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Abstract: Background and objectives: Everolimus (EVE) is a mammalian target of the rapamycin (mTOR)
inhibitor that is widely used in cancer patients. Pulmonary toxicity, usually manifesting as interstitial
pneumonitis, is a serious adverse effect of this drug. Radiation therapy, which is often administered
in conjunction with chemotherapy for synergistic effects, also causes pulmonary fibrosis. In view of
pulmonary damage development in these two forms of cancer treatment, we have examined the effect
of EVE administration individually, in combination with radiation given in varying sequences, and its
relation to the extent of pulmonary damage. Materials and Methods: We performed an experimental
study in albino rats, which were randomized into five groups: (1) control group, (2) EVE alone,
(3) EVE 22 h after radiation, (4) EVE 2 h after irradiation, and (5) only radiation. Sixteen weeks after
thoracic irradiation, rat lung tissue samples were examined under light microscopy, and the extent of
pulmonary damage was estimated. After this, we calculated median fibrosis scores in each group.
Results: The highest fibrosis score was noted in Group 4. Among the five groups, the control group
had a significantly lower median fibrosis score compared to the others. When the median fibrosis
score of the group that received concurrent EVE with radiation therapy (RT) (Group 4) was compared
with that of the control group, the difference was statistically significant (p = 0.0022). However, no
significant differences were achieved among the study groups that received EVE only or RT only,
whether concurrently or sequentially (p > 0.05). Conclusion: EVE is an effective treatment option
for the management of several malignancies and is often combined with other therapies, such as
radiation, for a more efficient response. However, an increased risk of pulmonary fibrosis should also
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be anticipated when these two modalities are combined, as they both can cause pulmonary damage,
especially when administered concurrently.

Keywords: radiation therapy; rat; everolimus; pneumonitis; pulmonary fibrosis

1. Introduction

Several novel targeted molecular therapies are being used with increased efficacy in the
management of malignancies. Among them, everolimus (EVE) is an agent that acts via inhibition
of the mammalian target of rapamycin (mTOR), a protein kinase which regulates cell growth and
protein synthesis in response to various biological and mechanical stimuli [1,2]. This process results in
disruption of metabolic homeostasis, leading to a halt in the translation of genes that regulate cancer
cell proliferation. EVE is utilized in the management of breast cancer, neuroendocrine tumors and renal
cell carcinoma, among others [3]. EVE is known to be relatively safe; however, pulmonary fibrosis has
been noted in several clinical trials as a rare yet serious adverse effect of this drug [4,5].

Another mode of treatment used in the management of malignancies is radiation, which can be used
as a curative, adjuvant or palliative form of therapy. Ionizing radiation causes damage to both rapidly
proliferating malignant cells and also to normal tissue within the radiation field. This damage leads
to inflammation, causing stimulation of fibroblasts differentiation into myofibroblasts, subsequently
leading to tissue remodeling and fibrosis [6]. The lung is one of the most radiosensitive organs, and it
is frequently irradiated as part of treatment programs for cancers of the lung, esophagus, breast,
and lymphatic system. Radiation-induced pulmonary toxicity is a common and critical problem that
limits the doses that can be delivered. The incidence of symptomatic radiation-induced pulmonary
toxicity may be as high as 30%, and a higher risk is expected for patients treated with combined
chemoradiotherapy, a higher total dose, a larger fraction size, and a larger volume of irradiated
lung [7–9].

In view of pulmonary toxicity as an adverse effect in both EVE administration and radiotherapy,
in this study we have aimed to understand the effect of EVE, when used alone or in combination with
concurrent or sequential radiation therapy, on lung tissue.

2. Materials and Methods

2.1. Animals

Thirty female Wistar albino rats [10,11] initially weighing 200–210 g were produced, bred,
and housed in the Experimental Animal Breeding and Research Laboratory at Cumhuriyet University.
Six animals were housed per cage and maintained under identical conditions with food and water
provided ad libitum. All experiments were carried out in compliance with the regulations of our
institution and the 3R (reduction, replacement, refinement) ethical guidelines and ethical approval was
obtained from the local Experimental Animal Research Ethical Committee (No:01042013/371).

