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Summary
The aim of this study was to investigate the pleotropic effects of an extract of a
traditional herb, Tribulus terrestris (TT), on the lipid profile and vascular
endothelium of the abdominal aorta in New Zealand rabbits fed a cholesterol-rich
diet. Eighteen rabbits were randomly divided into three groups (n ¼ 6 for each). One
experimental group (EG-I) was given a cholesterol-rich diet, a second experimental
group (EG-II) was treated with TT following a cholesterol-rich diet, and a control
group (CG) was fed a standard diet. Blood samples were collected on day 0 and then
at weeks 4 and 12 to determine total serum cholesterol (TC), high density lipid-
cholesterol (HDL-C), low density lipid-cholesterol (LDL-C) and triglyceride (TG)
levels. Tissues were collected from the abdominal aorta for immunohistochemistry
and transmission and scanning electron microscopy. In EG-II, the serum lipid profile
was significantly lower than that of EG-I at week 12 with a reduction of TC: 65%; LDL-
C: 66%; HDL-C: 64%; TG: 55%. Ultrastructural analysis revealed that endothelial
damage was more prominent in EG-I compared to EG-II. The ruptured endothelial
linings and damaged cellular surfaces increased in EG-I compared to EG-II. Our data
indicate that dietary intake of TT can significantly lower serum lipid profiles,
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decrease endothelial cellular surface damage and rupture and may partially repair
the endothelial dysfunction resulting from hyperlipidemia.
& 2008 Elsevier GmbH. All rights reserved.
Introduction

Endothelium, the inner layer of blood vessels,
has many important biological functions including
leucocyte extravasation, regulation of vascular
homeostasis and as a selective physical barrier
between the lumen and vessel wall. Endothelium-
derived vasoactive factors such as prostaglandin 12
(PG12), nitric oxide (NO), endothelin-1 (ET 1),
angiotensin II (Ang-II), thromboxane (A2) and
reactive oxygen species (ROS) participate in these
functions (Hartge et al., 2007). Elevated blood
pressure and impaired blood supply, accompanied
by proinflammatory symptoms and reduced vasodi-
lation are involved in endothelial dysfunction and
can contribute to the development of atherosclero-
sis (Guerci et al., 2001). Endothelial dysfunction
in atherosclerosis is characterized by increased
levels of inflammatory markers in the blood
circulation (Devaraj et al., 2007). Chronic hyperli-
pidemia has been shown to be a further significant
factor associated with the development of athero-
sclerosis.

There are several reports that various traditional
medicinal plants, in addition to conventional
medical drugs, can help regulate blood lipid levels
and have therapeutic effects (De Moura et al.,
2005; Zamble et al., 2006; Rocha et al., 2007). One
such traditional plant is Tribulus terrestris (TT),
also known as Fructus tribuli, which is a member of
the Zygophyllaceae family. It has been used either
alone or in combination with other medicinal herbs
in traditional Chinese, Indian and Turkish medicine
to treat a wide variety of diseases, including those
of the skin (Kumar et al., 2006) and liver
(Jagadeesan and Kavitha, 2006), diabetes (Amin
et al., 2006; El-Tantawy and Hassanin, 2007),
cardiovascular disorders including hypertension,
hyperlipidemia and coronary heart diseases (Sharifi
et al., 2003; Phillips et al., 2006), nephrotoxicity
(Kavitha and Jagadeesan, 2006), nephrolithiasis
and diuresis (Al-Ali et al., 2003), fungal infections
(Al-Bayati and Al-Mola, 2008) and sexual dysfunc-
tion (Adaikan et al., 2000; Gauthaman and
Ganesan, 2008). It has also been suggested that
drinking TT extracts can serve as an aphrodisiac
and increase levels of sexual hormones (Gauthaman
and Adaikan, 2005).

Pharmacological analysis has revealed that there
are several active components of TT (De Combarieu
et al., 2003). It has been reported that TT exhibits
its effects in particular by its saponin-containing
steroidal compounds that are structurally in glyco-
side form (Gauthaman et al., 2003). There is also
increasing evidence for anti-cancer properties of
TT saponins (Yang et al., 2005). Despite the various
steroidal saponins that have been isolated (Deepak
et al., 2002; Huang et al., 2003; Conrad et al.,
2004), their mechanisms of action remain obscure.

