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ABSTRACT

Objectives: This study uses transmission electron microscopy technique to
investigate the efficacy of different antioxidants (such as ascorbic acid, alpha-
tocopherol and selenium) in repairing or reversing lung damage caused by the
possible adverse effects of the chemotherapy (cyclophosphamide) application
on the lung tissue of the subjects.

Materials and Methods: Thirty female Wistar rats were divided into five groups
of six rats each: (I) control, (ll) cyclophosphamide only (75 ug/kg), (lIl)
cyclophosphamide (75 pg/kg) + ascorbic acid (200 ug/kg/day), (IV)
cyclophosphamide (75 pg/kg) + o-tocopherol (150 pg/kg/day) and (V)
cyclophosphamide (75 ug/kg) + selenium (40 ppm/kg/day). At the end of the
experimental period the rats were sacrificed and the left lung of the subjects was
removed and placed in a 2.5% glutaraldehyde solution in a 1/15 p phosphate
buffer (pH 7.4). The tissues were then stained with uranyl acetate and lead
citrate to enhance the contrast, and examined and photographed with an
electron microscope (Carl Zeiss 900 EM).

Results: Alveolar type Il cells were found to have degenerated in the
cyclophosphamide-treated lung tissues. Vacuolization and crystolisis of
mitochondria, disruption of the lamellar order and indications of apoptosis were
observed. In the a-tocopherol group, mitochondria were normal and fibrosis was
reduced. In this group, damage to the cell membrane and defects of lamellar
bodies were present. Other groups produced similar results to the
cyclophosphamide group.

Conclusion: The results of our study showed that from all the antioxidants
administered to rats during chemotherapy, only a-tocopherol was efficient in
healing the tissue damage caused by cyclophosphamide.
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OZET

Amag: Calismamizda, siklofosfamid uygulamasinin saglikh sigan akciger dokusu
Gzerindeki olumsuz etkilerinin neden oldugu akciger hasarini onarmada ya da
geri gevirmede, farkl antioksidanlarin (askorbik asit, alfa-tokoferol ve selenyum
gibi) etkinligini, gegirmeli elektron mikroskobu teknigi ile arastirmayi amagladik.
Yéntem: 30 adet disi Wistar sigani, her biri alti sigandan olusan bes gruba ayrildi:
(1) kontrol, (I1) yalnizca siklofosfamid (75 pg / kg), (1) siklofosfamid (75 ug / kg) +
askorbik asit (200 pg / kg / guin), (1V) siklofosfamid (75 ug / kg) + a-tokoferol (150
ug / kg / glin) ve (V) siklofosfamid (75 ug / kg) + selenyum (40 ppm / kg / glin).
Deney suresi sonunda siganlar sakrifiye edilerek sol akcigerleri gikarildi ve 1/15 u
fosfat tamponu (pH 7.4) iginde % 2.5lik glutaraldehit ¢ozeltisine yerlestirildi.
Dokular daha sonra kontrasti arttirmak igin uranil asetat ve kursun sitrat ile
boyandi ve Carl Zeiss 900 EM ile incelendi ve fotograflandi.

Bulgular: Siklofosfamid uygulanan grupta; tip Il alveolar hicrelerinde
dejenerasyon tespit edildi. Mitokondri vakuolizasyonu ve kristolizi, lameller
dizenin bozulmasi ve apopitoz belirtileri gézlendi. A-tokoferol grubunda ise
mitokondriyonlar normaldi ve fibroz azalmisti. Bu grupta, hiicre zari hasarlanmasi
ve lamelli cisimlerin kusurlari dikkati cekti. Diger gruplarda, siklofosfamid
grubuna benzer sonuglar gozlemlendi.

Sonug: Calismamizda, kemoterapi sirasinda siganlara uygulanan gesitli
antioksidanlardan yalnizca a-tokoferoliin ince yapi diizeyinde siklofosfamidin
neden oldugu doku hasarini iyilestirmede etkili oldugu sonucuna variimistir
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INTRODUCTION

In the last decade, there have been considerable developments in the
treatment of cancer which is one of the most important health problems of our
time. The conventional treatments for cancer include chemotherapy,
radiotherapy, surgery and immunotherapy. These methods are used alone or in
combination based on the individual characteristics of the patients diagnosed
with cancer and the stage of the disease. These treatment methods aim to help
cancer patients have a higher quality of life and increase their life span.
Radiotherapy and chemotherapy methods used in the treatment of cancer have
known toxic effects (1). One of the chemotherapy drugs commonly used in
clinical studies is cyclophosphamide which is an alkylating oxazaphosphorine
agent that is effective when taken orally. In malign and inflammatory cases, it is
used to suppress the immune system. On its own, cyclophosphamide is an
inactive molecule activated by the cytochrome P450 mixed function oxidase
system, which metabolizes cyclophosphamide in hepatic microsomal enzymes
and reduces it to its metabolite, acrolein (2).

