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For nearly a decade poly(amidoamine) (PAMAM) dendrimers G4 were claimed unnegligible cytotoxic
agents. Here we monitored whether in vivo cytotoxic effect of PAMAM G4 (0.5 �mol kg−1 day−1) may be
compromised by its ameliorating effect on severe hyperglycaemia in chronic streptozotocin-diabetic Wis-
tar rats. PAMAM G4 significantly reduced the 60-day overall survival in long-term experimental diabetes:
treated animals were 6.7 times more likely to die than control animals (p < 0.025). PAMAM G4 significantly
AMAM G4
urvival
treptozotocin diabetes
yperglycaemia
rotein glycation

reduced numerous biochemical parameters in blood, including glucose, glycated haemoglobin or protein
oxidation, cholesterol and triglycerides, but apparently unchanged plasma insulin peptide C. Terminal
blood glucose in PAMAM-treated animals was significantly higher in survivors, pointing to the possible
preventive role of glycation in reducing of PAMAM G4 cytotoxicity.

Our results provide the first in vivo evidence that PAMAM G4 is able to lower plasma glucose and
suppress long-term markers of diabetic hyperglycaemia. Nevertheless, this beneficial influence cannot
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. Introduction

Poly(amidoamine) (PAMAM) dendrimers (StarburstTM den-
rimers) are a new type of promising synthetic polymers
haracterized by a dendric branched spherical shape and high den-
ity surface charge (Malik et al., 2000; Esfand and Tomalia, 2001;
upta et al., 2006a,b). These dendritic macromolecules with a large
umber of surface terminal groups, which doubles with each gener-
tion, and interior cavities offer a better opportunity for delivery by
ecoming charged and acting as static covalent micelles (Bielinska
t al., 1996; Malik et al., 2000; Esfand and Tomalia, 2001; Gupta
t al., 2006b). The defined structure of these molecules and their

arge number of surface amino groups has led to the interest in
endrimers as substrates for the attachment of antibodies, con-
rast agents and radionucleotides for applications in a number
f different areas of biology and medicine (Roberts et al., 1990;

∗ Corresponding author. Tel.: +48 42 6393471/2; fax: +48 42 6787567.
E-mail addresses: cwatala@csk.umed.lodz.pl, cwatala@toya.net.pl (C. Watala).
URL: http://www.interhemostaza.pl (C. Watala).

t
g
v
p
b
a
t
a
b
d

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.08.001
ffects in the increased mortality of streptozotocin-diabetic rats.
© 2008 Elsevier B.V. All rights reserved.

iener et al., 1994; Singh et al., 1994; Esfand and Tomalia, 2001;
raun et al., 2005; Tomalia et al., 2007). Due to their surface cov-
red with primary amino groups, dendrimers are able to interact
n an electrostatic charge basis with biologically relevant polyan-
onic macromolecules, such as proteins or nucleic acids, the feature
hat has been progressively developed and exhaustively studied
Frechet, 1994; Braun et al., 2005; Svenson and Tomalia, 2005). On
he other side, due to the presence of numerous free primary amino
roups on their surface, poly(amidoamine) dendrimers are strongly
ucleophilic molecules, and hence, they appear potential top candi-
ates in the prevention against the modification of macromolecules
gainst carbonylation, acetylation, acylation or glycation. As such
hey may represent an important group of pharmaceuticals in tar-
eting the excessive post-synthetic modifications of proteins under
arious clinical conditions. Such a tentative role of PAMAMs, as
otential targets for non-enzymatically driven modifications of
iomolecules, has never been so greatly appreciated hitherto. The

bility of these dendritic polymers to bind large numbers of ligands
o their endgroups might lead to novel applications as sequestering
gents for metabolic “waste products” under states of imbalance
etween antioxidant defense and free radical production, like in
iabetes, uremia, cancer or aging.

http://www.sciencedirect.com/science/journal/03785173
mailto:cwatala@csk.umed.lodz.pl
mailto:cwatala@toya.net.pl
dx.doi.org/10.1016/j.ijpharm.2008.08.001
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In vitro and in vivo studies in experimental animals using den-
rimer conjugates with various biologically active agents have
ocumented these conjugates to be non-toxic and able to target
pecific cells (Frechet, 1994; Svenson and Tomalia, 2005; Tomalia
t al., 2007). On the other hand, numerous reports have shown
hat amino-terminated PAMAM dendrimers exhibit a considerable
ytotoxic activity (Jevprasesphant et al., 2003; Fischer et al., 2003),
ontrary to anionic compounds (Malik et al., 2000; El Sayed et al.,
002). As far as PAMAM dendrimers are considered for the in vivo
pplications, any studies aimed at establishing various pharmaco-
ogical and pharmacokinetic parameters, such as biocompatibility
nd/or any effects on a drug efficacy or an overall survival, seem
ssential.

In this study we have investigated the ability of PAMAM G4 den-
rimers to function as an effective “scavenger” of excessive glucose
nd targeted modulation of impaired carbohydrate metabolism in
nimals. To show the scavenging role of poly(amidoamine) den-
rimers we have chosen the model of experimental pathology, in
hich hyperglycaemia and extensive modification of free amino

roups by glucose is substantial – streptozotocin diabetes. While
hese dendrimers are known to be cytotoxic, we aimed at evalu-
ting whether and to which extent such cytotoxic affects might
e compromised by the putative beneficial influence of PAMAM
4 against deteriorative implications of hyperglycaemia, oxidative
tress and carbonyl stress occurring in chronic untreated experi-
ental diabetes.
The outcomes of this study give us an insight about the Janus

ace of PAMAM G4 dendrimers in vivo. On one hand it supports the
revious reports on in vitro PAMAM G4 cytotoxicity, on the other

t reveals new aspects of their in vivo biological activity towards
meliorating impaired carbohydrate metabolism in experimental
iabetes.

. Materials and methods

.1. Reagents and chemicals

PAMAM G4 dendrimers (methanol solution) as well as all
ther chemicals were purchased from Sigma–Aldrich (Germany),
nless otherwise stated. Potassium chloride, potassium phosphate
onobasic and organic solvents for HPLC analysis were from
erck (Merck Sharp & Dohme IDEA, Inc., Bratislava, Slovakia).

richloroacetic acid (TCA) and lithium hydroxide (LiOH) were from
erck (Darmstadt, Germany). HPLC-grade acetonitrile was from J.T.

aker (Deventer, The Netherlands). Solvents for HPLC were from
erck (Whitehouse Station, NJ). High-sensitivity C-reactive pro-

ein (CRP) EIA kit was from Randox Laboratories Ltd. (Crumlin, Co.
ntrim, United Kingdom). Linco’s Rat C-Peptide Radioimmunoasay
it was from DRG International Inc. (NJ, USA). Kits for routine
iochemical determinations were from Roche Diagnostics (Switzer-

and) and for glycated haemoglobin (HbA1c) from Drew Scientific
td. (Barrow-in-Furness, Cumbria, United Kingdom). Accucheck
ctive glucose strips were purchased from Roche Diagnostics Polska
td. (Warsaw, Poland).