It has been demonstrated that the hypertensive
effects of TT are exerted via decreasing levels of
activity of angiotensin converting enzyme (ACE),
especially in the kidneys (Sharifi et al., 2003). It has
also been suggested that TT could lead to a
relaxation in smooth muscle cells in sheep ureter
and rabbit jejunum (Arcasoy et al., 1998). In
addition, it has been proposed that TT may have
a hypolipidemic effect, although it is still not clear
how it affects lipid metabolism (Chu et al., 2003).
The mechanism of action of the apparent beneficial
effects of TT on the cardiovascular system and
hyperlipidemia remain to be elucidated. The aim of
this study was to investigate the biochemical and
ultrastructural effects of TT on serum lipid profile
and vascular endothelium in rabbits with diet-
induced hyperlipidemia.
Materials and methods

Research design

Eighteen New Zealand male albino rabbits (7–8
months old and mean body weight; 3.5–4 kg) were
obtained from the Experimental Animal Laboratory
of Cerrahpasa Medical Faculty and randomly di-
vided into three groups (n ¼ 6 in each). Experi-
mental group-I (EG-I) was given a cholesterol-rich
diet, experimental group-II (EG-II) was fed a
cholesterol-rich diet for 4 weeks and then treated
with TT extract (5mg/kg/day, by mouth) for 8
weeks in addition to a cholesterol-rich diet
(Gauthaman and Adaikan, 2005). The control group
(CG) was fed a standard diet only. All animals were
individually caged under normal experimental
laboratory conditions, at a temperature of
2172 1C, for 12 weeks. The standard diet was
composed of 25% saturated and 75% unsaturated fat
plus predominantly vegetable-containing rabbit
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diet. The cholesterol-rich diet was specially fabri-
cated for the experiments and composed of an
additional 1% cholesterol added to the standard
diet. The TT diet had an additional 5mg/kg/day (by
mouth) of TT extract added to the standard diet.

The experimental protocol was reviewed and
approved by the Committee for the Ethics on
Animal Care and Experiments, Istanbul University,
Cerrahpasa Medical Faculty.

Biochemical analysis

Blood samples were collected at day 0 and at
weeks 4 and 12 from all groups and total serum
cholesterol (TC), high density lipid-cholesterol
(HDL-C), low density lipid-cholesterol (LDL-C) and
triglyceride (TG) levels in serum were measured
using a Beckman-Coulter Synchron LX20 PRO
(Beckman-Coulter Inc., Fullerton, CA) using Syn-
cron system reagents.

Preparation of tissue samples

At the end of the experimental period, following
cardiac puncture of three animals from each group,
the aorta was catheterized and the vascular system
perfused with phosphate buffered 2.5% glutaralde-
hyde solution (pH 7.4; 0.08M). Tissue samples were
collected from the perfused aorta for transmission
electron microscopy (TEM) and scanning electron
microscopy (SEM). A further three animals from
each group were dissected under ether anesthesia.
Following cardiac catheterization, the vascular
system was perfused with Ringer solution
(111.87mM NaCl, 2.47mM KCl, 1.08mM CaCl2,
and 2.38mM NaHCO3, pH 7.2) by perfusion pump
for 30min (Demir et al., 2005). Abdominal aorta
samples were fixed with 10% formalin for 8 h
and prepared using routine techniques and col-
lected for immunohistochemical analysis and his-
tological evaluation.

