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ABSTRACT 

Objectives: This study aimed to investigate the protective effect of gallic acid (GA) against cyclophosphamide (CYP)-

induced lung toxicity with exploring the mechanism of CYP cytotoxicity using normal human lung cells, WI-38 cell line. 

Methods: WI-38 cells have been categorized into three groups; first group was considered as control, untreated, cells; 

CYP-group, cells were treated with IC50 concentration of CYP for 24 h; GA+CYP group, cells were pretreated with a 

selected dose of GA for 24 h then followed by CYP for additional 24 h. After incubation times, cells were collected to 

evaluate cell viability by trypan blue assay, cell morphology and nuclear condensation by DAPI stain and apoptosis was 

assessed by AO/EB staining. Lipid peroxidation and total antioxidant capacity were determined in cell lysate 

biochemically.  ELISA technique was applied to determine inflammatory markers (TNF-α and IL-1β), total caspase-3 

and LC3-B. RAGE, NF-κB, and Beclin-1 mRNA-expressions were estimated by qRT-PCR. Results: WI-38 cells treated 

with CYP showed increased cell death by both necrosis and apoptosis with elevated caspase-3 level. Additionally, RAGE 

expression was up regulated accompanied with activated inflammatory cascade and autophagy. While, GA pretreatment 

suppressed oxidative stress, inflammatory and autophagy signaling induced by CYP. Conclusion: GA is considered as a 

promising natural therapeutic option that can halt oxidative damage and RAGE expression activation induced by CYP in 

lung cells thus preventing lung injury. 
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INTRODUCTION 
 

Cyclophosphamide (CYP), an alkylating agent, 

is a widely used chemotherapeutic and immune-

suppressive agent in treating different solid tumors and 

leukemias as well as many autoimmune disorders 1.  

CYP is a prodrug that is metabolized in liver to a toxic 

metabolite, acrolein, which is responsible for different 

organs toxicities via activating oxidative 

damage/inflammatory signaling2,3. It is reported that 

CYP induces lung injury due to interference with the 

antioxidant system of lung tissues and increased 

reactive oxygen species (ROS) production4. 

Furthermore, the receptor for advanced glycation end-

products (RAGE) activation plays an important role in 

inducing inflammatory signals related to CYP 5. RAGE 

is a multiligand receptor belonging to the cell surface 

molecules of the immunoglobulin superfamily which 
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acts as a counter-receptor for various molecules such as 

damage-associated molecular patterns (DAMPs) that 

are released in response to injured and dying cells due 

to stressful conditions, playing a crucial role in 

modulating the lung injury response 6,7. As a result of 

Nuclear factor-κB (NF-κB) translocation, excessive 

inflammatory factors such as tumor necrosis factor-α 

(TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6) 

and cyclooxygenase-2 (COX-2) can be released in 

response to RAGE activation causing an extreme  

tissue damage 8. 

Autophagy is a regulating homeostatic process 

by which various cytoplasmic debris and damaged 

organelles are removed by lysosomal degradation as 

well as controlling microorganism infection 9. However, 

when autophagy level is disturbed either by excessive 

reduction or increase, the intracellular environment may 

be impaired, contributing to excessive cell proliferation 

or degeneration and death, respectively 10. RAGE 

activation has s role in mediating autophagy, since the 

study of Gao and his colleagues reported that RAGE 

inhibition reversed  autophagy activation by 

suppressing autophagy related proteins (LC3BII/I  

and Beclin-1) 11 

Gallic acid (GA) is a natural polyphenolic 

found abundantly in dietary plants as pomegranate, 

grapes, nuts, and green tea 12. GA is a powerful 

antioxidant and can suppress DAMPs release providing 

a protection against stress-induced cell death 13. The 

effect of GA on the lung toxicity induced by CYP has 

not yet been studied. Therefore, this study aims at 

investigating the protective effect on GA against CYP-

induced lung toxicity using WI-38 cell line as an in-

vitro model to explore the influence of GA on CYP-

activated inflammatory and autophagy signaling 

 

MATERIAL AND METHODS 
 

Drugs and chemicals 

4′,6-diamidino-2-phenylindole (DAPI), 

Acridine orange, ethidium bromide, Cyclophosphamide 

(CYP), and  gallic acid (GA) were purchased from 

Sigma Aldrich Chemical Co. (St. Louis, MO, USA) and 

reagents used to maintain cell culture have been 

purchased from (Biowest). 