.2. Animals and study design

In total 80 adult male Wistar rats, weighing between 250 and
00 g, were used in the experiment. Rats were bred in groups of

ve in accordance with the guidelines of the International Guid-

ng Principles for Biomedical Research Involving Animals of the
ouncil for International Organizations of Medical Sciences (CIOMS
983), which concurred the principles of respect for life. A stan-
ard laboratory chow and tap water were provided ad libitum. All

H
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xperiments were performed in accordance with the Guide for the
are and Use of Laboratory Animals published by the US National

nstitute of Health (NIH Publication No. 85-23, revised 1985), as
ell as with the guidelines formulated by the European Commu-
ity for the Use of Experimental Animals (L358-86/609/EEC) and
he Guiding Principles in the Use of Animals in Toxicology (1989).
ll experiments were carried out under approval of an appropriate

nstitutional local ethics committee.
According to the estimation of a minimum sample size, we ran-

omly selected 52 rats for the induction of experimental diabetes.
iabetes was induced by an intraperitoneal injection of streptozo-

ocin (STZ) in a dose of 60 mg kg−1 body weight. Briefly, STZ was
issolved in 0.1 mol l−1 citrate buffer, pH 4.5. Diagnosis of diabetes
as made on the basis of the blood glucose concentration (mea-

ured in the morning hours, 08:00–09:00 AM). The animals with
lood glucose concentrations higher than 16.7 mmol l−1, were con-
idered diabetic and included to the study. Each STZ-injected rat
howing hyperglycaemia lower than 16.7 mmol l−1 at 72 h after
njection was excluded from the study. The experiment on PAMAM
4 effect started after 7 days upon induction of laboratory con-
rmed diabetes.

According to the estimates based on a pilot study, the follow-
p time after recruitment was 60 days and the accrual time during
hich we recruited animals to experiment was 5 days. Animals
ith a confirmed diabetes were randomly allocated to one of two

roups either receiving or not receiving PAMAM G4 at a dose of
.5 �mol kg−1. The dose was optimized based on our observations
riginating from a pilot study showing a marked effect on car-
iomyocyte mitochondrial function and lack of hemolytic effects.
AMAM G4 stock dissolved in methanol (10% w/w solution) was
iluted in physiological saline 15-fold and given by peritoneal injec-
ion daily until the experiment was terminated. Administration of
vehicle (pure methanol 15-fold diluted in physiological saline)

erved as a control. At the termination of the experiment the sur-
ivors in both groups were sacrificed and their blood and organs
ollected for further biochemical analyses.

Twenty-five non-diabetic rats of the same strain were included
n this study to assess the baseline values of the monitored parame-
ers in the group of healthy animals, as the reference control group
or diabetic rats.

In-life non-fasting blood glucose (measured always at
9:00–10:00 AM) and body weight were measured once in
ontrol non-diabetic animals and monitored weekly in all STZ-
iabetic animals under study. Blood was obtained from tail vessels
y needle prick and tested using glucose strips or, when exceeding
3.3 mmol l−1, with biochemical analyser. The last determination
f blood glucose and body weight were recorded at time preceding
he critical event (within a week) and referred respectively to as
erminal glucose or terminal body weight.

.3. Blood collection and biochemical measurements

Animals were anaesthetized with i.m. injection of ketamine •HCl
100 mg kg−1 b.w.) and xylazine (10 mg kg−1 b.w.). Blood was col-
ected from abdominal aorta of anaesthetized rats (Dobaczewski et
l., 2006) and immediately subjected to the separation of blood cells
rom plasma. All collected plasma samples were frozen at −20 ◦C,
hen deep frozen within 6 h, and analysed within 6 months upon
ampling.

Routine biochemical determinations were performed with the

itachi 911 Analyser (Roche Hitachi, Walpole, MA, USA) and
lasma C peptide concentration was determined with Rat C Peptide
adioimmunoassay Kit (sensitivity 25 pmol ml−1). Measurements
f glycated haemoglobin (HbA1c) in blood samples were made
ith the DS5 instrument Drew Scientific Ltd. (Barrow-in-Furness,
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umbria, United Kingdom). To verify the possible interference of
AMAM G4 with determinations of biochemical parameters, the
elected samples of whole blood or plasma were in vitro supple-
ented with 0.5 or 5 �mol l−1 dendrimer prior to analysis.

.4. Determination of AGEs and AOPP

Determination of advanced glycation end-products (AGEs) in
lood plasma (fluorescent products including pentosidine and car-
oxymethyllysine) was based on spectrofluorometric detection
ccording to Henle et al. (1999) and Munch et al. (1997) in a modifi-
ation by Kalousova et al. (2002). Briefly, plasma was diluted 50-fold
n a saline (pH 7.4) and fluorescence excited at 350 nm was recorded
t 440 nm (PerkinElmer LS50-B, Waltham, MA, USA). Fluorescence
ntensity was expressed in arbitrary units (a.u.) per g of total plasma
rotein.

Plasma advanced oxidation protein products (AOPP) were
etermined spectrophotometrically (340 nm) by microplate assay
ccording to Witko-Sarsat et al. (1998), with chloramine T and
cetic acid. AOPP concentration was expressed in chloramine units
�mol l−1).

.5. Red blood cell hemolysis

The extent of the in vivo blood hemolysis in animals adminis-
ered with PAMAM G4 was monitored in separated plasma as the
mount of released hemoglobin at 408 nm (Soret band) and 540 nm
Drabkin method). The in vitro hemolysis was monitored likewise,
ollowing the incubation of rat whole blood samples (37 ◦C, in the
ark, 4–24 h) with PAMAM G4 at final concentrations of 0.5, 1, 5 or
0 �mol l−1.

.6. Analyses of dendrimers administered to rats or incubated
ith glucose

Glycated PAMAM G4 dendrimers were produced in the course
f the in vitro incubation of 120 �mol l−1 PAMAM G4 with
7.8 mmol l−1 glucose (37 ◦C, in dark, 72 h). PAMAM G4 incu-
ated in glucose-free medium served as the control non-glycated
endrimers. Comparative analysis of glycated and non-glycated
AMAM was performed using a combination of high-performance
iquid chromatography (HPLC), simple gradient gel electrophoresis
PAGE) and matrix-assisted laser desorption/ionization-time-of-
ight (MALDI-TOF) techniques. The reversed phase (RP) HPLC
ystem consisted of a quaternary pump, autosampler, thermostated
olumn compartment, vacuum degasser, and diode-array detector
Hewlett-Packard 1100 Series system, Waldbronn, Germany). For
nstrument control, data acquisition and data analysis an Hewlett-
ackard ChemStation for LC 3D system including single instrument
ewlett-Packard ChemStation software and Vectra color com-
uter was used. UV spectra were recorded on a Hewlett-Packard
P 8453 diode array UV–vis spectrophotometer. The pH of the
uffers used was adjusted by potentiometric titration. Water for
PLC analysis was purified using a Millipore Milli-QRG (Vien, Aus-

ria) system. The 40 �l aliquot of the final analytical solution was
njected onto a 150 mm × 4.6 mm, 5 �m ZORBAX SB C18 column.
he mobile phase (flow rate, 1.2 ml/min; temperature, 25 ◦C) con-
isted of 0.05 M trichloroacetic acid buffer (solution A), adjusted to
H 2.2 with lithium hydroxide solution of the same concentration,
nd acetonitrile (solution B). The elution profile was as follows:

–5 min, 7% B; 5–8 min, 7–35% B; 8–12 min, 35–7% B. Identifica-
ion of peaks was based on comparison of retention times and
iode-array spectra, taken at a real time of analysis, with the corre-
ponding set of data obtained by analyzing authentic compounds.
he analytical wavelength was 235 nm. MALDI-TOF mass spec-
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ra were acquired using Voyager-Elite spectrometer (PerSeptive
iosystems Inc., Framingham, MA, USA) with the ionizing by pulse

aser radiation at 337 nm. The sample was mixed with a matrix
olution (�-cyano-4-hydroxycuinnamonic-(trans) acid) and further
rystallized. PAGE was carried out with the gradient 4–20% gels
n non-reducing conditions with Tris–glycine native buffer, pH 8.3
Bio-Rad Laboratories, CA, USA). Gels were stained with Coomassie
lue R-350 solutions (Shi et al., 2005). The free PAMAM G4 amino
roups were evaluated with ninhydrin method (MacFadyen, 1944).
PLC was further used for the detection of dendrimers in rat
lasma.

.7. Statistical analysis

All measurements of biochemical analysis and mitochondrial
unction were performed in duplicates or triplicates to reason on
epeatability. For all quantitative parameters mean with a standard
eviation (x̄ ± S.D.) or median (Me) and interquartile range (IQR:
rom lower (25%) quartile (LQ) to upper (75%) quartile (UQ)) were
valuated. Some data with right-skewed distributions were log-
ransformed prior to analysis. We used standard one-way ANOVA
r Student test for the comparison of data showing no departures
rom normality (according to Shapiro–Wilk’s test), and the non-
arametric Kruskal–Wallis test or Mann–Whitney U test for the
emaining variables. Associations between variables were evalu-
ted with the use of non-parametric Spearman rank correlation
RS) or multiple regression method. Qualitative data were assessed
ith the exact Fisher’s test (Zar, 1999; Armitage et al., 2002).

Time-to-event analysis of data was performed with the use of
urvival analysis. The event of interest was animal death (overall
urvival), whereas the explanatory data were the factors believed
o be associated with the event or to promote or decelerate its
ccurrence. The starting point was the date of the first PAMAM
4 injection and in uncensored (complete data) the ending point
as animal death. Censored (incomplete) data included rats that

emained alive at the termination of this study, or died of causes
nrelated to the effect of diabetes and/or PAMAM G4 treatment.
he life table method was used to estimate the survival rate and
or animals included in the study the requirements of analysis have
een met. For the purpose of the time-to-event analysis all ani-
als were randomly allocated to one of two groups according to

AMAM G4 treatment. Log-rank test was used to compare two sur-
ival curves. For assessing the associations of between explanatory
ariables and survival rate we employed Cox proportional hazards
egression analysis with the assumption that a ratio risk greater
han 1 (lower than 1) denotes an increased (decreased) risk for
hose with a given characteristic.

Statistical calculations and graphical analysis was made with the
se of Statistica for Windows (StatSoft Inc., Tulsa, OK, USA) and Stats
irect (StatsDirect Ltd., Cheshire, UK).

. Results

.1. Metabolic control and other biochemical parameters

All but one STZ-injected rats were characterized by blood glu-
ose exceeding 16.7 mmol l−1 at 7 days after STZ injection, so 51
TZ-diabetic animals were included in the further study. Before
tarting the administration of either PAMAM G4 or a vehicle the
ats were randomly allocated to both experimental cohorts, and the

nal group sizes in the experiment were respectively 25 control rats
eceiving a vehicle and 26 animals receiving PAMAM G4.

Selected biochemical parameters monitored in blood from
ealthy non-diabetic rats, as well as diabetic animals receiv-

ng either vehicle or PAMAM G4 that survived the experiment
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Table 1
Biochemical parameters in blood plasma withdrawn from healthy non-diabetic rats and STZ-diabetic rats treated with either PAMAM G4 or vehicle

Parameter Healthy (non-diabetic) non-treated (n = 25) Diabetic given vehicle (n = 20) Diabetic given PAMAM G4 (n = 8) Significance (p<)

Glucose (mmol l−1) 9.4 (9.0; 11.1) 35.1 (33.0; 40.7) 22.2 (19.0; 25.8) 0.0001np

0.0001np

HbA1c (%) 4.5 ± 0.3 7.2 ± 1.5 4.7 ± 0.9 0.0001
0.0001

AGEs (a.u. g−1 protein) 1.24 ± 0.24 2.95 ± 0.83 1.81 ± 0.29 0.0001
0.04

AOPP (�mol l−1) 162 (134; 193) 233 (199; 302) 145 (50; 191) 0.0003
0.0001

Total protein (g l−1) 58.3 (54.6; 65.2) 63.1 (58.3; 64.4) 60.3 (59.5; 61.8) n.s. np

n.s. np

Albumin (g l−1) 26.2 ± 2.6 23.9 ± 6.8 19.0 ± 5.6 n.s.
n.s.

Alkaline phosphatase (�kat l−1) 2.5 (1.9; 2.9) 5.2 (3.6; 7.7) 5.0 (3.3; 6.5) 0.0001np

n.s. np

Ala aminotransferase (�kat l−1) 1.0 (0.9; 1.1) 7.0 (3.9; 13.9) 1.1 (1.0; 1.4) 0.0001
0.0001

Asp aminotransferase (�kat l−1) 1.2 (1.1; 1.4) 12.7 (6.0; 26.7) 1.6 (1.6; 1.9) 0.0001np

0.0001np

Creatinine (�mol l−1) 61.4 ± 4.5 37.4 ± 6.1 33.0 ± 3.1 0.0001
n.s.

