
Hypertension Research (2018) 41:234–245
https://doi.org/10.1038/s41440-018-0011-y

ARTICLE

Innovative lipid-based carriers containing cationic derivatives of
polyisoprenoid alcohols augment the antihypertensive effectiveness
of candesartan in spontaneously hypertensive rats

Olga Gawryś1 ● Iwona Baranowska1 ● Katarzyna Gawarecka2 ● Ewa Świeżewska2 ● Jolanta Dyniewicz3 ●

Krzysztof H Olszyński4 ● Marek Masnyk5 ● Marek Chmielewski5 ● Elżbieta Kompanowska-Jezierska1

Received: 21 November 2016 / Revised: 21 August 2017 / Accepted: 28 August 2017 / Published online: 13 February 2018
© The Japanese Society of Hypertension 2018

Abstract
Novel lipid-based carriers, composed of cationic derivatives of polyisoprenoid alcohols (amino-prenols, APrens) and 1,2-
dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), were designed. The carriers, which were previously shown to be
nontoxic to living organisms, were now tested if suitable for administration of candesartan, an antihypertensive drug.
Spontaneously hypertensive rats (SHR) received injections of candesartan (0.1 mg/kg body weight per day; s.c.) in freshly
prepared carriers for two weeks. The rats’ arterial pressure was measured by telemetry. Urine and blood collection were
performed in metabolic cages. In a separate group of SHR, the pharmacokinetics of the new formulation was evaluated after
a single subcutaneous injection. The antihypertensive activity of candesartan administered in DOPE dispersions containing
APrens was distinctly greater than that of candesartan dispersions composed of DOPE only or administered in the classic
solvent (sodium carbonate). The pharmacokinetic parameters clearly demonstrated that candesartan in APren carriers
reached the bloodstream more rapidly and in much greater concentration (almost throughout the whole observation) than the
same drug administered in dispersions of DOPE only or in solvent. Serum creatinine (PCr) decreased significantly only in the
group receiving candesartan in carriers with APrens (from 0.80± 0.04 to 0.66± 0.09 mg/dl; p< 0.05), whereas in the other
groups PCr remained at the same level after treatment. Moreover, the new derivatives increased the loading capacity of the
carriers, which is a valuable feature for any drug delivery system. Taken together, our findings led us to conclude that
APrens are potentially valuable components of lipid-based drug carriers.

Introduction

The term “polyisoprenoid alcohols” describes numerous
naturally occurring hydrophobic polymers found in almost all
living organisms [1]. These linear compounds are constructed
of 5 to >150 isoprene units with a hydroxyl group (–OH) on
the α-terminus and a hydrogen atom on ω-terminus [2].
Polyisoprenoid alcohols are commonly divided into dolichols
(with a hydrogenated α-bond) and α-unsaturated polyprenols.
The biological role of polyisoprenoid alcohols is a subject of
extensive study, and they are postulated to serve as structural
components that modulate the properties of cellular mem-
branes [2]. Biophysical studies have shown that poly-
isoprenoids act as membrane modulators by increasing their
fluidity and permeability [3, 4].

The latest research has demonstrated that semi-synthetic,
cationic derivatives of polyisoprenoid alcohols (called
amino-prenols, or APrens) possess lipofecting properties
because they facilitate the transfer of genetic material into
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the cells [5]. To generate this cationic polyisoprenoid deri-
vatives, we replaced the hydroxyl group on the α-terminus
of polyisoprenoid alcohols with a quaternary ammonium
group. This generated specific properties whereby these
cationic lipids can influence biological membranes more
easily and effectively, which gave rise to the idea of using
APrens as components of lipid drug carriers.

The adverse effects of many currently used drugs,
necessity to apply a combination of various drugs, and their
insufficient bioavailability constitute major medical pro-
blems that physicians and patients are forced to address
[6–8]. The pharmacological properties of common drugs can
be augmented by using drug delivery systems (DDSs).
Providing faster target access, delaying the rapid metabolism
of the drug and/or slowing excretion through the kidneys can
lead to a decrease in the therapeutic dose needed; thereby,
adverse effects can be minimized or even eliminated [7].

Novel carriers composed of APrens and 1,2-dioleoyl-
glycero-3-phosphatidyl ethanolamine (DOPE) were designed
and proved not to be toxic for living organisms [9, 10]. The
primary objective of this study was to evaluate the properties
of APrens as components of drug carriers. As a model drug,
we have chosen candesartan, an antihypertensive drug.
Candesartan is a lipophilic drug belonging to the sartan
family, which includes a large group of antagonists of the
angiotensin II (ANG II) AT1 receptor. Candesartan is usually
administered orally as a prodrug, candesartan cilexetil [11].
Candesartan cilexetil is absorbed in the intestinal wall and
completely metabolized by esterases to the active form of
candesartan. It shows relatively low bioavailability (~40%)
after oral administration due to incomplete absorption [11].
We wanted to examine the hypotensive effectiveness of
candesartan encapsulated in newly designed lipid-based
carriers composed of APrens after subcutaneous adminis-
tration to spontaneously hypertensive rats (SHR). In addi-
tion, we wanted to investigate whether changing the route of
administration (from oral to subcutaneous) would improve
its antihypertensive effectiveness and whether the required
potency could be achieved with small doses of the drug.

Changes in arterial pressure were evaluated by telemetry
in conscious, unrestrained rats. Once a week, rats were
observed in metabolic cages and blood sampling was per-
formed. Pharmacokinetic parameters were evaluated in a
separate group of rats after a single subcutaneous injection.

