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ABSTRACT

The aim of the study was to investigate the role of aqueous extract of Nigellae safiva seed,
Nigella sativa o1l and thymoquinone in ameliorating the cellular damage produced in pancreatic
cells by streptozotocin {(STZ). Five equal sized groups of male Sprague-Dawley rats were used in
this study. The groups included; control, STZ induced diabetic, STZ diabetic-aquecus extract
treated (2 mL kg™"), STZ diabetic-oil treated (0.2 mL kg™) and STZ diabetic-thymoquinone treated
(5 mg kg™ groups. After 30 days of treatment, pancreatic tissues of the different groups were
examined by the light and transmission electron microscope. The aqueous extract of N, sativa
reduced some of the cellular damage caused by STZ on B cells. In contrast, the use of its oil
exacerbated the destructive effect of STZ. The use of thymoquinone; the active ingredient of
N. sativa, ameliorated the toxic effects of STZ on pancreatic B cells. The nuclear alterations
observed including segregated nucleoli, marginating aggregates of heterochromatin and decreased
heterochromatin indicate DNA damage in 5TZ%-treated rats and are consequently responsible for
the development of type 1 diabetes. The present study emphasizes that N. sativa extracts are
effective in reducing the cellular damage caused by 5TZ. In addition, findings suggest that the
active ingredient thymoquinone is the most effective against STZ diabetes as its administration
ameliorated most of the pathological changes. This could be attributed to the antioxidant properties
of N, sativa and thymoquinone that inhibit the cellular damage caused by STZ in pancreatic cells.
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INTRODUCTION

Diabetes mellitus 1s rapidly emerging as a global health problem that threatens to reach
pandemic levels by 2030 (Hossain et al., 2007). It is a group of metabolic diseases characterized
by hyperglycerma resulting from defects in insulin secretion, insulin action, or both (ADA., 2008).
It also reported that diabetes is classified into type 1 (insulin dependent) that results from the
destruction of pancreatic P cells which produce insulin and type 2 (non-insulin dependent) that
results from insulin resistance. There is growing evidence that diabetes is usually accompanied by
increased production of free radical and/or impairment. and reduction of antioxidant defenses
leading to the development and progression of diabetic complications (Brownlee, 2005,
Arulselvan and Subramanian, 2007). Several mechanisms seem to be involved in the initiation of
this oxidative stress which has been reported in experimental diabetes in animals as well as in type
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1 and type 2 diabetic patients: glucose autoxidation, protein glycation. Oxidative stress is
involved in the origin of type 1 diabetes especially through the destruction of pancreatic p cells
{(Houcher et al., 2007). The STZ is the most commeonly used diabetogenic agent for experimental
animals to produce type 1 diabetes by selectively destroying pancreatic p cells (Szkudelski, 2001).
The 5T7 enters the P cell via a glucose transporter and causes alkylation of DNA.

More than 1000 different plants have been described for traditional treatment of diabetes
{Marles and Fransworth, 1994). Nigella sativa belongs to the Fanunculaceae family (Goreja, 2003).
The seeds of N, sativa (black seed), have long been used in folk medicine for a wide range of
illnesses (Schleicher and Saleh, 1998). Black seeds contain over 100 valuable components and
about 30% w/w of a fixed oil and 0.4-0.45% wiw of a volatile oil (El-Tahir ef al., 1993a). Analysis
of its volatile cil revealed that the main active ingredients are thymoquinone, dithymquinone. The
volatile oil has been shown to contain 184-24% thymoquinone and 46% monotrepenes
(KE1-Tahir et al, 1993a). The fixed oil 18 composed mainly of unsaturated fatty acids
(Houghton et al., 1995). Nigella sativa seeds have been reported to possess antimicrobial
(E1-Alfy et al., 1975), antibacterial (El-Kamali ef af., 1998), antioxidant (Burits and Bucar, 2000,
Al-Enagzi, 2007), anti-inflammatory (Houghton et al., 1995), antitumoral (Worthen et al., 1998),
antihypertensive (Kl-Tahir ef «l., 1993h) and hypoglycemic properties (Al-Hader ef af., 1993;
El-Dakhakhny et af., 2002; Houcher ef al., 2007). The aim of this study was to investigate the role
of Nigella sativa L. seed aqueous extract, o1l and its active ingredient thymoquinone in protecting
against cellular damage of pancreatic cells in STZ-induced diabetic rats, using light and
transmission electron microscope,

MATERIALS AND METHODS
The present study was carried out during 2009-2010 as part of PhD project at the animal house,
Faculty of Pharmacy and Faculty of Science; Beirut Arab University, Beirut, Lebanon.

Animals and chemicals: Thirty adult male Sprague Dawley rats (Ratius norvegicus), weighing
approximately 200 g each and with an average age of 16 weeks were used. A stock of inbreeding
rats was obtained by brother sister mating in the animal house of Beirut Arab University, Lebanon,
during May 2009. Rats were maintained in 12 h light: dark cycles at constant temperature of
2242°C. Rats were kept in plastic cages, 6 rats/cage. All rats were fed daily with standard rat pellets
and tap water ad libitum. All animals received human care according to the criteria outlined in the
Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences
and published by the National Institutes of Health.

Streptozotocin (ST7) antibictic was purchased from Fluka. Fresh solutions were prepared at a
coneentration of 30 mg mL ™ buffer by dissolving 0.3 g of STZ in 10 mL of 5 mM citrate buffer pH
4.5 (Ganda et al., 1975). The active ingredient. of N. safiva, thymoquinone (TQ>99% pure with
chemical formula 2-Isopropyl-B-methyl-1, 4-benzoquinone), was purchased from Sigma-Aldrich.
Its stock solution was prepared by dissolving 1 g in 10 mlL ethancl. Diluted solution of
thymoquinone at a concentration of 3 mg mL™ was prepared by dissolving 300 uL of the stock
solution in 10 mL sterile distilled water.

Nigella sattva seeds were purchased from a local herb store in Beirut. Its aqueous extract was
prepared fresh daily by boiling 2.5 g of seeds in drinking water for 10 min and adjusting the final
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volume to BO mL {to obtain 5% decoction). The solution was then filtered through 4 layers of
surgical gauze (Farida et al., 1987). Nigella sativa oil was purchased from a lecal pharmacy in
Beirut.

