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Introduction: Methotrexate (MTX) is one of the most widely used drugs in cancer chemotherapy and treating rheumatoid arthritis. 
The hepatotoxicity of MTX is one of its major side effects. Roflumilast (ROF) has been recognized to have antioxidant and anti- 
inflammatory activity in in-vivo and in-vitro models. The present study aimed to explore the potential protective effects of roflumilast 
against MTX-induced liver toxicity in male Wistar rats.
Methods: High dose of 5 mg/kg for 4 consecutive days subcutaneous (S.C) injection of methotrexate for induction of acute liver 
injury. A total of 24 Wistar rats, rats were used in four different groups. The NS injections were given S.C to the control group once 
a day for 4 consecutive days. SC injections of MTX (5 mg/kg) were given to the MTX group daily for four days. At 5 mg/kg once 
daily for four days, the roflumilast group was given daily oral roflumilast. An injection of MTX and oral roflumilast were given to the 
MTX + roflumilast group once daily for four consecutive days.
Results: Administration of high dose MTX (5 mg/kg) today 4 produced a significant decrease in hepatic glutathione (GSH) levels and 
a significant increase in ALT and AST liver enzymes, hepatic malondialdehyde (MDA), tumor suppressor protein (p53), interleukin 6, 
interleukin 1 levels compared to the control group. Treatment with roflumilast for 4 days significantly attenuated unfavorable changes 
in these parameters. According to histopathological findings, Roflumilast significantly reduced MTX-induced inflammation and 
degeneration in the liver. In conclusion, the findings indicate that roflumilast may have a potential therapeutic benefit in treating 
rats with MTX-induced liver toxicity by mitigating its effects.
Purpose: The aim of this study is to investigate the potential protective effects of roflumilast against MTX-induced liver toxicity in 
Wistar rats.
Keywords: roflumilast, methotrexate, hepatotoxicity, glutathione, malondialdehyde, tumor suppressor protein-53, interleukin 6, 
interleukin 1

Introduction
Drug-induced liver toxicity is a major limitation of pharmacotherapy, which can lead to fatal adverse drug reactions and 
incidence of morbidity and mortality. Anticancer chemotherapeutic agents, when taken for long-term therapy, have been 
reported to cause many side effects such as cardiotoxicity, lung toxicity, testicular toxicity, and hepatotoxicity. In addition, they 
cause persistent damage to DNA molecules.1 Methotrexate (MTX) has anti-proliferative and anti-inflammatory properties and 
regulatory influence on the immune system.2 Although known for numerous advantages, MTX use can be detrimental to 
several viscera, causing serious toxic consequences on respiratory tract, hepatic tissue, and bone marrow.3 Its side effects have 
been classified into two groups: those that cause symptoms only, such as nausea, headaches, lethargy, mucositis, and alopecia, 
and those that could lead to fatal conditions, such as cytopenia, interstitial lung pathology, or MTX-induced pneumonitis, and 
hepatic conditions, such as fibrosis and cirrhosis.4 The exact processes or mechanisms responsible for the hepatotoxic effects 
of MTX are yet to be clearly understood.
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The effectiveness of MTX as a pharmaceutical agent and its adverse events may be governed by identical or 
dissimilar metabolic pathways. The pathogenesis of liver toxicity induced by MTX necessitates further investigation. 
Various processes have been hypothesized to disrupt control mechanisms that safeguard against cellular antioxidants and 
induce injury to hepatocytes due to oxidative stress.5 Thus, understanding the mechanisms responsible for both 
advantageous and detrimental effects of MTX is crucial for identifying new targets for treatment and achieving optimal 
therapeutic approaches for controlling immune-mediated and inflammatory diseases while reducing detrimental adverse 
events related to toxicity. This has significant implications for the innovation of new pharmaceutical agents and the 
development of additional targeted drugs that would improve effectiveness while ameliorating toxic side effects.

