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♦ Objective: Although peritoneal dialysis (PD) is a widely 
accepted form of renal replacement therapy, concerns re-
main regarding the bioincompatible nature of standard PD 
fluid (PDF). Short-term studies of new biocompatible PDFs 
low in glucose degradation products (GDPs) reveal divergent 
results with respect to peritoneal integrity.
♦ Methods: We studied 125 patients on maintenance PD 
who were assigned, by simple randomization, to receive 
either conventional or low-GDP PDF at PD initiation. Pa-
rameters of dialysis adequacy and peritoneal transport 
of small solutes were determined at initiation and after 
a period of maintenance PD at the time when serum and 
overnight effluent dialysate were simultaneously collected 
and assayed for various cytokines, chemokines, adipokines, 
and cardiac biomarkers. All patients were further followed 
prospectively for an average of 15 months from the day of 
serum and effluent collection to determine patient survival 
and cardiovascular events.
♦ Results: Patients treated with conventional or low-GDP 
PDF were matched for sex, age, duration of dialysis, dialysis 
adequacy, and incidence of cardiovascular disease or dia-
betes. After an average of 2.3 years of PD treatment, the 
weekly total and peritoneal creatinine clearance, and the 
total and peritoneal Kt/V were comparable in the groups. 
However, urine output was higher in patients using low-GDP 
PDF despite there having been no difference between the 
groups at PD initiation. Patients using low-GDP PDF also 
experienced a slower rate of decline of residual glomerular 
filtration and urine output than did patients on conven-
tional PDF. Compared with serum concentrations, effluent 
concentrations of tumor necrosis factor α, hepatocyte 
growth factor, macrophage migration inhibitory factor, in-
terleukins 8 and 6, C-reactive protein, and leptin were found 

to be higher in both groups of patients after long-term PD, 
suggesting that the peritoneal cavity was the major source 
of those mediators. Compared with patients on low-GDP 
PDF, patients on conventional fluid showed elevated leptin 
and reduced adiponectin levels in serum and effluent. The 
effluent concentration of interleukin 8 was significantly 
lower in patients using low-GDP PDF. The survival rate and 
incidence of cardiovascular complications did not differ 
between these groups after maintenance PD for an average 
of 3.6 years.
♦ Conclusions: It appears that low-GDP PDF results 
in an improvement of local peritoneal homeostasis 
through a reduction of chronic inflammatory status in  
the peritoneum.
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During chronic peritoneal dialysis (PD), the peritoneal 
membrane, lined with a monolayer of mesothelial 

cells, is repeatedly exposed to a non-physiologic hyper-
tonic environment that may lead to peritoneal fibrosis 
and ultrafiltration (UF) failure. Conventional PD fluid 
(PDF) contains dextrose as the osmotic agent. Long-term 
exposure to glucose has been well recognized to cause 
metabolic and cardiovascular abnormalities.

Two pathways of glucose degradation play an impor-
tant role in peritoneal mesothelial biology:

•		 degradation	into	glucose	degradation	products	(GDPs)	
during heat sterilization and storage; and

•		 formation	of	advanced	glycation	end-products	(AGEs)	
after nonenzymatic reactions with free amino groups 
in proteins (1).

Correspondence to: K.N. Lai, Department of Medicine, The 
University of Hong Kong, Queen Mary Hospital, 102 Pokfulam 
Road, Hong Kong SAR, PR China.

knlai@hkucc.hku.hk
Received 3 August 2010; accepted 3 June 2011

This single copy is for your personal, non-commercial use only. 
For permission to reprint multiple copies or to order presentation-ready copies 

for distribution, contact Multimed Inc. at marketing@multi-med.com

mailto:knlai@hkucc.hku.hk


281

PDI MAy 2012 - Vol. 32, No. 3 LOW-GDP PERITONEAL DIALYSIS

Accumulation of AGEs in the peritoneal tissues of 
continuous ambulatory PD (CAPD) patients promotes 
peritoneal expression of various growth factors and 
subsequently leads to deterioration of UF capacity during 
CAPD (2). Newer PDFs, which are thought to be more bio-
compatible by being less acidic, or containing the physi-
ologic buffer bicarbonate, or having lower concentrations 
of GDPs, have been developed in the last few years (3). 
Two observational studies suggested that the newer low-
GDP PDFs might lead to less frequent therapy failure and 
improved patient and technique survival (4,5). Low-GDP 
PDF appears to better preserve peritoneal membrane 
integrity, as indirectly suggested by a higher concentra-
tion of cancer antigen 125 and a lower concentration of 
hyaluronan in overnight effluent (6–8). Although newer 
solutions have been implicated as causing higher levels of 
inflammatory markers in effluent, it is unclear whether 
those levels result from an inflammatory response or from 
a lessening of impaired peritoneal defense mechanisms, 
leading to better healing of the peritoneal membrane (as 
suggested by elevated cancer antigen 125). Furthermore, 
in vivo data on inflammatory markers in effluent remain 
conflicting (9,10).