Methods

Preparation of heptaprenyltrimethylammonium
iodide (APren-7)

An amino-prenol containing seven isoprene units (APren-7)
was selected for this study. First, a corresponding

polyisoprenoid alcohol was extracted from birch wood, and
then it was chemically modified following a procedure
described previously [5]. A stock solution of APren-7 in
ethanol was stored at −20 °C until used.

Preparation of aqueous dispersions of lipids for
injection

Lipid suspensions were prepared using a lipid film
hydration protocol. Briefly, to obtain candesartan-
containing dispersions composed of DOPE and APren-7
(C+LP), we mixed 50 µl of a solution of DOPE (Sigma-
Aldrich, Poznan, Poland) in chloroform (90 mg/ml) with 25
µl of a solution of APren-7 in ethanol (9 mg/ml, molar ratio
DOPE:APren-7= 10:1) and 50 µl of a solution of cande-
sartan in ethanol (1 mg/ml; Santa Cruz Biotechnology,
Santa Cruz, USA). This solution was dried with a stream of
nitrogen gas to form a thin film on the bottom of the glass
tube and further dried under reduced pressure overnight.
Then 450 µl of water (82 °C) was added to hydrate the film.
The tube was vortexed for 2 min and heated in a water bath
(82 °C) for 10 min; this cycle was repeated twice, after
which the tube was vortexed for 6 min. The suspension
formed was extruded seven times through a 100 nm
polycarbonate membrane (LiposoFast extruder, Avestin
Europe GmbH, Mannheim, Germany). An appropriate
volume of freshly prepared lipid suspension, containing an
adequate amount of candesartan (see below), was used for
each animal.

Control suspensions containing candesartan in aqueous
dispersions with DOPE only (C+L) were prepared using
55 µl of a solution of DOPE in chloroform (99 mg/ml) and
50 µl of a solution of candesartan in ethanol (1 mg/ml), and
the rest of the preparation was conducted, as described
above.

To ensure that each rat received the correct dose of
candesartan (0.1 mg/kg), we verified the amount of the drug
in the prepared lipid suspensions each time with HPLC/UV
using a previously described method [12] with modifica-
tions (4.6× 250 mm2 Cosmosil 5C18-AR-II (0.5 μm) col-
umn; isocratic elution with methanol, pH 6.5; external
standards were used). Experiments were performed using a
Waters dual-pump apparatus and a Waters Photodiode
Array Detector (spectrum range: 200–440 nm).

Solution of candesartan in solvent and control
solution

A solution of candesartan (0.03 mg/ml) in 0.1 N sodium
carbonate (Na2CO3) and phosphate-buffered saline (PBS)
mixed at a ratio of 1:24 was prepared (C+S); solvent alone
(S) was administered (0.1 N Na2CO3 and PBS mixed at a
ratio of 1:24) as a control.
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Experimental animals

The experimental procedures were approved by the IV
Ethical Committee (Warsaw). Male spontaneously hyper-
tensive rats (SHR) bred at the Animal House of Mossa-
kowski Medical Research Centre, Polish Academy of
Sciences, weighing 301± 3 g (age: 11–13 weeks; n= 32) at
the start of the experiments, were fed ad libitum a standard
diet (STD, 0.25% Na w/w, SSNIFF GmbH, Soest, Ger-
many) and had free access to drinking water during the
whole experiment. An additional group of SHR (weighing
295± 6 g, age 11–13 weeks; n= 9) were used in the
pharmacokinetic study.

Experimental protocols and measurements

A week before the beginning of the proper experiment
telemetry transmitters (Data Sciences International, St. Paul,
USA) were implanted into each rat for blood pressure
measurements. The procedure was conducted under short-
term anesthesia (pentobarbital sodium salt; 50 mg/kg i.p.).
After 7 days of recovery, the rats were randomly divided
into four groups and received (daily for two weeks) sub-
cutaneous injections of freshly prepared solutions of can-
desartan (0.1 mg/kg in volume of 1 ml) in three different
carriers – C+LP (candesartan in dispersions made of DOPE
and APren-7), C+L (candesartan in dispersions made of
DOPE only), or C+S (candesartan in solvent) – or a control
solution, S (solvent) (n= 8 for each group). To eliminate
the impact of circadian rhythms on blood pressure changes
[13], we always performed the injections at the same time of
day, between 1100 hours and 1200 hours.

Chronic experiment

Twice a week, systolic blood pressure (SBP) was measured
by telemetry for 5 h after the injection. At one-week inter-
vals (days 0, 7, and 14), rats were placed in metabolic cages
(Tecniplast S.p.A., Buguggiate, Italy) for 24 h to measure
food and water intake, urine volume, and the weight of
feces. The osmolality (Uosm) and the concentrations of
sodium (UNa), potassium (UK), and albumin in the urine
were measured to calculate the excretion rates. Also on days
0, 7, and 14, blood was sampled for measurement of plasma
osmolality (Posm), plasma sodium (PNa), and plasma creati-
nine concentration (PCr). Body weight (BW) was also
determined.

Acute experiment

After 2 weeks, a subset of the rats in each group were killed,
and the organs were collected for histopathological and

morphometric analysis. The kidneys were weighed and
fixed with 4% PFA. Heart weight was also measured, after
which the left ventricle was gently excised and weighed for
left ventricle hypertrophy assessment.