 

Cell culture and cell viability assay  

Human embryonic lung fibroblast, WI-38 cell 

line, was purchased from the American Type Culture 

Collection (ATCC, USA). WI-38 cells were maintained 

with Dulbecco's Modified Eagle's Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 

1% v/v penicillin-streptomycin at 37 °C in a 5% CO2 

humidified incubator. All the experiments of cell 

culture were performed in the cell culture unit of 

October 6 University 

The used concentrations of GA, and CYP in this study 

was determined by MTS assay; performed according to 

the manufacturer’s instructions (Abcam, USA). Briefly, 

in 96-well culture plates, WI-38 cells (1×104 cells/well) 

were seeded with DMEM supplemented with 10% FBS 

then treated with various concentrations for each drug. 

After incubation times (24 or 48 hours), 20 μl of MTS 

reagent was added to each well and incubated for 

additional 4 hours at 37°C. The absorbance was 

measured using the microplate ELISA reader 

(FLUOstar Omega, BMG, Labtech, Germany) at 490 

nm. The percentage of relative cell viability was 

determined using the following equation: [Absorbance 

of treated cells/ Absorbance of control cells)] X 100. 

The IC50 was calculated by using a Graph-Pad PRISM 

version 6. 

 

Treatment protocol of WI-38 cells  

WI-38 cells were seeded in six-well culture 

plates with 10% FBS supplemented DMEM media at 

37°C with 5% CO2 in a humidified incubator. Each 

three wells were allocated for each group as the 

following: Control group: WI-38 cells were incubated 

in complete DMEM media. CYP group: WI-38 cells 

were treated with CYP using IC50 concentration value 

estimated by MTS assay then incubated for 24 hr. 

GA+CYL group: cells were pretreated with GA using 

the most safe dose as evaluated by MTS assay for 24 h 

followed by CYP then incubated for additional 24 h.  

Cell treatment was repeated three times separately for 

preparing three runs of samples. The first run was used 

for trypan blue assay and acridine orange/ethidium 

bromide fluorescent stain, where, the cells were 

collected by trypsinization, washed twice with PBS, 

then used immediately. The second run, cells were 

collected by scraping, and lysed in ice-cold lysis buffer 

supplemented with protease inhibitor cocktail then 

passed through a 21-gauge needle, afterwards 

centrifuged at 14,000 × g for 15 min at 4 °C and the 

supernatants were used for determining lipid 

peroxidation, total antioxidant capacity (TAC) and 

ELISA. The third run, cells were used for mRNA 

extraction for quantifying gene expression by  

real time-PCR. 

 

Evaluating the protective effect of GA 

In order to evaluate the protective effect of GA 

against CYP-induced cytotoxicity in WI-38 cells, a 

trypan blue assay was performed by adding 10 μl of 

trypan blue 0.4 percent to an equal volume of cell 

suspension and mixed well then, using a 

hemocytometer, both dead and viable cells were 

counted under a light microscope 14. 

% of cell viability = (number of viable cells/total cell 

number) × 100. 
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Table 1. The list of the gene-specific primers used in qRT-PCR 

Gene Sequence (5′-3′) 

RAGE 
F: CTGATCCTCCCACAGAGCC 

R: CAGGACCAGGGAACCTACAG 

NF-KB 
F: TGGTGCCTCACTGCTAACT 

R: GGATGCACTTCAGCTTCTGT 

Beclin1 
F: GGCTGAGAGACTGGATCAGG 

R: CTGCGTCTGGGCATAACG 

GAPDH 
F: CTCTGATTTGGTCGTATTGGG 

R: TGGAAGATGGTGATGGGATT 

 

 

 
a) 

 
 

b) 

 

c) 

 

 

 

Figure 1: Cell viability assays. a) The cytotoxic effect of different concentrations of CYP on WI-38 cells. b) The effect of different 

concentrations of GA on WI-38 cell viability for selecting a safe dose. c) The protective effect of GA against CYP-induced cytotoxicity 

in WI-38 cells. The experiments were carried out in triplicates independently, and the data are expressed as Mean ± S.D. (N = 3), * p < 

0.05 in comparison with control group. # p < 0.05 compared with CYP group.   

