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ABSTRACT
Residual renal function and the integrity of the peritoneal membrane contribute to morbidity and
mortality among patients treated with peritoneal dialysis. Glucose and its degradation products
likely contribute to the deterioration of the remnant kidney and damage to the peritoneum.
Benfotiamine decreases glucose-induced tissue damage, suggesting the potential for benefit in
peritoneal dialysis. Here, in a model of peritoneal dialysis in uremic rats, treatment with benfo-
tiamine decreased peritoneal fibrosis, markers of inflammation, and neovascularization, resulting in
improved characteristics of peritoneal transport. Furthermore, rats treated with benfotiamine ex-
hibited lower expression of advanced glycation endproducts and their receptor in the peritoneum
and the kidney, reduced glomerular and tubulointerstitial damage, and less albuminuria. Increased
activity of transketolase in tissue and blood contributed to the protective effects of benfotiamine.
In primary human peritoneal mesothelial cells, the addition of benfotiamine led to enhanced
transketolase activity and decreased expression of advanced glycation endproducts and their
receptor. Taken together, these data suggest that benfotiamine protects the peritoneal membrane
and remnant kidney in a rat model of peritoneal dialysis and uremia.
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Peritoneal dialysis (PD) is a well accepted alterna-
tive to hemodialysis in the treatment of end-stage
renal disease. Long-term PD is limited because of
structural and functional changes of the peritoneal
membrane because of a loss of ultrafiltration, in-
duced by PD fluids (PDF) containing high glucose
concentrations and glucose degradation products
(GDP).1 Glucose and GDP have not only been
shown to be the culprit of peritoneal damage but are
also suspected to be causally involved in remnant
kidney damage. This is of particular importance be-
cause residual renal function (RRF) is highly asso-
ciated with mortality and morbidity in PD pa-
tients.2 A recent animal experiment demonstrated
that renal toxicity is mediated by GDP.3 This has
been confirmed by two prospective randomized
clinical studies—the Balnet trial and recently the

DIUREST study— demonstrating a better preser-
vation of RRF in PD patients using low-GDP
PDF.4,5 Until today therapeutic options preventing
glucose and GDP-induced toxicity are certainly
needed. Hitherto, although promising, experimen-
tal trials did not find their way into clinical practice.

Benfotiamine (BF; S-benzoyl-thiaminemono-
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phosphate) prevented high-glucose-induced tissue damage by
an activation of the enzyme transketolase (TK)6 and pleiotro-
pic direct antioxidative effects in diabetes.7 Until now there are
no data available concerning BF in PD or in uremia.

The purpose of our experimental study was to address
whether treatment with BF prevents local peritoneal and sys-
temic kidney damage in an animal model of PD therapy.

RESULTS

Animals
Animal Characteristics.
Sprague-Dawley rats receiving peritoneal injections revealed a
significantly lower body weight compared with rats without
peritoneal injections. The serum creatinine and urea of SNX
(SNX) rats were significantly higher than the levels of the
Sham-operated animals. BP was significantly higher in SNX
rats, and hemoglobin values were significantly decreased in
SNX rats (Table 1).

TK Activity, Reactive Oxygen Species, and Protein Fluorescence
in Serum and Urine.
The diversion of metabolites toward the pentose-phosphate
pathway via the enzyme TK is dependent on its cofactor BF.6

Blood, peritoneal, and renal TK activity of SNX rats treated
with BF was significantly higher compared with the untreated
SNX rats (Figure 1, A and B). Glucose and uremia are known to
induce the generation of reactive oxygen species (ROS) and
protein fluorescence.8,9 SNX rats had higher levels of serum
ROS and serum protein fluorescence compared with Sham
rats. SNX�BF rats demonstrated lower serum ROS and serum
protein fluorescence compared with SNX rats without BF sub-
stitution. Compared with Sham and SNX animals treated with
BF, SNX rats revealed significantly lower urinary protein fluo-
rescence (Figure 1, C and D).

GDP and Advanced Glycation Endproducts and Their Receptor
in the Peritoneum.
Peritoneal biopsies of PD patients revealed an enhanced ex-
pression of advanced glycation endproducts (AGE) in the peri-
toneal membrane and a consecutive upregulation of the recep-
tor for AGE (RAGE) during long-term PD treatment.10 In the
study presented here, SNX rats treated with BF revealed a lower

peritoneal content of methylglyoxal-derived AGE (MG-AGE),
N�-carboxymethyllysine (CML), and RAGE compared with
SNX rats not treated with BF. SNX rats receiving PDF instilla-
tion had the highest expression of MG-AGE, CML, and RAGE.
SNX rats receiving PDF instillation and BF treatment revealed
significantly lower MG-AGE, CML, and RAGE expression
(Figure 2, A through C).