The second subset of rats were anaesthetized with
intraperitoneal sodium thiopental (100 mg/kg; Sandoz
GmbH, Kundl, Austria), and after surgical preparations,
cardiovascular, and renal function parameters were assessed
in acute experiments. All the surgical procedures were
performed, as previously described [9, 14, 15]. Briefly, a
cannula was placed in the trachea to provide clear airways,
and the rats’ body temperature was maintained at approxi-
mately 37 °C using a servo-controlled heating pad. For
blood sampling and mean blood pressure (MBP) measure-
ments, a catheter was placed in the femoral artery and
connected to a Statham pressure transducer; the same
catheter was also used for sampling aortic blood. The left
kidney was exposed from a subcostal flank incision and
placed in a plastic holder. For total renal blood flow (RBF)
measurement, a cuff probe was placed on the renal artery,
connected to a Transonic flowmeter (Type T106, Transonic
System, Inc., Ithaca, USA). The blood perfusion of the renal
cortex (CBF) and outer and inner medulla (OMBF, IMBF)
were measured separately as laser-Doppler fluxes using a
Periflux 4001 system (Perimed AB, Jarfalla, Sweden). For
CBF, a PF 407 probe was placed on the kidney surface; for
OMBF and IMBF, two needle probes (PF 402) were
inserted into the kidney to depths of 3 and 5 mm, respec-
tively. For timed urine collection, the ureter was cannulated.
To compensate fluid losses, bovine albumin (3% in Ringer
solution) was infused at 10 ml/kg/h via the femoral vein.
After the surgical preparations, inulin (1.5% solution in
saline; 10 ml/kg/h; inulin from dahlia tubers, Sigma-
Aldrich, Poznan, Poland) was administered throughout the
whole experiment to measure glomerular filtration rate
(GFR).

Pharmacokinetic study

A separate group of animals was used to evaluate the
pharmacokinetics of candesartan in novel carriers with
APrens after a single subcutaneous injection. A few days
before the actual experiment, rats were anesthetized (pen-
tobarbital sodium, 50 mg/kg, Biowet, Pulawy, Poland) and
the coronary artery was cannulated for blood sampling
(Micro-Renathane MRE033, BIOSEB-In Vivo Research
Instruments, USA/Canada). The catheters were filled with
an anticoagulant solution of 4% Citra-LockTM (Dirinco AG,
Bern, Switzerland), and the rats were injected with an
analgesic (Metacam, subcutaneous, 0.4 mg/kg). After
recovery, the rats received a single, subcutaneous injection
of a freshly prepared solution of candesartan (0.1 mg/kg in a
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volume of 1 ml) in a dispersion made of DOPE and APren-7
(C+ LP, n= 3), candesartan in a dispersion made of DOPE
only (C+L, n= 3) or candesartan in solvent (C+S, n= 3).
Arterial blood (300 µl) was collected through a heparinized
syringe before each injection (blank sample for baseline
value) and then at hourly intervals for 8 h. The blood
samples were immediately centrifuged at 2800× g for 10
min. The plasma (~150 µl) was removed and stored at −20 °
C until analysis was performed.

Analytical procedures

The freezing point depression method (Osmomat® 030M,
Gonotec, Berlin, Germany) was used to measure plasma
and urine osmolality. Sodium and potassium concentrations
were determined by flame photometry (PFP7/C, Jenway
Ltd, Stone, UK). The gravimetric method was used for urine
volume measurement. Commercially available ELISA kits
were used to assess urinary albumin (Immunology Con-
sultants Laboratory, Inc., Portland, USA) and plasma
creatinine (Sunred Biological Technology, Shanghai,
China) concentrations.

Glomerular filtration rate (GFR)

GFR was calculated on the basis of inulin clearance. Plasma
and urine inulin levels were determined using a modified
method described previously [16]. Samples (100 µl ali-
quots) of plasma (diluted 1:3 with PBS) and urine (diluted
1:100 with PBS) were added to glass tubes, followed by the
addition of 100 µl of a solution of glucose oxidase (100 U/
ml; Sigma-Aldrich, Poznan, Poland) and catalase (1000 U/
ml; Sigma-Aldrich, Poznan, Poland) prepared in pH 7
buffer. The tubes were briefly vortexed and incubated for 1
h at 37 °C in a laboratory incubator. Then, 150 µl of 50 mM
indole-3-acetic acid (Sigma-Aldrich, Poznan, Poland) and 3
ml of hydrochloric acid (12.1 N) were added to each glass
tube and incubated in a water bath for 20 min at 60 °C. After
the samples were allowed to cool at room temperature for
30 min, an aliquot (200 µl) of each sample was transferred
to a 96-well microplate and read spectrophotometrically at
490 nm (FLUOstar Omega, BMG LABTECH GmbH,
Ortenberg, Germany). A linear calibration curve was con-
structed for each microplate using seven standard con-
centrations (0.0625 to 2 mg/ml) of inulin in PBS.

Renal morphology

Paraffin-embedded renal slices were stained with
hematoxylin-eosin for histopathological analysis. The
degree of damage to fifty randomly selected glomeruli
per section was assessed under a light microscope. A semi-

quantitative scoring method was used: grade 0—normal
glomeruli; grade 1—sclerotic area up to 25%; grade 2—
sclerotic area 25 to 50%; grade 3—sclerotic area 50 to 75%;
grade 4—sclerotic area 75 to 100%. The glomerulosclerosis
index (GSI) was calculated using the following formula:

GSI ¼ 1 � n1ð Þþ 2 � n2ð Þþ 3 � n3ð Þ
þ 4 � n4ð Þ= n0þn1þn2þn3þn4ð Þ;

where nx is the number of glomeruli in each grade of glo-
merulosclerosis [17].