Experimental design: The animals were divided into five equal sized groups and treated as
follows:

* The control group {GA) was injected with the same volume of citrate buffer as the diabetic
groups received

* Diabetes was induced in all groups except group A by a single intraperitoneal (ip) injection of
STZ (50 mg kg™ body weight, e.f. Kanter et al., 2004), freshly dissolved in citrate buffer pI 4.5.
One day after STZ injection, diabetes was confirmed by measuring blood glucose levels in blood
samples taken from tail vein. Rats with blood glucose =250 mg dL 7! were considered diabetic

* The rats in the aqueous extract treated group (GC) were i.p injected with freshly prepared 5%
N. sativa aqueous extract (2 mL kg™), 6 daysfweek

« Animals of group GD were i.p. injected 6 days/week by N. sativa oil (0.2 mL kg™

*+  Rats of the thymoquinone treated group (GE) were i.p. injected with TQ (3 mg mL™)
6days/week at a dose level of 5 mg kg™!

It is important to note that animals were not treated with insulin during the experiment (which
lasted 30 days). Twenty four hours after the last injection, randomly selected animals from all
groups were killed by cervical dislocation. Rats were dissected and small blocks of pancreatic tissues
(1 mm®) of different groups were removed and dropped quickly into formalin glutaraldehyde
fixative (,F',3) buffered with 0.1 M phosphate buffer (pH 7.4) and kept at 40°C for around 1 h.
After washing twice with buffer (for a period of 4 h), the samples were post-fixed in 1% buffered
OsO, for 2 h at 4°C. The tissue pieces were washed twice in phosphate buffer for 30 min and then
dehydrated in ascending ethanol concentration transferred to propylene oxide and then embedded
in 1.1 of Epon: Araldite mixture. Polymerization was done in the oven at 60°C for 24 h. Semithin
sections {1 pm) were cut on LKB ultratome with a glass knife and were stained with toluidine blue.

Ultrathin sections (50 nm), mounted on copper grids, double stained with uranyl acetate and lead
citrate (Reynolds, 1963) and investigated on a JEOL 100CX TEM.

Statistical analysis: One way Analysis of Variance (ANOVA) was used to assess significant
changes as a result of different treatments. Least Significant Difference (LSD) at 0.05 and 0.01
level of significance was used to test differences among means when analysis of variance indicated
significant (p<0.05) result.

RESULTS

Control Rats (GA) preparations: Light preparations of the pancreas of control rats (GA), showed
normal architecture. The islets of Langerhans appeared as lightly stained round clusters of cells
embedded in the exocrine tissue, surrounded by a thin capsule of reticular connective tissue
separating it from adjacent exocrine tissue (Fig. 1a). The islets consisted of polygonal cells with
pleomorphic nuclei forming a network separated by blood capillaries (Fig. 1b). Moreover, electron

micrographs of islets of Langerhans of this group, revealed the presence of different hormone
synthesizing cells that could not be identified with LM.
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Fig. 1. L.M. Islets of Langerhans of control rats (GA). (a) Illustrating, normal architecture of the
pancreas, round islet appearing as a lightly stained cluster of cells (arrow head) compared
to the surrounding exocrine pancreatic tissue (asterisk), and blood capillaries (arrow) and
surrounded by a thin capsule of reticular connective tissue separating it from the adjacent
exocrine pancreatic tissue. (b) Showing, polygonal cells with nuclei of small (asterisk) and
large (double asterisk) sizes, prominent nucleoli (Nu), evenly distributed chromatin both
centrally and peripherally, and cross section of blood capillary (arrow)

Gluecagon or ¢ producing cell (Fig. 2a, b) were identified by the presence of dense granules with
uniform sizes (0.21+£0.01 um mean diameter) with indistinct limiting membrane that were evenly
distributed in the eytoplasm. These cells appeared with various shapes (Fig. 2a, b) and most of them
possessed more or less oval nucler (5.700+0.03 pm L and 4.550+0.056 umW) (Fig. 3a). The nucleclh
appeared spherical in shape and the chromatin appeared normal in distribution. The membranes
of the nuclear envelope appeared indistinet with few nuclear pores (Fig. 2a, b). Concerning
mitochondria, few were seen randomly scattered within the cytoplasm. Electron micrographs
revealed that most of them showed pale matrices and visible cristea extending to various lengths
across the organelle (Fig. 2a, b). Morphometric measurement showed that elongated mitochondria
possess 0.89+£0.12 pymlL and 0.31£0.02 pmW (Fig. 3b) and round mitechondria have an average
diameter equal 0.414+0.01 um (Fig. 3c). In addition, well developed Golgi apparatus (Fig. 2a) and
RER in the form of strictly parallel arranged cisternea (Fig. 2b) were observed. Numerous free
ribosomes were found to be scattered within cytoplasm (Fig. 2a, b).