Peritoneal Fibrosis and Epithelial-to-Mesenchymal Transition.
Ongoing PD and uremia per se result in progressive fibrosis
and thickening of the peritoneal membrane1 that is medi-
ated by TGF (TGF�1).10,11 Additionally an epithelial-to-
mesenchymal transition (EMT) of human peritoneal meso-
thelial cells (HPMC) that is indicated by �-smooth muscle
actin (�SMA) is discussed.12 Peritoneal thickness, staining
for TGF�1, and �SMA were significantly increased in SNX
rats compared with Sham rats. SNX animals treated with BF
revealed significantly decreased peritoneal thickness and
lower TGF�1 and �SMA expression compared with SNX
rats without BF. SNX rats with PD treatment revealed the
highest expression of �SMA and TGF�1 and the highest
increase in the thickening of the peritoneal membrane. PD-
and BF-treated SNX rats showed significantly decreased
thickening of the peritoneal membrane and staining for
TGF�1 and �SMA compared with PD-treated SNX rats not
receiving BF (Figure 3, A through D).

Peritoneal Neovascularization.
A contributing factor leading to insufficient ultrafiltration of
the peritoneal membrane is an increasing number of vessels
mediated by vascular endothelial growth factor (VEGF), as
shown by De Vriese and co-workers.13 SNX rats demonstrated
significantly more vessels per area and significantly increased
staining for VEGF compared with control rats. The most pro-
nounced staining for VEGF was observed in PD-treated rats. A
substitution of BF was associated with significantly fewer ves-
sels per area and decreased staining for VEGF (Figure 4, A and
B, Supplementary Figure 1).

Peritoneal Inflammation.
To elucidate the inflammatory status of the peritoneal
membrane, CD3-positive leukocytes were counted and the
expression of IL-6 was analyzed. SNX rats showed signifi-
cantly elevated peritoneal staining for IL-6 and a higher

Table 1. Animal characteristics

Characteristic
Sham

(n � 12)
SNX

(n � 12)
SNX�BF
(n � 12)

SNX IP
(n � 12)

SNX�PD
(n � 12)

SNX�PD�BF
(n � 12)

Body weight (g) 526 � 13.5 489 � 17.9 483 � 18.7 447 � 16.8 441 � 9.16 454 � 5.63
Hemoglobin (g/dl) 12.9 � 0.67 8.38 � 0.70b 8.67 � 1.06b 8.30 � 1.53 8.63 � 0.79 8.64 � 1.39
Serum creatinine (mg/dl) 0.24 � 0.02 0.70 � 0.10a 0.66 � 0.05a 0.74 � 0.03 0.73 � 0.06 0.67 � 0.06
Serum urea (mg/dl) 41.3 � 3.50 90.1 � 11.2a 85.6 � 9.74a 87.6 � 13.0 85.6 � 7.53 84.2 � 10.7
BP (mmHg) 69.6 � 5.57 85.5 � 6.64c 83.6 � 3.48c 86.6 � 5.08 84.9 � 4.23 85.3 � 4.82
IP, intraperitoneal.
aP � 0.001 versus Sham; bP � 0.01 versus Sham; cP � 0.05 versus Sham.
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amount of CD3-positive cells compared with Sham-operated
rats, whereas BF substitution in SNX rats was associated with a
significantly reduced staining for IL-6 and CD3-positive cells.
SNX rats treated with PD showed the highest expression of
IL-6. IL-6 staining was significantly decreased in PD-treated
rats when BF was substituted (Figure 4, C and D).

Peritoneal Equilibration Test.
The quality of PD treatment depends on
adequate ultrafiltration. An appropriate
method to determine the ultrafiltration
capacity of the patient’s peritoneal mem-
brane is the peritoneal equilibration
test.14 The quotient of dialysate and
plasma concentration (D/P) of toxic ure-
mic substances allows for determining
the transport status of a peritoneal mem-
brane. During the course of PD treat-
ment, most patients convert to a faster
transport type with a loss of ultrafiltra-
tion capacity because of changes of the
peritoneal membrane as described
above.15 D/P creatinine showed no sig-
nificant differences, whereas D/P urea
was highest in the SNX rats treated with
PDF, demonstrating a faster transport
type compared with SNX rats with con-
trol injection. SNX rats undergoing PDF
instillation treated with BF showed a sig-
nificantly slower transport type (Figure 5A).
D/P sodium as a marker for aquaporin
function of the peritoneal membrane did
not significantly differ between the groups
(data not shown).

Albuminuria.
Albuminuria was assessed as an appro-
priate functional marker of kidney dam-
age. SNX rats developed significantly in-
creased albuminuria compared with
Sham rats. Albuminuria was significantly
decreased in SNX animals treated with BF
compared with SNX rats without BF. The
highest levels of albuminuria were seen in
SNX rats treated with PDF. SNX rats un-
dergoing PD and BF treatment showed
significantly less albuminuria than SNX
rats undergoing PD treatment without
BF supplementation (Figure 5B).