In the literature, lung toxicity caused by cyclophosphamide has been
described; however, the individual mechanism of the lung has not been fully
elucidated. In addition, the functioning of pulmonary metabolism through the
oxidase system has not been explained in detail (2).

Acrolein is generally considered to be the molecule responsible for lung injury.
However, it is not clear whether acrolein is responsible for the metabolic
pathways in the lungs of mice, and the role it has in the damage caused by
cyclophosphamide. The possibility of the formation of nicotinamide adenine
dinucleotide phosphate (NADPH)-supported alkylating metabolites in pulmonary
microsomes is lower in mice compared to rats. This indicates that the therapeutic
effects and toxicity differ according to the species (3).

The alveolar regions of the lung are exposed to reactive oxygen and nitrogen
molecules from the inhaled air. The antioxidant defense system contains several
low-molecule agents including lipophilic antioxidants such as glutathione,
ascorbic acid (vitamin C), uric acid, alpha tocopherol (vitamin E), retinol and
plasmalogens, and enzymes such as superoxide dismutase, catalase and
glutathione peroxidase. These antioxidants protect the lung from complex pro-
oxidant effects (4). Maintaining the balance between the antioxidant and oxidant
concentrations is effective in preventing lung injury that can result in surfactant
metabolism dysfunction as well as increased capillary leak. When free radicals
attack the cell membrane, the thickness of the membrane is reduced resulting in
rapid cellular and tissue degeneration. Furthermore, DNA mutations known as
oxidative stress induce DNA fragmentation and apoptosis (5).

The current study investigated the efficacy of different antioxidants in
repairing or reversing lung injury caused by the possible adverse effects of
chemotherapy on the lung tissue of rats. Cyclophosphamide was used as the
chemotherapy drug. Transmission electron microscopic examination was
performed on the ultrastructure of pulmonary alveoli to determine whether the
antioxidants administered during chemotherapy reduce the damage to cancer-
free normal tissues caused by chemotherapeutic agents.

MATERIALS and METHODS

Animals

Thirty female Wistar albino rats (weighing between 100 g and 130 g) from the
Hacettepe University Laboratory Animals Breeding and Experimental Research
Center, Turkey, were used in this experimental study. All animals were housed
in groups in plastic cages at a constant room temperature (21-22 °C) and
humidity (55-60%) and in a 12 h light/ 12 h dark cycle (lights on at 07:00 a.m.) in
the Gazi University Laboratory Animals Breeding and Experimental Research
Center. Rats were given free access to food and water. All animal experiments
were carried out in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and were approved by the Animal
Care Committee of Gazi University.

Experimental procedure and dosing

Rats were divided into five groups of six animals each. Group | served as a
control, receiving saline throughout the experimental period (n = 6). Group Il
received intraperitoneal CP (Sigma, St. Louis, MO, USA) (75 mg/kg body weight)
dissolved in saline, once a week for 3 weeks (6). Group Il rats received
intraperitoneal CP (75 mg/kg body weight) once a week for 3 weeks plus ascorbic
acid (Sigma, St. Louis, MO, USA) (200 mg/kg) dissolved in distilled water and
taken daily by oral gavage for 3 weeks (7). Group IV received intraperitoneal CP
(75 mg/kg body weight) once a week for 3 weeks plus a-tocopherol (Sigma, St.
Louis, MO, USA) (150 mg/kg) dissolved in olive oil and taken daily by oral gavage
for 3 weeks (8). Group V received intraperitoneal CP (75 mg/kg body weight)
once a week for 3 weeks plus selenium (Sigma, St. Louis, MO, USA) (40
ppm/day/rat) dissolved in distilled water and taken daily by oral gavage for 3
weeks (9). The extracted tissues were placed in a 2.5% glutaraldehyde solution
in a 1/15 p phosphate buffer (pH 7.4) for transmission electron microscopic
examination.