Roflumilast, a phosphodiesterase 4 (PDE4) inhibitor, has been endorsed as a therapeutic agent for inflammatory 
airway or dermal conditions. A succession of de novo PDE4 inhibiting agents has been designed to moderate 
inflammation; studies have indicated positive treatment outcomes.2 Roflumilast has been shown to be an effective anti- 
inflammatory drug for treating inflammatory airway conditions.6 In vitro experiments have shown that PDE4 activity is 
selectively inhibited by roflumilast in neutrophils derived from humans. Thus, it has been linked to several studies where 
promising anti-inflammatory activity has been reported via the induction of several anti-inflammatory mediators such as 
fMLP-induced leukotriene B4 (LTB4), generation of reactive oxygen species (ROS) in human neutrophils, and lipopo-
lysaccharide (LPS)-induced TNF-α production in dendritic cells as well as monocytes.7 Furthermore, inflammatory 
mediator production was notably inhibited by roflumilast in macrophages in vitro; this was facilitated by the induction of 
the expression of heme oxygenase (HO-1) and inhibition of NF-kB, p38 MAPK, and JNK.8 Therefore, the aim of the 
current research is to examine the potentially protective or mitigative properties of roflumilast with respect to the hepatic 
tissue damage caused by MTX.

Materials and Methods
Material
Methotrexate Injection, USP Isotonic Liquid, Contains Preservative is available in 25 mg/mL, 2 mL (50 mg) vials. 
Manufactured by Hospira, Inc. Origin: Australia. The roflumilast powder was purchased from Hubei Yuncheng 
Technology Co. Ltd, with an origin in Wuhan, China. Dimethyl Sulfoxide (DMSO) was supplied by Zoad 
International Co., a medical supplier located in Jeddah, Saudi Arabia (KSA). Diethyl ether was also supplied by Zoad 
International Co. Formaldehyde 37% solution was supplied by Zoad International Co. for medical use.

Animal
All animal study protocols were approved by the Biomedical Research Ethics Committee at Umm Al Qura University in 
Saudi Arabia. 24 male Wistar rats, weighing between 170–190 grams and eight weeks old, were obtained from Mansour 
Scientific Foundation (MSF) in Jeddah, KSA. Prior to the experiment, rats were housed under controlled laboratory 
conditions with a 12-hour light/dark automated cycle, temperature between 26°C–25°C, and relative humidity of 35– 
75%, for at least one week. Six rats were kept per cage equipped with free access to food and water.

Study Design 
To induce acute liver injury, a liver toxicity model was established by administering high doses of methotrexate (5 mg/kg) 
via subcutaneous (S.C) injections for four consecutive days. This model was used to evaluate the histopathological changes, 
biochemical, and inflammatory markers for hepatic toxicity. A total of 24 male Wistar rats were randomly divided into four 
groups with six rats in each group as follows:

- Group I (control group): received subcutaneous injections of 0.9% NaCl (NS) once daily for four consecutive days 
and oral DMSO as the vehicle.

- Group II (MTX group): received subcutaneous injections of MTX (5 mg/kg) once daily for four consecutive days 
and DMSO as the vehicle.9

- Group III (roflumilast group): received subcutaneous injections of NS once daily for four consecutive days and oral 
roflumilast at 5 mg/kg once daily for four consecutive days.
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- Group IV (MTX + roflumilast group): received subcutaneous injections of MTX (5 mg/kg) and oral roflumilast 
(5 mg/kg) once daily for four consecutive days. On the fifth day, all rats were sacrificed through decapitation. Blood 
samples were collected, and tissue samples from the liver were also extracted for further analysis.9,10

Biochemical Analysis in Serum 
Rats were sacrificed by decapitation while under anesthesia on the fifth day, and carotid artery blood samples were 
collected into serum separation gel tubes. Samples of rats’ livers were then obtained.

Blood Samples Preparation 
The tube was inverted gently five times to mix the blood with the clot activator. To obtain serum, the blood was then 
allowed to clot for 10 minutes at room temperature before being centrifuged for 15 minutes at 3500 rpm using a SIGMA 
SM7000 centrifuge (SIGMA, UK). The resulting serum was stored at −80°C for up to four weeks prior to biochemical 
analysis. Biochemical assessments were performed using a DSX Best sells 2000 automated ELISA machine.

Liver Samples Preparation 
Rats were sacrificed, and livers were rapidly removed. The isolated liver was washed with cold normal saline solution 
and weighed. The left liver lobe was removed for histological study, while the right lobes were stored at −80°C for the 
assessment of p53, IL-6, IL-1, GSH, and MDA levels in tissue homogenate.

Serum ALT and AST Level 
ALT and AST levels were assessed using ELISA kits (Catalog # MBS269614) supplied by My BioSource (San Diego, 
United States). ALT and AST levels were expressed as IU/L.