To compare the tissue loss between groups, we carefully
evaluated each renal slice in a two-step analysis. Renal
slices that macroscopically exhibited the most extensive
tissue loss were marked as “Significant tissue loss”. After-
wards, each renal slice was assessed under a microscope
and marked as either “Lack of changes” or “Minor changes”.
Investigators were blinded to the group assignments for the
duration of macroscopic and microscopic analysis to pro-
mote the objectivity of the assessment.

Concentration of candesartan in plasma

Plasma samples collected in the pharmacokinetic study
were used to measure candesartan concentration by high-
performance liquid chromatography-electrospray ionization
mass spectrometry (LC-MS). An LC-MS system (Shi-
madzu, Kyoto, Japan) consisting of a Jupiter 4 µm Proteo
90 Å column (250× 4.6 mm2, 4 µm; Phenomenex, Tor-
rance, USA), a binary Prominence pump (LC-20AD), an
auto-sampler (SIL-20ACHT), a solvent degasser (DGU-
20A3R), a column oven (CTO-20AC), a UV-Vis detector
(SPD-20A), a controller (CBM-20A), and a liquid chro-
matograph mass spectrometer (LCMS-2020) was used for
the study. The following HPLC- and LC-MS-grade solvents
were used: acetonitrile (ACN), formic acid (FA), methanol
(all from Sigma-Aldrich, Poznan, Poland), and deionized
water from a Simplicity water purification system
(MERCK, Poland).

Sample preparation An aliquot of 150 µl of each plasma
sample was added to 300 µl of ACN containing 1% of FA
for protein precipitation. Then, the samples were vortexed
and centrifuged (2800× g, 4 min). The supernatants were
collected, and another 200 µl of ACN with 1% of FA was
added; the samples were then vortexed and centrifuged
again. The combined supernatant was loaded into a
HybridSPE-Phospholipid Ultra cartridge (Sigma-Aldrich,
Poznan, Poland) in order to remove phospholipids and
debris from the samples. A vacuum was applied, and the
collected filtrate (450 µl) was evaporated under a nitrogen
stream with SPE 24 position vacuum manifold system
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(Phenomenex, Torrance, USA) until dry, then reconstituted
in 70 µl of methanol. Next, the samples were injected (10 µl)
into the LC-MS system.

Chromatographic conditions The mobile phases were as
follows: A, deionized water with 0.05% FA; B, methanol
with 0.05% FA. The total flow rate was set at 1.2 ml/min. A
linear gradient from 30% to 100% of B over 20 min (the
total length of one analysis was 45 min) was applied.
Analysis was performed at 35 °C. The mass spectrometry
data were analyzed using selected ion monitoring (SIM)
mode in mass spectrometry.

Data analysis A semi-quantitative method was used
to estimate the concentration of candesartan in each
sample. Blank rat plasma was spiked with a known amount
of candesartan (0.75 µg) and processed along with all
other samples. The area under the peak for the spiked
plasma was used as a standard to calculate the concentration
of the drug. Standard non-compartmental methods
were used to evaluate the pharmacokinetic parameters.
The peak serum concentration (Cmax) and the time to
reach it (Tmax) were evaluated by visual examination of
the data.

Statistics

Data are presented as the means ± SEM. The significance of
changes was evaluated by repeated-measures multivariate
analysis of variance (ANOVA), followed by a post hoc
Duncan’s multiple range test (STATISTICA, version 10.0,
StatSoft, Inc.). For some measured parameters, one-way
ANOVA was used. The level of statistical significance was
set at p< 0.05.

Results

Capacity and stability of aqueous DOPE dispersions

The amount of candesartan in 25 µl of lipid suspension for
C+LP was 1.58± 0.06 µg, whereas the amount for the C+L
group was 0.58± 0.08 µg (n= 11; p< 0.05 C+LP vs C+L,
one-way ANOVA, followed by a post hoc Duncan’s mul-
tiple range test). The threefold increase in the ratio of can-
desartan to lipid components for C+LP indicates that
APren-7 significantly improved the loading capacity of the
designed carriers.

Moreover, the amount of candesartan measured (only in
a few samples) after two weeks of storage at +4 °C was not
changed in dispersions composed of DOPE and APren-7 (C
+LP), while it was slightly decreased (by 15%) in control
dispersions composed of DOPE only (C+L). The formation
of precipitate occurred only in the C+L group, which might
suggest that APrens prevented this phenomenon.

Animal studies

Systolic blood pressure (SBP; Fig. 1)

For all groups receiving candesartan (C+LP, C+L, C+S), a
statistically significant reduction in SBP was observed in
comparison to a baseline value obtained on day 0 (for each
group) and to a control group (SBP decrease after two
weeks of treatment for C+LP: from 143± 4 to 110± 5; C
+L: from 148± 4 to 126± 4; C+S: from 141± 6 to 117±
5; S: from 160± 3 to 154± 5 mmHg). Figure 1a shows the
magnitude of SBP reduction (ΔSBP), assessed as the dif-
ference between SBP value on the following days and the
baseline value on day 0 (the statistical significance of the

Fig. 1 a Decrease in systolic blood pressure (ΔSBP); b ΔSBP mea-
sured on the 13th day in spontaneously hypertensive rats (SHR)
receiving for two weeks daily subcutaneous injections of the follow-
ing, freshly prepared solutions: C+LP – candesartan in dispersions
made of DOPE and APren-7 (0.1 mg/kg); C+L – candesartan in dis-
persions made of DOPE only (0.1 mg/kg;); C+ S – candesartan in

solvent (0.1 mg/kg); S – solvent (n= 8 for each group); * significantly
different for C+LP compared with C+L, C+S and S; # significantly
different for S compared with C+LP, C+L, C+S, p< 0.05 (repeated-
measures multivariate analysis of variance [ANOVA], followed by a
post hoc Duncan’s multiple range test)
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within-group differences from day 0 has been omitted for
clarity). After three days of treatment, ΔSBP was sig-
nificantly lower in all candesartan-receiving groups than in
the control (S) group (Fig. 1a). A greater decrease in SBP
caused by candesartan administered in newly designed
carriers with APren-7 (C+LP) was observed on day 6 of the
experiment (NS). For this group, a progressive decrease in
SBP until the end of the experiment was recorded, whereas,
in the other groups receiving candesartan (C+L and C+S),
ΔSBP remained stable or was even lower. At the end of the
treatment, a significantly greater ΔSBP was observed in the
C+LP group than in C+L or C+ S (Fig. 1a, b). Moreover,
no ΔSBP difference was seen between the C+L and C+S
groups.