Rats were randomized into five experimental groups, each housed in separate cages. Group 1
(Control, n = 6) included rats which did not receive any treatment. Group 2 (EVE only, n = 6) consisted
of rats, which received only EVE. Group 3 (Sequential RT-EVE, n = 6) included rats, which received
thoracic irradiation followed by administration of EVE after a gap of 22 h. The rationale for this dose
was based on the reasoning that the half-life of EVE is 21 h and 22 h in plasma and tumor tissue,
respectively [12]. Group 4 (Concurrent EVE, n = 6) consisted of rats that received EVE followed by
thoracic irradiation within 2 h of drug administration. Group 5 (radiation therapy (RT) only, n = 6)
received only thoracic irradiation (Table 1).
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Table 1. The abbreviations used for the study groups.

Group (G)

G1 Control group
G2 Everolimus only group
G3 RT + sequential everolimus group
G4 RT + concurrent everolimus group
G5 RT only group

G: group; RT: radiotherapy.

2.2. Administration

EVE (1.5 mg/kg, Afinitor®; Novartis, Basel, Switzerland) was administered via the intraperitoneal
(ip) route following dilution with 2 cc of 0.9% NaCl solution. Rats were anesthetized with an
intramuscular injection of 2% xylazine hydrochloride (3 mg/kg, Rompun®; Bayer Kimya San. Ltd. Sti.,
Istanbul, Turkey) and ketamine hydrochloride (90 mg/kg, Ketalar®; EWL Eczacibasi Warner Lambert
Ilac¸ Sanayi ve Ticaret A.S., Istanbul, Turkey) prior to simulation and irradiation. The animals were
securely held in a foam holder in a supine position, and plastic bandages were used to immobilize the
thoracic region during irradiation. A 0.5 cm elastic-gel bolus was used to provide contour regularity
(Figure 1A–C). All six groups, excluding Group 1 were irradiated to the whole thoracic region with
a 6 MV linear accelerator (Varian Clinac® DHX). A single dose of 12 Gy was administered to both
lungs with a 4 × 4 cm anterior single field at 2 cm depth using the Source Axis Distance technique [13].
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Figure 1. The animals were held securely on a foam holder (A) in a supine position, and plastic
bandages were used to immobilize the thoracic region during irradiation (B). An elastic-gel bolus
(0.5 cm) was used to provide contour regularity (C).

2.3. Tissue Preparations

Rats were anesthetized and sacrificed 16 weeks after RT, which was shown to be a sufficient period
for the development of radiation-induced lung fibrosis in rats [14]. Lung tissue samples were fixed by
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tracheal instillation of 10% neutral-buffered formalin, embedded in paraffin and 4-um sections were cut.
To assess fibrosis in each group, sections were stained with Masson’s trichrome, and examination of the
slides was carried out under light microscopy. We tested fibrosis based on alveolar septal thickening
with superimposed collagen. The area adjacent to the large bronchi and vessels was estimated at
20×magnification. As a quantitative end point, the extent of pulmonary fibrosis was graded on a scale
of 0 (normal lung or minimal fibrous thickening as shown in Figure 2A) to 4 (total fibrous obliteration
of the field as shown in Figure 2E) as described in Table 2. The pathologist was not aware of the
treatment groups at the time of the histological examination of the specimens. After examining the
entire sections for each rat, the average value was taken as the fibrosis score, and mean values of the
groups were calculated.
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Figure 2. Grade 0, normal lung (Masson’s trichrome × 100) (A); Grade 1, isolated alveolar septa with 
gentle fibrotic changes (Masson trichrome × 200) (B); Grade 2, fibrotic changes of alveolar septa with 
Figure 2. Grade 0, normal lung (Masson’s trichrome × 100) (A); Grade 1, isolated alveolar septa with
gentle fibrotic changes (Masson trichrome × 200) (B); Grade 2, fibrotic changes of alveolar septa with
knot-like formation (Masson trichrome × 200) (C); Grade 3, contiguous fibrotic walls of alveolar septa
(Masson trichrome × 100) (D); and Grade 4, single fibrotic mass (Masson trichrome × 100) (E).
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Table 2. Criteria for grading lung fibrosis.