Liver Homogenate Assessment 
Before homogenizing, 100 mg of liver tissue was rinsed with phosphate-buffered saline (PBS) to remove any blood. The 
tissue was then homogenized in 10 mL PBS for five cycles at 3000 rpm using a PT 3100 polytron homogenizer. After 
being kept at −20°C for 20 minutes, the tissue was centrifuged for 20 minutes at 3000 rpm. The supernatant was collected 
and stored in an Eppendorf tube at −80°C until analysis.

Assessment of Glutathione (GSH) 
The antioxidant status of liver homogenate was assessed by measuring reduced glutathione (GSH) levels. GSH levels 
were determined using ELISA kits (Catalog # MBS724319, My BioSource, San Diego, USA). GSH levels were 
expressed as nanograms per milliliter (ng/mL).

Assessment of Malondialdehyde (MDA) 
To assess oxidative damage to the liver in rats, MDA levels were determined using ELISA kits (Catalog # MBS738685, 
My BioSource, San Diego, USA). MDA levels were expressed as micromoles per liter (μmol/L).

Assessment of p53 
ELISA kits (Catalog # MBS723886, My BioSource, San Diego, USA) were used to determine the levels of p53 in rat 
liver tissue. p53 levels were expressed as micrograms per liter (μg/L).

Assessment of IL-6 
ELISA kits (Catalog # MBS268653, My BioSource, San Diego, USA) were used to determine the levels of IL-6 in rat 
liver tissue. IL-6 levels were expressed as picograms per milliliter (pg/mL).

Assessment of IL-1 
ELISA kits (Catalog # MBS268833, My BioSource, San Diego, USA) were used to determine the levels of IL-1 in rat 
liver tissue. IL-1 levels were expressed as picograms per milliliter (pg/mL).
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Hepatic Histopathological Assessment 
The rat liver tissues were fixed for a week in 10% neutral buffered formalin and then prepared for paraffin embedding. 
Slices that were 5 µm thick were cut and subjected to hematoxylin and eosin (H&E) staining using standard techniques 
that were documented previously.11 Scoring of tissue changes in the organ was carried out according to the criteria set 
forth in previous literature.12,13 The criteria included the following:

(A) Apoptosis or necrosis
(B) Degeneration of hepatocytes
(C) Hepatic sinusoids, central vein (dilatation or congestion)
(D) Inflammatory cells
(E) Parenchyma architecture

Scoring was as follows: = No changes watched; “+” = Mild changes; “++” = Moderate changes; “+++” = Extreme changes.

Statistical Analysis
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) version 26 (Windows®) (IBM 
SPSS Inc). The data were tested for normality and one-way analysis of variance (ANOVA) and post-hoc least significant 
difference (LSD) tests were performed to compare differences between the groups. Mean ± standard deviation (SD) were 
reported, and a p-value less than 0.05 was considered significant, while a p-value greater than 0.05 was considered non- 
significant. Graphs were made using the GraphPad Prism program version 9.3.0 (Graph Pad ® Inc., USA).

Results
Biochemical Measurements
Serum Levels of (ALT) and (AST)
The mean serum ALT level was significantly higher (P<0.05) in the MTX group (82.33± 6.80) than in the control group 
(17.00 ±1.00), indicating liver function deterioration caused by MTX with [nearly 5-fold rise]. However, the mean ALT 
levels in serum of the MTX + ROF group (26.67 ± 6.80) and ROF group (18.67 ± 2.88) were comparable to the control 
group, unlike the MTX group. As depicted in Figure 1, a similar pattern was observed with AST levels. After 
administering MTX, the level of serum AST in the MTX group rose from 22.00 ± 1.00 in the control group to 109.3± 
10.69 IU/L [approximately 5-fold]. In addition, the administration of ROF+ MTX attenuated the MTX-induced rise in 
mean serum AST level. This indicates that roflumilast partially inhibits the increase in aminotransferases induced by 
MTX and offers protection against its hepatotoxic effects.

Liver Homogenate Studies
The data illustrate the ability of ROF to attenuate the MTX-induced reduced (GSH) and increased (MDA) levels 
Figure 2. There is a significant (P<0.05) decrease in the mean GSH level (2.73 ±1.49) in the rats that were given 
methotrexate compared to the control group (12.80 ± 0.8). GSH levels were almost normal in ROF alone. Interestingly, 
rats treated with MTX + ROF (7.96 ±1.41) showed a significant (P<0.05) increase in the mean GSH level compared to 
those treated with MTX alone. In the group given MTX + ROF, there is a significant difference in the GSH level 
compared to the control group, but the significant difference observed was small in magnitude.