Changes in body weight, excretory and plasma parameters
(Table 1 and Table 2)

As expected, some parameters such as BW and diuresis
increased significantly with age in each group (Table 1).
Additionally, an increasing tendency was observed in
parameters such as food and water intake (NS except in the
S group, Table 1). After two weeks, diuresis was distinctly
greater in the S group than in the C+L group or the C+S
group, and the water intake in S group was significantly
higher than in C+LP.

Table 2 shows the two-week profiles of total solute
(UosmV), sodium (UNaV), potassium (UKV), and urinary
albumin (UAE) excretion and of plasma osmolality (Posm),
sodium (PNa), and potassium (PK) concentration. UosmV
increased significantly in all groups except C+L (only a
trend-level tendency was observed in this group). Sodium
excretion increased in the S group. The baseline UAE value
was significantly higher in C+S than in the C+L group or
the control group (S). After two weeks, UAE in the C+S
group significantly decreased, and UAE was similar in all
groups. Over two weeks, plasma sodium concentrations
decreased in the C+LP group.

Plasma creatinine (PCr, Fig. 2)

Figure 2 depicts changes in plasma creatinine over the
course of two weeks. In the group receiving candesartan in
the new carriers with APren-7 (C+LP), plasma creatinine
decreased progressively (statistically significant after
14 days). At the end of the experiment, PCr was significantly
lower in this group than in the C+S or S group and close to
the set level of statistical significance in comparison to C+L
group (p= 0.07).

Renal and cardiovascular function parameters measured in
acute experiments (Table 3)

The parameters measured in the acute experiments are
shown in Table 3. The lowest MBP was observed in the C
+ LP group, but there were no significant differences
between groups, probably owing to the small size of the
groups (only a portion of each group was subjected to the
acute experiment). Other parameters were consistent with
the physiological values for SHR and did not differ between
groups.

Histopathology, morphology and morphometry (Fig. 3)

Morphological analysis of renal slices stained with
hematoxylin-eosin revealed significant histopathological
changes. In some kidneys, the usual three-zoned structure
(cortex, outer medulla, and inner medulla) was not seen, and
significant tissue atrophy was observed. This might suggest
a progressive tubulointerstitial inflammatory process lead-
ing to nephrosclerosis, which is common in SHR [18].
Macroscopic images of all analyzed kidneys are depicted in
Fig. 3a. (Fig. 3 in color and enlarged color images of
selected slices from each group are available in Supple-
mentary Figures S1 and S3). Microscopic and macroscopic
analysis revealed that the proportion of kidney tissue loss
was lowest in the C+LP group, which received candesartan

Table 1 Two-week profiles of body weight, daily water and food intake and diuresis

Body weight (g) Water intake (ml/24 h) Diuresis (ml/24 h) Food intake (g/24 h)

Day 0 14 0 14 0 14 0 14

C+LP 298± 7 313± 8a 27± 2 33± 3 12.3± 0.7 19.0± 2.1a 15.6± 1.7 16.4± 0.5

C+L 298± 5 326± 7a 31± 1 35± 2 12.8± 0.9 17.1± 1.5a 16.5± 1.6 19.6± 0.8

C+S 293± 8 321± 7a 30± 1 35± 2 11.5± 1.1 18.3± 1.6a 18.4± 0.7 16.5± 0.8

S 313± 3 330± 3a 31± 2 41± 4a,b 14.0± 1.9 24.4± 3.2a,c 16.3± 0.9 18.5± 1.1

Parameters measured in SHR receiving for two weeks daily subcutaneous injections of freshly prepared tested solutions: C+LP, C+L, C+S and S
(denotations as in Fig. 1; n= 8 for each group)
aSignificantly different from the baseline value (day 0) within each group
bSignificantly different for S vs C+LP
cSignificantly different for S vs C+L and C+S (multivariate analysis of variance ANOVA with repeated measurements, followed by Duncan post-
hoc test)
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in novel carriers with APren-7, but the difference did not
show statistical significance. Overall, five out of eight kid-
neys (62.5%) harvested from the C+LP group did not
exhibit any damage. In the other groups, renal nephro-
sclerosis seemed more pronounced, but statistical analysis
did not confirm the significance of this difference, probably
owing to the small size of the groups. The observations are

summarized in detail in Fig. 3.b. In the kidneys in which
pathological changes had apparently not yet developed or
within the remaining intact tissue areas, morphologic fea-
tures typical of SHR were observed, especially in the cortex
(data available in Supplementary Information, Figure S2).
In addition, the glomerulosclerotic index (GSI) did not
differ between groups (C+LP: 0.26± 0.03; C+L: 0.38±
0.06; C+S: 0.27± 0.05; S: 0.32± 0.05 arb. unit; NS).
Morphometric analysis did not reveal any significant dif-
ferences between groups (data available in Supplementary
Table S1).

