicated that, compared with
PBS+38 umol/L 3,4-DGE mice, CG+3,4-DGE mice showed
increased urea transport. These results suggest that
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Figure 6 — Elimination rate of 3,4-dideoxyglucosone-3-ene
(3,4-DGE) from the peritoneal cavity and appearance rate of
3,4-DGEin plasma. Mice were treated with phosphate buffered
saline (PBS) or chlorhexidine gluconate (CG) 3 timesin 1 week,
and then 4 mL 3,4-DGE-containing PBS was injected into the
peritoneal cavity. Peritoneal fluid was collected at 1, 10, 20,
and 30 minutes after injection. (A) Residual concentration of
3,4-DGEin peritoneal fluid. Mice treated with CG showed rapid
elimination of 3,4-DGE from the peritoneal cavity (PBS-treated:
n=28; CG-treated: n=7). (B) Plasma level of 3,4-DGEin PBS- or
CG-treated mice at 30 minutes after injection of 145 umol/L
3,4-DGE. Compared with PBS-treated mice, those treated with
CG showed high plasma levels of 3,4-DGE (PBS-treated: n=2;
CG-treated: n=3). ** p <0.01 versus PBS-treated mice.
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3,4-DGE IN PERITONEAL FIBROSIS

3,4-DGE is associated with high peritoneal transportin
peritoneal fibrosis.

DISCUSSION

Although previous reports showed that GDP-containing
conventional PD solutions induce peritoneal fibrosis
with enhanced peritoneal permeability even after 5
weeks 7n vivo (21), it is not clear whether 3,4-DGE is
the sole cause of peritoneal changes. In the present
study, we infused 3,4-DGE dissolved in PBS into the
peritoneal cavities of mice to examine the effects of
that compound on peritoneal fibrosis. Although there
is some controversy about the use of CG to induce an
encapsulating peritoneal sclerosis model (22), we used
this existing model of CG-induced peritoneal injury to
investigate the role of 3,4-DGE. Vlijm et al. reported that
the condition of chronic renal failure can be a “first hit”
in peritoneal damage and that perhaps other stimuli can
substitute for CG in damaging mesothelial cells (22).
Infusion of 3,4-DGE alone did not induce peritoneal
changes in conditions of uninjured peritoneum. The
peritoneal damage caused by 3,4-DGE alone may be dif-
ferent from that caused by PD solution because of the
difference of glucose concentration. The combination
of CG and 3,4-DGE caused thickening of the submeso-
thelial zone, suggesting that 3,4-DGE is an aggravating
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Figure 7 — Modified peritoneal equilibration test. (A) The creatinine (Cr) concentration in 7% glucose dialysate effluent (D) divided
by the Cr concentration in plasma (P) in mice at 2 hours. (B) Net ultrafiltration (UF) / body weight (BW). (C) Mass transfer-area
coefficient (MTAC). Compared with mice treated with phosphate buffered saline (PBS) plus 38 umol/L 3,4-dideoxyglucosone-3-
ene (3,4-DGE), mice treated with chlorhexidine gluconate (CG) plus 38 umol/L 3,4-DGE showed high peritoneal transport. Net
UF / BW and MTAC urea indicated that CG treatment induced ultrafiltration failure and high urea transport. Number of mice: PBS
without 3,4-DGE [PBS+3,4-DGE(-), n=3]; PBS+38 umol/L 3,4-DGE (n=3); CG+3,4-DGE(-) (n=3); CG+38 umol/L 3,4-DGE (n=5).
Allvalues: mean + standard error of the mean. *p <0.05; **p < 0.01 versus PBS-treated mice receiving the same dose of 3,4-DGE;

#p<0.05; % p<0.01.
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factorin peritoneal fibrosis when peritoneal damage is
already present.

The infusion of GDP-containing conventional dialy-
sis solution with lipopolysaccharide induces a high
peritoneal transport rate, with mild thickening of the
peritoneal membrane (12). In the present study, we
used 38 umol/L or 145 umol/L 3,4-DGE-containing PBS.
The 3,4-DGE alone did not elicit peritoneal fibrosis,
probably because halfthe 3,4-DGEis eliminated from the
peritoneal cavity at 30 minutes. In peritoneal mesothelial
cells, VEGF-A, which enhances vascular permeability and
angiogenesis, has been shown to be increased by MGO
and 3,4-DGE (23,24). Blockade of VEGF by anti-VEGF
monoclonal antibody prevents hyperglycemia-induced
structural and functional peritoneal microvascular
alterations in rats, indicating that VEGF plays a role
in permeability to small molecules and angiogenesis
(25). The present study shows that only CG+145 umol/L
3,4-DGE mice showed increased levels of VEGF, leading
to high peritoneal permeability as indicated by peri-
toneal equilibration tests. Antiangiogenic reagents
TNP-470 and endostatin have been shown to ameliorate
peritoneal fibrosis and permeability (26,27). In the
present study, increased numbers of CD31-positive
vessels were most often noted in CG+145 pumol/L
3,4-DGE mice, which is consistent with increased peri-
toneal permeability.