The mean MDA level rose significantly (P < 0.05) from 0.47 ± 0.03 μmol/L in the control group to 2.11 ± 0.25 μmol/ 
L in the MTX group. In contrast, the MDA level in the ROF+MTX group was similar to that of the control group. In liver 
tissue, the mean MDA level in the ROF + MTX group (0.86 ± 0.11) was comparable to that in the control group, but 
significantly higher. The ROF group had a mean MDA level (0.61 ± 0.06) that did not differ significantly (P > 0.05) from 
the control group.

The level of IL-6 in liver tissue was significantly higher (P < 0.05) in the MTX group at 19.97 ± 1.37 pg/mL than in 
the control group (5.63 ± 0.35). The ROF group had a mean IL-6 level in liver tissue (5.867 ± 1.02) almost identical to 
that of the control group. In contrast, ROF + MTX showed minimal changes (8.50 ± 0.75), but they were significantly 
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higher (P < 0.05) than the control group. Similarly, the level of IL-1 in liver tissue was significantly higher (P < 0.05) in 
the MTX group at 47.33 ± 7.76 pg/mL than in the control group (12.43 ± 0.81). The ROF group exhibited a mean IL-1 
level in liver tissue (12.93 ± 0.75) that was almost the same as that of the control group. Compared to the control group, 
ROF + MTX showed minimal change (20.67 ± 3.78) that was not significantly different (P > 0.05). Finally, the mean P53 
level rose significantly (P < 0.05) from 0.16 ± 0.01 in the control group to 1.58 ± 0.52 μg/L in the MTX group. By 
contrast, the mean P53 levels seen in liver tissue in the ROF + MTX group (0.63 ± 0.33) and the ROF group (0.17 ± 
0.02), shown in Figure 3, were comparable to the control group.

Figure 1 Effect of roflumilast (ROF) administration on methotrexate (MTX) induced increase in rat’s serum alanine transaminase serum (ALT) level and serum aspartate 
transaminase (AST) level (A) Alanine aminotransferase (ALT) in IU/L, (B) Aspartate transaminase (AST) levels in IU/L. Values are mean ± standard deviation (SD), n=number 
of rats (6 rats/group). One-way ANOVA was followed by Turkey’s multiple comparison test. *P <0.05 compared to normal control group. #P <0.05 compared to MTX group.

Figure 2 Effect of roflumilast (ROF) administration on methotrexate (MTX) induced change of rat’s liver tissue content of glutathione (GSH) and (MDA). (A) Glutathione 
(GSH)) levels in ng/mL, (B) Malondialdehyde (MDA) levels in μmol/l. Values are mean ± standard deviation (SD), n=number of rats (6 rats/group). One-way ANOVA was 
followed by Turkey’s multiple comparison test. *P <0.05 compared to normal control group. #P <0.05 compared to MTX group. δp <0.05 compared to MTX+ROF group.
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Histopathological Assessment of Liver Tissue
A histological study in this work was done to explain and confirm the biochemical data shown in this paper. In Figure 4 It 
was observed that, compared to the normal architecture and regular pattern of hepatocytes with active vesicular nuclei in 
G1 (Normal control), the liver of G2 (MTX) showed central vein dilation and congestion (a in Figure 4B), Focal cell 

Figure 3 Effect of pre-treatment with Roflumilast (ROF) on methotrexate (MTX) induced change in hepatic tissue. (A) Tumor protein P53 (P53) level in (μgl/l), (B) 
Interleukin-6. (IL-6) levels in pg/mL (C) Interleukin-1 (IL-1) levels in pg/mL. Values are mean ± standard deviation (SD), n=number of rats (6 rats/group). One-way ANOVA 
was followed by Turkey’s multiple comparison test. *P <0.05 compared to normal control group. #P <0.05 compared to MTX group. δp <0.05 compared to MTX+ROF 
group.