Grade Histological Features

0 Normal lung or minimal fibrous thickening of alveolar or bronchial walls.

1 Moderate thickening of the wall without obvious damage to lung architecture.

2 Increased fibrosis with definitive damage to lung structure and formation of fibrous
bands or small fibrosis masses.

3 Severe distortion of the structure and large fibrous areas; “honeycomb lung” is placed
in this category.

4 Total fibrous obliteration of the field.

2.4. Statistics

Continuous variables were reported as medians and interquartile ranges (IQR) since non-normality
was observed by Kolmogorov–Smirnov and Shapiro–Wilks tests. Kruskal–Wallis analyzes of variance
(ANOVA) and the Tamhane post-hoc test were carried out to test for differences in means among
treatment groups [15], and a significance level of 0.05 was considered significant. Graphpad prism
Software version 8.3.0 and IBM SPSS Statistics (Version 23, IBM, Armonk, NY, USA) were used for
statistical analysis.

3. Results

At the conclusion of the study (16 weeks after thoracic irradiation was given), all rats included in
the study were alive. In these 30 rats, histopathological analysis was performed on lung tissue samples,
and lung fibrosis in each sample was assessed. The median fibrosis scores (IQR) for each group using
the number of surviving rats and histopathological analysis was calculated and given in Table 3.
The highest median fibrosis score was noted in the concurrent EVE group (Group 4), which received
EVE followed by thoracic irradiation within 2 h of drug administration (Figure 2). The Kruskal–Wallis
test was used to gauge for statistically significant differences in fibrosis scores between distinct groups.
Among the five groups, the control group had a significantly lower median fibrosis score compared to
the rest of the groups. When the median fibrosis score of the group that received concurrent EVE with
RT (Group 4) was compared with that of the control group (Group 1), the difference was statistically
significant (p = 0.0022), as shown in Figure 3. It was observed that EVE and RT caused an increase
in fibrosis scores. However, no significant differences were achieved among the study groups that
received EVE only or RT only, whether concurrently or sequentially administered (p > 0.05).

Table 3. The distribution of animals according to their study groups and median fibrosis scores for
each group a.

Study Groups Median Fibrosis Score (IQR)

Group 1, Control (n = 6) 0,00 (0.0, 0.00)
Group 2, EVE only (n = 6) 2.00 (1.0, 2.0) b

Group 3, Sequential RT-EVE (n = 6) 2.00 (1.75, 3.00) b

Group 4, Concurrent EVE (n = 6) 2.50 (2.00, 3.00) b < 0.05
Group 5, RT only (n = 6) 2.00 (1.75, 2.25) b

a ANOVA test and Tamhane post-hoc test were carried out to test for differences in means among study groups, and
a significance level of 0.05 was considered significant. b p < 0.05 when compared to control group. EVE: Everolimus.
RT–EVE: Radiotherapy–Everolimus.
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4. Discussion

The use of targeted molecular therapies in oncology has been on the rise, owing to the high efficacy
of these drugs. EVE is an mTOR inhibitor that has emerged as an effective drug in the management
of malignancies, such as breast cancer, renal cell carcinoma, subependymal giant cell astrocytoma,
and neuroendocrine tumors. However, as with all mTOR inhibitors, EVE carries a troublesome adverse
effect profile. The frequently reported adverse effects seen with EVE use are fatigue, rash, stomatitis,
nausea, and diarrhea. A more serious adverse effect that has been noted is pulmonary toxicity, which
can manifest in the form of interstitial lung damage [5,16]. The exact underlying mechanism of this
toxicity has not yet been clearly understood.

Autoimmune mechanisms and delayed hypersensitivity reactions have been implicated as possible
causes for pulmonary fibrosis. A study conducted by Fielhaber et al., hypothesized that mTOR inhibitors
would suppress apoptosis genes, such as STAT-1, which could lead to lipopolysaccharide-induced
pulmonary damage [17]. A recently conducted in vitro identification study suggested that the
pulmonary fibrosis induced by EVE may be partly caused by the transition of airway cells from
epithelial to mesenchymal tissue and has been implicated in complicated biological networks in
this transformation [18]. The pulmonary toxicity of EVE has also been clinically demonstrated.
A phase-three clinical trial conducted by Motzer et al. in 416 patients with renal cell carcinoma showed
an incidence of non-infectious pneumonitis in 14% of the study group [19]. The BOLERO-2 trial
conclusively proved that the addition of EVE to exemestane provided increased efficacy in hormone
receptor-positive breast cancer treatment and showed that pneumonitis occurred more commonly with
EVE addition compared to the placebo arm [20].