Table 2 Two-week profiles of excretion rates and plasma parameters

Uosm·V (mOsm/24 h) UNa·V (mmol /24 h) UK·V (mmol/24 h) UAE (mg/24 h)

Day 0 14 0 14 0 14 0 14

C+LP 17.7± 1.4 20.6± 1.08a 1.2± 0.1 1.2± 0.1 3.6± 0.3 3.7± 0.2 0.72± 0.22 0.38± 0.14

C+L 17.7± 1.8 21.0± 1.5a 1.2± 0.1 1.2± 0.2 3.6± 0.3 3.8± 0.2 0.39± 0.05 0.40± 0.06

C+S 18.8± 0.9 19.3± 0.8 1.4± 0.2 1.3± 0.1 3.7± 0.2 3.6± 0.1 1.00± 0.14b 0.52± 0.11a

S 19.1± 1.1 22.8± 1.0a 1.2± 0.1 1.6± 0.2a 3.4± 0.2 4.0± 0.3 0.33± 0.05 0.39± 0.04

Posm (mOsm/kg H20) PNa(mmol/l) PNa (mmol/l) PK (mmol/l)

Day 0 14 0 14 0 14 0 14

C+LP 309± 1 309± 2 309± 1 309± 2 143± 2 136± 1a 5.0± 0.2 5.0± 0.1

C+L 308± 2 306± 2 308± 2 306± 2 140± 1 138± 2 4.9± 0.2 4.7± 0.2

C+S 311± 1 305± 1 311± 1 305± 1 136± 1 136± 1 5.2± 0.1 5.3± 0.3

S 307± 1 306± 2 307± 1 306± 2 136± 2 136± 2 4.9± 0.1 5.2± 0.2

Parameters: total solute (UosmV), sodium (UNaV), potassium (UKV) and urinary albumin excretion (UAE), plasma osmolality (Posm), sodium
(PNa) and potassium (PK) concentration measured in SHR receiving for two weeks daily subcutaneous injections of freshly prepared solutions: C
+ LP, C+ L, C+ S and S (denotations as in Fig. 1; n= 8 for each group)
aSignificantly different from the baseline value (day 0) within each group
bSignificantly different for C+ S vs C+ L and S in the corresponding day of treatment; (multivariate analysis of variance ANOVA with repeated
measurements, followed by Duncan post-hoc test)

Fig. 2 Creatinine concentration in plasma (PCr) measured on days 0, 7,
and 14 in SHR receiving for two weeks daily subcutaneous injections
of freshly prepared solutions: C+ LP, C+ L, C+ S and S (denota-
tions as in Fig. 1; n= 8 for each group); *significantly different for C
+ LP compared with the value obtained on day 0; # significantly
different for C+ LP compared with C+ S and S on the corresponding
day of treatment, p< 0.05 (repeated-measures multivariate analysis of
variance [ANOVA], followed by a post hoc Duncan’s multiple range
test)

Table 3 Renal hemodynamics and function assessed in acute
experiments

C+LP C+L C+S S

MBP (mmHg) 128± 9 136± 8 131± 8 150± 10

RBF (ml/min) 7.1± 1.1 7.3± 1.4 6.2± 1.4 7.5± 0.3

V (µl/min) 3.4± 0.3 5.8± 1.2 4.1± 0.5 3.8± 0.6

GFR (ml/min) 0.9± 0.1 1.1± 0.1 1.0± 0.1 0.8± 0.0

CBF (PU) 605± 81 656± 39 751± 17 576± 66

OMBF (PU) 225± 59 255± 19 256± 11 204± 37

IMBF (PU) 161± 17 188± 21 171± 23 137± 15

Mean arterial blood pressure (MBP), total renal blood flow (RBF),
diuresis (V), glomerular filtration rate (GFR), cortical blood flow
(CBF), outer medullary blood flow (OMBF) and inner medullary
blood flow (OMBF) measured during acute experiments in anaes-
thetized SHR, which received for two weeks daily subcutaneous
injections of freshly prepared test solutions: C+LP (n= 5); C+L
(n= 6); C+S (n=5); S (n=4) (denotations as in Fig. 1)
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Pharmacokinetic study (Fig. 4)

The plasma concentration of candesartan after single sub-
cutaneous injection into SHR is depicted in Fig. 4. The
Cmax for the drug administered in lipid carriers with
APren-7 (C+LP: 0.26± 0.05 ng/ml) was reached at 3 h
(Tmax) after the injection. After 2 h of injection, the drug
concentration was significantly higher in this group than in
groups that received candesartan in other carriers (C+L and
C+S), and this lasted almost until the end of the experi-
ment. The peak concentration after administration of can-
desartan in dispersions made of DOPE only (C+L) was also
reached after 3 h (Cmax for C+L: 0.13± 0.03 ng/ml), and
the concentration curve was similar in shape to that of C
+LP, but the values were much lower. In the C+S group, it
was difficult to evaluate the peak concentration by visual
examination of the data and to identify the Tmax. The drug
concentration in the C+S group remained stable throughout
nearly the whole experiment, ranging between 0.10± 0.02

Fig. 3 a Macroscopic images of
renal slices stained with
hematoxylin-eosin and b
distribution of the kidneys
(number of kidneys in each
group) by extent of renal
damage, harvested from SHR
receiving for two weeks daily
subcutaneous injections of
freshly prepared solutions: C
+LP, C+L, C+S and S
(denotations as in Fig. 1)

Fig. 4 The concentration of candesartan in plasma after single sub-
cutaneous injection into SHR of freshly prepared solution: C+LP, C
+L or C+S (0.11 mmg/kg, n= 3 for each group denotations as in
Fig. 1); *significantly different for C+ LP compared with C+L; #
significantly different for C+ LP compared with C+S; p< 0.05
(repeated-measures multivariate analysis of variance [ANOVA], fol-
lowed by a post hoc Duncan’s multiple range test)
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and 0.11± 0.03 ng/ml, and reached a minimum at the end
(0.08 ± 0.03 ng/ml).