The P or insulin producing cells of control rats ((GA) were identified by the presence of their
characteristic secretory granules which possess a dense core separated by a clear halo from the
surrounding limiting membrane. They were polygonal in shape with round basally located nuclei
(Fig. 2e¢, d). Their nuclei possessed 5.40+0.30 um L and 4.6502+0.05 um W (Fig. 4a). Nuclei of p cells
appeared chromatic with an even chromatin distribution (Fig. 2¢, d). Membranes of the nuclear
envelope appeared distinct (Fig. 2¢). Few elongated mitochondria with 1.08+£0.09 pm L and
0.430+0.03 pm W (Fig. 4b) were also observed in the cytoplasm (Fig. 2d). In addition, the cytoplasm
contained small rounded mitochondria (Fig. 2¢) with a dense matrix and tubular cristea. These
mitochondria have an average diameter of 0.48+0.02 um (Fig. 4c). Moreover, a well developed
network of Golgi apparatus was observed. Cross sections of rER, free ribosomes, polysomes and
numerous rounded secretory granules were also noted in the cytoplasm (Fig. 2d). The
ultrastructural observation revealed that these granules were of different sizes and possessed
centric or acentric dense cores (Fig. 2¢). Also, based on morphometric measurements, statistical
analysis revealed that the large granules possessed a mean diameter of 0.67+0.02 um (Fig. 4d)
while small granules possessed a mean diameter of 0.34+£0.02 pm (Fig. 4e).
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Fig. 2. KE.M. Islets of Langerhans of control rats (GG A). (a) Showing; part of ¢-cell with oval nucleus
(N), obvicus nucleolus (Nu), finely granular less dense euchromatin (Eu), dense
heterochromatin (He), indistinct nuclear envelope (INe) with few nuclear pores (arrow),
mitochondria (M), area of Golgi apparatus (), and the round shape strongly electron dense
characteristic @ secretory granules (asterisk). (b) Illustrating; large nucleus of « cell with a
prominent nucleclus (Nu), evenly distributed heterochromatin (He), a distinet nuclear
envelope (Ne), rER cisternea, the characteristic « secretory granules (asterisk), and the
regular cell membrane (arrow head). (¢) [llustrating; polygonal [ cells with indistinct
intercellular spaces scattered around a blood capillary (BC). Note the basally located oval
nuclel (N), visible nucleoli (Nu), evenly distributed chromatin, and distinct nuclear envelope
{INe), numerous mitochondria (arrow head), and the characteristic [ secretory granules (s)
occupying the apical portion of the [ cells. (d) Demonstrating; two pelygonal P cells, with
large sized round nuclei (N) and even distribution of heterochromatin (He), prominent
nucleclus (Nu}, distinet nuclear envelope (Ne), mitochondria (M) with dark matrices, well
developed network of Golgl apparatus ((3), rER cisternea (rER), the characteristic f§
secretory granules (s) of different sizes, secretory granules (s*) of less dense cores, and very
few empty granules (s*%)

Diabetic Rats (GB) preparations: In contrast to control ((GA), semithin sections of pancreas of

diabetic rats {GB) revealed that the islets were relatively small, atrophied and clearly showed a

reduction in the number of polygonal islet cells (Fig. Ba). At higher magnification, round-ovoid

nucleoli of various sizes were cbserved. Centric and terminalized nuclecli were noted in most of the
nuclei (Fig. Bb, ¢). The distribution of chromatin was abnormal in nuclei of many cells where some
areas of the nucleoplasm appear pale. The heterochromatin was noted as clumps scattered in the
nucleoplasm or as a fine distinct band restricted to the nuclear envelope. Vacoulation of the
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Fig. 3: Morphometric measurements of ultrastructure criteria of & cells of islets of Langerhans in
the different groups. {a) lllustrating changes in the Mean+5K nuclear dimensions among
the various groups. (b) Demonstrating Mean+SE dimensions of elongated mitochondria
among various groups. (¢) Showing changes in the MeantSE diameter of round
mitochondria among varicus groups. (d) [llustrating changes in the Mean+SE diameter of
o secretory granules among various groups. Bars with different superscripts are
significantly different (p<0.05)

nucleoplasm was noted in some nuclei (Fig. 5¢). However, some cells displayed normal chromatin
distribution (Fig. Bb, ¢). Extensive fibrosis was noted in the connective tissue area surrounding
blood vessels (Fig. 5d). Insulitis (inflammation of the pancreas) was noted in several islets (Fig. 5h).
The eytoplasm appeared homogenous and lightly stained in most cells. However, vacuolation was
noted in certain areas of cytoplasm of some cells (Fig. 5e). Also, the most important finding was
degranulation in most cells with only few secretory granules observed in certain cells (Fig. 5c).
Blood capillaries lined with endothelium and congested with blood were noted in islets (Fig. 5b).
a-cells of islets of diabetic rats (GB) appeared with variously shaped with oval or round nuclei,
prominent nuclecli and even distribution of both euchromatin and hetercchromatin (Fig. 6a). The
nuclel showed insignificant decrease (p>0.05) in dimensions compared to GA. The membranes of
the nuclear envelope appeared indistinect. An increased number of nuclear pores were noted when
compared to the control (Fig. 8a). The mitochondria were few in number round and elongated and
displayved dark matrices (Fig. 6a, b). Statistical analysis revealed significant decrease in the mean
diameter of rounded mitochondria and mean width of elongated mitechondria compared to the
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Fig. 4. Morphometric measurements of ultrastructure criteria of p cells of islets of Langerhans in
the different groups. (a) Hlustrating changes in the Mean£5E nuclear dimensions among
the various groups. (b) Demonstrating changes in the Mean+SE dimensions of elongated
mitoechondria among various groups. (¢) Showing changes in the Mean+SE diameter of
round mitochondria among the various groups. (d) Illustrating changes in the Mean+SE
diameter of large [ secretory granules among various groups. (e) Demonstrating changes
in the Mean+5E diameter of small fj secretory granules among various groups. Bars with
different superscripts are significantly different (p<0.05)

control group (Fig. 8b, ¢). Some cells displayed elongated mitochondria with signs of fragmentation
(Fig. 8b). Cisternea of rER and numerous free ribosomes were noted in the cytoplasm (Fig. 6a, b).
Moreover, the cytoplasm of these cells contained characteristic dense secretory granules
(Fig. 6a, b). These granules possessed 0.2240.01 um mean diameter, demoenstrating the highest
mean among all experimental groups. However, statistical analysis displayed insignificant increase
when compared to GA (Fig. 3d). The cytoplasm appeared disrupted and vacuolated in some cells
(Fig. Bb).