Radiation therapy is an essential treatment option used in the management of malignancies.
It is often administered with chemotherapy, owing to its synergistic effect. Radiation therapy can be
administered for a curative, adjunctive and a palliative purpose based on the clinical scenario [21].
Ionizing radiation can cause DNA damage, which can lead to cell death by destroying the neoplastic cells.
Radiotherapy also causes adverse effects of an acute, long-term, or cumulative nature. Radiation-induced
pulmonary fibrosis is one such long-term, serious adverse effect. The underlying mechanism of this
pulmonary damage is very complex and involves several signaling pathways at the molecular level.
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Ionizing radiation triggers changes at the cellular level, involving endothelial cells, pneumocytes and
immune cells, which lead to remodeling and fibrotic changes in the lung parenchyma [22].

Radiation dose, the volume of lung parenchyma irradiated, and the concomitant administration
of chemotherapeutic agents are significant factors that determine the extent of lung tissue damage.
A study conducted by Manegold et al. concluded that pulmonary endothelial cells and lung tissue were
most sensitive to therapy when a combination of EVE and radiotherapy were administered [23].
The underlying basis of this synergistic effect was attributed to a combined antivascular and
antiangiogenic mechanism. Another experimental study showed that a combination of B-cell lymphoma
2 (Bcl-2) and mTOR inhibition led to increased radiosensitization in a lung cancer models [24]. In 2012,
a meta-analysis of published series, which is the largest report of the incidence and the relative risk to
develop pulmonary fibrosis in patients treated with EVE or temsirolimus for several types of cancer,
showed that incidence of high-grades pulmonary toxicity was 2.4% [25]. Furthermore, in a similar
experimental study performed by Bese et al. [26], the concurrent and sequential use of tamoxifen with
pulmonary radiation therapy were evaluated in Wistar albino rats. The highest pulmonary fibrosis
scores were obtained in the concurrent group. Again, in our study, we showed that concurrent use of
EVE and radiation therapy increases the pulmonary fibrosis score compared to the other study groups.
However, statistical analysis proved the difference to be insignificant except when compared with the
control group. It is presumed that the current number of subjects (six rats per group) is insufficient
to derive a statistically significant result; this small sample number seems to be the most significant
limitation of our study.

This synergistic effect of EVE and radiation therapy provides a more effective treatment option
for successful management of malignancies, but it also carries the possibility of an increased risk of
lung fibrosis. We attempted to examine the combination of these two treatments, both concurrently
and sequentially, to obtain a clear picture of the differing extent of lung parenchyma damage in
each scenario.

5. Conclusions

At this point, while concurrent EVE administration increases pulmonary fibrosis with radiation
therapy, safety results of randomized trials should be used to evaluate the ideal time of EVE and
radiation therapy administration.
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14. Ward, H.E.; Kemsley, L.; Davies, L.; HoleČek, M.; Berend, N. The Pulmonary Response to Sublethal Thoracic
Irradiation in the Rat. Radiat. Res. 1993, 136, 15–21. [CrossRef]

15. Tamhane, A.C. A Comparison of Procedures for Multiple Comparisons of Means with Unequal Variances.
J. Am. Stat. Assoc. 1979, 74, 471–480.

16. Junpaparp, P.; Sharma, B.; Samiappan, A.; Rhee, J.H.; Young, K.R. Everolimus-induced Severe Pulmonary
Toxicity with Diffuse Alveolar Hemorrhage. Ann. Am. Thorac. Soc. 2013, 10, 727–729. [CrossRef] [PubMed]

17. Fielhaber, J.A.; Carroll, S.F.; Dydensborg, A.B.; Shourian, M.; Triantafillopoulos, A.; Harel, S.; Hussain, S.N.;
Bouchard, M.; Qureshi, S.T.; Kristof, A.S. Inhibition of Mammalian Target of Rapamycin Augments
Lipopolysaccharide-Induced Lung Injury and Apoptosis. J. Immunol. 2012, 188, 4535–4542. [CrossRef]

18. Tomei, P.; Masola, V.; Granata, S.; Bellin, G.; Carratu, P.; Ficial, M.; Ventura, V.A.; Onisto, M.; Resta, O.;
Gambaro, G.; et al. Everolimus-induced epithelial to mesenchymal transition (EMT) in bronchial/pulmonary
cells: When the dosage does matter in transplantation. J. Nephrol. 2016, 29, 881–891. [CrossRef]