In the present study, patients were randomly assigned 
to one of two groups: those receiving treatment with 
conventional or with low-GDP PDF. After an average 
PD treatment duration of 2.3 years, laboratory profiles 
of cytokines, growth factors, adipokines, and cardiac 
biomarkers were determined in serum and effluent. The 
patients were then followed prospectively for dialysis 
adequacy, patient survival, and cardiovascular events 
(CVEs) for an average of 15 months from the day of serum 
and effluent collection.

METHODS

STUDY DESIGN AND PARTICIPANTS

Commencing in July 2003, our study recruited 125 
clinically stable patients on maintenance CAPD for a 
period of about 30 months from 4 regional renal centers 
in Hong Kong (Figure 1). Patients were excluded if they 
had an underlying malignancy, systemic lupus erythe-
matosus, or chronic valvular or congenital heart disease. 
At initiation of their maintenance PD program, these 
subjects had been assigned, using simple randomization, 
to receive either conventional PDF (n = 67) or low-GDP 
PDF (n = 58) by the individual dialysis centers.

The random PDF assignments were made by the pa-
tient’s training nursing officer at the individual renal 
center. Neither patients nor nurses were informed of the 
study at the time the PD solution was being selected. 

They were informed only afterwards at the time of serum 
and effluent collection (with informed consent) after an 
average stable PD duration of 2.3 years. Most patients 
adopted a 4×2-L regime using 1.5% dextrose bags.

The conventional PDFs were lactate-buffered glucose-
based Dianeal PD-2 [Baxter, Shanghai, China (43 pa-
tients)] or ANDY-Disc [Fresenius Medical Care, Bad 
Homburg, Germany (24 patients)]. The low-GDP PDFs 
were Gambrosol Trio (Gambro Lundia AB, Lund, Swe-
den), Physioneal 40 (Baxter), and Balance (Fresenius 
Medical Care), which were used by 41, 12, and 5 patients 
respectively. The study was approved by an Institutional 
Review Board and Ethics Committee, and all participating 
patients gave written informed consent. The trial was 
registered at HKClinicalTrials.com (http://www.hkclini-
caltrials.com) with the number HKCTR-576.

The study patients were maintained on CAPD for an 
average duration of 2.3 years before their biochemical 
profiles were studied. All patients were clinically stable 
and non-edematous, with a targeted blood pressure of 
less than 140/90 mmHg achieved by careful fluid balance 
and antihypertensive treatment. Serum and overnight 
effluent were collected from each patient at the time 
of recruitment. The morning exchange was performed 
with the patients fasting and with a 1.5% glucose con-
centration having been used for the overnight dwell. All 
patients were free of peritonitis or systemic infection for 
the 6 months before the sample collection.

Figure 1 — Study design and flow diagram. PD = peritoneal 
dialysis; PET = peritoneal equilibration test; PDF = peritoneal 
dialysis fluid; GDP = glucose degradation products.
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BIOCHEMICAL MEASUREMENTS

Venous blood was collected from the fasting patients 
on the morning that overnight effluent was collected. All 
cytokines, growth factors, chemokines, and adipokines 
were determined using enzyme-linked immunosorbent 
assays. Troponin T (TnT) and N-terminal prohormone 
brain natriuretic peptide (NT-proBNP) were measured 
using an Elecsys 2010 Analyzer (Roche Diagnostics, Man-
nheim, Germany). Table 1 summarizes the sensitivities, 
inter-batch coefficients of variation, and manufacturers 
of the assays.

DIALYSIS ADEQUACY

Two standard peritoneal equilibration tests (PETs) with 
determination of UF capacity were performed for each 

patient—one at PD initiation and the other at the end of 
the post-sampling follow-up (“census”). For the PETs, 2 L 
of 2.27% glucose PDF was used. The dialysate-to-plasma 
ratio (D/P) of creatinine at 4 hours and the protein cata-
bolic rate were determined as previously described (11). 
Residual glomerular filtration rate (GFR) was measured 
as the average of the 24-hour urine urea and creatinine 
clearances (12). Adequacy of dialysis was estimated us-
ing the standard method to measure total weekly urea 
and creatinine clearances (13). The contributions of the 
PD and renal components to total urea clearance was 
separately estimated.

STUDY OUTCOMES

It was not feasible to recruit a sample large enough to 
provide adequate statistical power for an assessment of 

TABLE 1 
Enzyme-Linked Immunosorbent Assays for Cytokines, Growth Factors, Cardiac Biomarkers, and  

Adipokines in Serum and Effluent

 Biologic Concentration in  Sensitivity Inter-batch coefficient
 marker serum or effluent Manufacturer (pg/mL) of variation (%)

 IL-10 pg/mL Pierce Biotechnologya <3 <10
 TNFα	 pg/mL R&D Systemsb 32 7.9
 TGFβ	 pg/mL R&D Systemsb 32 8.5
 HGF ng/mL R&D Systemsb 40 8.4
 NGAL ng/mL R&D Systemsb 12 4.6
 IL-1β	 pg/mL R&D Systemsb 1 6.9
 MIF ng/mL R&D Systemsb 17 2.3
 IL-8 pg/mL R&D Systemsb 11 3.8
 IL-4 pg/mL R&D Systemsb 10 7.4
 VEGF pg/mL R&D Systemsb 9 7.3
 FGF pg/mL R&D Systemsb 1.17 8.1
 IL-6 pg/mL R&D Systemsb 0.7 6.7
 TnT μg/mLc Roche Diagnosticsd 10 5.9
 NT-proBNP pg/mLc Roche Diagnosticsd 5 2.6
 Resistin ng/mL PreproTeche 26 5.5
 Leptin ng/mL Antigenix Americaf 20 7.6
 Adiponectin μg/mL AdipoGeng 100 5.2
 CRP mg/dL R&D Systemsb 10 7.5