On the other hand, p cells of diabetic rat appeared polygonal in shape with oval nuclei (Fig. 7a).
Insignificant changes in nuclear dimensions compared to GA (Fig. 4a) were detected. It was noticed
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Fig. 5: L.M. Islets of Langerhans of Diabetic rats (GB). (a) Demonstrating a relatively small and
atrophicislet {arrow head) with a reduced number of polygonal cells, and cross sections of
blood capillaries (arrow) in the islet with erythrocytes and monocytes in their lumen. (b)
Showing polygonal cells of islets of Langerhans with pleomorphic round-oveid nucler,
centric nucleoli (Nu) in some nuclei, and abnormal distribution of chromatin, cross section
of blood capillary (arrow) lined with a monocyte in the lumen, and macrophage (arrow
head) infiltrating the islet tissue. (c) Showing the cells of islets of Langerhans with round
to oval nuclei of various sizes, centric and terminalized nuclei, vacoulation (arrow head) of
the nucleoplasm in some nuclei (arrow head), hetercchromatin appearing as fine distinet
coarse granules of different sizes restricted to the nuclear envelope, lightly stained
cytoplasm, and few secretory granules in certain areas appearing as darkly stained
spherical structure. (d) Showing extensive fibrosis in the connective tissues area
surrounding the blood vessel

that some nuclei displayed normal chromatin distribution, while many others possessed
marginating heterochromatin and few nucler displayed decreased heterochromatin {(Fig. 7a-c).
Moreover, some cells showed slightly irregular outline nuclei and increased numbers of dilated
nuclear pores compared to GA (Fig. 7d). One of the most important findings among this group was
the presence of inclusions in some nuclei (Fig. 7c). The nucleoli appeared segregated in some cells
{(Fig. 7a). The mitochondria assumed both round and elongated shapes with dark matrices and
visible cristae. Significant decrease in dimension of mitochondria (Fig. 4b, ¢) compared to GA was
observed. An increased number of small elongated mitochondria were noted in some cells as
compared to GA with most of them displaying signs of fragmentation (Fig. 7c). The Golgi and rER
cisternea appeared dilated compared to normal (Fig. 7b, d}. In addition, free ribosomes were
dispersed in the cytoplasm. However, autophagosomes in some cells (Fig. 7b) were cbserved and
the cytoplasm appeared vacuolated in some cells (Fig. 7d) and contained numerous characteristic
B secretory granules of two different sizes (Fig. 7b-d). Statistical analysis showed that both types
demonstrated significant decrease in diameter compared to the corresponding granules in the
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Fig. 6. KE.M. Islets of Langerhans of diabetic rats (GB). (a) Demonstrating; the difference in size
and shape of o cell nuclei (IN), the prominent nucleoli (Nu), the evenly distributed
chromatin, indistinet nuclear envelope (Ne) displaying a number of nuclear pores (arrow),
small sized round and elongated mitochondria with black arrow pointing at elongated
mitochondria exhibiting signs of fragmentation, the rER cisternea, free ribosomes (R),
polysomes as well as the characteristic a secretory granules (asterisk). (b) [llustrating; part
of « cell nucleus (IN), with normal chromatin distribution and indistinct nuclear envelope
(Ne), small sized round and elongated mitechondria (M), arrows pointing at elongated
mitochondria displaying signs of fragmentation, cisternea of rER, ribosomes (R), as well as
the characteristic a secretory granules (asterisk). Note also very large vacuocles (V) in the
disrupted cytoplasm

control group (GA) (Fig. 4d, ). Some cells demonstrated the presence of numerous secretory
granules with less dense cores compared to control group (Fig. 7a). In addition, an increased
number of empty granules were noted in P cells of these diabetic rats compared to GA (Fig. 7d).

N. sativa aqueous extract (GC) treated diabetic rats preparations: In the diabetic group
treated with N. sativa aqueous extract (GC), lightly stained small sized round islets (Fig. 8a) with
reduced number of polygonal islet cells compared to the control were observed. Nuclei appeared
round to ovoid in shape and of various sizes and with terminalized nuclecli in moest of them
{(Fig. 8b). The chromatin appeared reduced in some nuclei displaying pale areas in nuclecplasm
(Fig. 8b). However, most nuclei showed normal chromatin distribution. The eytoplasm appeared
homogenous with darkly stained spherical secretory granules in certain areas (Fig. 8b).

Electron micrographs showed « cell of various shapes (Fig. 9a, b). Some cells demonstrated the
presence of normal round nuclei; others showed slightly irregular nuclei (Fig. 9a) and some
possessed small sized nuclei (Fig. 9b). It is of considerable interest to indicate that the nucleoli
appeared terminalized in most nuclei (Fig. 9b). Normal chromatin distribution was noted in the
nuclei (Fig. 9b). The membranes of the nuclear envelope appeared distinct in some cells with
extensive dilation in the perinuclear spaces (Fig. 9b). Some cells showed nuclear blepping at certain
sites (Fig. 9b). Statistical analysis based on morphometric measurements showed that the
dimensions of nuclei displayed insignificant change in comparison to the control group ((GA)
(Fig. 2a). Round and elongated mitochondria with dark matrices were observed in the cytoplasm
of @ cells (Fig. 9a). The number and distribution of the mitochondria did not differ greatly from
those of the control group (GA). However, most of the elongated mitochondria noted displayed signs
of fragmentation (Fig. 9a). Significant increase in diameter of round mitochondria compared to the
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Fig. 7. K.M. Islets of Langerhans of diabetic rats (GB). (a) lllustrating, polygonal B cells with
basally located oval nuclei (N), central segregated nucleolus (arrow head), evenly
distributed chromatin in some nuclei, decreased heterochromatin (arrow) in the form of
clumps marginating the indistinct nuclear envelope (Ne) in others, indistinet intercellular
spaces, small sized, the characteristic secretory granules with dense cores (s) and blood
capillaries (BC). (b) illustrating; oval shaped nuclei (N), with slightly irregular nuclear
envelope (Ne), decreased heterochromatin (He), mitochondria (M), arrows pointing at
vacuolated mitochondria, dilated Golgi cisternea (G), autophagosomes in the cytoplasm
{arrow head), the characteristic [} secretory granules (s}, [i secretory granules displaying less
dense cores (s¥). (c) Demonstrating; oval shaped nucleus (N) housing an inclusion (I) in the
nucleoplasm, decreased heterochromatin (He), indistinet nuclear envelope (Ne), round and
elongated electron dense mitochondria (M), arrows pointing at the elongated mitochondria
displaying signs of fragmentation, the Golgi apparatus ((3), the distended rER, and 3
secretory granules with less dense cores (s*). (d) Showing large oval shaped nucleus (IN) of
B cells with prominent nucleclus (Nu), heterochromatin (He) clumps, indistinet nuclear
envelope (Ne), round and elongated mitochondria (M), Golgi apparatus (G), dilated rER
with membrane bound ribosomes, characteristic B secretory granules of less dense cores (s%),
and empty P secretory granules (s*%)