Histologic Findings of the Kidney.
Newer insights in the pathology of PD
treatment indicated a systemic toxicity of
PDF. Therefore, we investigated histo-
morphology of the kidneys using appro-
priate semiquantitative scores for glo-

merular and tubular kidney injury.3 SNX rats revealed a
significantly higher glomerular sclerosis index (GSI), tubu-
lointerstitial injury index (TII), and interstitial area of the
tubulointerstitium (IA) compared with Sham rats. SNX rats
treated with BF showed significantly lower GSI, TII, and IA
than untreated SNX rats. SNX animals receiving PD treat-

Figure 1. Increased TK activity, decreased serum ROS and protein fluorescence , and
increased urine proteine fluorescence in animals with BF treatment. Increased blood
TK activity was observable in uremic rats receiving BF for 12 weeks (A). Treatment with
BF resulted in a higher tissue activity of TK in the peritoneum and in the kidney (A and
B). Uremic rats developed higher levels of serum ROS compared with Sham rats. PD
treatment accentuates the generation of ROS in uremic rats (C). Serum protein fluo-
rescence as a marker for systemic protein glycation was increased in uremic animals
and was escalated when PD treatment was performed but was ameliorated when BF
was substituted, presumably because rats treated with BF excreted a higher amount of
glycated protein via the urine (D). All results represent mean � SEM of 12 animals per
group. ***P � 0.001 versus Sham, *P � 0.05 versus Sham, §§§P � 0.001 versus SNX,
§§P � 0.01 versus SNX, §P � 0.05 versus SNX, $$P � 0.01 versus SNX intraperitoneal,
$P � 0.05 versus SNX intraperitoneal, ###P � 0.001 versus SNX�PD, ##P � 0.01 versus
SNX�PD, #P � 0.05 versus SNX�PD.
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ment revealed the highest GSI, TII, and IA. SNX rats treated
with PDF and BF revealed significantly lower GSI and IA
compared with PD-treated SNX rats without BF substitu-
tion (Figure 6, A through D).

AGE and RAGE in the Kidney.
Consistent with the results of the analysis of the peritoneal
membrane, SNX rats revealed significantly higher glomer-
ular and tubular CML and RAGE expression compared with
Sham-operated rats. SNX rats treated with BF revealed sig-
nificantly lower glomerular expression of CML and RAGE
compared with untreated SNX rats. Animals treated with
PD solutions revealed the highest glomerular and tubular
expression of CML and RAGE. PD- and BF-treated SNX rats
showed significantly less glomerular CML and RAGE ex-
pression than SNX rats treated with PDF but not BF
(Figure 7, A and B).

Renal Fibrosis.
To confirm the morphologic markers of
kidney injury, we performed staining for
Sirius Red (Figure 8A) and TGF�1 (Fig-
ure 8B). SNX rats showed significantly
increased tubular and glomerular stain-
ing for Sirius Red (data not shown) and
TGF�1 compared with Sham rats. The
glomerular expression of TGF�1 was sig-
nificantly increased in SNX rats treated
with PDF compared with SNX rats with
intraperitoneal puncture alone. PD-
treated SNX rats receiving BF revealed
significantly less glomerular staining in-
tensity for TGF�1 compared with the
SNX rats with PDF injection but without
BF treatment (Figure 8B).

Renal VEGF.
There is some evidence for an altered re-
nal vascularization in uremia and during
PD that is associated with an increase of
VEGF.3,16 SNX rats showed significantly
increased tubular and glomerular stain-
ing for VEGF compared with Sham rats.
The glomerular expression of VEGF was
significantly increased in SNX rats
treated with PDF compared with SNX
rats with intraperitoneal puncture alone.
PD-treated SNX rats receiving BF re-
vealed significantly less glomerular stain-
ing intensity for VEGF compared with
the SNX rats with PDF injection but
without BF treatment (Figure 9A).

Inflammatory Status of the Kidney.
In addition to renal fibrosis, SNX rats re-
vealed a higher tubular and glomerular

expression of IL-6 compared with Sham rats. Glomerular
IL-6 was significantly increased in SNX rats treated with
PDF compared with SNX rats with intraperitoneal punc-
ture. PD-treated SNX rats receiving BF revealed signifi-
cantly lower glomerular IL-6 expression compared with the
SNX rats with PDF injection but without BF treatment (Fig-
ure 9B). Tubular CD3-positive cell count was significantly
elevated in SNX rats compared with Sham rats. SNX rats
treated with BF tended to have fewer CD3-positive cells in
the kidney (Figure 9C).

Cell Culture
Cell Viability.
In HPMC treated with low- and high-glucose PDF, cytotoxic-
ity was slightly but not significantly increased compared with
control cells (control: 4.30 � 0.57% versus PDF1.5: 4.45 �
0.91% versus PDF3.9: 6.14 � 1.30%, NS).