Immunohistochemical analysis

Procedural details have been described pre-
viously (Sati et al., 2007). Serial paraffin wax
embedded sections were cut and collected on
poly-L-lysine-coated slides (Sigma-Aldrich, St.
Louis, MO), dewaxed and dehydrated by routine
protocol and placed in citrate buffer. To unmask
antigens, an antigen-retrieval procedure was per-
formed by heating the samples twice in a micro-
wave oven at 750W for 5min each time. After
cooling for 20min at room temperature, the
sections were washed in phosphate buffered saline
(PBS) and then soaked in 3% H2O2 for 15min to
quench endogenous peroxidase activity. After
blocking with Ultra V blocking reagent (Lab Vision,
Fremont, CA) for 10min to reduce non-specific
binding, sections were incubated overnight at 4 1C
with a 1:300 dilution of a rabbit polyclonal anti-
vimentin antibody (Innovex Biosciences, Richmond,
CA). Vimentin immunolabelling was chosen as
vimentin is the cytoskeletal component responsible
for maintaining cell integrity and structure. The
binding of the primary antibody was detected using
a LSAB2 streptavidin–biotin horseradish peroxidase
(HRP) kit (Dako, Glastrup, Denmark), employed
according to manufacturer’s instructions, for
30min at room temperature. In the LSAB2 system,
a biotinylated secondary antibody forms a complex
with HRP-conjugated streptavidin molecules. Anti-
body complexes were visualized by incubation with
diaminobenzidine (DAB) chromogen (kit from Lab
Vision, Fremont, CA) prepared according to manu-
facturer’s instructions as 1–2 drops (40–100 ml,
approximately 0.9mg) of DAB chromogen to each
1ml of hydrogen peroxide substrate in buffer, for
20 s. Sections were counterstained with Mayer’s
hematoxylin (Dako, Denmark) for 10 s, dehydrated,
and mounted. All dilutions and thorough washes
between steps were performed using PBS and all
steps at room temperature unless otherwise speci-
fied. Photographic images were captured using a
digital camera (Canon PowerShot G5) attached to
an Axioplan microscope (Zeiss, Oberkochen, Ger-
many). Negative controls were performed by
replacing the primary antibody with normal rabbit
serum (Dako, Denmark).

An HSCORE value was calculated for each slide
by summing the percentages of cells grouped in
one labelling intensity category and multiplying
this number with the weighted intensity of
the labelling, using the formula [HSCORE ¼ Pi
(i+1)], where i represents the intensity scores
and Pi is the corresponding percentage of the
cells labelling. Two investigators performed the
semi-quantitative assessments at different times
and the inter-individual variation was calculated
as 9%.
Histological evaluation

Tissue sections from each experimental group
were also stained with periodic acid-Schiff (PAS)
and orcein for basic histological evaluation using
standard protocols. PAS, a staining method com-
monly used in histology and pathology to stain
structures containing a high proportion of carbohy-
drate macromolecules, was used to show PAS
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Table 2. The lipid profiles of EG-I, EG-II and CG
measured in the different periods of the experiment
(mg/dL).

Day 0 After 4 weeks After 12 weeks

EG-I
TC 32.3713.3 869.17167.2 849.17165.1
LDL-C 11.476.4 414.57237.3 433.77268.6
HDL-C 31.3714.3 287.7714.3 294.8717.2
TG 61.6738.6 159.4743.4 179.3772.3

EG-II
TC 31.1712.1 787.97285.1 278.37119.2
LDL-C 10.273.6 418.77253.0 144.4782.9
HDL-C 29.479.3 316.1756.6 113.9750.6
TG 42.7729.1 117728.9 52.9734.9

CG
TC 30.3712.3 32.2714.1 33.1713.1
LDL-C 12.273.9 10.272.1 14.1710.0
HDL-C 28.5711.4 32.4715.2 30.5715.3
TG 56.6729.4 53.4717.2 57.5723.4

TC; total cholesterol, LDL-C; low density lipoprotein-cholester-
ol, HDL-C; high density lipoprotein-cholesterol, TG; triglyceride.

Table 1. The animal weights (grams7SEM) of EG-I (fed
with cholesterol-rich diet), EG-II (fed with cholesterol
diet and TT extract) and the control groups (CG)
measured on day 0, week 4 and 12 of the experiments.

Day 0 4 weeks 12 weeks

EG-I 39357117 46767111 4867757
EG-II 3644756 4723768 46247123
CG 3655757 3612747 3713757
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positively-stained atherosclerotic plaques in the
aorta. Orcein staining was used to demonstrate
elastic fiber architecture found in the aorta.