diabetic group (GB) (Fig. 3¢) was noticed. The mean width of the elongated mitochendria decreased
significantly (p<0.05) compared to control group ((GA) while the mean length showed insignificant
change (Fig. 8b). Golgi apparatus and few cisternea of rER with membrane bound ribosomes were
also noted in the cytoplasm, mainly sequestered in the region of the nucleus (Fig. 9a, b). The
cytoplasm of « cells contained spherical dense secretory granules with a mean diameter equal to
0.21+0.01 (Fig. 3d).
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Fig. 8 L.M. Islets of Langerhans of aquecus extract of Nigella sativa treated rats (GC). (a)
Showing small sized lightly stained round islet (arrow head) with a decreased number of
polygonal cells, and cross sections of blood capillaries (arrow) with erythrocytes noted in
their lumen. (b) Nlustrating cells of islets of Langerhans of the pancreas with pleomorphic
nuclei, terminalized nucleoli, pale areas of the nucleoplasm in some nuclei, homogenous and
lightly stained eytoplasm, secretory granules in certain areas appearing as darkly stained
spherical structure, and a cross section of a blood capillary (arrow)

The B cells of the aqueous extract-treated group (GC) were characterized by a polygonal shape
and pleomorphic nuclei. Some cells displayed spherical nuclei (Fig. 9¢), others showed irregular
shaped nucle1 (Fig. 9d) and small sized nuclei were noted in some cells. The nucleoli appeared
segregated in most nuclei (Fig. 9¢). The heterochromatin showed normal distribution. The nuclear
envelope showed distinet membranes and dilated perinuclear space. It 1s of interest to note that
nuclear blepping was observed at certain sites of the nuclear envelope (Fig. 9¢, d). Small sized
round and elongated mitochondria with dark matrices were observed scattered in the cytoplasm of
B cells of this group (Fig. 9¢, d). The number and distribution of mitochondria was similar to that
of control {GA). However, some of mitechondria appeared vacuoclated (Fig. 9d). Statistical analysis
showed that both diameter of round mitochondria and dimensions of elongated mitechondria were
significantly decreased (p<0.05) compared to GA (Fig. 4b, ¢). Dilated Golgi, rER cisternea and free
numerous ribosomes were noted dispersed in the eytoplasm (Fig. 9¢, d). The cytoplasm of the [ cells
was filled with P secretory granules of two different sizes (Fig. 9d). Most of them contained a dense
core while few displaved less dense cores and very few appeared empty. Statistical analysis showed
a significant decrease (p<0.05) in the mean diameter of both small and large secretory granules
compared to the control group (GA). Statistical analysis also indicated a significant increase
{(p<0.05) in diameter of both granules compared to diabetic group (GB) (Fig. 4d, e).

N. sativa oil (GD) treated diabetic rats preparations: Semithin sections of animals treated
with oil of N. sativa (GD) showed that the islets appeared relatively small and irregularly shaped
compared to the control (GA). However, an increase in number of the polygonal islet cells compared
to diabetic group (GB) (Fig. 10a) was noticed. Nuclei were pleomorphic in shape with terminalized
nuclei in most of them. The nuclei demonstrated normal chromatin distribution (Fig. 10h).
However, some nuclei appeared euchromatic (Fig. 10b). The cytoplasm appeared homogenous and
lightly stained in some areas with the secretory granules noted. In other areas the cytoplasm
appeared disrupted showing small vacuoles and wide intercellular spaces (Fig. 10b). Cross sections
of blood capillaries lined with endothelium were noted (Fig. 10b).
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Fig. 9: E.M. Islets of Langerhans of rats treated with aqueous extract of N. safiva (GC). (a)
Demonstrating; large more or less round « cell nucleus (N), with slightly irregular nuclear
envelope (Ne), indistinct membranes of nuclear envelope (Ne), mitochondria (M), arrows
pointing at fragmented mitochondria, rER cisternea, ¢-secretory granules (asterisk), and
the dilated intracellular space (IS). (b) Illustrating; two o cells with different sizes and
pleomorphic nuclei (N). Note one ¢ cell with small sized nucleus (IN), marginated nucleclus
{INu), normal distribution of heterochromatin, and distinet membranes of the nuclear
envelope (Ne) with extensive dilation of the perinuclear space (arrow). Note also « cell with
an irregular outline nucleus (N), with a terminalized nucleclus (Nu), distinet nuclear
envelope (Ne), dilated perinuclear space (arrow), and nuclear blepping at certain sites
{arrow head). Notice dense « secretory granules (asterisk), wide intercellular spaces (IS)
between the cells, and disruption of the cytoplasm with the presence of vacuoles. (¢)
INlustrating; B-cell with a large spherical nucleus (N), segregated nucleclus (Nu), normal
chromatin distribution, distinct nuclear envelope (INe), nuclear blepping (arrow), and slight
dilation of the perinuclear space. Note the small sized round mitochondria (M), diminished
Grolgl aisternea ((3), dilated rER cisternea, small sized characteristic f secretory granules (s),
granules with less dense cores (s¥), and cytoplasmic vacuolization (V). (d) Demonstrating;
[B-cell with an irregular outline nucleus (N), distinet nuclear envelope (Ne), dilated
perinuclear space, nuclear blepping {arrow), mitochondria (M) with black arrow pointing
at vacuclated mitochondria, dilated Golgi cisternea ((3), dilated rER cisternea, free ribosomes
(R), and B secretory granules (s)