 

 

 

Evaluating the mode of cell death 

To examine nuclear morphology, 4′,6-

diamidino-2-phenylindole (DAPI) stain was used 15. 

Cells were rinsed with PBS immediately after 

harvesting cells and incubated at 37°C with DAPI 1 μM 

for 15 min. Cells were rinsed after incubation, and then 

examined using a fluorescent microscope  

(Olympus, Japan). 

Acridine orange/ethidium bromide (AO/EB) 

fluorescent staining was utilized to evaluate cell death 

mode by determining apoptosis and necrosis ratio. WI-

38 cells were collected and stained using an equal dye 

mixture of AO/EB in PBS, then cells were examined 

using fluorescence microscopy within 20 min 16.  At 

least 500 cells were counted for each sample, and the 

percentage of apoptotic or necrotic cells was calculated 

as follows: percentage of apoptotic or necrotic cells = 

(total number of apoptotic or necrotic cells / total 

counted number) × 100. 

Enzyme-linked immunosorbent assay (ELISA) 

ELISA was used to estimate the levels of 

inflammatory cytokines such as TNF - α and IL-1β in 

cell supernatant, in addition to estimating the levels of 

caspase-3 and LC3-B in cell lysate, according to  

the ELISA kits manufacturer's protocols (Sunlong  

Biotech, China). 

 

Evaluating antioxidant/oxidative stress markers 

Spectrophotometrically lipid peroxidation was 

detected as the end-product, malondialdehyde (MDA), 

at 534 nm using a commercial kit (Biodiagnostic Co., 

Cairo, Egypt). Total antioxidant capacity (TAC) was 

estimated at 570 nm in Trolox equivalents, as instructed 

by the manufacturer using the TAC assay kit (Sigma - 

Aldrich, USA). 
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a) 

 

 

 

 

 

 

 

b) 

 

Figure 2. The effect of GA pretreatment on CYP-induced cell morphological change and cell death. a) Cell morphology, 

DAPI, and AO/EB staining of WI-38 cells. b) The percentage of different cell populations (viable, apoptotic and necrotic cells). 

The experiments were carried out in triplicates independently, and the data are expressed as Mean ± S.D. (N = 3), * p < 0.05 in 

comparison with control group. # p < 0.05 compared with group CYP group.  

 

 

 

Quantitative real time-PCR (qRT-PCR) 

The magnitude of gene expression was 

quantified using RT-PCR for RAGE, NF-κB,  

and Beclin-1. In short, total RNA was extracted from 

the collected cells using RNeasy Mini kit  

(Qiagen, Germany, GmbH) as directed by the 

manufacturer. In a 25 μl reaction containing 12.5 μl of 

the 2x QuantiTect SYBR Green PCR Master Mix 

(Qiagen, Germany, GmbH), 0.25 μl of RevertAid 

Reverse Transcriptase (200 U / μL) (Thermo Fisher), 

8.25 μl of water, and 3 μl of RNA template, the primers 

(Metabion, Germany), listed in Table 1 were used.  

The reaction was carried out in a RT- PCR system with 

StratageneMX3005P. The ct of each sample was 

compared with that of the positive control group using 

the following ratio: (2-ct). GAPDH had been used as a 

gene for housekeeping. 

 

Statistical analysis 

The statistical analysis the data was 

implemented using Prism software version 6.01 

(GraphPad Software Inc., CA, USA). Data were given 

as mean ± standard deviation. Statistical significance 

was revealed using one-way ANOVA following with a 

Tukey-Kramer post hoc test for estimating the 

differences between groups. The statistically significant 

level was recognized at p-value < 0.05.  

RESULTS 
 

Effect of GA on CYP-induced cytotoxicity in  

WI-38 cells 

As presented in Figure 1a, cell viability of 

WI-38 cells was decreased by increasing CYP 

concentration. The concentration of CYP used for 

treating WI-38 cells was that of IC50 which determined 

by MTS assay, 40 µM. The protective dose of GA used 

in our treatment protocol was chosen according cell-

viability response curve selecting the highest safe dose 

for WI-38 cells after 24 h incubation time of different 

serial concentrations. 