Uric acid (�mol*l−1) 42 (36; 49) 52 (36; 89) 94 (41; 172) n.s. np

0.002np

Urea (mmol l−1) 7.7 ± 1.8 17.7 ± 6.3 11.6 ± 2.6 0.0001
0.005

Total cholesterol (mmol l−1) 1.14 ± 0.40 1.48 ± 0.42 1.08 ± 0.15 0.02
0.05

Triglycerides (mmol l−1) 0.64 (0.39; 0.84) 2.20 (1.28; 3.21) 0.90 (0.77; 0.96) 0.0001np

0.01np

C-reactive protein (�g l−1) 75 (0; 440) 55 (0; 215) 15 (0; 120) n.s. np

n.s. np

All parameters in diabetic rats measured in plasma derived of blood withdrawn from the animals that survived the observation. Mean ± 1 S.D. are given for normally distributed
v s; n in
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ariables, and median (lower quartile; upper quartile) for the remaining parameter
ost-hoc multiple comparison Tukey’s test or non-parametric Kruskal–Wallis test
he comparison between healthy non-treated animals vs. STZ-diabetic rats treated w
ith PAMAM (lower); n.s., considered non-significant if p ≥ 0.05.

re summarized in Table 1. The majority of parameters (includ-
ng glycated haemoglobin, AGEs, AOPP, aminotransferases, with
he ratios of their activities unchanged, lipids and urea) were
reatly elevated in diabetic rats compared to control animals,
hile the administration of PAMAM G4 normalized these val-
es to normal or near-normal physiological levels. Plasma glucose
as vastly increased in diabetic animals receiving a vehicle,
hereas PAMAM G4 moderately reduced its level, though it still

emained over twofold higher compared to healthy control. The
allmarks of the non-enzymatic protein modification and gly-
aemic control became completely, like glycated haemoglobin
HbA1c) and advanced oxidation protein products (AOPP), or almost
ompletely normalized, like the advanced glycation end-products
AGEs). Both plasma albumin and uric acid were not different
etween healthy and diabetic animals, however, the treatment
ith the dendrimer lowered the first and raised the second. A

ew other parameters, although altered in diabetic state, did not
hange significantly upon PAMAM G4 administration (creatinine,
lkaline phosphatase). Serum C-reactive protein was decreased
ver threefold in animals treated with dendrimers, these changes
owever, remained beyond significance (Table 1). The adminis-
ration of dendrimer did not influence plasma concentrations of
nsulin peptide C (1.60 [1.10–1.93] �mol l−1 in PAMAM-treated
s. 1.73 [0.98–1.97] �mol l−1 in non-treated animals, NS; refer-
nce range in control non-diabetic rats, n = 69, x̄ ± 95%CI: 4.80
4.25–5.30] �mol l−1). None of the analytical methods used for
onitoring of biochemical parameters was affected by the in
itro sample supplementation with dendrimer at either 0.5 or
�mol l−1. Based on the amount of released hemoglobin both
roups of animals did not differ in the extent of in vivo hemoly-
is. Also, no significant hemolysis was recorded following the in

o
w
e
t
g

parentheses. Significance of differences estimated with one-way ANOVA and the
he all pairwise comparison Connover–Inman test (np); significance values refer to
vehicle (upper) and between diabetic rats treated with a vehicle vs. diabetic treated

itro blood incubation with dendrimer up to the concentration of
0 �mol l−1.

The in-life non-fasting blood glucose monitored within a week
receding animal death or at the termination of the experiment,
as significantly lower in animals administered with PAMAM G4

14.4 [8.3; 17.2] mmol l−1 vs. 19.6 [15.1; 22.0] mmol l−1 in controls,
< 0.0001), while there were no significant differences in termi-
al body weights between the groups (200 [200; 213] g vs. 220
180; 230] g in controls, n.s.). Interestingly, in the group of diabetic
ats treated with PAMAM G4 the in-life terminal blood glucose, but
ot terminal body weights, were significantly higher in survivors
ompared to animals that did not survive the observation period
21.2 [18.9; 22.3] mmol l−1 vs. 12.5.0 [12.0; 13.1] mmol l−1 in non-
urvivors, p < 0.0005). No similar differences were found between
urvivors and non-survivors with respect to either terminal glucose
r terminal body weight in diabetic animals not receiving PAMAM
4.

We revealed positive correlation between survival and terminal
lucose (RS = 0.588, p < 0.0001), but not for pre-terminal measure-
ents (2 or 3 weeks prior to the terminal determination), when all

nimals from both groups were included in the analysis. The asso-
iation remained significant also for the group of PAMAM-treated
iabetic animals (RS = 0.357, p < 0.04), but not for the excluded
roup of rats receiving a vehicle (RS = 0.208). There was a signifi-
ant collinearity of nearly all biochemical parameters, which were
ifferent between the groups. However, upon standardizing for

ther variables in the model, the only significant partial correlation
as found between glycated haemoglobin and plasma triglyc-

rides (rp = 0.478, p < 0.04). Glycated haemoglobin was the variable
hat mostly contributed to significant discrimination between the
roups of rats treated with either PAMAM G4 or a vehicle (par-
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Fig. 1. The Kaplan–Meier curves of survival in groups of Wistar rats given PAMAM
G4 or vehicle. The step function of the estimated cumulative proportions of sur-
vivors are given for STZ-diabetic rats treated with PAMAM G4 (solid line) or given a
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ehicle (dashed line). Complete observations are marked with circles or diamonds,
espectively for control or PAMAM G4-treated animals; censorships are marked by
+’. Significance of differences between survival curves, given by Wilcoxon–Gehan
est, was p = 0.00005.

ial Wilks’ lambda = 0.623, p < 0.002, tolerance = 0.969 according to
orward stepwise discriminant analysis).

.2. PAMAM G4 administration as the prognostic factor for
ncreased mortality

As shown in Fig. 1 the Kaplan–Meier estimates of the interim
0-day survival rates were 61.5% (95%CI: 42.8–80.2%) for the
AMAM-treated animals (n = 26) and 92.0% (95%CI: 81.4–102.6%)
or the control group (n = 25). For twice as long period of obser-
ation, the estimates were respectively 30.8% (95%CI: 13.0–48.5%)
nd 90.2% (95%CI: 79.1–100.2%). Both the generalized Wilcoxon
Gehan–Breslow) test (p = 0.00005) and log-rank test (p = 0.00002)

onfirmed a statistically significant difference between the survival
ates over time between rats receiving PAMAM G4 and a vehicle
OR = 12.6; 95%CI: 8.2–19.4; p < 0.001). These estimates of cumula-
ive survival in both groups of animals clearly show that PAMAM
rastically reduced both early survival and late survival. Mean

(
p
9
w
c

ig. 2. The Kaplan–Meier curves of survival in PAMAM G4-treated streptozotocin-diabe
unction of the estimated cumulative proportions of survivors for STZ-diabetic rats treate
qual to median, solid line) blood glucose concentrations monitored (a) 3 weeks (Me = 16
vent (Me = 14.4 mmol l−1). Complete observations are marked with circles or diamonds, r
re marked by ‘+’. Significances of differences between survival curves, given by log-rank
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urvival time was 38.8 days (95%CI: 31.9–45.7 days) for the PAMAM-
dministered group and 65 days (95%CI: 57.4–72.6 days) for the
eference group. It means that the estimated 50% of animals given
AMAM will die within 39 days after the starting point; the other
0% will either not die or will die later than 39 days after the obser-
ation started. PAMAM G4 administration was thus more risky to
xperience death by Wistar rats with chronic STZ-diabetes. Further
nvestigation with Cox proportional hazards regression analysis,

hich controlled for the effects of the terminal non-fasting blood
lucose and body weight, indicated that animals administered with
AMAM were over 6 times more likely to die than those, which
eceived a vehicle (the hazard or risk ratio = 6.7; 95%CI: 3.3–13.6;
< 0.025) (Fig. 1).