Examination of the electron micrographs showed that « cell displayed some abnormalities. The
cells appeared polygonal in shape and possessed oval nucler with various sizes and dispersed
chromatin (Fig. 11a). Some euchromatic nuclei were noted. Membranes of the nuclear envelope
appeared distinet in some cells while dilation in the perinuclear space was noted in other cells
(Fig. 11a). Very few round and elongated mitochondria were observed in the cytoplasm of the ¢
cells (Fig. 11a). A significant increase (p<0.05) in the mean diameter of the round mitochondra
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Fig. 10:L.M. Islets of Langerhans of oil of Nigella sativa treated rats (GD). (a) Showing
relatively small and irregularly shaped islet (arrow head), containing polygonal cells
with variously sized nuelei arranged in cords and thin capsule of connective tissue
surrounding the islet and separating it from the adjacent exocrine pancreatic tissue
(asterisk). (b) Illustrating the polygonal islet cells with nuclei of various sizes,
terminalized and centric (asterisk) nucleoli. Note the euchromatic nuclei {arrow
head), the disrupted cytoplasm showing small vacuoles, wide intercellular spaces
(IS), and secretory granules appearing as darkly stained spherical structure

Fig. 11: E.M. Islets of Langerhans of rats treated with oil of Nigella sativa (G D). (a) Showing;
-cell with an oval nucleus (N), normal distribution of chromatin, distinet nuclear
envelope (Ne), dilated perinuclear space (arrow head), the elongated mitochondria
(M), dilated rER, and the characteristic dense secretory granules (asterisk). (b)
Showing; oval shaped and cells with basally located oval nueclei. Notice the
heterochromatic nuclei in cells, empty characteristic secretory granules (s*%), distinct
intercellular spaces, and vacuolization of the eytoplasm. (¢) Tllustrating; parts of and
-cells in contact with each others. Note the slightly irregular outline nucleus (IN) of
the cell, the normally distributed chromatin, distinet membranes of the nuclear
envelope (Ne), slight dilation of perinuclear space (arrow), the empty characteristic
-secretory granules (s*), the intercellular space and the basal lamina (B)
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Fig. 12: L.M. Islets of langerhans of Thymogquinone treated rats (GE). (a) Showing, elongated 1slet
{arrow head) consisting of polygonal cells with variously shaped nuclei, arrow pointing at
the cross section of blood capillaries congested with erythrocytes. (b) Demonstrating highly
disorganized polygonal cells of islets of Langerhans with pleomorphic nuclei of various
sizes, termnalized nucleoli in some cells {arrow), disrupted cytoplasm in certain areas
displaying small vacuoles, infiltration of the islet by the exocrine acinar (asterisk), and
curved arrow pointing at a capillary appearing congested with erythroeytes and
neutrophils

compared to the diabetic group (GB) was detected (Fig. 3¢) while elongated mitochondria displayed
a significant decrease (p<0.05) in dimensions compared to the control group (Fig. 3b). The rER
appeared as dilated sections lined with ribosomes (Fig. 11a). Numerous electron dense secretory
granules were noted scattered within the cytoplasm. Statistical analysis revealed that secretory
granules displayed significant decrease (p<0.05) in the mean diameter of secretory granules
compared to the control group (GA) (Fig. 3d). The presence of small eytoplasmic vacuoles indicated
disruption of the cytoplasm.

B cells of this group showed that cells were polygonal in shape and with pleomorphic nuclei but
displayed cellular damage (Fig. 11b). Also, slightly irregular outline nuclei with even chromatin
distribution were noted (Fig. 11c). Membranes of the nuclear envelope appeared distinet with shight
dilation in perinuclear space (Fig. 11b). A significant decrease (p<0.05) in mean width of nuclei
compared to the control (GA) was noticed (Fig. 4a). Very few round and elongated mitochondrna
were cbserved in f cells after cil treatment compared to control (GA). Statistical analysis showed
significant increase (p<0.05) in dimensions of elongated mitochondria compared to diabetic group
(GB). In addition, the mean width of elongated mitochondria showed a significant increase (p<0.05)
compared to control (GA) (Fig. 4b). Free ribosomes were noted in the cytoplasm of these cells
(Fig. 11¢). It is worth mentioning that most of secretory vesicles noted in the cytoplasm were either
empty or possessed less dense cores (Fig. 11¢). However, few granules displayed characteristic dense
cores. Significant decrease (p<0.05) in diameter of large secretory granules compared to control
{GA) and a significant increase (p<0.05) compared to diabetic group (GB) were noted (Fig. 4d}. On
the other hand, the diameter of small secretory granules showed significant increase (p<0.05)
compared to induced diabetic group (GB) (Fig. 4e). The cytoplasm appeared disrupted and
vacuolated (Fig. 11h).
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Fig. 13: E.M. Islets of Langerhans of rats treated with thymoquinone (Group E). Hlustrating; « cell
with a small sized nucleus, distinct nuclear envelope (Ne), dilated perinuclear space, round
mitochondria (M) with pale matrices, and dilated cross sections of rER cisternea. Note also,
part of the eytoplasm of p cells with round and elongated mitochondria (M), Golgi ((3), rER
and small sized P-secretory granule

Thymoquinone (GE) treated diabetic rats preparations: In the diabetic rats treated with
thymoquinone (GE), light micrographs of pancreas showed lightly stained elongated islets of similar
size to that detected in control (GA). An increase in number of polygonal islet cells was noted
compared to diabetic group (GB) (Fig. 12a). Further examination showed round-ovoid nuclei with
centric or terminalized nucleoli (Fig. 12b). Normal distribution of chromatin was noted in most
nuclei (Fig. 12b). Vacoulation was noted in the nucleoplasm of some nuclei. Disruption of the
cytoplasm was noted in certain areas showing small vacucles (Fig. 12b). In other areas the
cytoplasm appeared homogenous and the secretory granules were noted. Infiltration of the 1slet by
the exocrine acinar cells was noted in few islets. Inflammation was noted in certain islets with
congested blood capillaries surrounding the islet (Fig. 12b).

Examination of electron micrographs showed that o cells were wvariously shaped and
demonstrated the presence of small sized heterochromatic nuclei. Membranes of the nuclear
envelope (Ne) appeared distinct and dilation in the perinuclear space was also cbserved (Fig. 13).
Round and elongated mitochondria with pale matrices and cristea were noted in the cytoplasm
(Fig. 13). The dimensions of elongated mitochondria showed insignificant changes when compared
to control group (Fig. 3b). In addition, round mitochondria showed significant increase (p<0.05) in
diameter compared to diabetic group (GB) (Fig. 3c¢). Dilated cross sections of rER cisternea were also
observed in « cell. Free ribosomes and numerous characteristic secretory granules were observed
scattered in the cytoplasm (Fig. 13).