As presented in Figure 1b, the concentration 

of 25 µM was considered safe to WI-38 cells when 

compared to control group, therefore, this concentration 

was selected to investigate the protective effect of GA 

against CYP-induced lung toxicity. The cytoprotective 

effect of GA was screened by trypan blue exclusion 

assay, since CYP treatment reduced the percentage of 

viable cells to 52.1% ± 3.4 when compared with control 

group; however, pretreatment of WI-38 cells with GA, 

25 µM, for 24 h before CYP significantly reduced 

CYP-induced cytotoxicity and cell viability was 

significantly enhanced to 82.6% ± 3.8 when compared 

with CYP group. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 3. GA pretreatment alleviates the inflammatory response and increased total caspase-3 level induced by CYP 

treatment in WI-38 cells. a) NF-κB expression, b) TNF-α level, c) IL-1β level, d) Total caspase-3 level. All the results are 

expressed as Mean ± S.D., n = 3. * p < 0.05 in comparison with control group. # p < 0.05 compared with group CYP group.  

 

 

 

Morphological changes and mode of cell death 

induced by CYP in WI-38 cells and the effect of GA 

pretreatment 

The morphology of control WI-38 cells as 

inspected by the innervated microscope were 

characterized by their smooth-edged spindle-like shape. 

Treating WI-38 cells with CYP (40.7 μM) for 24 h 

changed cell morphology and induced cell shrinkage 

with an abnormal nuclear condensation that was 

observed upon DAPI staining (Figure 2a). 

Additionally, AO/EB staining showed that CYP 

induced cell death by both apoptosis and necrosis when 

compared with control cells. As presented in Figure 2b 

different cell populations were determined as live cells 

(green), apoptotic cells (yellow and light orange) and 

necrotic cells (dark orange and red) imaged by a 

fluorescent microscope. GA pretreatment, however, 

maintained viable cells and reduced morphological 

changes and nuclear condensation induced by CYP as 

well as significantly decreased both apoptotic and 

necrotic cell populations as compared with the CYP 

group (p < 0.05). 

 

The effect of GA on inflammatory markers and 

caspase 3 induced by CYP in WI-38 cells  

Inflammatory insult was initiated by CYP 

treatment in lung cells evinced by increased 

inflammatory mediators as NF-κB, TNF-α and IL-1β. 

The mRNA expression of NF-κB was significantly 

elevated in CYP-treated cells. Accordingly, TNF-α and 

IL-1β levels were elevated by 2 and 1.5 folds 

respectively when compared with control group (p < 

0.05). Moreover, total caspase-3 was increased 

significantly when WI-38 cells were exposed to the IC50 

of CYP for 24 h. on the other hand, the GA pretreated 

cells showed significant reduced inflammatory markers 

and caspase-3 level (Figure 3) as compared with CYP 

group (p < 0.05). 

 

GA pretreatment attenuates CYP-induced oxidative 

stress and RAGE activation 

The oxidant/antioxidant balance was disturbed 

upon exposing WI-38 cells to CYP due to elevated 

MDA levels reflecting an increase in lipid peroxidation 

with simultaneous significant reduction in TAC level as 

illustrated in Figure 4. Moreover, RAGE gene 

expression was upregulated due to CYP treatment 10 

times that of the control. In contrast, GA pretreatment 

restored the antioxidant balance significantly as well as 

reduced the upregulated RAGE gene expression by 

50% when compared with CYP group (p < 0.05). 

 

GA halts CYP-induced autophagy activation in  

WI-38 cells  

In the current study autophagy signaling was 

activated by CYP in lung cells as we observed the over 

expression of Belin-1 in addition to increased level of 

LC3-B; both elevated by six and three folds regarding 

that of the control cells (p < 0.05). on the other side GA 

pretreated cells showing lower levels of Belin-1 

expression and LC3-B when compared with CYP 

treated group as presented in Figure 5.  

 

DISCUSSION 
 

CYP is one of the nitrogen mustard alkylating 

agent oxazaphosphorin chemical class. It is widely used 

in treating various neoplastic diseases and owing to its 

immunosuppressive effect, it is used in organ 

transplantation and managing several autoimmune 

diseases 17. However, CYP adversely affects multiple 

organs including lungs. Lung toxicity can be induced by 

CYP by different pathological patterns resulting in lung 

fibrosis on long term 18. As demonstrated in our results, 

treating normal human lung, WI-38, cells with CYP 

reduced cell viability in concentration-dependent 

manner with concurrent change in cell morphology 

associated with nuclear condensation. It was reported 

that CYP-induced cytotoxicity is mediated via acrolein, 

a drug toxic metabolite, inducing cell death either by 

apoptosis or necrosis 19 as the toxic metabolites 

increased in a dose-dependent manner resulting in
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a) 

 

b) 

 

c) 

 
 

Figure 4. The effect of GA on oxidative stress and RAGE activation induced by CYP in WI-38 cells. a) MDA level, b) TAC 

level, c) RAGE expression. All the results are expressed as Mean ± S.D., n = 3. * p < 0.05 in comparison with control group.  