.3. Effects of PAMAM G4 on the fluctuations of in-life blood
lucose and body weight

As evidenced by the Cox proportional hazard regression analy-
is, there was a reciprocal dependence between the terminal blood
lucose and rat survival (0.87; 95%CI: 0.86–0.89; p < 0.0001 for
he unitary increment in glucose, concentration, i.e. 1 mmol l−1),
hich means that each increment in blood glucose concentration

y 1 mmol l−1 was accompanied by the reduction in rat survival
y approximately 15%. The effect of blood glycaemia was not sus-
ained when controlling for PAMAM administration, which points
o collinearity of these two effects. Paradoxically, in the group of
nimals given PAMAM there was a discriminating effect of blood
lucose on survival depending on the monitoring time preceding
he animal death. The survival rate was significantly lower in the
nimals with lower blood glucose when monitored 3 weeks prior
o critical event (or the termination of the experiment) (Fig. 2a), the
ffect was less distinct after 1 additional week (Fig. 2b), and com-
letely vanished for terminal measurements (Fig. 2c). It means that
t 3 wk prior to critical event the rats with blood glucose below
he median value of the group, i.e. 16.3 mmol l−1, were over 2.3
imes more likely to die than those with higher blood glycaemia

OR = 2.33, 95%CI: 1.22–4.44, p = 0.044). Respectively, at 2 weeks
rior to critical event the hazard ratio decreased a little (OR = 2.03,
5%CI: 1.00–4.13, p = 0.073), and the “lethal” effect disappeared
hen glucose was monitored terminally. We revealed no signifi-

ant effect of terminal body weight on the incidence of fatal events,

tic Wistar rats in groups divided based on blood glucose concentrations. The step
d with PAMAM G4 with either high (above median, dashed line) or low (below or
.3 mmol l−1), (b) 2 weeks (Me = 15.1 mmol l−1) or (c) within 1 week prior to critical
espectively for animals showing respectively lower or higher glucose; censorships
test, were (a) p = 0.044, (b) p = 0.073 and (c) p = 0.406.
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Fig. 3. Chromatograms of amine-terminated non-modified (solid line) and glycated
(dashed line) generation 4 dendrimers (PAMAM G4). PAMAM dendrimers were
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njected separately. The mobile phase flow rate was 1.2 ml min−1 (25 ◦C), and con-
isted of 0.05 mol l−1 TCA (solution A, adjusted to pH 2.2 with LiOH) and acetonitrile.
he elution profile was as follows: 0–5 min, 7% B; 5–8 min, 7–35% B; 8–12 min, 35–7%
. The detection wavelength was 235 nm.

hen monitored either in both groups of diabetic rats or exclusively
n the PAMAM-treated animals.

.4. PAMAM G4 non-enzymatic modifications and its detection in
TZ-diabetic rats

Using the ninhydrin method we were able to detect 12.6%
±0.8%, S.E.M.) of all surface primary amino groups in the com-

ercially available PAMAM G4 preparation used in this study. The
rolonged in vitro incubation of PAMAM G4 with high concentra-
ions of glucose reduced the number of free ninhydrin-reactive
urface amino groups by 89.8 ± 3.2% (n = 5). MALDI-TOF showed

considerable heterogeneity of the used PAMAM G4 prepara-
ion (12–15 kD, not shown). Neither PAGE nor MALDI-TOF allowed
or reliable discrimination between non-modified and glycated
AMAM G4, pointing that there is no detectable size difference
etween two forms of PAMAM G4 (not shown). Fig. 3 shows
he chromatograms of non-modified and the in vitro glycated
eneration 4 dendrimers (PAMAM G4). Under the same gradi-
nt conditions, the chromatograms show no marked differences
xcept for the dead volume peaks. The results clearly demonstrate
hat there is no detectable difference in retention between non-

odified and glycated PAMAM G4. Elution profiles of selected
amples taken each few days did not show any appreciable change,
hich confirm the stability of the forms of PAMAM G4 dendrimers.

Due to very low PAMAM G4 concentrations (beyond detection
imits of the method) in plasma samples, we were not able to either
stimate the real PAMAM concentrations in the circulating blood
ithdrawn from the monitored animals, or discriminate between

arious dendrimer forms.

. Discussion

We demonstrate here for the first time – to the best of our knowl-
dge – the novel activity of full generation of PAMAM dendrimers
n vivo on the overall survival of laboratory animals with experi-

ental diabetes. One of novelties of our present report is pointing
o the possible dual role of polycationic PAMAM dendrimers in
he pathological states with massive deterioration of biomacro-

olecules, like chronic poorly controlled diabetes. PAMAM G4
ppears to mimic the action of hypoglycaemic agents in reducing

lasma hyperglycaemia and long-term markers of poor metabolic
ontrol in diabetes: protein glycation and glycoxidation, as well as
ther markers of oxidative and carbonyl stress. Although the pre-
ise mechanism(s) underlying the PAMAM G4 in vivo activity as
he agent alleviating carbohydrate metabolism impairments and

s
o
R
g
e
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educing the impact of long-term diabetic hyperglycaemia in STZ-
iabetic rats remain unknown, some plausible targets have been
ested. We have shown in this study that PAMAM G4 suppresses
lasma hyperglycaemia in diabetic rats, and thus may contribute to
educed glycoxidation and post-synthetic non-enzymatic modifi-
ation of biomacromolecules in long-term streptozotocin-diabetic
ats. Despite glucose, also plasma cholesterol and triglycerides,
levated in diabetic animals, became reduced upon PAMAM G4
dministration. Most likely, these beneficial and alleviating effects
f dendrimer on diabetes-associated metabolic impairments was
ot due to its cytoprotective effects on pancreas, since we did not
eveal elevated generation of residual insulin in PAMAM-treated
TZ-diabetic rats.

Despite these apparently mitigating effects on diabetes-
ssociated complications, the overall impact of the dendrimer on
nimal mortality was negative, pointing that such a beneficial
nfluence cannot compromise PAMAM’s G4 cytotoxicity and its con-
ribution to lowered overall animal survival.