Figure 2. Decreased peritoneal expression of AGE and RAGE in rats treated with
BF. The peritoneal expression of MG-AGE and CML was highest in animals treated
with PD. BF substitution reduced the expression in uremic animals and uremic
animals with PD treatment (A and B). Representative photographs of the uremic
groups are given in panel B. RAGE was most expressed in the peritoneal membrane
of uremic rats treated with PD. A supplementation of BF abrogated the upregula-
tion of RAGE in the peritoneum during long-term PD (C). All results represent
mean � SEM of 12 animals per group; light microscopy of CML magnification �
400�. ***P � 0.001 versus Sham, *P � 0.05 versus Sham, §§P � 0.01 versus SNX,
§P � 0.05 versus SNX, $$$P � 0.001 versus SNX intraperitoneal, $$P � 0.01 versus
SNX intraperitoneal, $P � 0.05 versus SNX intraperitoneal, ##P � 0.01 versus
SNX�PD, #P � 0.05 versus SNX�PD.
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TK.
To analyze the expression of TK in cultured primary HPMC, we
incubated cells with low- and high-glucose PDF with and without
BF. In line with the animal experiments, TK expression was sig-
nificantly higher in the control�BF and PDF1.5�BF group in
comparison to the respective groups without BF. In the high-
glucose group, no difference was observable when incubated with
or without BF (Supplementary Figure 3A).

Marker of Oxidative Stress.
Next, the expression of the oxidative stress marker endothelial
nitric oxide synthase (eNOS) was determined. When HPMC were
incubated with low- and high-glucose-containing PDF, eNOS ex-
pression increased, whereas the addition of BF resulted in lower
eNOS (Supplementary Figure 3B).

RAGE.
We then examined the effect of BF on RAGE regulation. In
accordance with the animal experiments, a significant reduc-

tion of RAGE could be found in the PDF
groups when incubated with BF (Supple-
mentary Figure 3C).

Marker of Inflammation.
To determine inflammation, ELISA of
HPMC supernatant was carried out. IL-6
release was at least partially reduced after
treatment with high-glucose-containing
PDF after incubation with BF (Supplemen-
tary Figure 3D).

DISCUSSION

We could demonstrate protective local and
systemic effects of BF in an animal model of
PD and in cultured primary HPMC. In PD,
high glucose and GDP are the main con-
tributors for peritoneal and systemic dam-
age caused by PDF; hence, preventive strat-
egies are of particular interest. BF has been
shown to prevent diabetic complications in
vivo and in vitro. We examined an animal
model and cell culture study simulating
PD-related peritoneal damage induced by
uremia and PDF exposure. The expression
of markers indicating peritoneal fibrosis,
neovascularization, and inflammation were
markedly elevated in SNX rats compared
with Sham rats; this was even more accentu-
ated when PD was performed. These protec-
tive properties of BF could be confirmed in
our HPMC culture experiments.

The salient finding of the study is that
BF substitution is not only able to reduce

peritoneal AGE accumulation, fibrosis, neovascularization,
and inflammation in uremic rats with and without PD treat-
ment, but it also preserves the remnant kidney.

Our model combining uremia and PD exposure, inducing
peritoneal membrane damage with consecutive impairment of
the peritoneal function, is applicable for studying the patho-
genesis of peritoneal damage as it mimics uremic patients on
long-term PD. An indwelling PD catheter and a PD model
based on daily injections cause alterations of the peritoneal
membrane.17 It seems that a model utilizing injections twice
daily might lead to less artificial alteration and inflammatory
response of the peritoneal membrane.17,18 Hence, different
mechanisms underlying peritoneal damage are operative in
our model combining uremia and PD. There is growing evi-
dence for an alteration of the peritoneal membrane due to
uremia per se. This has been shown in human peritoneal biop-
sies by Williams et al.1 and was later on confirmed by Honda
and colleagues.19 Our data are in line with previous studies of
uremic rats, revealing uremia-induced increased thickening,

Figure 3. Reduced peritoneal thickening, fibrosis and EMT in rats with BF treatment. In
comparison to Sham rats, uremic rats demonstrated a thickening of the peritoneal mem-
brane that is most enhanced when PD treatment was performed. A substitution of BF
reduced the thickening of the membrane (A), apparent in the representative photographs
of the peritoneal Sirius Red staining (B). As a marker of ongoing fibrosis, TGF�1 was
evaluated and displayed similar results—an enhancement because of uremia and a reduc-
tion when BF was given (C). Similar results were obtainable for the staining for �SMA as a
marker for EMT (D). All results represent mean � SEM of 12 animals per group; light
microscopy of Sirius Red magnification � 400�. ***P � 0.001 versus Sham, **P � 0.01
versus Sham, §§§P � 0.001 versus SNX, §P � 0.05 versus SNX, $$$P � 0.001 versus SNX
intraperitoneal, $$P � 0.01 versus SNX intraperitoneal, ###P � 0.001 versus SNX�PD, #P �
0.05 versus SNX�PD.
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accentuated fibrosis, and functional changes of the peritoneal
membrane.11,20,21

However, glucose-induced damage mechanisms play a piv-
otal role in PD. BF has been shown to reduce diabetes-induced
tissue damage in vivo and in vitro.6,22–29 Until now there have
been no data available dealing with uremia or PD. We chose to
use BF rather than thiamine for these studies because it has a
higher bioavailability than thiamine.30