# p < 0.05 compared with group CYP group.  

 

 

 
a) 

 

b) 

 

Figure 5. The effect of GA on autophagy activation induced by CYP in WI-38 cells. a) 

Beclin-1 expression, b) LC3-B level.  All the results are expressed as Mean ± S.D., n = 3. * 

p < 0.05 in comparison with control group. # p < 0.05 compared with group CYP group.  

 

 

 

higher cell death rate due to ROS generation 20.  

Additionally, CYP is dependent on the caspase cascade 

to induce apoptosis. In harmony with our results, 

Cengiz et al, reported that CYP increased the 

proapoptotic protein, Bax, as well as caspase-3 level as 

a result of oxidative stress induction 21. 

In the current study, we used GA to protect 

against CYP-induced lung cells injury. GA is a well-

known natural antioxidant of a plant origin as green tea, 

grapes, and apples. Several literatures reported the wide 

range of biological activities exerted by GA in different 

experimental models such as its anti-inflammatory, 

antioxidant and antiapoptotic effects 22,23. The effect of 

GA against CYP-induced lung toxicity has never been 

explored before, thus our study aimed to investigate the 

potential protective effect of GA. From the results, GA 

mitigated cell death and nuclear condensation induced 

by CYP in WI-38 cells and improved cell morphology 

due to its anti-inflammatory and antioxidant properties, 

thus attenuating the oxidative damage as reported by the 

study of  Nikbakht et al who showed that GA protects 

lungs against bleomycin-induced lung fibrosis 24.   

A recent literature reported that CYP 

mechanism of toxicity is mediated by the release of 

DAMPs such as HMGB1, HSP60 and glucose-

regulated protein 94 (Grp94) that play a critical role in 

initiating inflammatory signals 5. RAGE is one of the 

scavenger receptors that interacts with DAMPs 

inducing various signaling pathways as that involved in 

inflammation and autophagy 11,25. In the same vein, our 

results showed the increased expression of RAGE in 

CYP-treated WI-38 cells with concurrent increase in 

inflammatory signaling evidenced by increased NF-κB 

expression with elevated TNF-α and IL-1β levels. 

Additionally, Beclin-1 and LC3-B, autophagy markers, 

were elevated. Autophagy signal activation is regarded 

as a defense system, since ROS production and 

oxidative stress signaling activation are the main 

intracellular signal transducers for autophagy 26,27. ROS 

production was correlated with CYP treatment due to 

increased lipid peroxidation and repressed TAC level, 

antioxidant defense system. On the other side, GA 

pretreatment hindered RAGE expression and oxidative 

stress augmentation induced by CYP, in addition to 

suppressing inflammatory and autophagy signaling 

pathways. Previously it was reported that down-

regulation of RAGE expression or blocking RAGE 

signaling could be considered as a promising 
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therapeutic targeting to protect from tissue injuries 28. 

Accordingly, the study of Umadevi et al. reported the 

protective effect of GA against RAGE activation-

mediated cardiac fibrosis which in turn decreased NF-

κB nuclear translocation thus suppressing inflammatory 

cascade 29. Besides, down-regulating RAGE expression 

could suppresses autophagy which contributes in the 

pathogenesis of various lung diseases including acute 

lung injury 30. Therefore, using GA as a potent free 

radical scavenger can decrease RAGE activation, 

accordingly, which can halt the inflammatory  

cascade and decrease cell death ,as well as autophagy, 

is a possible treatment strategy for CYP-induced  

lung injury. 

 

CONCLUSION 
 

We conclude that GA protects against 

oxidative damage induced by CYP in lung cells via 

regulating RAGE, NF-κB and Beclin-1 expression thus 

suppressing inflammatory and autophagy signaling 

owing to its antioxidant and anti-inflammatory 

properties. 
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