IL = interleukin; TNFα = tumor necrosis factor α; TGFβ = transforming growth factor β; HGF = hepatocyte growth factor;  
NGAL = neutrophil gelatinase-associated lipocalin; MIF = macrophage migration inhibitory factor; VEGF = vascular endothelial 
growth factor; FGF = fibroblast growth factor; TnT = troponin-T; NT-proBNP = N-terminal prohormone brain natriuretic peptide; 
CRP = C-reactive protein.
a Rockford, IL, USA.
b Minneapolis, MN, USA.
c Using an Elecsys 2010 Analyzer (Roche Diagnostics, Mannheim, Germany).
d Mannheim, Germany.
e Rocky Hill, NJ, USA.
f Huntington Station, NY, USA.
g Incheon, Korea.
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and the chi-square test for categorical data. Cumulative 
patient survival was calculated by the Kaplan–Meier 
method, and comparisons between groups were made 
using the log-rank test. Correlations between serum and 
effluent concentrations of adipokines and growth factors 
were determined using the Spearman rho (ρ). Statistical 
analyses were performed using the SPSS software appli-
cation (version 13.0: SPSS, Chicago, IL, USA).

RESULTS

BASELINE CHARACTERISTICS AND BIOCHEMISTRY AFTER 
LONG-TERM MAINTENANCE DIALYSIS

Age at dialysis start, the incidences of cardiovascular 
disease and diabetes mellitus, and duration of dialysis at 
the time of sample collection were similar between the 
groups (Table 2). The underlying causes of renal failure 
were also comparable (data not shown). No difference 
in dialysis adequacy or residual GFR was observed at the 
time of PD initiation, but the low-GDP PDF group had a 
higher D/P creatinine at 4 hours (p < 0.01). After an aver-
age of 2.3 years of stable maintenance dialysis (median: 
2.2 years), hemoglobin and blood biochemistries were 
again comparable between the groups (Table 2).

DIALYSIS ADEQUACY AT THE TIME OF CENSUS

Compared with baseline values at the initiation of 
dialysis, total Kt/V, total weekly creatinine clearance, 
residual GFR, and daily urine output were all lower in 
patients on maintenance dialysis with conventional 
PDF for an average of 3.6 years. Reduced urine output 
was partly compensated by increased peritoneal Kt/V 
despite an unchanged 4-hour D/P creatinine (Table 3). 
The patients using conventional PDF also experienced a 
decrease in protein catabolic rate. By contrast, after an 
average 3.6 years on maintenance dialysis, patients on 
low-GDP PDF demonstrated only reduced total weekly 
creatinine clearance and residual GFR, with elevated 
UF. No significant fall in total Kt/V or urine output was 
observed. Their 4-hour D/P creatinine and their protein 
catabolic rate remained unchanged.

Compared with values at the time of serum and efflu-
ent collection, we observed no significant differences 
between the groups in total or peritoneal Kt/V, weekly 
total creatinine clearance, and peritoneal creatinine 
clearance (Table 3). As observed at the time of PD ini-
tiation, the low-GDP group still had a higher 4-hour D/P 
creatinine. Compared with patients using conventional 
PDF, the patients on low-GDP PDF had higher urine out-
put at census despite baseline values being similar in 

the individual endpoints of death, cause-specific death, 
hospitalization, or other events. Hence, we selected two 
composite co-primary outcomes:

•		 biochemical	 profile	 of	 cytokines,	 growth	 factors,	
adipokines, and cardiac biomarkers determined after 
stable PD treatment for an average duration of 2.3 
years, and

•		 dialysis	adequacy	determined	by	GFR	and	daily	urine	
output at initiation and at the time of census after 
stable PD for an average duration of 3.6 years.

Despite the limitations of a relatively short follow-up 
period and a study underpowered for determining the 
patient survival rate, we attempted to analyze clinical 
outcomes, including death from all causes, cardiovas-
cular death, and first fatal or nonfatal CVE. Fatal and 
nonfatal CVEs documented from commencement of 
maintenance dialysis included electrocardiographically 
documented myocardial ischemia or infarction, conges-
tive heart failure, sustained atrial or ventricular arrhyth-
mia, transient ischemic attack, ischemic cerebrovascular 
event, peripheral vascular disease, and sudden death. 
Peripheral vascular disease was defined as the presence 
of intermittent claudication (with angiographic or sono-
graphic detection of 50% or more stenosis of the major 
arteries of the lower limb, with or without revasculariza-
tion procedures), ischemic leg ulceration, gangrene with 
or without amputation, and aortic aneurysm. Sudden 
death was defined as unexpected natural death within 
1 hour from onset of symptoms and without any earlier 
condition that would appear fatal. The exact cause of 
death and the nature of the first CVE were provided by 
the attending physician. In the case of death out of hos-
pital, family members were interviewed by telephone to 
ascertain the circumstances of the death. For patients 
who experienced multiple CVEs, the CVE survival analysis 
was limited to the first event.