Figure 4 Sections from rat liver stained by H&E and photographed at x400 scale bar = 50 µm to show: G1: Normal control; showing normal hepatocytes with active 
vesicular nuclei (thin black arrows) radiating from the central vein (CV) or blood sinusoids (white arrows) are thin and apparent. G2 (A and B): MTX; showing (A) Central 
vein dilation and congestion (CV), focal cell necrosis (black dotted arrows), hepatocyte nuclei of many cells (thin black arrow) are dark stained and small (apoptosis) with 
a dilated bile duct showing lining atrophy (white arrows) (B) Some sinusoids showed prominent Kupffer phagocytes (black dotted arrow) in the portal area, with a dilated 
bile duct showing lining atrophy (white arrows), marked inflammatory cell aggregations (black stars) and focal regions looked necrotic (red dotted arrows). G3 (C): ROF; 
showing normal hepatic tissue, both hepatocyte nuclei (Black arrow) and blood sinusoids (white arrows) looked nearly normal. G4 (D): MTX + ROF; showing marked 
preservation of hepatic tissue, both hepatocyte nuclei (black arrow) and blood sinusoids (white arrows) looked nearly normal, only the focal regions looked necrotic (red 
dotted arrows).
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necrosis, hepatocyte nuclei of many cells are dark stained, and small apoptosis was also observed. In (b in Figure 4B), 
some sinusoids showed prominent Kupffer phagocytes, Portal area with dilated bile duct showing lining atrophy and 
marked inflammatory cell aggregations. In (Figure 4C) G3 receiving the ROF alone, no apparent changes were observed. 
On the other hand, in the group receiving MTX plus ROF, there was marked preservation of normal histological features 
of hepatic tissue. Table 1 shows the score evaluation of different hepatic components in different groups compared to the 
control.

Discussion
MTX is a potentially toxic agent for the liver,2 due to its activation of various pathways involving oxidative stress, 
inflammation, and both intrinsic and extrinsic apoptotic pathways - including pathways such as MAPK and p53. These 
markers are being explored as potential indicators of MTX-induced liver damage, through various studies.14 Researchers have 
investigated several ways to alleviate MTX-induced hepatotoxicity, including phosphodiesterase-4 (PDE4) inhibitors. The use 
of PDE4 inhibitors as a therapeutic approach for inflammatory disorders has been validated by treating conditions such as 
neuroinflammation, RA, lupus, inflammatory bowel disease, asthma, dermatitis, psoriasis, atopic conditions, and chronic 
obstructive pulmonary disease.2 After extensive application of knowledge and resources, roflumilast, crisaborole, and 
apremilast have achieved serial endorsements for their effectiveness in treating respiratory or dermatological inflammation. 
Additionally, new PDE4 inhibitors have been developed to modify the inflammatory process and have demonstrated 
satisfactory clinical outcomes, highlighting the implication of novel therapeutic interventions in treating inflammatory- 
related disorders.2,15

Roflumilast, a potent and selective inhibitor of PDE4, has been approved for use in reducing the frequency of COPD 
exacerbations in patients with severe disease associated with chronic bronchitis and who have had previous exacerbations.16,17 

By specifically inhibiting PDE4, roflumilast suppresses the hydrolysis of cAMP within inflammatory cells.18 Elevated 
intracellular levels of cAMP, in turn, lead to broad-spectrum anti-inflammatory effects, such as decreased liberation of 
inflammatory mediators derived from neutrophils, reduced cytokine secretion,16 downregulation of cell surface markers in 
various types of cells, and decreased incidence of programmed cell death. These effects have been observed to be beneficial in 
patients with COPD exacerbations, particularly those with elevated inflammatory biomarkers compared to baseline values.19 

Roflumilast has been observed to decrease inflammation in response to allergens20 and to help stabilize the systemic 
inflammatory response to inflammation caused by lipopolysaccharide.21 Animal studies have also shown that roflumilast 
may have the potential to reduce liver inflammation and damage caused by other agents. When administered to rats with 
carbon tetrachloride-induced liver fibrosis, roflumilast increased liver function while reducing inflammation and fibrosis 
markers.22 In rats with lipopolysaccharide-induced liver injury, roflumilast was found to reduce inflammation, oxidative stress 
markers, and cytokines associated with liver injury.23 These favorable characteristics provided a rationale for testing the utility 
of high doses of roflumilast to prevent MTX-induced toxicity in critical organs. In the present study, the dose of roflumilast 
was derived from previous research that showed its anti-inflammatory effect in the animal model.24 Consequently, the findings 
of the current research revealed that roflumilast was successful in safeguarding Wistar rat livers from methotrexate-induced 
acute hepatotoxicity.