The limitation of this study was that our statistical discrimina-
ion with respect to metabolic control variables between PAMAM
4-treated rats and the animals receiving a vehicle is based on one-
oint measurements performed in survivors of this observational
tudy. It was so because our main objective was to record the overall
ffect of PAMAM G4 on survival of animals with experimental dia-
etes. As far as we employed such a design of our study we were not
ble to collect biological material in an amount sufficient to perform
he in-life measurements of a majority of biochemical parameters.
hus we are not able to directly link the possible fluctuations in
he recorded metabolic parameters to the declining survival of ani-

als under study. Using such an approach we deliberately chose
erely single parameters, which we were able to catch with no

nterference to the prospective observation of animals.
This paper is the first one concerning the effects of the adminis-

ration of poly(amidoamine) dendrimers (not conjugated with any
rug) in animal models of experimental diabetes. In line with our
resent findings on the in vivo cytotoxicity are earlier studies show-

ng detrimental effects of PAMAM G4, uptaken probably in liver,
pleen and kidneys (Wang et al., 2003). To date, the toxicity of den-
rimers has been primarily studied in vitro, however, a few in vivo
tudies have also been published. Full-generation dendrimers with
umerous end amino groups have been repeatedly demonstrated
s highly cytotoxic via mechanism(s) depending on cell membrane
isintegrating properties (Malik et al., 2000; Gupta et al., 2006a,b).
uch a lytic toxicity of all polycationic full generation dendrimers
as been claimed a major limitation for their use as drug deliv-
ry systems. In our experiment however, we did not record the
ncreased in vivo lysis of red blood cells in diabetic rats admin-
stered with PAMAM G4 (ca. 1.67 mg kg−1) compared to diabetic
nimals treated with a vehicle, which remains convergent with
he earlier study by Boas and Heegaard revealing the lack of lytic
oxicity of PAMAM dendrimers up to the fifth generation, when
iven at doses of up to 10 mg kg−1 to mice (Boas and Heegaard,
004). Furthermore, in our study we have not noted any consider-
ble hemoglobin release in response to the in vitro incubation of rat
lood with PAMAM G4 up to the concentration of 10 �mol l−1.

Several in vivo and in vitro studies published hitherto have pro-
ided rather conflicting results, showing either none or significant
oxicity (Veronese et al., 1990; Roberts et al., 1996; Malik et al.,
000; Bhadra et al., 2003), and thus gave the rise to the speculations
hat the differences in outcomes between the in vitro and in vivo

tudies might be attributable to the ultimate toxicological profile
f any dendrimer given to laboratory animals (Roberts et al., 1996).
egardless of these differences, however, cationic dendrimers are
enerally claimed to act as unnegligible cytotoxic agents (Malik
t al., 2000), and the presence of free amino groups on the sur-
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ace of plain dendrimers, which may become occupied by the drug
olecules in case of dendritic drug complex, are responsible for

he toxicity (Veronese et al., 1990; Bhadra et al., 2003). Polyca-
ionic dendrimers have been reported to exert immunogenicity and
yotoxicity in rats with the severity closely related to the overall
olecule positive change (Roberts et al., 1996; Brazeau et al., 1998).

he compounding harmful effects of PAMAM dendrimers with their
elatively high bioavailability, due to unrestrained solubility, as well
s physical and chemical interaction in the immediate surround-
ng environment (Malik et al., 2000; Gupta et al., 2006b, 2007),
ould have furnished to provide increased potency of PAMAM G4
endrimers as the agents reducing overall survival in experimental
nimal models.

The idea of undertaking this project was to monitor the
mpact of PAMAM dendrimers as scavengers in animal model
f pharmacologically untreated experimental diabetes, where
he cumulative diabetes-related and chronic hyperglycaemia-

ediated complications are strong life-threatening risk factors,
ontributing themselves to increased mortality of diabetic ani-
als (Thorpe and Baynes, 1996; Vlassara, 1997; Baynes and Thorpe,

000; Vlassara and Palace, 2003; Watala et al., 2006; Temel and
kyuz, 2007). In our approach we deliberately used higher dose of
treptozotocin (60 mg kg−1 compared to 45 mg kg−1 used in some
arlier studies (Watala et al., 2006; Ulicna et al., 2006)) to induce
severe experimental diabetes. The severity of disease in our

xperiment was reflected by enormous alterations in the moni-
ored biochemical parameters in diabetic animals, including the
ypical markers of glycaemic control, like glycaemia, HbA1c, AGEs,
OPP, as well as other parameters showing impaired liver function
aminotransferases, urea) (Loeb, 1997; Nichols, 2003). Interest-
ngly, the present study reveals that increased non-enzymatic

odifications of proteins in diabetic rats (glycated haemoglobin,
GEs, advanced oxidation protein products) became vastly reduced

n the animals treated with PAMAM G4. Although the reduc-
ion in plasma glucose in PAMAM-treated animals may appear

oderate, the markers of glycaemic control became almost com-
letely normalized, thus pointing that the glucose lowering by
he dendrimer may be merely one of the contributors to reduced
rotein glycation and oxidation. Encouraging may be the sugges-
ion that PAMAM G4, rich in free primary amino groups, may
ct as competing targets for non-enzymatically attached adducts
nd shield the natural protein amino groups against the exces-
ive modification(s) in poor-controlled diabetes. In present study
e provide two lines of evidence to support the above reason-

ng. First, we showed that PAMAM G4 dendrimers incubated in
itro with high glucose may undergo non-enzymatic glycosyla-
ion at surface primary amino groups, although we were unable to
etect such modified dendrimers in the circulating blood of treated
nimals. Second, we showed that considerable reductions in pro-
ein glycation/glycoxidation (HbA1c, AGEs) and protein oxidation
AOPP) associated with PAMAM G4 treatment was much more pro-
ound than the dendrimer-mediated reductions in plasma glucose
oncentrations. Interestingly, due to high contents of negatively
harged glycosaminoglycans in extracellular matrix, polycationic
endrimers could accumulate up to high concentrations in vessel
all, where their impact on hampering non-enzymatic modifica-

ions of biomolecules might be even underestimated (Sakharov et
l., 2003).

One way to reduce the cytotoxicity of cationic dendrimers may
eside in partial surface derivatization with chemically inert func-

ionalities, such as PEG or fatty acids (Yoo and Juliano, 2000).
nterestingly, also the complexes of PAMAM dendrimers with drugs
ovalently linked to surface amino groups showed the reduced
verall positive charge (Kobayashi et al., 2001) and much lesser tox-
city at equivalent concentrations of dendrimer (3.5–7 times) than

B

B
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he plain dendrimers (Bhadra et al., 2005). Herein, we hypothe-
ize that the alternate, pathophysiological but natural modification
ight be non-enzymatic attachment to dendrimeric free surface

mino groups the by-products generated under some states of
xaggerated glycoxidation, carbonylation or oxidative stress. Such a
on-enzymatic covalent modification may have two possible impli-
ations for dendrimer pharmacokinetics. First, the clearance of
hus modified full generation cationic PAMAMs would be retarded,
etaining their longer bioavailability and making them more effec-
ive drug carriers and hence more suitable for targeted delivery
Bhadra et al., 2005). Second, PAMAMs with naturally modified
mino groups by glucose, carbonyls, etc., would be expected to
ppear the less cytotoxic, the more advanced non-enzymatic mod-
fications of their surface amino groups have occurred. While the
rst implication has been positively verified by making glycoden-
rimeric carriers for primaquine targeting to liver (Bhadra et al.,
005), the second has been revealed in our study. Paradoxically,
igher blood glucose was apparently protective against polyca-
ionic PAMAM-mediated cytotoxicity death under conditions of

long-term chronic diabetes. In the present study we showed
hat dendrimers may undergo excessive glycation following their
n vitro incubation with high concentrations of glucose. Due to
ome technical limitations of HPLC assay in a preparative separa-
ion of various forms of PAMAM dendrimers (Islam et al., 2005),
heir considerable size heterogeneity and also because the real
oncentrations of PAMAM G4 in a circulating blood of animals
ere extremely low and remained beyond a detection limit, we
ere not able to determine the contents of glycated dendrimer
erivatives in plasma obtained from diabetic rats (Muller et al.,
007).