Transmission electron microscopy (TEM)
analysis

Tissue samples were fixed with phosphate buf-
fered (pH 7.4) 2.5% glutaraldehyde solution fol-
lowed by 1 h at 4 1C with 2% osmium tetroxide. An
additional glutaraldehyde-osmium tetroxide double
immersion fixation method was applied in order to
perform TEM analysis (Acar et al., 2004). Samples
were dehydrated through a gradually increasing
series of ethanol and embedded in Araldite resin
(Araldite CY 212, 91ml + dodecenyl succinic
anhydride (DDSA) 84ml + N,N-dimethylbenzylamine
(BDMA) 3.5ml, TAAB Company, England). Semi-thin
(1 mm) and thin (40–60 nm) sections were cut using
diamond knives on a Leica ultramicrotome (Leica
ultracut, UCT, Leica MZ6, England). Ultra-thin
sections were collected on copper grids (Mesh
100, TAAB, England; coated with Formvar 15/95
Resin polyvinyl formol, EMS-Electron Microscopy
Sciences, Fort Washington, PA, USA). In semi-thin
sections, routine cresyl violet and toluidine
blue staining methods were applied for orientation.
In thin sections, double-contrast staining was
applied with uranyl acetate (100ml methanol and
5 g uranyl acetate) and Reynold’s lead nitrate
solution (1.76 g sodium citrate, 1.33 g lead nitrate,
50ml distilled water and 8ml 1N.NaOH) (Demir
et al., 2005). Thin sections were examined using a
LEO 906 transmission electron microscope (Leo
906E, Zeiss, Germany).

Scanning electron microscopy (SEM) analysis

Tissue samples from the aorta were also pre-
pared for SEM analysis. Following the same fixation
procedure used for TEM, samples were dehydrated
through a gradually increasing acetone series. The
tissues were placed on bottle corks and kept in
amyl acetate (Demir et al., 1995) for critical point
drying (E300, Polaron, ThermoVG Micro Tech,
England). Tissues were coated with gold-palladium
particles (Demir, 1979) and examined using a Zeiss
1430 scanning electron microscope (Leo 1430,
Zeiss, Germany).

Statistical analysis

Data analysis was carried out using Sigmastat for
Windowss, version 2.0 (Jandel Scientific Corpora-
tion, San Rafael, CA, USA). Differences among
groups were compared using one-way ANOVA
analysis on normally distributed data and the one-
way ANOVA on ranks test on data that were not
normally distributed. Following ANOVA, the Holm–

Sidak method was also used. All data are presented
as mean7SEM.
Results

Biochemistry: serum lipid profiles

In both experimental groups (EGs) there was a
significant increase in total body weight at the end
of the experiments compared to day 0 (Po0.001),
but no statistical difference was found between
weeks 4 and 12 of the experiments (Table 1). At the
end of week 4, in animals fed a cholesterol-rich
diet, there was a significant increase in the lipid
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profiles of both EGs compared to CG (Table 2).
Following TT extract treatment, TC, LDL-C, HDL-C
and TG levels decreased significantly, by 65%, 66%,
64% and 55%, respectively (Po0.001).