STATISTICAL ANALYSIS

We used a two-sided two-sample t-test with Bonferroni 
correction to provide a significance level (α) of 0.01 when 
considering the two co-primary composite outcomes. 
Assuming a 20% difference in those covariates between 
patients receiving conventional and low-GDP PDF, we 
estimated that the enrolment of 58 patients into each 
arm would achieve 83% power in the present study.

Continuous data are expressed as mean ± standard 
error of the mean or as median and interquartile range, 
depending on the distribution. Between-group compari-
sons used the t-test for continuous data or the Wilcoxon 
signed rank test for non-continuous data, as appropriate, 
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both groups at PD initiation. We also compared the 
rates for loss of residual GFR, reduction of urine output, 
and increase in UF between the groups (Table 4). Most 

interestingly, compared with patients on conventional 
PDFs, those on low-GDP PDFs experienced a slower rate 
of decline in residual GFR and urine output.

TABLE 2 
Demographic Data for the Study Groups at the Time of Serum and Effluent Collection

 Value by solution typea p
  Variable Conventional Low-GDP Value

Patients (n) 67 58 
Age (years)   
 At CAPD start 59.5±1.35 56.4±1.60 NS
 At time of sample collection 61.9±1.33 58.6±1.60 NS
Sex (men:women) 33:34 36:22 NS
Cardiovascular disease at CAPD start (%) 18 21 NS
Diabetes mellitus at CAPD start (%) 38 29 NS
Hemoglobin (g/dL)b 9.8±0.23 9.8±0.24 NS
Plasma creatinine (μmol/L)b 891.3±35.42 891.9±40.00 NS
Plasma bicarbonate (mmol/L)b 26.1±0.68 27.1+0.49 NS
Plasma albumin (g/L)b 35.1±0.51 33.8+0.56 NS
Plasma calcium (mmol/L)b 2.30±0.022 2.26±0.025 NS
Plasma phosphate (mmol/L)a 1.67±0.063 1.63+0.072 NS
Duration from CAPD start to sample collection (years) 2.4±0.18 2.2±0.20 NS

NS = statistically nonsignificant (p > 0.05); CAPD = continuous ambulatory peritoneal dialysis.
a Expressed as mean ± standard error of the mean.
b Determined at time of sample collection.

TABLE 3 
Dialysis Adequacy in the Study Groups

 Value by solution typea

 At PD start At time of censusb

 Variable Conventional Low-GDP p Value Conventional Low-GDP p Value

Patients (n) 67 58  67 58 
Total Kt/V 2.27±0.07 2.14±0.070 NS 2.00±0.049c 2.11±0.069 NS
Peritoneal Kt/V 1.55±0.042 1.52±0.056 NS 1.63±0.047d 1.59±0.055 NS
Weekly total CCr (L/1.73 m2) 84.0±4.90 80.7±4.33 NS 63.7±2.81c 72.0±3.65e NS
Weekly peritoneal CCr (L/1.73 m2) 40.9±1.00 43.0±1.44 NS 43.5±1.06f 44.8±1.54 NS
Residual GFR (mL/min/1.73 m2) 3.67±0.40 3.06±0.33 NS 1.69±0.28c 2.30±0.36e 0.12
Urine (mL/day) 822.1±83.89 869.9±88.38 NS 475.1±77.69c 745.7±107.57 0.04
Ultrafiltration (mL/day) 611.6±203.73 291.0±105.11 NS 824.3±124.11 540.7±107.73e 0.01
Ultrafiltration at 4 h (mL) 325.9±26.0 336.0±27.6 NS 280.7±21.2 299.5±28.6 NS
Protein catabolic rate 1.11±0.045 1.09±0.036 NS 1.00±0.031f 1.11±0.048 NS
PET (4-h D/P Cr) 0.67±0.016 0.72±0.014f 0.013 0.65±0.016 0.71±0.013 0.001

NS = statistically nonsignificant (p > 0.05); CCr = clearance of creatinine; PET = peritoneal equilibration test; D/P Cr = dialysate-
to-plasma ratio of creatinine.
a Expressed as mean ± standard error of the mean.
b An average of 15 months after collection of the study samples.
c p < 0.001 compared with group on conventional solution at PD start.
d p < 0.05 compared with group on conventional solution at PD start.
e p < 0.01 compared with group on low-GDP solution at PD start.
f p < 0.01 compared with group on conventional solution at PD start.
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CARDIAC BIOMARKERS AND ADIPOKINES

Compared with patients on low-GDP PDFs, those on 
conventional PDFs had a higher serum concentration of 
leptin and a lower serum concentration of adiponectin 
(Tables 5 and 6). Similar results were observed in efflu-
ent. We observed no differences in serum or effluent 
levels of TnT, NT-proBNP, resistin, or C-reactive protein 

(CRP) between patients using conventional or low-GDP 
PDF for long-term dialysis.