Transmission electron microscopy

The tissues that were placed in the glutaraldehyde solution for 30 minutes
were cut into 1-mm?3 pieces, which were then fixed with the glutaraldehyde
solution for another hour. After the secondary fixation and staining in buffered
osmium tetroxide, the tissues were passed through a series of alcohol
concentrations. After being kept in propylene oxide, tissues were transitioned in
propylene oxide for another 30 minutes to be implanted in the embedding
material. The embedded materials were subsequently kept in a rotating oven at
40°C for 2 hours. Finally, the tissues were embedded in a size 00 gelatin capsule
using the same mixture. From the prepared blocks, 1p sections were cut with an
LKB Leica ultramicrotome and stained with toluidine blue. Ultra-thick sections
were examined under light microscopy (DCM 4000, Leica, Germany) and the
identified ultra-thin sections of 0.2-0.5u were cut on the same microtome
mounted on formvar-coated copper grids. For the enhancement of contrast,
these sections were stained with a solution of uranyl acetate and lead citrate,
then examined and photographed with an electron microscope (Carl Zeiss EM
900).

RESULTS

In the pulmonary tissue of the control group, type | and type Il alveolar cells in
the alveolar wall, macrophages and vessels displayed a normal, ultra-thin
structure. At high magnification, the cytoplasmic structure of type | alveolar cells
were found to be normal and organelles were present. In the type Il alveolar
cells, lamellar bodies were frequently seen, the nucleus was of a normal
structure and the basal lamina was distinct (Figures 1A, 1B).
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Figure 1. TEM image lung tissue in the control group (A - B), (Type I): type | alveolar cell, (Type Il): type Il alveolar cell, (N): nucleus, (m): mitochondria, (3): basal lamina,
(A): alveolar macrophage, (Lm): lamellar body. A, B x7000. (Uranyl acetate — lead citrate)

In the cyclophosphamide group, the type I cell structure in the alveolar wall Some of the type Il alveolar cells were observed to have undergone apoptosis,
was generally intact; however, in type Il alveolar cell cytoplasm, vacuolization the alveolar lumen partially obliterated and fibrosis was commonly seen in the
and crystolisis of mitochondria was commonly seen, lamellar bodies acquired a connective tissue (Figure 2C).

vacuolar structure and the lamellar order was disrupted (Figures 2A, 2B).

2A 2B 2C
Figure 2. TEM image lung tissue in cyclophoshamide group (A - B - C), (Type 1): type | alveolar cell, (Type II): type Il alveolar cell, (N): nucleus, (m): mitochondria, (Lm): lamellar
body, (#): fibrosis, (®): apoptozis. A x7000, B, C x3000. (Uranyl acetate — lead citrate)

In the cyclophosphamide and B-tocopherol group, the frequency of fibrosis however, the nuclear membrane was punctured in parts and the lamellar body
was found to be slightly Iower The mito hondrlal structure was ina better state; defects continued to be present (Figures 3A, 3B).

3A ] 3B
Figure 3. TEM image lung tissue in a-tocopherol group (A - B), (Type II): type Il alveolar cell, (N): nucleus, (m): mitochondria, (Lm): lamellar body, (3): basal lamina, (X):

separation in nuclear membrane. A x7000, B, x3000. (Uranyl acetate — lead citrate)
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In the cyclophosphamide and ascorbic acid group, the ultrastructure was
similar to that observed in the cyclophosphamide group (Figures 4A, 4B) in which

4A

the cyclophosphamide and selenium was not found to have a positive effect in
terms of this structure (Figures 5A, 5B).

Figure 4. TEM image lung tissue in ascorbic acid group (A - B), (N): nucleus, (m): mitochondria, (Lm): lamellar body, (#): apoptozis, (v): vacuoles. A x7000, B, x3000. (Uranyl

acetate — lead citrate)

5A
Figure 5. TEM image lung tissue in selenium group (A - B), (N): nucleus, (m): mitochondria, (Lm): lamellar body, (v): vacuoles. A x7000, B x3000. (Uranyl acetate — lead citrate)

DISCUSSION

Cancer increasingly affects human health and life span. The common
treatment options for cancer include; chemotherapy, radiotherapy and
immunotherapy. These methods are used alone or in combination based on the
individual characteristics of the patients diagnosed with cancer and the stage of
the disease. In many severe cases, IP chemotherapy not only has a significant
role in the rapid recovery of general health but also in the treatment of tumors
that metastasize to the peritoneum (10). However, several chemical agents, in
particular the chemotherapeutical drugs that have a cytotoxic effect, cause
systematic damage to the lungs (11).