Histochemistry and immunohistochemistry

The structural features of abdominal aorta
segments in CG appeared histologically normal
(Figure 1a and d), and there was no layering loss
in any of the groups (Figure 1). However, there was
a noticeable increase in atherosclerotic plaques in
the abdominal aorta in EGs (Figure 1b and c). In
some segments of EG-I, the tunica intima layers
were completely occupied with atherosclerotic
plaques. The extracellular matrix and sheathes of
the myofibroblast-like cells and smooth muscle
cells in the atherosclerotic plaques were strongly
Figure 1. Periodic acid-Schiff (PAS) (a–f) and orcein (d, e, a
A greater neointimal (atherosclerotic plaques) formation can
These plaques occupy the intima layer completely in an aortic
the presence of proteoglycans (e, f). Orcein dye is a strong m
immunohistochemical distribution of vimentin in the vascu
immunoreactivity (insets g–i). Scale bars: 500 mm (a–c), 50
L: lumen; M:media layer; A: adventitia layer; MEI: membran
PAS-positive owing to the proteoglycans present
(Figure 1e and f). The elastic lamellae of the media
layer were clearly seen (Figure 1d–f, insets) by
orcein staining. In addition, a number of vimentin
immunopositive cellular components were present
in the different areas of the abdominal aorta wall
(Figure 1g–i). The intensity of the immunolabeling
for vimentin was not significant in EGs compared to
CG by HSCORE analysis. However, some minor
differences in immunolabeling were detected in
vascular layers, tunica intima, tunica media and
tunica adventitia, in the aortic segments in EG-I
and EG-II, which were due to the level of tissue
sectioning or normal tissue condition. Neverthe-
less, there were no major differences between
the experimental groups by immunohistochemistry
or histochemistry in contrast to TEM and SEM
analysis.
nd f insets) stained arterial sections of abdominal aorta.
be observed in the EG-I in comparison to EG-II (b and c).
section which belongs to EG-I, and are PAS positive due to
arker for elastic lamellae identification (d–f insets). The
lar layers of aorta (g–i). Negative controls showed no
mm (d–f and inset d) and 100 mm (g–i and insets, e, f).
a elastica interna; P: plaque.
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Scanning and transmission electron
microscopy (SEM, TEM)

Control group (CG)
The SEM and TEM analysis of the vascular tissues

revealed that the three-dimensional appearance
of the vascular endothelium and fine structure,
including cellular components, appeared normal.
There was no apparent structural damage on the
endothelial surface of the aorta (Figure 2a, inset).
The three-dimensional appearance of the lateral
face (media layer) of the vascular wall had a
very well determined structure. In the tunica
media and tunica intima layers of the vascular
wall, definitive elastic lamellae were observed
and in regular rotation. No pathological separation
Figure 2. Three-dimensional view of the vascular lumen fr
aorta in the CG is seen in the normal condition, no pathologica
(a, inset). The section from lateral face (ML; media layer) o
Ultrastructural features of the endothelium (En) are seen (c).
basal lamina (BL), which is situated on the definitive membr
some electron dense substances under endothelial cells.
different cell fractions, moderate or higher electron dense su
10 mm (a, b and inset) and 5 mm (c). Double arrows indicate
was observed between layers and lamellae
(Figure 2b).

By TEM, the endothelial layer, basal lamina
and internal elastic membrane (MEI) of the aorta
showed a normal structural organisation. A few
moderate dense substances and myofibroblast-like
cells were also observed in the tunica intima layer,
which is under the regular internal elastic mem-
brane (Figure 2c).
Experimental group-I (EG-I)
In this cholesterol-rich diet fed EG, the endothe-

lial layer of the abdominal aorta was severely
damaged. Some cytoplasmic protrusions, ruptured
luminal lining and partial detachment of the
om abdominal aorta segments. Endothelial lining of the
l defects are seen on the surface of the endothelial cover
f the aorta is seen with prominent elastic lamellae (b).
Endothelial cells with heterochromatic nuclei (N) lined on
ana elastica interna (MEI), is observed. Basal lamina has
Myofibroblast-like cells (MF) with specific features and
bstance accumulations are observed near MEI. Scale bars:
the accumulation of substances.
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Figure 3. SEM micrograph of EG-I. Due to the cholesterol-rich diet, various pathological lesions are formed on the
surface of the endothelial cover. Cytoplasmic ruptures of endothelial lining are observed as protrusions (double arrows)
on the surface. A local endothelial wound (b and inset) that causes formation of the atherosclerotic plaques is shown.
Scale bars: (a) 20 mm, (b) 20 mm and (insets) 10 mm.
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endothelial surface were observed (Figure 3a,
inset). SEM observations revealed that there were
local ruptures and some endothelial damage in the
luminal endothelium of the aorta (Figure 3a and b,
inset). The ultrastructural features of the tunica
intima layer were also clearly observed. Detach-
ment of the endothelium from the basal lamina
with irregular cytoplasmic protrusions including
irregular heterochromatic nuclei was observed
(Figure 4a and b). Myofibroblast-like cells, residual
cell fragments and considerable accumulations of
moderately electron-dense substance were situ-
ated near the internal elastic membrane (Figure 4a
and b). The MEI with undulating figures was seen
with local ruptures formed by a connection
between intima and media layers of the vascular
wall (Figure 4b, inset). In the tunica intima, the
foam cells and their residual fragments were
clearly observed (Figure 4c, inset).