The P cells were also polygonal in shape with pleomorphic nuclei (Fig. 14a). In some cells
slightly irregular and clefted nuclei were cbserved (Fig. 14b). In other cells the nuclei appeared
round but with segregated nucleoli and indistinet nuclear envelope with dilated pores (Fig. 14c).
Small sized nuclei were also ocbserved in other cells (Fig. 14d). In most nuclei, an even distribution
of chromatin was noted. However, reduced heterochromatin was observed in some nuclei (Fig. 14a).
Numerous elongated mitochondria with dark matrices were observed scattered within the cytoplasm
{(Fig. 14h, d) although some round mitochondria were noted (Fig. 14d). The width of elongated
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Fig. 14: .M. Islets of Langerhans of diabetic rats-treated with thymoquinone (GE). (a)
IMustrating, Islets of Langerhans of polygonal p cells scattered around a blood capillary
{(BC). Demonstrating; p cells with pleomorphic nuclei, reduced heterochromatin in some
nuclei (arrow), and characteristic p secretory granules (s) in the apical portion. (b)
Mustrating; irregular cutline nucleus (N) with indistinet membranes of the nuclear
envelope (Ne), a clefted nucleus (large arrow) with a prominent nucleolus (Nu) and
indistinct nuclear envelope (Ne), small sized round and elongated mitochondria (M) with
black arrow pointing at the elongated mitochondria displaying signs of fragmentation,
small areas of Golgi cisternea (G), free ribosomes, polysomes, and the small sized
characteristic ff secretory granules (s). (¢) [llustrating; a large sized round B cell nucleus
(N), with a segregated nucleclus (Nu), indistinet nuclear envelope (Ne), few dilated nuclear
pores (arrows), elongated (black arrow) and round mitochondria (M), the area of Gelgi
apparatus ((3), the dilated rER cisternea and the 5 secretory granules (s). (d) Illustrating;
B cell nucler (IN) of different sizes, with normal chromatin distribution, and indistinct
nuclear envelope (Ne), elongated mitochondria (arrows), dilated Golgi cisternea (3, free
ribosomes (R), and few small sized [§ secretory granules (s)

mitocheondria showed significant decrease (p<0.05) compared to the control. In addition, both the
length and width of elongated mitochondria showed significant increase (p<0.05) compared to
diabetic group (Fig. 4b). Golgi cisternea (Fig. 14b) appeared dilated in some sections (Fig. 14d). The
rER appeared as parallel stacked membrane bound cisternea or as cross sections both of which were
dilated (Fig. 14b, ¢). Detached ribosomes were also observed within the cytoplasm. Numerous
secretory granules of different sizes were observed scattered in the cytoplasm of B cells (Fig. 14b).
A significant increase (p<0.05) in the diameter of large secretory granules compared to diabetic
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{(GB) and a significant decrease (p<0.05) compared to control (Fig. 4d) was noted. The small
granules also demonstrated a significant increase (p<0.05) in diameter compared to diabetic group

(GB) (Fig. 4e).

DISCUSSION

The specific toxicity of STZ on pancreatic B cells has been studied in several experimental
models (Aughsteen, 2000; Bolkent et al., 2000; Mythili et al., 2004). In addition various plants
have been investigated for their antidiabetic effect and have shown ability to prevent degenerative
and metabolic effects in STZ induced diabetic animal models (Yazdanparast et al., 2005,
Soleimani et al., 2007; Bhandari ef al., 2007; Noor et al., 2008). Nigelle sativa has been used as
antidiabetic in traditional medicine with many studies showing that N. safiva treatment can
decrease blood glucose level in STZ induced diabetes (El-Dalkhakhny ei «f., 2002; Kanter ef al.,
2003, 2004). However, there were no morphological studies examining the pancreas ultrastructure
in rats treated with N. safiva extracts and thymoquinone.,

In the present investigation no pathological changes were detected in the islets of control rats.
In contrast, in STZ diabetic rats, light and electron micrographs revealed many changes in
pancreatic islets. Relatively small and atrophied islets were noted. Inflammation in islets, extensive
fibrosis in the connective tissue surrounding the blood vessels, vacoulation of the eytoplasm and
degranulation were observed. These findings are consistent with the results of several studies
which detected similar histological findings (Aughsteen, 2000; Kanter ef al., 2003, 2004;
Mythili et al., 2004; Yazdanparast ef al., 2005; Bhandari ¢t al, 2007, Soleimani et «l., 2007,
Noor et al., 2008; Azza Attia, 2009),

In STZ diabetic rats, electron microscope showed that o cell secretory vesicles and organelles
showed intact morphology without significant alterations. However, the mitochondria demoenstrated
significant decrease in dimension compared to the control group and displayed signs of
fragmentation. In addition vacoulation of the cytoplasm was noted in some cells. Similar results
were obtained by Mythili et al. (2004), where ¢ cells showed swelling of the mitochondria as well
as cytoplasmic degranulation when treated with 50 mg kg™ STZ. On the other hand, B cells showed
several pathological changes,

The nuclei showed chromatin aggregation and reduced heterochromatin indicating DNA
damage as well as increased number of dilated nuclear pores. It was suggested that these could be
due to shrinkage of the nuclear material as a result of accumulation of secretory granules in acinar
cells that pushed these nuclei to the periphery as mentioned by Azza Attia (2009). In addition some
cells possessed irregular outline nuclei and some nuclei possessed inclusions.