19. Motzer, R.J.; Escudier, B.; Oudard, S.; Hutson, T.E.; Porta, C.; Bracarda, S.; Grünwald, V.; Thompson, J.A.;
Figlin, R.A.; Hollaender, N.; et al. Phase 3 trial of everolimus for metastatic renal cell carcinoma: Final results
and analysis of prognostic factors. Cancer 2010, 116, 4256–4265. [CrossRef]

20. Baselga, J.; Campone, M.; Piccart, M.; Burris, H.A.; Rugo, H.S.; Sahmoud, T.; Noguchi, S.; Gnant, M.;
Pritchard, K.I.; Lebrun, F.; et al. Everolimus in postmenopausal hormone-receptor-positive advanced breast
cancer. N. Engl. J. Med. 2012, 366, 520–529. [CrossRef]

21. Williams, J.P.; Johnston, C.J.; Finkelstein, J.N. Treatment for radiation-induced pulmonary late effects: Spoiled
for choice or looking in the wrong direction? Curr. Drug Targets 2010, 11, 1386–1394. [CrossRef]

22. Giuranno, L.; Ient, J.; De Ruysscher, D.; Vooijs, M.A. Radiation-Induced Lung Injury (RILI). Front. Oncol.
2019, 9, 877. [CrossRef] [PubMed]

23. Manegold, P.C.; Paringer, C.; Kulka, U.; Krimmel, K.; Eichhorn, M.; Wilkowski, R.; Jauch, K.-W.; Guba, M.;
Bruns, C.J. Antiangiogenic Therapy with Mammalian Target of Rapamycin Inhibitor RAD001 (Everolimus)
Increases Radiosensitivity in Solid Cancer. Clin. Cancer Res. 2008, 14, 892–900. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/tri.12275
http://www.ncbi.nlm.nih.gov/pubmed/24484452
http://dx.doi.org/10.1002/ijc.29887
http://www.ncbi.nlm.nih.gov/pubmed/26452336
http://dx.doi.org/10.1007/s00432-015-1974-6
http://dx.doi.org/10.1016/j.tranon.2018.09.009
http://dx.doi.org/10.1053/srao.2000.9424
http://dx.doi.org/10.1016/j.clon.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/11619935
https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiJ5sSJxsnqAhX9wcQBHUlZByAQFjAAegQIARAB&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FLaboratory_rat&usg=AOvVaw2744xxjd1PzXE0_Dc1X1pg
https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiJ5sSJxsnqAhX9wcQBHUlZByAQFjAAegQIARAB&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FLaboratory_rat&usg=AOvVaw2744xxjd1PzXE0_Dc1X1pg
https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiJ5sSJxsnqAhX9wcQBHUlZByAQFjAAegQIARAB&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FLaboratory_rat&usg=AOvVaw2744xxjd1PzXE0_Dc1X1pg
http://dx.doi.org/10.2144/000112729
http://dx.doi.org/10.1007/s12032-009-9395-5
http://www.ncbi.nlm.nih.gov/pubmed/20041318
http://dx.doi.org/10.2307/3578634
http://dx.doi.org/10.1513/AnnalsATS.201309-332LE
http://www.ncbi.nlm.nih.gov/pubmed/24364783
http://dx.doi.org/10.4049/jimmunol.1003655
http://dx.doi.org/10.1007/s40620-016-0295-4
http://dx.doi.org/10.1002/cncr.25219
http://dx.doi.org/10.1056/NEJMoa1109653
http://dx.doi.org/10.2174/1389450111009011386
http://dx.doi.org/10.3389/fonc.2019.00877
http://www.ncbi.nlm.nih.gov/pubmed/31555602
http://dx.doi.org/10.1158/1078-0432.CCR-07-0955
http://www.ncbi.nlm.nih.gov/pubmed/18245553


Medicina 2020, 56, 348 9 of 9

24. Kim, K.W.; Moretti, L.; Mitchell, L.R.; Jung, D.K.; Lu, B. Combined bcl-2/mammalian target of rapamycin
inhibition leads to enhanced radiosensitization via induction of apoptosis and autophagy in non-small cell
lung tumor xenograft model. Clin. Cancer Res. 2009, 15, 6096–6105. [CrossRef]

25. Iacovelli, R.; Palazzo, A.; Mezi, S.; Morano, F.; Naso, G.; Cortesi, E. Incidence and risk of pulmonary toxicity
in patients treated with mTOR inhibitors for malignancy. A meta-analysis of published trials. Acta Oncol.
2012, 51, 873–879. [CrossRef] [PubMed]
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