In addition, there were marked atherosclerotic
plaques in the abdominal aorta. In some segments,
the intima layers were completely occupied by
atherosclerotic plaques consisting of various
cells including foam cells, myofibroblasts-like cells,
macrophages, extracellular matrix components and
fibrillar elements (Figure 5a–d). Myofibroblast-like
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Figure 4. Deformed endothelium (En) with heterochromatic nucleus (N) detached from the basal lamina (BL) is seen
(a, b) in EG-I. Electron-dense small bodies dispersed between basal lamina and membrana elastica interna (MEI) are
shown. Accumulation of substances is seen under MEI (a, double arrows). MEI shows local ruption (b, inset). Intima layer
is occupied by foamy cells (FC) with many vacuoles (c, inset). Myofibroblast-like cells (MF) and various cell fragments
and collagen fiber (Col) bundles are seen under MEI (b, inset). Scale bars: 10 mm (a, c) 5 mm (b), 2 mm (b, inset) and 5mm
(c, inset), L: lumen.

Figure 5. A typical atherosclerotic plaque from EG-I. Ultrastructure of the cellular diversity of the neointimal layer is
notable. Foam cells (FC), myofibroblast-like cells (MF), cell fragments with necrotic nuclei (arrows) (a–c) are seen. High
magnification of a myofibroblast-like cell with specific features, elongated electron-dense plaques (with single arrows)
localized near the plasma membrane, dilated rough endoplasmic reticulum (RER) with ribosomes, deformed subcellular
organelles around the periphery of the nucleus (N) are shown. Scale bars: 10 mm (a), 1mm (b), and 2 mm (c, d).

Effect of Tribulus terrestris on lipid profile and endothelium 495
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cells were clearly observed as irregular shaped cells
with heterochromatic nuclei, electron-dense elon-
gated cytoplasmic bodies, and dispersed subcellu-
lar organelles around the nucleus (Figure 5d).
Experimental group-II (EG-II)
The deformation and degeneration were de-

creased on the endothelial surface of the aorta in
EGII compared to EG-I. Following TT treatment, the
three-dimensional appearance and ultrastructural
features of the endothelium were shown to be
partially repaired (Figure 6a and b, inset). En-
dothelial ruptures were rarely observed in SEM
analysis. However, there were some endothelial
protrusions and shrinkages, and the architecture of
the endothelial surface differed from the CG, but
appeared recovered compared to EG-I (Figure 6a
and b, inset).

TEM observations revealed a few ruptures and
detachments between the basal lamina and en-
dothelium. Definitive connection complexes were
seen between endothelial cells, but due to the
damage of subcellular components, some cells
showed cytoplasmic vacuoles. There were small
pinocytic vesicles and vacuoles in different dia-
meters in the subendothelial layer. The accumula-
tion of the electron-dense substances was evident
between basal lamina and inner elastic membrane
(Figure 6c, inset). In this group, the inner elastic
membrane was thicker than that of EG-I. Moder-
ately dense substances with fibrillar bundles accu-
mulated near the inner elastic membrane. In
sections observed by both light and electron
microscopy, the atherosclerotic plaques were less
frequently found in the intima layer than seen in
EG-I. The damage in the intima layer was less in EG-
II compared to EG-I. The residual fragments and
extracellular matrices showed the common fea-
tures of this layer (Figure 6c, inset). Some of the
ultrastructural changes observed in the EGs are
summarized in Table 3.
Discussion

In this study, we investigated the effects of TT
treatment following a cholesterol-rich diet in
rabbits and evaluated alterations in serum lipid
profiles and structural changes of the aorta using
biochemical, immunohistochemical and ultrastruc-
tural techniques. From histological and immuno-
histochemical points of view, there seems to be no
major damage in the endothelium due to elevated
serum cholesterol levels and TT treatment. How-
ever, ultrastructural analysis revealed marked
damage resulting from the cholesterol-rich diet.
In both experimental groups, cholesterol-rich diets
caused ultrastructural damage in the wall of the
abdominal aorta, including the surface endothe-
lium. Local damage to the endothelial surface was
prominent. Whereas some endothelial regions
appeared almost normal, in some segments there
were noticeable endothelial disruptions. These
regional lesions in the aortic luminal surface were
considered to be possible regions of endothelial
dysfunction that could lead to atherosclerotic
plaque formation.