The mitochondria appeared electron dense with some appearing vacuclated and others
displaying signs of fragmentation. These changes can be interpreted as consequences of long term
metabolic impairment. Degranulation was noted in several cells. In addition a diminishment in the
granule contents as well as the number of secretory granule was detected which is most probably
due to the decreased insulin synthesis. This is in agreement. with the suggestion of Cotran ef al.
(1994) who stated that p cell degranulation is encountered in insulin dependent diabetes due to
depletion of insulin stores. Both the mitochondria and the secretory granules showed a significant,
decrease in dimension compared to the control group. Dilation of Golgi and rER cisternea was
observed. Cytoplasmic vesiculation and autophagic vacuoles were also noted. Autophagic vacuoles
reflect the increased cellular damage and are a form of cellular reaction to tissue injury and
physiologic stimul (Hurban ef al., 1965). Similar pathological findings were detected in the studies
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conducted by Aughsteen (2000), Bolkent et al. (2000) Mythili et al. (2004), Degirmenci et al. (2005)
and Azza Attia (2009) on streptozotocin induced diabetic rats and mice.

Administration of N. safiva aqueous extract decreased some observations noted in the diabetic
group. The islets appeared small in size and with reduced number of cells but of normal shape and
architecture. The « cells showed normal morphology. However, the mitochondria appeared with
dark matrices and displayed normal distribution. In addition, most of the mitochondria displayed
signs of fragmentation. The B cells of this group showed normal chromatin distribution with
terminalized nucleoli in most nuclei although some nuclei demonstrated segregated nucleoli. The
mitochondria displayed significant decrease in dimension compared to the control group but showed
no signs of fragmentation. However, few mitochondria appeared vacuclated. In addition, the
secretory granules showed dense core and a significant increase in diameter compared to the
diabetic group. Very few granules appeared less dense or empty. No cytoplasmic vacoulation was
noted.

Treatment of diabetic rats with the oil of V. sativa did not elaborate the destructive effect of STZ
on 1islet cells. The 1slets appeared relatively small and irregularly shaped compared to control
although there was an increase in number of islet cells compared to the diabetic group. In « cells,
many nuclel appeared euchromatic and the secretory granules showed significant reduction in size.
The cytoplasm appeared disrupted displaying vacucles and wide intercellular spaces were cbhserved.
On the other hand, administration of V. sativa ol aggravated the damaging effect. of STZ on P cells.
Nuclei showed significant decrease in their width compared to the other groups. The cells appeared
degranulated although the size of the secretory granules was increased significantly but most of
the granules were empty or possessed less dense cores. Very Few mitochondria were observed. It
is important to note that the both round and elongated mitochondria showed significant increase
in dimensions compared to the diabetic group. In addition, these dimensions were also increased
compared to the control group but insignificantly, although their number was decreased. This may
be explained as possible fusion of small sized mitochondria taking place. Disruption of the cytoplasm
was also evident.

The use of thymoquinone; the active ingredient of N. sativa, amelicrated the toxic effects of STZ
on pancreatic cells. The islets appeared with similar size to that detected in control thus displaying
an increase in size as well as number of polygonal cells in comparisen to diabetic group. However
infiltration was noted in few islets in addition to infiltration of acinar cells. The electron
micrographs showed that f cells retained their structures. However; some nuclei appeared
heterochromatic and with small size and with dilated perinuclear space. The B cells retained their
normal structure with its p granules. Few nuclei however appeared euchrematic. An increased
number of mitochondria were noted in eytoplasm of B cells. They were significantly increased
compared to diabetic group but were of smaller size compared to the control group. Lowell and
Schulman (2005) stated that the increased number of mitochondria may reflect compensatory
adaptation to produce much energy in response to glucose stimuli to maintain glucose homeostasis.
The increased number of mitochondria can therefore be explained by their potency to adapt to
metabolic changes by replicating to supply the energy for the synthesis and secretion of insulin. In
contrast, vacuolated mitochondria with disrupted cristae noted in diabetic group reflect a limited
capacity of mitochondria to overcome the oxidative stress in f cells.

In agreement with our findings, Kanter ¢t al. (2003, 2004) showed that the use of N. safiva
volatile oil reduced the severity of degenerative and necrotic changes in islets of STZ-diabetic rats.
In that study sections of pancreatic tissues of treated rats stained with haematoxylin and eocsin
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showed that the majority of cells showed light. degeneration compared to the diabetic group with
no treatment. The islets were increased in size but there was lymphoid cell infiltration in peripheral
parts of the islets (Kanter et al., 2003, 2004). Similar findings were obtained using different plant
extracts for treatment of STZ induced diabetes (Yazdanparast et al., 2005; Soleimani ef al., 2007,
Noor et al., 2008). Yazdanparast et al. (2005) showed that Teucrium polium crude extract seems
to be capable of regenerating the islets of Langerhans and enhancing insulin secretion. The
methanolic extract of Equisetium arvense showed islet regeneration in STZ diabetic rats
{Soleimani et al., 2007). In addition aloe vera has shown similar effects (Noor et al., 2008).

This is the only study to investigate the effect of N. safiva seed decoction, cil and thymoquineone
on the cellular damage in pancreatic cells in STZ induced diabetic rats using the TEM. However,
studies on other plants have shown similar findings (Azza Attia, 2009; Bolkent ef al., 2000;
Arulselvan and Subramanian, 2007; Degirmenci ef al., 2005). Treatment of STZ diabetic rats with
chard extract showed an increase in the number of B cells of L.angerhans islets and in the secretory
granules, together with many hypertrophic Golgi apparatus and granules of low densities.
Degirmenci et al. (2005) demonstrated that acarboese and Rumex patientia L. proofreaded the STZ
induced morphological damage in B cells. Arulselvan and Subramanian (2007), suggested that
Murraya koenigit leaves extract treatment exerts a protective effect in diabetes by decreasing
oxidative stress and pancreatic B cell damage due to its antioxidant properties. Similarly, Azza Attia
(2009) showed that administration of 3 mg of B-carotene three timesfweek to STZ diabetic rats
protected pancreatic f cells from the damaging effect of STZ and that this effect is possibly mediated
by the antioxidant effect of f-carctene.

In conclusion, our results emphasize that NV, sativa extracts are effective in reducing the cellular
damage caused by STZ. In addition, our findings suggest that the active ingredient thymoquinone
is the most effective against ST7Z diabetes as its administration ameliorated most of the toxic effects.
These effects could be attributed to the antioxidant properties of N. sativa and thymoquinone that
prevent the cellular damage caused by STZ to the pancreatic tissue,
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