Cyclophosphamide is an antineoplastic agent that has been shown in vivo and
in vitro experiments to have a toxic effect on the lungs and therefore, it is
commonly used in research. Cyclophosphamide is generally used in a single dose.
Patel et al. conducted a study on rats and demonstrated the toxic effect of
cyclophosphamide comprising alveolar pneumonia, damaged type |
pneumocytes, abnormal formation of type Il cells and increased collagen content
characterized by fibrosis and loss of alveolar elasticity (12). An important result

reported by similar studies is that such histopathologic findings are obtained
even following the administration of a single dose of cyclophosphamide (13).

In the current study, the results of the transmission electron microscopic
examination in the cyclophosphamide-treated groups showed that the
degeneration of the alveolar structure reduced the alveolar tension. At the
ultrastructural level, the type Il alveolar cells started to lose their normal
cytoplasmic features, the lamellae in the lamellar bodies vanished by being
converted into vacuoles. Crystolisis of mitochondria was frequently observed. In
certain parts of the lung tissue, there were distinct deposits of collagen fibers
indicating the presence of fibrosis.

Despite not being the only option, multi-functional molecules of cell oxidation
are an important way of metabolizing cyclophosphamide. Molecules oxidized
and alkylated through hydroperoxide-independent oxidation (cooxidation) are
recognized, thus preventing tissue damage and carcinogenesis. Two oxidant
agents, prostaglandin-H synthase and lipoxygenase, are present in the lungs.
Using these molecules, the lungs have the ability to alkylate and metabolize
cyclophosphamide (14). In the lung, cell damage and fibrosis are significantly
suppressed by prostaglandin-H synthase. The in vitro alkylation metabolism
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occurs in an NADPH-independent manner in the hepatic microsome and in an
arachidonic acid-independent manner in the pulmonary microsome (2).

Radiolabeled thymidine enters and damages the DNA of the pulmonary cell at
the latest seven days after the cyclophosphamide treatment. Preliminary
treatment with antioxidants that suppress the oxidation activity can prevent
damage during the use of the drug (15). Several in vitro and in vivo studies have
reported that antioxidants such as ascorbic acid, a - tocopherol and selenium (-
carotene) prevent oxidation caused by free radicals (16).

Ascorbic acid has intracellular antioxidant properties. Jain et al. investigated
the effect of ascorbic acid on oxidative stress by administering ascorbic acid to
glutathione-deficient mice and evaluated the findings with transmission electron
microscopy. The results showed that glutathione deficiency damaged the
lamellar bodies and mitochondria of type Il cells in the lungs of adult mice. The
researchers attributed this result to the reduced phosphatidylcholine level in the
lungs and the bronchoalveolar lining. Furthermore, the authors explained that
glutathione deficiency was due to the depletion of the lung surfactant. Adult
mice can synthesize ascorbate in their tissue while newborns cannot. The results
of several studies showed that the administration of high doses of ascorbic acid
have a protective effect on glutathione-deficient newborn mice, newborn rats
and guinea pigs while ascorbate treatment in glutathione-deficient adult mice
prevents lung injury. In the antioxidant system, ascorbate and glutathione have
a similar effect. In the absence of glutathione, ascorbate catalyzes glutathione
peroxidase. Many researchers reporting the protective effect of ascorbic acid
suggested that it could provide clinical benefits in practice (17).

The external administration of ascorbic acid to mice and rats reduces the level
of ascorbic acid in the body and stops synthesis by raising the feedback
mechanism. In this case, adding 50 mg daily ascorbic acid to diet reduces the
ascorbic acid concentration in the liver and kidneys. All results suggest that the
ascorbic acid concentration in the blood or culture affect the biosynthesis in
tissues (18). Similarly, in the current study, the external administration of
ascorbic acid did not have a positive effect on the pulmonary tissue. The
ultrastructure in the cyclophosphamide and ascorbic acid group was found to be
similar to that in the cyclophosphamide group.