BF is thought to act through at least five different mecha-
nisms. Activation of the hexosamine pathway with subsequent
decrease in the accumulation of deleterious glucose metabo-
lites seems to be involved. Normalization of protein kinase C
activity along with prevention of nuclear factor-�B activation
has been found in retinas. A reduced accumulation of AGE has
been postulated.6 Correction of imbalances in the polyol path-
way by decreasing aldose reductase activity25 and direct anti-
oxidant properties of BF have been reported.7 We chose to use
high-glucose-containing biocompatible PDF with a low

amount of GDP concerning the mechanis-
tic understanding of BF as an activator of
the pentose phosphate pathway enzyme
TK.6 Consecutively, a high-glucose driven
formation of AGE is thought to be de-
creased by TK, but an effect of BF on pre-
formed GDP is doubtful.

As a crucial pathway leading to perito-
neal damage by pronounced neovascular-
ization, fibrosis, and inflammation, the
role of AGE31 and the interaction with its
receptor RAGE have been identified.9 Our
study confirms the important role of the
AGE-RAGE interaction and demonstrates
a significant reduction of AGE accumula-
tion and downregulation of RAGE because
of BF substitution. These animal findings
have been confirmed by our cell culture ex-
periments with primary HPMC. We chose
primary HPMC rather than a cell line to
resemble the in vivo situation. Our results
are in line with a previously reported in-
creased accumulation of AGE in the hu-
man peritoneal membrane during PD
treatment and an upregulation of RAGE.10

Treatment with BF produced a downregu-
lation of RAGE, presumably because of a
lack of ligands, as our analysis of ROS and
AGE-specific fluorescence suggests.

The potential pleiotropic antioxidative ef-
fects of BF seem to be reasonable particularly
for an altered neovascularization because it
was reported that not only the AGE-RAGE
interaction31 but especially increased oxida-
tive stress leads to a pronounced neovascular-
ization during PD treatment.32 Our study
supports the antioxidative and antiangioge-

netic effects of BF through a decreased peritoneal number of ves-
sels per area and a reduced staining for VEGF, presumably the
culprit initiator of peritoneal neovascularization.13 Within the set-
ting that uremia is associated with increased oxidative stress,8 it is
of special interest that uremic rats treated with BF revealed de-
creased kidney damage.

Apart from these antioxidative properties, what might be
other possible explanations for the preventive effects of BF in
the uremic milieu? It has been known for decades that uremic
patients present a reduced TK activity33–35 as a consequence of
lowered vitamin B1 levels.30 This phenomenon is pronounced
in PD patients, whereas TK activity is gradable by application
of thiamin not only in the PD patient, but possibly also in the
renal failure patient.36,37

In addition to the decreased morphologic signs of perito-
neal damage, the salient finding of the study is the protective
role of BF for the remnant kidney in a model of PD. This is of
particular relevance because large clinical studies demon-

Figure 4. Diminished peritoneal neovascularization in animals treated with BF. SNX
rats developed a significantly increased number of peritoneal vessels compared with
Sham rats. BF treatment attenuated peritoneal neovascularization that was most pro-
nounced in PD treatment (A). To confirm these results, staining for VEGF was per-
formed and resulted in similar observations (B). For determination of inflammatory
peritoneal formation, staining for IL-6 was performed and CD3-positive leukocytes
were counted. Analog results demonstrated an increase of peritoneal inflammation be-
cause of uremia that was most present in uremic animals treated with PD and was less
apparent when BF was substituted (C and D). All results represent mean � SEM of 12
animals per group. ***P � 0.001 versus Sham, *P � 0.05 versus Sham, §§P � 0.01 versus
SNX, §P � 0.05 versus SNX, $$$P � 0.001 versus SNX intraperitoneal, $$P � 0.01 versus
SNX intraperitoneal, $P � 0.05 versus SNX intraperitoneal, #P � 0.05 versus SNX�PD.
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strated a higher morbidity and mortality associated with a de-
cline of RRF in PD patients.5,38 It has been demonstrated that
GDP enter the systemic circulation39 and lead to deterioration
of RRF. Recent animal models demonstrate that PD treatment
might induce kidney damage.3,40 Therefore, treatment options
focusing on the prevention of glucose and GDP-induced tox-
icity are of great interest.

One has to keep in mind that the rats used were nondiabetic
rats, so we can assume that substitution of BF may ameliorate the
development and progression of chronic kidney damage per se.
Hitherto, BF has been shown to prevent diabetic complications.
The study presented here expands its potential indications at least
to PD patients and possibly also to renal failure patients. Whether
BF will meet the condition as a new promising and preventive
agent has to be established in further studies.