CYTOKINES AND GROWTH FACTORS

Compared with patients on low-GDP PDFs, those on 
conventional PDFs had higher serum concentrations of 
TNFα and neutrophil gelatinase-associated lipocalin 

TABLE 4 
Rate of Change in Residual Glomerular Filtration Rate (GFR), Urine Output, and Ultrafiltration (UF)

 Value by solution typea

 Variable Conventional Low-GDP p Value

Patients (n) 67 58 
Slope of change in residual GFR (L/min/1.73 m2/year) 0.56 (0.06–1.21) 0.20 (0.00–0.80) 0.05
Slope of change in urine output (mL/day) 0.33 (0.0–0.80) 0.01 (0.00–0.33) 0.004
Slope of change in UF (mL/day) 0.08 (–0.04–0.75) 0.19 (–0.08–1.06) 0.66

a Expressed as median (25th – 75th percentile).

TABLE 5 
Serum Levels of Cytokines, Growth Factor, Cardiac Biomarkers, and Adipokines

 Value by solution typea

 Variable Conventional Low-GDP

Patients (n) 67 58
TnT (μg/mL) 0.06 (0.03–0.11) 0.07 (0.03–0.11)
NT-proBNP (pg/mL) 3064 (1410–6465) 4791 (1666–9414)
Resistin (ng/mL) 14.6 (9.9–17.2) 12.7 (10.4–15.8)
Leptin (ng/mL) 11.1 (6.6–20.7) 5.8 (2.2–14.2)b

Adiponectin (μg/mL) 10.8 (8.8–18.4) 14.7 (10.8–19.9)c

CRP (mg/L) 7.3 (1.9–18.4) 3.2 (0.2–14.6)
IL-10 (pg/mL) 5.8 (3.5–11.3) 5.0 (2.7–12.5)
TNFα (pg/mL) 55.3 (39.5–70.4) 41.5 (25.1–63.0)c

TGFβ (pg/mL) 45.5 (38.6–50.3) 44.7 (34.1–55.8)
HGF (ng/mL) 1.0 (0.7–1.3) 0.9 (0.5–1.4)
NGAL (ng/mL) 245.0 (202.2–302.0) 185.0 (132.0–259.6)d

IL-1 (pg/mL) 0.57 (0.42–0.69) 0.51 (0.38–0.70)
MIF (ng/mL) 3.46 (2.14–4.95) 3.45 (2.71–5.83)
IL-8 (pg/mL) 14.2 (8.5–24.2) 13.0 (7.7–27.1)
IL-4 (pg/mL) 3.01 (1.99–3.77) 3.00 (1.96–4.23)
VEGF (pg/mL) 120.0 (67.6–180.5) 127.1 (50.5–191.7)
FGF (pg/mL) 17.2 (12.2–24.7) 16.5 (9.7–28.6)
IL-6 (pg/mL) 3.13 (0.24–5.77) 1.87 (0.23–5.11)

TnT = troponin-T; NT-proBNP = N-terminal prohormone brain natriuretic peptide; CRP = C-reactive protein; IL = interleukin; TNFα = 
tumor necrosis factor α; TGFβ = transforming growth factor β; HGF = hepatocyte growth factor; NGAL = neutrophil gelatinase-
associated lipocalin; MIF = macrophage migration inhibitory factor; VEGF = vascular endothelial growth factor; FGF = fibroblast 
growth factor.
a Expressed as median (25th – 75th percentile).
b p < 0.01 compared with patients using conventional solution.
c p < 0.05 compared with patients using conventional solution.
d p < 0.001 compared with patients using conventional solution.
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(NGAL) (Tables 5 and 6). In effluent, concentrations 
of interleukins 1 (IL-1) and 8 (IL-8) were significantly 
higher in patients on conventional PDFs than in those on 
low-GDP PDFs. We observed no differences between the 
groups in serum or effluent levels of IL-10, transforming 
growth factor β (TGFβ), hepatocyte growth factor (HGF), 
macrophage migration inhibitory factor (MIF), IL-4, 
vascular endothelial growth factor, fibroblast growth 
factor, or IL-6.

PERITONEUM AS A MAJOR SOURCE OF CYTOKINE, GROWTH 
FACTOR, AND ADIPOKINE PRODUCTION

Given the relatively smaller tissue mass of the perito-
neal cavity compared with the entire body, serum con-
centrations of cytokines, growth factors, cardiac markers, 
and adipokines are usually higher than those in effluent 
by factors of 10 – 100. Figure 2(A) shows mean serum and 
effluent concentrations. If high effluent concentrations 

are a result of size-selective peritoneal transport rather 
than of local synthesis, the effluent-to-serum ratio 
should exhibit an inverse correlation with the molecular 
weight of these mediators (14). Such correlations were 
not demonstrated when the dialysate-to-serum ratios 
of these mediators were plotted against their molecular 
weights [Figure 2(B)]. A dialysate-to-serum ratio exceed-
ing or near unity suggests that the peritoneal cavity is 
a major source of the particular mediator. Based on our 
observations, TNFα, MIF, IL-8, IL-6, HGF, leptin, and CRP 
are likely to be significantly produced in the peritoneal 
cavity as a result of chronic inflammation secondary to 
exposure to less-biocompatible dialysate. With the ex-
ception of TNFα, we observed good correlation between 
effluent and serum concentrations of those mediators, 
specifically: MIF (ρ = 0.30, p < 0.01), IL-8 (ρ = 0.32,  
p < 0.001), IL-6 (ρ = 0.40, p < 0.001), HGF (ρ = 0.35,  
p < 0.001), leptin (ρ = 0.58, p < 0.001), and CRP (ρ = 
0.67, p < 0.001).