The cholesterol-rich diet caused strong endothe-
lial degeneration to form some atheroma and
edema around the subendothelial layer of the
abdominal aorta, as well as formation of many
lipid droplets and electron-dense bodies. The
endothelium from cholesterol-rich diet-fed groups
exhibited small vesicles filled with abundant large
and small lipid droplets, endothelial and suben-
dothelial vacuoles of different densities and en-
dothelial shrinkage, which would suggest severe
damage in the endothelium. Following TT treat-
ment, the atheroma formation was decreased and
edematous areas were reduced, with partial
restoration in endothelium; however there was no
damage in the internal elastic membrane. Large
edematous areas and the presence of electron-
dense bodies between the inner elastic membrane
and the endothelial basal lamina may be a reaction
to prevent inflammation and migration for the
development of new atheromas in the intima layer.
This protective reaction may play an important role
in the preservation of the vascular endothelium and
its function. It appears that whereas high serum
cholesterol levels caused severe endothelial da-
mage, TT lessened the damage.

In several studies, it has been reported that
saponins derived from TT can exhibit cytotoxic
effects on various cancer cell lines from breast,
liver, malignant melanoma and ovary (Sun et al.,
2003, 2004). Saponins, one of the active compo-
nents of TT, have been proposed to affect smooth
muscle cells (Arcasoy et al., 1998) and to regulate
lipid metabolism (Yang et al., 1999), hyperglycemia
(Li et al., 2002) and also to have anti-fungal
properties (Zhang et al., 2006). This protective
reaction observed after TT treatment might also be
related to the action of the saponin component of
TTextract affecting vascular myofibroblast-like and
smooth muscle cell contraction. (Arcasoy et al.,
1998).

Our results clearly reveal that TT is very effective
in lowering high levels of cholesterol in serum. A
study investigating the effects of TT on lipids also
indicated that TT can significantly reduce serum
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Figure 6. Three-dimensional surface of the endothelial lining of aorta from EG-II (a, b, inset). Generally, there is a
partial repair of the endothelial disorganization. The endothelial surface is different from EG-I and also from normal
CG. In line with SEM observations, the ultrastructure of the aorta endothelium appears in moderately healthy condition
(c). Decreased detachment sites of endothelial cells (En) with heterochromatic nucleus (N) from basal lamina (BL),
definitive connection complexes (single arrows) between endothelial cells are shown. Various substance accumulations
(double arrows) under thick membrana elastica interna (MEI) are seen. Elastic lamellae: EL, Lumen: L. Scale bars:
10 mm (a), 30 mm (b), 5 mm (c), 2 mm (insets a, c) and 3mm (b, inset).

Effect of Tribulus terrestris on lipid profile and endothelium 497
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Table 3. Summary of some of the ultrastructural changes observed in the experimental groups.

CG EG-I EG-II

TEM analysis
Damage to endothelium (cytoplasmic protrusions, ruptured luminal lining, partial

detachment etc.)
� +++ ++

Rupture on the internal elastic membrane � +++ +
Foam cells � +++ ++
Atherosclerotic plaques � +++ ++

SEM analysis
Damage to endothelium (rupture, endothelial protrusions and shrinkages etc.) � +++ +
Atherosclerotic lesions � +++ +

�/None; +/rarely; ++/moderately; +++/frequently.
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cholesterol and triglyceride levels (Chu et al.,
2003). Although it was not possible to acertain
the details of the lipid profile due to linguistic
limitations in this study, the suggestion seems to be
consistent with our results. In addition, recently, it
has been suggested that saponins derived from TT
not only lower high serum lipid levels, but also
improve cardiac function in early stages of myo-
cardial infarction (Guo et al., 2007). In our study,
even though TT is a very effective hypolipidemic
compound, TC, LDL-C, and HDL-C levels were still
higher in EG-II at the end of 12 weeks compared to
CG. Despite the fact that there was a noticeable
decrease in serum lipid levels, it was still above the
normal range. Consequently, TT alone may be
insufficient on its own to treat hyperlipidemia.