Discussion

We have tested novel carriers containing a cationic, semi-
synthetic derivative of polyisoprenoid alcohol (APren-7) for
subcutaneous administration of candesartan in SHR. Dis-
persions containing DOPE and APren-7 (C+LP) exhibited
a significantly elevated loading capacity for candesartan in
comparison to control carriers devoid of APren (C+L),
which is a valuable property for any DDS. In addition, it
seems that APren-7 prevents the leakage of the drug from
the carriers. APren carriers containing candesartan have not
yet been characterized in detail; however, the hydrophobic
nature of the molecules of the drug suggests its incorpora-
tion into, or at least close association with, the lipid layer,
where APren molecules are incorporated as well. The
positive charge of the APren molecule might affect the
APren-candesartan interactions and consequently influence
the rate at which the drug is released from the carrier. This
interaction is probably due to the formation of an electro-
static bond between the quaternary ammonium group of
APren and the carboxylic group of candesartan, which
should be dissociated and thus negatively charged under the
applied experimental conditions (pH of ~6.5). This elec-
trostatic interaction might lead to the formation of APren-
candesartan clusters in the lipid layer, and this, in turn,
would facilitate loading of the drug. Such electrostatic
interactions do not occur in the lipid layer in the absence of
APren. This speculation is validated by the increased con-
tent of candesartan recorded in dispersions supplemented
with APren in comparison to the control (DOPE only).

On the other hand, the presence of the positively charged
APrens in the lipid membrane should facilitate its interac-
tion with the negatively charged phospholipids of the
endothelial membrane system, followed by fusion of the
membranes and release of the drug. Although tempting,
these speculations require further experimental verification.

The antihypertensive effectiveness of candesartan given
in the novel carriers was compared with the effectiveness of
candesartan administered in control carriers made of DOPE
only and in the solvent. Analysis of the magnitude of
reduction of SBP indicated that the newly designed carriers
with APrens augmented the therapeutic efficacy of cande-
sartan. In the C+LP group, a progressive decline in SBP
was observed until the end of the experiment, whereas in
the groups receiving candesartan in control dispersions or in
solvent, SBP remained unaltered or started to rise again
after 6 days of treatment. Notably, in acute experiments, the
lowest MBP was recorded for the C+LP group. These
results suggest that APren-7 used as a component of the

lipid drug carriers improved the bioavailability of cande-
sartan. We performed additional experiments to evaluate the
pharmacokinetics of the drug in the new formulation (after a
single subcutaneous injection). The results clearly show that
candesartan reaches the bloodstream more rapidly and in
much greater concentration when administered in novel
lipid carriers with APren-7. This derivative, owing to its
ability to interact with biological membranes, can probably
facilitate the penetration of the subcutaneous tissue and
accelerate the entrance of the drug into the bloodstream,
shortening the time it takes to reach the AT1 receptors. It
seems that this facilitation is due to the modification of the
physicochemical properties of dispersions by APren-7
per se, as the bioavailability of candesartan given in dis-
persions of DOPE only was much lower and close to the
value for solvent alone.

Moreover, the antihypertensive efficacy of candesartan
depends on the applied dosage [19]; therefore, we would
like to emphasize that a significant and substantial decrease
in blood pressure was achieved with a low dosage of the
drug (0.1 mg/kg/day). When administered orally in the form
of a prodrug (candesartan cilexetil), it is usually given in
much higher doses [20, 21]. Skov et al [22]. administered
candesartan cilexetil to SHR (in drinking water) at three
different dosages, and only the highest (5 mg/kg/day),
which was 50 times higher than the one used in our study,
resulted in substantial inhibition of the development of
hypertension. We are aware that the direct comparison of
the effectiveness of drugs administered by different routes is
not completely justified at this point, but the results we
obtained are also promising in comparison to previous
reports on subcutaneously administered candesartan. Nish-
imura et al. [23, 24]. treated SHR with candesartan at a 5-
fold higher dosage (0.5 mg/kg/day dissolved in 0.1 N
sodium carbonate via subcutaneously implanted mini-
pumps, for 14 days) and observed only a slightly stronger
antihypertensive effect than the one presented in the present
work (Nishimura et al. found a 32% decrease in BP,
whereas we observed a 23% decrease in SBP for the C+LP
group). Moreover, the baseline values of BP in Nishimura’s
work were much higher; therefore, the normalization of
blood pressure was within the same range of values.

The higher effectiveness of candesartan in the novel
carriers is also supported by analysis of plasma creatinine
(PCr), which is a routinely used marker for assessment of
renal function [25, 26]. Specifically in the group that
received candesartan in dispersions with APren-7, a pro-
gressive decrease in PCr was observed, which may indicate
improvement of renal function as a result of the reduction in
SBP. This might also suggest some renoprotective activity
of APrens per se, since a progressive decrease in PCr
occurred in the C+LP group only. This observation may be
significant, considering the numerous reports indicating that
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other derivatives of polyisoprenoid alcohols exhibit similar
properties. It has been demonstrated that polyisoprenoid
epoxides stimulate the biosynthesis of coenzyme Q and
inhibit cholesterol synthesis [27]. In addition, dolichols are
suspected of being involved in the response to oxidative
stress and in aging [28]. Obviously, we cannot draw explicit
conclusions regarding the renoprotective properties of the
APrens solely on the basis of a decrease in PCr. Never-
theless, this finding is definitely worthy of further
exploration.