CONCISE METHODS

Animals
Experimental Design.
Twelve-week-old male Sprague-Dawley rats (150 to 200 g; Charles

River Laboratories, Sulzfeld, Germany) were maintained in single

cages under conditions of constant temperature and humidity ac-

cording to the guidelines of the Institute of Laboratory Animal

Science of the University of Heidelberg. After 1 week of adaptation,

the rats were subjected to two-step surgical SNX or a correspond-

ing Sham operation as described before.41 In brief, rats were anes-

thetized with 0.02 ml of xylazine (Rompun 2%; Bayer Co., Le-

verkusen, Germany) and 0.2 ml of ketamine (Ketanest 10%; WDT,

Garbsen, Germany). In a first operation, the right kidney was de-

capsulated (Sham operation) with or without subsequent nephrec-

tomy. After 1 week, the cortex of the left kidney was subtotally

resected. An amount of cortex corresponding to two-thirds of the

weight of the right kidney was removed. Six groups were studied. A

first group of rats received a decapsulation of both kidneys and was

then kept unmanipulated to obtain baseline histologic and molec-

ular data (Sham). The second group was implemented to obtain

uremia-associated histologic and molecular data (SNX). The third

group received rat chow containing BF (Wörwag Pharma, Böblin-

gen, Germany) at a dose of 80 mg per kilogram body weight per day

(SNX�BF). In a fourth group, SNX rats received an intraperito-

neal injection without instilling solution as a control for puncture

trauma (SNX intraperitoneal). In the fifth and sixth groups, SNX

rats received an intraperitoneal injection of 10 ml of Gambrosol

Trio 10 containing 3.9% glucose (Gambro Corporate Research,

Hechingen, Germany) at 37°C under sterile conditions twice daily

without BF treatment (SNX�PD) or with BF treatment, respec-

tively (SNX�PD�BF). The experiment was terminated for all rats

after 12 weeks.

Measurement of BP and Preparation of Renal and Peritoneal
Tissue.
Systolic BP was measured in the anesthetized rats before determina-

tion via an abdominal aorta catheter. Retrograde aortic perfusion was

performed as described earlier.3 For the morphologic and immuno-

histochemical investigations, the residual kidneys were divided, fixed

in paraformaldehyde (PFA; 6%, pH 7.6), embedded in paraffin, and

cut into 4-�m-thick sections. Visceral peritoneal tissue samples were

fixed in 6% PFA (pH 7.6) and embedded in paraffin. Tissue sections

(4 �m thick) were stained with hematoxylin and eosin, periodic acid–

Schiff (PAS), and Sirius Red staining.

Immunohistochemical Staining of the Peritoneum and the Kidney.
For immunohistochemistry, tissue sections were deparaffinized,

rehydrated, and incubated in Tris-buffered saline (TBS). The fol-

lowing antibodies were used: anti-MG-AGE, anti-CML (BioLogo,

Kronshagen, Germany), anti-RAGE, anti-TGF�1, anti-VEGF, an-

ti-PECAM CD31 (Santa Cruz Biotechnology, Santa Cruz, CA),

Figure 5. Slower transport type and decreased albuminuria in animals with BF treatment. In the peritoneal equilibration test, the
peritoneal transport types of the animals differed. Uremic animals provided a faster transport type compared with Sham rats. Uremic
animals with PD treatment showed the fastest transport status, whereas animals treated with PD and BF were comparable to
control-injection animals (A). To obtain chronic kidney damage, albuminuria was assessed. Uremic animals treated with BF revealed less
albuminuria than untreated uremic rats. Treatment with BF reduced albuminuria in uremic rats with PD treatment compared with SNX
rats treated with PD only (B). All results represent mean � SEM of 12 animals per group. ***P � 0.001 versus Sham, **P � 0.01 versus
Sham, §P � 0.05 versus SNX, $P � 0.05 versus SNX intraperitoneal, #P � 0.05 versus SNX�PD.
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anti-�SMA (Sigma Aldrich, St Louis, MO), anti-IL-6 (Bio Trend,

Köln, Germany), and anti-CD3 (Dako, Carpineria, CA). The sec-

tions were incubated with the primary antibody overnight at 4°C

and thereafter stained with the secondary antibody, alkaline-

phosphatase-conjugated streptavidin, fast red, and peroxidase-

conjugated histofine simple stain, diaminobenzidine. Replace-

ment of the primary antibodies with TBS served as a negative

control.

Indices of Peritoneal Damage.
Semiquantitative analysis of MG-AGE, CML, RAGE, TGF�1,

VEGF, and IL-6 was carried out using a scoring system that com-

prises a qualitative score of 0 to 3 (intensity of the staining: 0 � no

staining, 1 � low intensity, 2 � medium intensity, 3 � high inten-

sity) and a quantitative score of 0 to 4 (0 � normal, 1 � 1% to 25%

of tissue affected, 2 � 26% to 50% affected,

3 � 51% to 75% affected; 4 � 76% to 100%

affected). The two scores were multiplied,

with a maximum possible score of 12; 50 areas

per cross section were analyzed. The maximal

thickness of the submesothelial compact zone

was measured in sections oriented perpendic-

ular to the serosal surface. CD3-positive T

cells and vessel number (using PAS staining

and confirmed by PECAM CD31 staining) per

area on a 121-point grid (Leitz, Wetzlar, Ger-

many) were counted.