Expression of genes associated with extracellu-
lar matrix (TGF-B1, CTGF, fibronectin, and COL1A1)
was significantly increased in the peritoneum of
CG+145 umol/L 3,4-DGE mice. In cultured human
peritoneal mesothelial cells, stimulation with 3,4-DGE
has been shown to increase TGF-P secretion (24). Our
study indicates that administration of 3,4-DGE without
CG did not upregulate TGF-B1 mRNA expression. Taken
together, these findings suggest thatinjured peritoneum
expresses increased TGF-3 mRNA because of stimulation
by 3,4-DGE.

Although the precise mechanism of upregulated
TGF-P expression in CG+145 umol/L 3,4-DGE mice is not
clear, we speculate that oxidative stress is one factor
affecting TGF-3 expression in our model. Reduction of
oxidative stress with L-2-oxothiazolidine-4-carboxylic
acid (28), a glutathione precursor, or N-tert-butyl-o.-
phenylnitrone (29) lowered the TGF-B level in cultured
mesothelial cells, indicating that, in peritoneal meso-
thelial cells, oxidative stress can increase TGF-3, which
is one of the well-known inducers of EMT in mesothe-
lial cells (30,31). Epithelial-mesenchymal transition
is characterized by downregulation of E-cadherin and
cytoskeletal rearrangement with expression of a-SMA.
Our results show that the number of a-SMA-positive cells
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was increased in the submesothelial zone. Although CG
treatmentalone or CG plus 38 umol/L 3,4-DGE increased
0-SMA-positive cells, mRNA expression of a-SMA in
those groups of mice was not increased. Further inves-
tigation is needed into this discrepancy between mRNA
and protein levels.

Oxidative stress is a key factor in the development
of peritoneal fibrosis. Reactive oxygen species pro-
duced after stimulation with high glucose upregulate
fibronectin expression through the protein kinase C
pathway in human peritoneal mesothelial cells (32).
Reactive oxygen species have been shown to play a
role in changes of peritoneal membrane structure
and function in vivo, and antioxidant prevents those
changes (33). We showed upregulation of NOX4 and
p47phox mRNA expression in CG+145 umol/L 3,4-DGE
mice compared with CG+3,4-DGE(-) mice. Macrophage
infiltration was documented in the peritoneum of
38 umol/L or 145 umol/L CG+3,4-DGE mice. The infil-
trating macrophages aggravate peritoneal fibrosis
by secreting profibrogenic cytokines (34). Peritoneal
macrophage infiltration is an independent predictor of
baseline peritoneal permeability in PD patients (35). At
38 umol/L, 3,4-DGE caninfluence macrophageinfiltration
and vessel formation.

Conventional PD solutions and GDPs induce apop-
tosis in mesothelial cells. High concentrations of
3-deoxyglucosone or MGO induce mesothelial cell
apoptosis (36,37). Administration of 3,4-DGE within
the concentration range seen in conventional PD solu-
tions induces apoptosis in cultured mesothelial cells
through caspase-and Bax-dependent pathways (10,38),
suggesting that 3,4-DGE mediates, at least in part, the
cytotoxicity of conventional PD solutions. The precise
mechanism and role of apoptosis in the peritoneum
in vivo needs further investigation. We showed that
145 umol/L 3,4-DGEin combination with CGinduced cell
apoptosis in the thickened peritoneal compact zone in
vivo. As previously reported (39), some of the apoptotic
cells were leukocytes. The inability of 38 umol/L 3,4-DGE
toinduce apoptosis might be a result of rapid elimination
of 3,4-DGE from peritoneal cavity. Peritoneuminjured by
CG can accelerate that process, elevating plasma levels
of 3,4-DGE.

CONCLUSIONS

Our study shows that, when mild peritoneal damage
is already present, 3,4-DGE enhances peritoneal injury
byaugmenting macrophageinfiltration and extracellular
matrix deposition. These findings help to elucidate the
effect of 3,4-DGE in peritoneal fibrosis in vivo.
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