Single endothelial cell destruction may be one of
the initiating elements of pathological vascular
remodeling, which could be intensified by hyperli-
pemia. Intimal differentiation, some cellular pro-
liferation and vascular remodeling participated in
the pathological course of atheroma or athero-
sclerotic plaque and lumen structure after en-
dothelial injury. TT might play a role in preventing
injury of the vascular layer and treat atheroma
through inhibiting intimal proliferation after cho-
lesterol-rich diet (Xu et al., 2004).

ROS play a critical role in the impairment of NO-
mediated vascular functions and overall pathogen-
esis associated with cardiovascular disease (Bell
and Gochenaur, 2006). Interestingly, there are
many alternative medical plants with agents
influencing the vascular structure, similar to TT
extract, which have effects on cardiovascular
diseases. For example, plant pigment anthocyanins
are exceptionally potent oxygen radical scavengers
that produce beneficial effects in diseases outside
the cardiovascular system. It has been suggested
that potential coronary vasoactive and vasoprotec-
tive properties of various anthocyanin enhanced
extracts directly alter coronary vascular tone to
protect coronary arteries from ROS without altering
vasorelaxation to endogenous or exogenous NO
(Bell and Gochenaur, 2006). These findings, which
are similar to our findings, suggest that extracts
derived from medical plants could have significant
beneficial effects in vascular diseases. Our results
related to TT extract treatment also provide
further experimental support for the indication of
TT as an antilipidemic medical plant with some
protective effects.

In previous studies, it was evident that a high-
cholesterol diet caused ruptures in the vascular
endothelium and enlargement of subendothelial
lipid filled pinocytic vacuoles which normally exist
intracellularly in small amounts (Demiroglu et al.,
1991, 1997). These structural alterations are
consistent with our TEM and SEM results. The
endothelial damage was so severe after a choles-
terol-rich diet that endothelial cells sheared off
and were even totally destroyed in some areas.
Furthermore, following TT treatment, these signs
of severe damage were partially repaired, espe-
cially the shrinkage and cleavage between en-
dothelial cells were healed. However,
subendothelial foam cells, collagen deposition in
the tunica intima and tunica media layers, and
electron-dense bodies were still present, suggest-
ing a limited repair ability of TT. Our results related
to the disappearance of endothelial rupture, which
is a reaction to facilitate lipid transport from lumen
to subendothelial region, and persistence of sub-
endothelial vacuoles, are consistent with previous
reports (Demiroglu et al., 1997). Endothelial
dysfunction due to hyperlipidemia enhances en-
dothelial permeability and leads to lipid collection
in the subendothelial area. A reduction in serum
cholesterol levels by TT treatment might have
restored the endothelial barrier and blocked lipid
vacuoles in the subendothelial area. These results
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are important in revealing the efficacy of TT to
treat endothelial damage due to high serum
cholestrerol.

Consequently, some possible mechanisms can be
suggested from our data: (a) endothelial repair
effects can be due to an effective reduction of
serum lipid levels, (b) some direct local interac-
tions may also have roles in endothelial repair, (c)
the endothelial restoration can occur so rapidly
that it does not allow lipid vacuoles to shrink, and
(d) TT may not have a direct effect on subendothe-
lial lipid metabolism.

In conclusion, TT is an effective hypolipidemic
agent in rabbits with experimental hypercholester-
olemia and has a limited restorative ability on
endothelial damage. However, TT may not be as
effective in humans in reducing serum cholesterol
levels or in repairing endothelial damage as
observed in rabbits. Further studies including more
subjects are needed to better understand the
effects of TT, especially comparing TT effects in
combination therapies with hypolipidemic agents
such as 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors and eicosapentae-
noic acid (EPA).
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