The experimental results demonstrated the presence of an interaction
between antioxidants that results in their regeneration. a-tocopherol is an
effective chain-breaking antioxidant suppressing lipid peroxidation (19). Ascorbic
acid renews the fragmented tocopherol radicals of a-tocopherol and organizes
the selenium radicals (20, 21). a-tocopherol protects selenium from
autoxidation. In contrast, selenium converts oxidized a-tocopherol to reduced a-
tocopherol. However, the metabolism of selenium in the lung is still not clear.
Ascorbic acid and a-tocopherol work together to prevent the decomposition of
selenium by facilitating the conversion of retinoic acid (vitamin A) to retinol (19).

There are many protective agents, known as antioxidants, against oxidative
damage in the cell caused by free oxygen radicals. These prevent lipid
peroxidation by blocking peroxidation chain reaction or collecting reactive
oxygen species. When free radicals attack the cell membrane, the membrane
loses stability and cell and tissue degeneration occurs quickly due to lipid
peroxidation. In addition, free radicals elicit DNA mutations, DNA chain breakage
and apoptosis. These factors are also known as oxidative stress (22).

Selenium is a basic element in the structure of mRNA that regulates the
function of the cell. Studies have shown that taking selenium reduces the risk of
cancer development in the colon, lungs and prostate (23). In addition, in the
literature, it has been reported that selenium also decreases the prevalence and
mortality rate of liver, prostate, lung and colon cancer (24). Selenium is present
in the catalytic site of the glutathione peroxidase enzyme. This enzyme uses
glutathione to reduce hydroperoxides and protect proteins, nucleic acids and
membrane lipids from the harmful effects of peroxides. Selenium also plays a
significant role in the metabolism of platelet fatty acids. It increases the
lipoxygenase activity in the arachidonic acid metabolism; metabolites formed in
this process reduce prostaglandin production, increase vasodilation and reduce
the accumulation of platelets. Furthermore, selenium is considered to be
important in destroying microorganisms after phagocytosis in neutrophils. It is
also known to reduce the mutagenic effects of several carcinogenic substances
(25).

Inspired by the reports of the in vitro and animal studies that the
chemotherapeutic agents are more effective when supported by antioxidants.
Pathak et al. conducted a similar study on patients with lung cancer.

The researchers divided the patients into two groups; one only receiving
chemotherapy every three weeks for no more than six cycles while the other was
administered a high dose of antioxidants (ascorbic acid, a-tocopherol and
selenium) two days before the chemotherapy application of the same duration.
Chest radiographs of the patients were evaluated with physiological toxicity tests
and statistical analyses. The result showed that was no sufficient evidence
suggesting that antioxidants provide full protection against chemotherapy-
induced lung tissue injury. The authors also concluded that there was concern
among researchers about the possibility that the combined use of antioxidants
might reduce the effect of chemotherapy (26).

It has been suggested that preliminary treatment with antioxidants such as
ascorbic acid, a-tocopherol and selenium in patients with lung melanoma and
carcinoma increase the growth-inhibition effects of chemotherapy and other
cancer agents. Furthermore, the combined use of a — tocopherol, radiotherapy
and cyclophosphamide was reported to increase patient recovery rate (27).

Ascorbic acid and a-tocopherol, when present in the body together, return the
reduced selenium back to normal levels (28). Ascorbic acid, a-tocopherol and
selenium synergistically act synergistically as an antioxidant in vivo and in vitro
(29). In our study, the transmission electron microscopic examination showed
that when the cyclophosphamide—treated pulmonary tissue was compared with
the control group, in the type Il alveolar cell cytoplasm, mitochondrial
vacuolization and crystolisis was present; lamellar bodies acquired a vacuolar
structure; the lamellar order was disrupted, the cell underwent apoptosis and
the alveolar lumen was narrowed and closed. In the a—tocopherol group, fibrosis
was reduced; intact mitochondria were still present but decreased in number,
and lamellar body defects were observed. The other groups were found to
provide similar results to the cyclophosphamide group.

Based on the results of our study, it can be concluded that among the
antioxidants administered to rats during chemotherapy, only a-tocopherol
reduced the free radicals to a minimum level and thus can effectively reverse
tissue damage.
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