In summary, by limiting the progression of diabetic seque-
ae poly(amidoamine) dendrimers could potentially contribute to
esser severity of diabetes and suppressed mortality of diabetic
nimals. One should consider however, the peculiar condition of
compromise in the appropriate number of surface amino groups:

ow enough to reduce polycationic cytotoxicity and high enough to
hield against non-enzymatic modification of biomacromolecules.

hether such a compromise could be achieved with lower gener-
tion of PAMAM dendrimers, remains to be established.

cknowledgements

This work was supported by the Ministry of Scientific Research
nd Information Technology grant PBZ-KBN-101/T09/2003/9 and
he NATO Cooperative Linkage Grant CBP.NUKR.CLG 981884 and
lovak Agency for Science VEGA No 1/3442/06. Our thanks are due
o Dr M. Sochacki for his valuable discussion of our MALDI-TOF
esults and to L. Butasova for her excellent technical assistance.

eferences

rmitage, P., Berry, G., Matthews, J.N.S., 2002. Statistical Methods in Medical
Research, 4th ed. Blackwell, Oxford.

aynes, J.W., Thorpe, S.R., 2000. Glycoxidation and lipoxidation in atherogenesis.
Free Radic. Biol. Med. 28, 1708–1716.

hadra, D., Bhadra, S., Jain, S., Jain, N.K., 2003. A PEGylated dendritic nanoparticulate
carrier of fluorouracil. Int. J. Pharm. 257, 111–124.

hadra, D., Yadav, A.K., Bhadra, S., Jain, N.K., 2005. Glycodendrimeric nanopartic-
ulate carriers of primaquine phosphate for liver targeting. Int. J. Pharm. 295,
221–233.

ielinska, A., Kukowska-Latallo, J.F., Johnson, J., Tomalia, D.A., Baker Jr., J.R., 1996. Reg-
ulation of in vitro gene expression using antisense oligonucleotides or antisense
expression plasmids transfected using starburst PAMAM dendrimers. Nucleic

Acids Res. 24, 2176–2182.

oas, U., Heegaard, P.M., 2004. Dendrimers in drug research. Chem. Soc. Rev. 33,
43–63.

raun, C.S., Vetro, J.A., Tomalia, D.A., Koe, G.S., Koe, J.G., Middaugh, C.R., 2005.
Structure/function relationships of polyamidoamine/DNA dendrimers as gene
delivery vehicles. J. Pharm. Sci. 94, 423–436.



nal of

B

D

E

E

F

F

G

G

G

H

I

J

K

K

L

M

M

M

M

N

R

R

S

S

S

S

T

T

T

U

V

V

V

W

W

W

W

M. Labieniec et al. / International Jour

razeau, G.A., Attia, S., Poxon, S., Hughes, J.A., 1998. In vitro myotoxicity of selected
cationic macromolecules used in non-viral gene delivery. Pharm. Res. 15,
680–684.

obaczewski, M., Kazmierczak, P., Ravingerova, T., Ulicna, O., Nocun, M., Waczu-
likova, I., Markuszewski, L., Watala, C., 2006. Ex vivo detection of rat coronary
endothelial dysfunction in diabetes mellitus—methodological considerations.
Methods Find. Exp. Clin. Pharmacol. 28, 507–513.

l Sayed, M., Ginski, M., Rhodes, C., Ghandehari, H., 2002. Transepithelial transport of
poly(amidoamine) dendrimers across Caco-2 cell monolayers. J. Control. Release
81, 355–365.

sfand, R., Tomalia, D.A., 2001. Poly(amidoamine) (PAMAM) dendrimers: from
biomimicry to drug delivery and biomedical applications. Drug Discov. Today
6, 427–436.

ischer, D., Li, Y., Ahlemeyer, B., Krieglstein, J., Kissel, T., 2003. In vitro cytotoxic-
ity testing of polycations: influence of polymer structure on cell viability and
hemolysis. Biomaterials 24, 1121–1131.

rechet, J.M., 1994. Functional polymers and dendrimers: reactivity, molecular archi-
tecture, and interfacial energy. Science 263, 1710–1715.

upta, U., Agashe, H.B., Asthana, A., Jain, N.K., 2006a. A review of in vitro–in
vivo investigations on dendrimers: the novel nanoscopic drug carriers.
Nanomedicine 2, 66–73.

upta, U., Agashe, H.B., Asthana, A., Jain, N.K., 2006b. Dendrimers: novel polymeric
nanoarchitectures for solubility enhancement. Biomacromolecules 7, 649–658.

upta, U., Agashe, H.B., Jain, N.K., 2007. Polypropylene imine dendrimer mediated
solubility enhancement: effect of pH and functional groups of hydrophobes. J.
Pharm. Pharm. Sci. 10, 358–367.

enle, T., Deppisch, R., Beck, W., Hergesell, O., Hansch, G.M., Ritz, E., 1999.
Advanced glycated end-products (AGE) during haemodialysis treatment: dis-
crepant results with different methodologies reflecting the heterogeneity of AGE
compounds. Nephrol. Dial. Transplant. 14, 1968–1975.

slam, M.T., Shi, X., Balogh, L., Baker Jr., J.R., 2005. HPLC separation of different gener-
ations of poly(amidoamine) dendrimers modified with various terminal groups.
Anal. Chem. 77, 2063–2070.

evprasesphant, R., Penny, J., Attwood, D., McKeown, N.B., D’Emanuele, A., 2003. Engi-
neering of dendrimer surfaces to enhance transepithelial transport and reduce
cytotoxicity. Pharm. Res. 20, 1543–1550.

alousova, M., Skrha, J., Zima, T., 2002. Advanced glycation end-products and
advanced oxidation protein products in patients with diabetes mellitus. Physiol.
Res. 51, 597–604.

obayashi, H., Kawamoto, S., Saga, T., Sato, N., Hiraga, A., Ishimori, T., Konishi, J.,
Togashi, K., Brechbiel, M.W., 2001. Positive effects of polyethylene glycol con-
jugation to generation-4 polyamidoamine dendrimers as macromolecular MR
contrast agents. Magn. Reson. Med. 46, 781–788.

oeb, W.F., 1997. In: Kaneko, J.J., Harvey, J.W., Bruss, M.L. (Eds.), Clinical Biochemistry
of Laboratory Rodents and Rabbits (Appendix IX, pp. 895–899). Elsevier, Inc.,
New York/Tokyo, pp. 845–855.