TABLE 6 
Effluent Levels of Cytokines, Growth Factor, Cardiac Biomarkers, and Adipokines

 Value by solution typea

 Variable Conventional Low-GDP

Patients (n) 67 58
TnT (μg/mL) 0.03 (0.02–0.03) 0.03 (0.02–0.03)
NT-proBNP (pg/mL) 444 (169–1199) 813 (300–2313)
Resistin (ng/mL) 5.2 (4.7–5.6) 5.2 (4.7–5.8)
Leptin (ng/mL) 9.8 (7.6–16.0) 7.3 (3.4–14.1)b

Adiponectin (μg/mL) 6.0 (4.2–9.5) 9.7 (5.2–13.5)c

CRP (mg/L) 9.1 (2.2–15.5) 5.8 (1.9–19.9)
IL-10 (pg/mL) 2.63 (1.06–3.34) 2.40 (1.42–3.90)
TNFα (pg/mL) 93.6 (77.1–111.2) 100.6 (83.5–124.2)
TGFβ (pg/mL) 0.29 (0.25–0.34) 0.32 (0.26–0.39)d

HGF (ng/mL) 1.35 (1.06–1.75) 1.23 (0.99–1.59)
NGAL (ng/mL) 95.4 (67.2–119.9) 94.9 (62.4–130.1)
IL-1 (pg/mL) 0.36 (0.30–0.42) 0.32 (0.24–0.37)b

MIF (ng/mL) 4.54 (3.43–7.10) 4.38 (1.49–9.26)
IL-8 (pg/mL) 24.1 (18.7–36.5) 19.4 (13.1–30.6)d

IL-4 (pg/mL) 1.61 (1.09–2.35) 1.46 (0.73–2.37)
VEGF (pg/mL) 8.7 (7.0–15.5) 8.1 (6.7–17.5)
FGF (pg/mL) 8.2 (5.7–10.7) 9.1 (6.9–11.2)
IL-6 (pg/mL) 79.2 (31.6–142.6) 74.9 (35.3–141.0)

TnT = troponin-T; NT-proBNP = N-terminal prohormone brain natriuretic peptide; CRP = C-reactive protein; IL = interleukin; TNFα = 
tumor necrosis factor α; TGFβ = transforming growth factor β; HGF = hepatocyte growth factor; NGAL = neutrophil gelatinase-
associated lipocalin; MIF = macrophage migration inhibitory factor; VEGF = vascular endothelial growth factor; FGF = fibroblast 
growth factor.
a Expressed as median (25th – 75th percentile).
b p < 0.01 compared with patients using conventional solution.
c p < 0.005 compared with patients using conventional solution.
d p < 0.05 compared with patients using conventional solution.
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SURVIVAL AND CARDIOVASCULAR EVENTS

Patients also underwent prospective, scheduled  
assessments for an average of 15 months from the  
day of serum and effluent collection. The duration  
from PD initiation to final clinical assessment (“census”) 
was comparable between the two groups (3.6 ± 0.18  
years vs 3.6 ± 0.20 years). No patient was lost  
to follow-up. At the time of censoring, 82% and  
77.6% of patients using conventional and low-GDP  
PDF respectively remained on maintenance CAPD  
(Table 7). Cumulative survival in the conventional PDF 
group (86.6%) was similar to that in the low-GDP PDF  
group [89.6%, Figure 3(A)]. Most mortality (73.3%) 
was related to sepsis. Figure 3(B) shows the 1 – 
CVE rate of the 125 patients since PD initiation. 
During the average treatment period of 3.6 years, 
18% of patients in the conventional PDF group and 
20.7% in the low-GDP PDF developed a first fatal or  
nonfatal CVE.

DISCUSSION

The GDPs in conventional PDF cause mesothelial injury 
and reduce mesothelial regeneration, hence predispos-
ing the patient to peritoneal fibrosis (15). In addition, 
accumulation of AGEs in the peritoneal tissue correlates 
with the development of severe interstitial fibrosis and 
microvascular sclerosis in PD (2,16). In vitro experiments 
have demonstrated that GDPs exert harmful effects in 
human peritoneal mesothelial cells through increased 
production of vascular endothelial growth factor (17), 
overexpression of the receptor for AGE (17), downregu-
lation of tight junction–associated protein (18), and 
enhanced epithelial–mesenchymal transition (19).