Indices of Renal Damage.
All semiquantitative analyses (morphology,

immunohistochemistry, and immunofluores-

cence) were performed in a blinded manner.

Sections (4 �m) were stained with PAS, coun-

terstained with hematoxylin and eosin, and ex-

amined via light microscopy (Laborlux K; Leitz,

Wetzlar, Germany; magnification 200� to

400�). GSI and TII were quantitatively evalu-

ated using el Nahas’s scoring system.42 GSI was

graded as follows: grade 0 � normal, grade 1 �

1% to 25% of glomerular area affected, grade

2 � 26% to 50% affected, grade 3 � 51% to 75%

affected, and grade 4 � 76% to 100% af-

fected.43 TII (on the basis of the parameters of

basement membrane thickening, cell infiltra-

tion, tubular dilation, atrophy, or sloughing)

was also graded on a 0 to 4 scale. The number

of glomerular cells was obtained by counting

50 glomeruli per cross section, which were cut

along the equatorial plane. IA was quantitated

using the 121-point grid (Leica, Wetzlar, Ger-

many) devised by Kaneto et al.44 and Ishidoya

et al.45 Immunohistochemical analysis for

CML, RAGE, TGF�1, VEGF, and IL-6 was

carried out using the scoring system that was

described above. Fifty areas per cross section

were analyzed; tubulointerstitium and glomeruli were viewed sep-

arately. For CD3, 50 tubulointerstitial areas per cross section were

analyzed and positive cells were counted.

TK Activity.
TK activity was determined by coupling the formation of glyceral-

dehyde-3-phosphate from ribose-5-phosphate and xylulose-5-

phosphate to the oxidation of NADH using triosephosphate

isomerase and glycero-3-phosphate dehydrogenase, as de-

scribed.46 In brief, 20 �l of tissue cytosolic extract was added to 200

�l of assay mixture containing 14.8 mM ribose-5-phosphate, 253

�M NADH, 185 U/ml triosephosphate isomerase, and 6.0 U/ml

GDH in 250 mM TBS, pH 7.8. The optical density was measured at

340 nm immediately and then every 10 minutes for 2 hours. The

activity was calculated from the linear decrease in the optical den-

Figure 6. Increased morphologic kidney damage in animals not receiving BF. To
obtain substantial damage of the remnant kidney in the SNX model, different estab-
lished scores describing glomerular and tubular changes were estimated using PAS
stained cross sections (A). SNX rats revealed an increased GSI (B), an elevated TII (C),
and a larger tubulointerstitial area (D) compared with Sham animals. A treatment with
BF alleviated glomerular sclerosis and tubular injury. PD treatment aggravated glo-
merular and tubular damage but was attenuated because of BF treatment (B through
D). All results represent mean � SEM of 12 animals per group; light microscopy of PAS
staining magnification � 400�. ***P � 0.001 versus Sham, *P � 0.05 versus Sham,
§§P � 0.01 versus SNX, §P � 0.05 versus SNX, $P � 0.05 versus SNX intraperitoneal,
##P � 0.01 versus SNX�PD, #P � 0.05 versus SNX�PD.
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sity from 10 and 80 minutes, converting this to micromoles of

NADH oxidized per minute using the extinction coefficient for

NADH, equivalent to micromoles of glyceraldehyde-3-phosphate

formed per minute by TK activity.

Total Protein Fluorescence in Sera and Urine.
Total protein fluorescence relating to oxidative and glycation fluores-

cence of sera and urine samples was performed using a spectrofluo-

rometer (LS 50 B; Perkin Elmer, Überlingen, Germany). For measur-

ing fluorescence, intensity excitation wavelength was set at 350 nm

and emission wavelength at 430 nm. Samples were diluted accord-

ingly.

Ancillary Measurements and Analysis of ROS in Sera.
Hemoglobin, urea, sodium, potassium, glucose, and creatinine were

measured with autoanalyzers (ADVIA 2400 and ADVIA 2120, Sie-

mens, Eschborn, Germany). ROS were quantitated by measuring total

protein carbonyl content using the Cayman chemical protein car-

bonyl assay kit’s 2,4-dinitrophenylhydrazine re-

action with protein carbonyl (Cayman Chemi-

cal Company, Ann Arbor, MI).