acFadyen, D.A., 1944. Determination of ammonia evolved from alpha-amino acids
by ninhydrin. J. Biol. Chem. 153, 507–513.

alik, N., Wiwattanapatapee, R., Klopsch, R., Lorenz, K., Frey, H., Weener, J.W., Meijer,
E.W., Paulus, W., Duncan, R., 2000. Dendrimers: relationship between structure
and biocompatibility in vitro, and preliminary studies on the biodistribution
of 125I-labelled polyamidoamine dendrimers in vivo. J. Control. Release 65,
133–148.
uller, R., Laschober, Ch., Szymanski, W.W., Allmaier, G., 2007. Determination
of molecular weight, particle size, and density of high number generation
PAMAM dendrimers using MALDI-TOF-MS and nES-GEMMA. Macromolecules
40, 5599–5605.

unch, G., Keis, R., Wessels, A., Riederer, P., Bahner, U., Heidland, A., Niwa, T., Lemke,
H.D., Schinzel, R., 1997. Determination of advanced glycation end products in

Y

Z

Pharmaceutics 364 (2008) 142–149 149

serum by fluorescence spectroscopy and competitive ELISA. Eur. J. Clin. Chem.
Clin. Biochem. 35, 669–677.

ichols, J.B., 2003. The laboratory rat (Rattus norvegicus). http://www.fauvet.fau.
edu/oacm/VetData/Handouts/RatHO.htm.

oberts, J.C., Adams, Y.E., Tomalia, D., Mercer-Smith, J.A., Lavallee, D.K., 1990. Using
starburst dendrimers as linker molecules to radiolabel antibodies. Bioconjug.
Chem. 1, 305–308.

oberts, J.C., Bhalgat, M.K., Zera, R.T., 1996. Preliminary biological evaluation of
polyamidoamine (PAMAM) Starburst dendrimers. J. Biomed. Mater. Res. 30,
53–65.

akharov, D.V., Jie, A.F., Filippov, D.V., Bekkers, M.E., van Boom, J.H., Rijken, D.C., 2003.
Binding and retention of polycationic peptides and dendrimers in the vascular
wall. FEBS Lett. 537, 6–10.

hi, X., Patri, A.K., Lesniak, W., Islam, M.T., Zhang, C., Baker Jr., J.R., Balogh, L.P.,
2005. Analysis of poly(amidoamine)-succinamic acid dendrimers by slab-
gel electrophoresis and capillary zone electrophoresis. Electrophoresis 26,
2960–2967.

ingh, P., Moll III, F., Lin, S.H., Ferzli, C., Yu, K.S., Koski, R.K., Saul, R.G., Cronin, P., 1994.
Starburst dendrimers: enhanced performance and flexibility for immunoassays.
Clin. Chem. 40, 1845–1849.

venson, S., Tomalia, D.A., 2005. Dendrimers in biomedical applications—reflections
on the field. Adv. Drug Deliv. Rev. 57, 2106–2129.

emel, H.E., Akyuz, F., 2007. The effects of captopril and losartan on erythro-
cyte membrane Na+/K(+)-ATPase activity in experimental diabetes mellitus. J.
Enzyme Inhib. Med. Chem. 22, 213–217.

horpe, S.R., Baynes, J.W., 1996. Role of the Maillard reaction in diabetes mellitus
and diseases of aging. Drugs Aging 9, 69–77.

omalia, D.A., Reyna, L.A., Svenson, S., 2007. Dendrimers as multi-purpose nanode-
vices for oncology drug delivery and diagnostic imaging. Biochem. Soc. Trans.
35, 61–67.

licna, O., Vancova, O., Bozek, P., Carsky, J., Sebekova, K., Boor, P., Nakano, M., Greksak,
M., 2006. Rooibos tea (Aspalathus linearis) partially prevents oxidative stress in
streptozotocin-induced diabetic rats. Physiol Res. 55, 157–164.

eronese, F.M., Sartore, L., Schiavon, O., Caliceti, P., 1990. A comparative study of
enzymatic, structural, and pharmacokinetic properties of superoxide dismutase
isolated from two sources and modified by monomethoxypolyethylene glycol
using different methods of coupling. Ann. NY Acad. Sci. 613, 468–474.

lassara, H., 1997. Recent progress in advanced glycation end products and diabetic
complications. Diabetes 46, S19–S25.

lassara, H., Palace, M.R., 2003. Glycoxidation: the menace of diabetes and aging.
Mt. Sinai J. Med. 70, 232–241.

ang, S.J., Brechbiel, M., Wiener, E.C., 2003. Characteristics of a new MRI con-
trast agent prepared from polypropyleneimine dendrimers, generation 2. Invest.
Radiol. 38, 662–668.

atala, C., Ulicna, O., Golanski, J., Nocun, M., Waczulikova, I., Markuszewski,
L., Drzewoski, J., 2006. High glucose contributes to aspirin insensitivity in
streptozotocin-diabetic rats: a multiparametric aggregation study. Blood Coagul.
Fibrinolysis 17, 113–124.

iener, E.C., Brechbiel, M.W., Brothers, H., Magin, R.L., Gansow, O.A., Tomalia, D.A.,
Lauterbur, P.C., 1994. Dendrimer-based metal chelates: a new class of magnetic
resonance imaging contrast agents. Magn Reson. Med. 31, 1–8.

itko-Sarsat, V., Friedlander, M., Nguyen, K.T., Capeillere-Blandin, C., Nguyen, A.T.,
Canteloup, S., Dayer, J.M., Jungers, P., Drueke, T., Descamps-Latscha, B., 1998.

Advanced oxidation protein products as novel mediators of inflammation and
monocyte activation in chronic renal failure. J. Immunol. 161, 2524–2532.

oo, H., Juliano, R.L., 2000. Enhanced delivery of antisense oligonucleotides with
fluorophore-conjugated PAMAM dendrimers. Nucleic Acids Res. 28, 4225–4231.

ar, J., 1999. Biostatistical Analysis, 4 ed. Simon & Schuster/A Viacom
Company/Prentice-Hall International, Inc., Upper Saddle River, NJ.

http://www.fauvet.fau.edu/oacm/VetData/Handouts/RatHO.htm

	PAMAM G4 dendrimers lower high glucose but do not improve reduced survival in diabetic rats
	Introduction
	Materials and methods
	Reagents and chemicals
	Animals and study design
	Blood collection and biochemical measurements
	Determination of AGEs and AOPP
	Red blood cell hemolysis
	Analyses of dendrimers administered to rats or incubated with glucose
	Statistical analysis

	Results
	Metabolic control and other biochemical parameters
	PAMAM G4 administration as the prognostic factor for increased mortality
	Effects of PAMAM G4 on the fluctuations of in-life blood glucose and body weight
	PAMAM G4 non-enzymatic modifications and its detection in STZ-diabetic rats

	Discussion
	Acknowledgements
	References