Since the early 2000s, new biocompatible double-
chambered bicarbonate/lactate– or bicarbonate-based 
PDFs have been introduced, with the rationale that their 
low GDP content will reduce UF failure, technique failure, 
and patient mortality. No large, long-term prospective 
randomized “hard endpoint” study on technique and 

Figure 2 — (A) Mean serum or dialysate concentration, and (B) dialysate-to-serum ratio (expressed as mean ± standard error of 
the mean) of measured cytokines, growth factors, adipokines, and cardiac biomarkers. The dotted line at the zero mark represents 
a dialysate-to-serum ratio of unity in the logarithmic scale. IL = interleukin; TNF = tumor necrosis factor α; TGF = transforming 
growth factor β; HGF = hepatocyte growth factor; NGAL = neutrophil gelatinase-associated lipocalin; MIF = macrophage migra-
tion inhibitory factor; VEGF = vascular endothelial growth factor; FGF = fibroblast growth factor; CRP = C-reactive protein; TnT = 
troponin-T; NT-proBNP = N-terminal prohormone brain natriuretic peptide.

(A) (B)

TABLE 7 
Clinical Outcomes in the Study Groups

  Clinical status
 Continued Converted Received  
Solution type PD to HD renal graft Died TOTAL

Conventional 55 2 1 9 67
Low-GDP 45 5 2 6 58
TOTAL 100 7 3 15 125

PD = peritoneal dialysis; HD = hemodialysis.
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patient survival is currently available, and often it is not 
feasible to recruit a sample large enough to provide ade-
quate statistical power to assess the individual endpoints 
of death, cause-specific death, hospitalization, and 
other events (20). Results in the literature regarding the 
short-term impact of the new low-GDP PDFs on peritoneal 
UF capacity and other peritoneal membrane indices are 
divergent. Better peritoneal integrity with the low-GDP 
PDFs is hypothesized as being indirectly suggested by the 
higher cancer antigen 125 and lower hyaluronan levels 
observed in effluent (6–10,21–23). However, results 
concerning the beneficial effect on peritoneal net UF of 
the new biocompatible PDFs compared with conventional 
PDFs have been conflicting (6–8,10,24–27). Low-GDP or 
neutral dialysates are supposed to induce lower levels 
of inflammatory markers in effluent, and yet the efflu-
ent level of IL-6 has been reported to be high (28), low 
(9,21,29), or unchanged (10,23). The reason that use of 
the new biocompatible PDFs has failed to translate into 
better clinical outcomes is unclear. It may be a result of 
the short treatment period [only one study has consid-
ered treatment for 24 months (6)] and of differences 
in the selection of biomarkers for the examination of 
systemic and peritoneal inflammation.

In the present study, we recruited 125 patients on 
maintenance CAPD who were initially assigned at random 
by individual dialysis centers to receive either conven-
tional or low-GDP PDF. Cytokine and biomarker profiles 
and dialysis adequacy were used as composite co-primary 

outcomes. At PD initiation, these groups of patients were 
comparable except for a higher 4-hour D/P creatinine 
in the group using low-GDP PDF. No patient was lost to 
follow-up, and 80% remained on maintenance CAPD at 
study completion. After an average CAPD treatment du-
ration of 3.6 years (median: 3.4 years), the weekly total 
creatinine clearance, peritoneal creatinine clearance, 
total Kt/V, and peritoneal Kt/V were comparable in the 
groups. As they had at baseline, patients on low-GDP 
PDF had a higher 4-hour D/P creatinine at census, but 
this index of peritoneal transport was unchanged within 
the dialysis groups after 3.6 years of CAPD. However, 
patients receiving low-GDP PDF were observed to have 
higher urine output, a finding similar to that in two 
other short-term prospective studies of small sample 
size (7,27). Furthermore, compared with patients on 
conventional PDF, those on low-GDP PDF showed a slower 
rate of decline of residual GFR and urine output despite 
the lack of a change in UF at 4 hours in a standard PET. 
Those findings suggest that the use of low-GDP PDF might 
be associated with better preservation of residual renal 
function.

We also studied cytokines, growth factors, cardiac 
biomarkers, and adipokines in overnight effluent, and 
we simultaneously collected serum samples from these 
patients undergoing stable long-term maintenance 
CAPD. Compared with the group using low-GDP PDF, the 
group using conventional PDF showed higher serum 
concentrations of TNFα, NGAL, and leptin, and a lower 

Figure 3 — (A) Kaplan–Meier analysis of cumulative survival in two groups of patients over a mean follow-up period of 15-month 
after the collection of serum and effluent samples. Causes of death: peritonitis (n = 3), pneumonia (n = 5), acute myocardial infarc-
tion (n = 2), biliary sepsis (n = 1), ischemic colitis (n = 1), gastrointestinal infection (n = 1), undetermined (n = 2). (B) Kaplan–
Meier analysis of the likelihood a first fatal or nonfatal cardiovascular event (CVS) over a mean 36-month follow-up period after 
dialysis start in two groups of patients. Patients permanently transferred to alternative renal replacement therapy (including 
hemodialysis or kidney transplantation) were censored from these survival and cardiovascular outcomes analyses. GDP = glucose 
degradation products.