Another parameter measured in this study was urinary
albumin excretion (UAE), which, in 2009, was added by the
European Medicines Agency in cooperation with the Food
and Drug Administration (EMEA/FDA) to the list of bio-
markers for nephrotoxicity detection in preclinical drug
studies [29, 30]. UAE did not show any significant changes
after treatment with candesartan in the C+LP group. In the
C+S group, a significant decrease in UAE was observed
after treatment, but we are reluctant to ascribe it to greater
hypotensive effectiveness. The significant decrease
observed might be explained by the significantly higher
baseline value of UAE, which may be due to the high
interindividual variability of the SHR strain. After treat-
ment, UAE values were at the same relatively low level in
all groups; much higher values of UAE are considered a
symptom of albuminuria in SHR [31].

The SHR strain is now considered the best model imi-
tating the development of kidney disease in patients with
hypertension [32, 33]. It has been shown that SHR exhibit
elevated UAE due to the development of hypertension and
kidney injury [34]. The reason for the absence of any
influence of 2 weeks’ treatment on UAE in our study was
probably the fact that the rats were just entering the estab-
lished phase of hypertension; hence, progressing kidney
damage was not yet reflected by increased excretion of
albumin [18, 35]. However, histopathological analysis did
reveal damage that had not yet manifested itself as
increasing UAE. In some kidneys harvested from the ani-
mals at the end of the experiment, major structural changes
were observed. Extensive nephrosclerosis is a common
phenomenon occurring in SHR [36–38]. It has been
demonstrated that the glomerular afferent arterioles of SHR
are constricted, which can directly cause tissue ischemia and
interstitial infiltration of cells involved in the inflammatory
response, such as T-lymphocytes and macrophages. These
cells can locally generate ANG II and reactive oxygen
species, which can lead to tubulointerstitial nephritis [38].
On the basis of the histopathological analysis, which
showed that the structural changes were least pronounced in
the C+LP group, we can assume that pathological inflam-
mation leading to extensive tissue loss was alleviated to the
greatest extent in rats receiving candesartan administered in
novel carriers with APren-7.

Evaluation of the vast majority of other parameters
measured showed no significant differences between or
within groups receiving candesartan or between them and
the control group (S). We observed some within-group
differences in certain parameters (diuresis, water intake,
total solutes and sodium excretion). The abovementioned
increments are due to the normal physiological growth of
the animals. We also believe that some of the observed
differences between groups (in water intake and diuresis)
are a consequence of rather unfortunate randomization of
the animals at the beginning of the experiment, which led to
a slightly higher BW for animals in the control group. In
this group, most of the values are somewhat higher than
those in other groups. The majority of the significant
between-group differences in those parameters are obliter-
ated when expressed per 100 g body weight (data not
shown). Also debatable is the decrease in plasma sodium
concentration in the C+LP group. Again, probably owing
to the substantial inter-individual variability of the SHR
strain, the baseline value of PNa was slightly higher in this
group than in other groups, but after two weeks there were
no differences between groups; therefore, we believe that it
is not related to the effectiveness of the administered
therapy.

Conclusions and clinical implications

The experiments described herein are the first evaluation of
novel derivatives of polyisoprenoid alcohols as components
of drug carriers. In summary, candesartan, the drug selected
for this study, showed greater antihypertensive activity
when given in dispersions with APrens than when admi-
nistered in control lipids without APren or in the classic
solvent. Pharmacokinetic experiments confirmed that this
functional improvement was a result of increased bioavail-
ability of the drug caused by APren per se.

Further studies are necessary to confirm the properties of
APrens and their potential use for the delivery of drugs
targeting intracellular receptors. Nevertheless, we conclude
that APrens may serve as a valuable component of lipid-
based carriers for the delivery of drugs. Furthermore,
APrens increased the loading capacity and probably
improved the physicochemical parameters of new carriers,
which is valuable for any drug delivery system. Also worth
mentioning are obtained prerequisites that APrens per se
exhibit renoprotective properties. Further research is
necessary to test this hypothesis; nevertheless, considering
other reports regarding similar properties, we take the
position that this finding definitely merits further
investigation.

In our opinion, the significant and substantial decrease in
systolic blood pressure after subcutaneous administration of
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candesartan (in relatively small dosage and after only three
days of treatment) calls for special attention.

We are aware that while oral drug administration is at
present the most convenient route, the development of patch
technology for transdermal drug delivery is very promising.
The advantage over traditional routes is that it can ensure a
stable drug concentration in the blood, owing to the con-
stant rate of drug release from the patch [39]. Moreover, the
common and serious problem of patients’ poor compliance
with the dosing schedule is eliminated [40]. Furthermore,
oral administration is often not possible owing to gastro-
intestinal disorders (persistent diarrhea or vomiting),
impaired consciousness or swallowing problems. Impor-
tantly, by circumventing the gastrointestinal system, we
eliminate the problem of incomplete absorption, as well as
the first pass effect through the liver. Thus, the bioavail-
ability of the drug increases. Subcutaneous or transdermal
administration may also be an alternative to the intravenous
route, especially in cases of vascular damage (e.g. of neo-
plastic or chemotherapeutic origin).

In addition to the present results, other studies have
confirmed that APrens might also be used as components of
innovative lipofecting mixtures for targeted gene therapy
[41]. Overall, we conclude that APrens represent very
valuable compounds with a wide range of potential
applications.
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