Peritoneal Equilibration Test.
A modified mini-peritoneal equilibration test

was performed. In brief, 20 ml of PDF were in-

jected. After 1 hour, the intra-abdominal PDF

was aspirated and creatinine, urea, and sodium

were measured with autoanalyzers (ADVIA

2400, Siemens, Eschborn, Germany). D/P was

built, and the transport type was estimated ac-

cording to La Milia and co-workers.47

Measurement of Albumin in Urine.
Urinary albumin was quantitated using the

ELISA technique with a rat anti-albumin anti-

body (ICN Biomedicals, Eschwege, Germany)

using the peroxidase system as described by

Magnotti et al.48

Cell Culture
Cultivation and Characterization.
Primary HPMC were isolated, cultured, and

characterized as described elsewhere.49 In

brief, culture medium M199 was supple-

mented with penicillin (100 IU/ml), strepto-

mycin (0.1 mg/ml), insulin/transferrin (5 �g/

ml), hydrocortisone (0.4 �g/ml), and 10%

(vol/vol) FCS. Cell culture flasks were coated

with collagen I (BD Biosciences Heidelberg,

Germany), and HPMC from first to third pas-

sage were used. For characterization, isolated

cells of each omental sample stained positive

for cytokeratin 18 and vimentin and negative

for factor VIII and fibroblast-specific protein

1 (Supplementary Figure 2).

Incubation of HPMC with PDF and BF.
HPMC were serum deprived in M199 containing 0.1% FCS for 24

hours. The cells were then incubated for 48 hours with Gambrosol

Trio 10 (Gambro Corporate Research, Hechingen, Germany) and

with equal volume (1:1) of serum-deprived medium,50,51 in par-

ticular with control buffer (� control), PDF containing a low glu-

cose content of 1.5% (� PDF1.5), PDF containing a high glucose

content of 3.9% (� PDF3.9), and treated with � BF (50 �M)

(Wörwag Pharma, Böblingen, Germany), respectively. All experi-

ments were repeated at least 3 times with omenta from different

patients.

Cell Viability.
Release of lactate dehydrogenase (LDH) after incubation with PDF

was measured in cell culture supernatants that were collected and

assayed immediately for LDH using a cytotoxicity detection kit

(Roche Applied Science, Mannheim, Germany). Measurements

Figure 7. Decreased glomerular expression of AGE and RAGE in BF treated rats. One
possible mechanism of ongoing kidney damage during PD treatment is mediated via
the interaction of AGE and RAGE. To clarify this, we performed glomerular and tubular
quantification of the expression of CML and RAGE. The tubular expression of CML and
RAGE (A and B) was increased in uremic rats in comparison to Sham animals without
any difference between the treatment groups, whereas the glomerular staining for
CML and RAGE reflected decreased expression of both when BF was substituted (A
and B). All results represent mean � SEM of 12 animals per group. ***P � 0.001 versus
Sham, **P � 0.01 versus Sham, *P � 0.05 versus Sham, §P � 0.05 versus SNX, $$P �
0.01 versus SNX intraperitoneal, $P � 0.05 versus SNX intraperitoneal, #P � 0.05 versus
SNX�PD.
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were performed in triplicates of at least three independent exper-

iments according to the manufacturer’s instructions. We carried

out a background control (providing information about the LDH

activity in the assay medium), a low control (spontaneous LDH

release), and a high control with 1% Triton X-100 (maximum

LDH release). Cytotoxicity is given in percent.

Immunofluorescence.
For immunofluorescence analysis, HPMC were grown on type I col-

lagen-coated glass coverslips (Sigma-Aldrich, St Louis, MO) either

fixed with methanol or 3% PBS-PFA and incubated with primary

antibodies, anti-cytokeratin 18 (Chemicon International, Hofheim,

Germany), anti-vimentin (Zytomed Systems, Berlin, Germany), anti-

fibroblast-specific protein 1 (Dako Cytomation, Denmark), anti-fac-

torVIII (F15), anti-RAGE (N16), anti-TK (N19) (goat polyclonal IgG,

Santa Cruz Biotechnology, Santa Cruz, CA), anti-eNOS (rabbit poly-

clonal, ABR, Golden, CO), and appropriate fluorescently labeled sec-

ondary antibodies. For nuclear staining, fixed cells were stained with

Hoechst 33342 (Invitrogen, Karlsruhe, Germany). A negative control

was performed using PBS instead of primary antibody. Images

were taken using a Nikon DS-Qi1Mc quantitative black and white

charge-coupled device camera attached to a Nikon Eclipse 80i up-

right microscope (Nikon, Düsseldorf, Germany). The same con-

trast and intensity settings were applied to samples stained with

identical antibodies.

ELISA.
IL-6 ELISA was performed referring to the manufacturers’ instruc-

tions (human IL-6 ELISA kit, Bioscience, Inc., San Diego, CA). In

brief, supernatants of incubated cells were taken and diluted ac-

cordingly. Measurement was carried out at 450 nm using a Multi-

scan FC ELISA reader (Thermo Scientific, Langenselbold, Ger-

many).

Statistical Analysis
All values are expressed as mean � SEM. Mann–Whitney and

Kruskal–Wallis tests were used as appropriate to test statistical signif-

icance. Significance level was set at P � 0.05. Statistical analysis was

performed using PC-Statistik (version 5.0; Hoffmann, Giessen, Ger-

many) and GraphPad Prism (version 5.0; San Diego, CA).
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