(A) (B)
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serum concentration of adiponectin. Likewise, effluent 
concentrations of IL-1, IL-8, and leptin were higher in 
patients on conventional PDF than in those on low-GDP 
PDF. Patients on conventional PDF also had a lower con-
centration of adiponectin in effluent. From among those 
results, we are interested in mediators with high effluent 
concentrations as defined by their dialysate-to-serum 
ratio, because serum concentrations should normally 
be 10 – 100 times higher than effluent concentrations, 
given the relatively smaller mass of the peritoneal tissue 
compared with the whole body. That the dialysate-to-
serum ratios of TNFα, HGF, MIF, IL-8, IL-6, CRP, and leptin 
exceed unity suggests that the peritoneal cavity is a major 
site of synthesis of those mediators because of chronic 
inflammation after exposure to less-biocompatible di-
alysate. The lack of an inverse correlation between the 
dialysate-to-serum ratios and the molecular weights of 
these mediators further supports the hypothesis that 
their higher effluent concentrations are the result of 
significant local intraperitoneal synthesis rather than 
of size-selective peritoneal transport (14).

Human peritoneal mesothelial cells synthesize TNFα, 
IL-6, IL-8, and HGF (30–32). Peritoneal macrophages and 
adipocytes also synthesize IL-6 (33,34), and peritoneal 
fibroblasts and macrophages respectively synthesize 
IL-8 and MIF (33,35). Tumor necrosis factor α and IL-6 
are proinflammatory; MIF and IL-8 are chemotactic. 
By contrast, HGF ameliorates epithelial–mesenchymal 
transition induced by high glucose in the peritoneal 
mesothelium. Leptin and adiponectin are adipokines 
with pro-atherogenic and anti-atherogenic properties 
respectively. Teta et al. (36) reported in vitro findings that 
pH-neutral dialysate specifically induces leptin secre-
tion from 3T3-L1 mouse adipocytes. Axelsson et al. (37) 
demonstrated that truncal (visceral) but not non-truncal 
(subcutaneous) fat mass is a contributor to inflammation 
in end-stage renal disease. Earlier, we also showed that 
glucose increases synthesis of leptin in human peritoneal 
adipocytes (34). The Janus kinase signal transducer and 
activator of transcription pathway in mesothelial cells 
was activated by leptin derived from adipocytes, and it 
in turn induced the release of TGFα by mesothelial cells. 
The TGFα synthesis induced by leptin was amplified by 
glucose through increased leptin receptor expression. 
In nonrenal patients, hyperleptinemia and hypoa-
diponectinemia are associated with cardiovascular risks 
(38). In patients on PD, the leptin/adiponectin ratio is 
markedly elevated, which is speculated to be associated 
with increased cardiovascular complications (39). In 
vitro studies revealed that glucose-sparing PD regimens 
improve the leptin/adiponectin ratio (39). The present 
study revealed that PD with conventional or low-GDP 

PDF (independent of complications from peritonitis) 
induces synthesis of selected proinflammatory cytokines, 
chemokines, and adipokines in the peritoneum, where 
maintenance of a subclinical low-grade inflammation fa-
vors the development of the malnutrition–inflammation–
atherosclerosis syndrome (40).

More interestingly, compared with patients using 
conventional PDF, those using low-GDF PDF showed lower 
serum and effluent levels of leptin and higher serum and 
effluent levels of adiponectin. The effluent concentration 
of the chemoattractant IL-8 was also significantly lower 
in patients using low-GDP PDF.

Previous studies showed that serum TnT and NT-proBNP 
had predictive value for survival in CAPD patients and 
that measurement of those cardiac biomarkers may be 
of value in guiding risk stratification and, potentially, 
targeted therapeutic interventions (41,42). Our study 
failed to demonstrate differences between our groups 
of patients in serum levels of TnT and NT-proBNP. As oc-
curred in previous studies, we also failed to observe a 
difference in either patient survival or first CVE between 
patients on low-GDP PDF and those on conventional PDFs. 
That finding possibly reflects several factors. First, it is 
not feasible in dialysis studies to recruit a sample large 
enough to provide statistical power adequate to assess 
the individual endpoints of death, cause-specific death, 
hospitalization, and other events (20). Second, com-
pared with other dialysis populations, our patients are 
healthier, with a higher protein catabolic rate, a lower 
incidence of diabetes, and fewer cardiovascular com-
plications (42,43). Lastly, adjustments were not made 
in our study for other comorbid factors such as obesity, 
smoking, and exercise.

A weakness of our study is that our assessment of hy-
dration status was based on clinical assessment of blood 
pressure and edema combined with UF by standard PET. 
We did not use body composition analysis techniques 
(such as bioelectric impedance) that are used to study 
physiologic processes such as growth, development, ag-
ing, and exercise physiology (44). However, the accuracy 
and interpretation of such techniques in pathologic 
states such as PD have not been confirmed (45).

CONCLUSIONS

Peritoneal dialysis with conventional or low-GDP PDF 
induces synthesis of selected proinflammatory cytokines, 
chemokines, and adipokines in the peritoneum. Com-
pared with patients using conventional PDFs, patients 
using low-GDP PDFs have an improved serum and ef-
fluent profile for adipokines. Patients on low-GDP PDFs 
also show a slower rate of decline in residual GFR and 
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urine output. It would appear that low-GDP PDF results 
in an improvement in local peritoneal homeostasis by 
ameliorating the chronic inflammatory state in the 
peritoneum.
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