Table 1 Liver histopathological alterations scoring

Groups Central Vein 
Dilatation / 
Congestion

Parenchyma 
Architecture 

Disorganization

Hepatocyte Nuclei 
Vesicular/ Dark Inactive

Focal 
Necrosis

Portal Area 
Inflammation

G1: NC – – – / Vesicular – –

G: MTX +++/ Congestion ++ ++/Dark +++ +++

G3: ROF – – – / Vesicular – –

G4: MTX + ROF +/ Mild Dilation – – / Vesicular + –

Notes: Scoring: – = No watched changes; + = Mild changes, ++ = Moderate changes; +++ = Extreme changes.
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The study showed a significant increase in ALT and AST levels induced by MTX, consistent with previous 
findings.25–27 However, chronic treatment with ROF prevented the MTX-induced increase in these enzyme levels and 
confirmed its hepatoprotective effect. Other studies, such as Feng28 and Essam,29 have also found that a single dose of 
ROF improved liver damage and stimulated hepatic levels of GSH in C57BL/6 mice. In our study, MTX was shown to 
significantly elevate MDA levels while reducing GSH levels in liver tissues, contributing to oxidative stress and the 
formation of lipid peroxides as observed in other studies.30,31 Previous research has suggested that the ROS pathway 
plays a significant role in MTX-induced hepatic toxicity.31–34 MTX can create DNA adducts upon cell entry, resulting in 
the production of ROS and activation of p53,35 which is a well-known tumor suppressor gene and has been linked to 
MTX-induced apoptosis.36

In the present study, MTX caused a significant elevation in p53, which is explained as an early sign of apoptosis in rat 
hepatic tissues. Furthermore, activated p53 caused cell cycle arrest and change in the mitochondrial membrane potential in 
cells.37 These observations lead to the release of cytochrome c and activation of Caspase-9 and −3, ultimately leading to 
apoptosis.38,39 The current data revealed that ROF inhibited the activation of p53 induced by MTX. In view of this finding, the 
protective effect of ROF against MTX-induced liver damage was mediated by its anti-apoptotic effects. The present finding 
confirms previously reported observations regarding the efficacy of ROF in suppressing the expression of the p53 level.40

The toxicity of MTX was associated with an increased expression of the proinflammatory cytokines, eg, IL-6, due to the 
increased production of ROS and lipid peroxidation. Increased expression of IL-6 induces liver cell damage and accelerates 
apoptotic changes.40,41 The present study demonstrated that MTX caused a significantly increased levels of IL-6 and IL-1β. 
Similar findings have been reported in42,43 documented that the expression of cytokines was significantly increased after 
a single dose of MTX. It was suggested that the expression of the pro-inflammatory cytokines and chemokines, including IL-6, 
IL-1β, and TNF-α, are due to activated NF-κB transfers to the nucleus of the liver cell and binds to their DNA.44

MTX in an animal model induced marked histological changes in the hepatic tissues. For example, the most 
prominent alteration in the liver of the MTX-treated rats’ was congestion of the central vein, focal hepatocyte necrosis 
with loss of lobular pattern, nuclear lysis, and Blood sinusoids are dilated and full with mononuclear inflammatory 
cells.45 These observations were explained by El Bana,46 who reported dilatation of blood sinusoids due to the very thin 
cell plates that are widely separated. The thinning of cell plates is explained by the compression of the hepatocytes in the 
cords adjacent to the dilated and congested sinusoids where the initial toxic effects probably occurred. In the current 
study, histological analysis of hepatic tissues treated for four days with MTX (5 mg/kg) resulted in remarkable variations. 
The findings include apoptosis and necrosis of hepatocytes, abnormal activation of inflammatory cells in hepatocytes, 
congestion, central vein dilation, a noticeable increase in collagen around the dilated congested central vein and hepatic 
sinusoids. These alterations are the probable result of the lengthy cellular damage induced by MTX resulting in increased 
levels of ROS leading to DNA injury, oxidation, and proliferation inhibition.47

Limitations of the Study
Finally, it is crucial to acknowledge the limitations of this study, which include that it is an acute study, not a chronic 
study. The study also does not explore the effect of Roflumilast on Methotrexate (MTX) pharmacokinetics or on MTX’s 
anticancer efficacy. These limitations present opportunities for further investigation to gain a more comprehensive 
understanding of the study’s findings.

Conclusions
Experiments were conducted on rats. Administration of MTX (5 mg/kg) to day 4 produced a significant decrease in 
hepatic glutathione (GSH) levels and a significant increase in serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) liver enzymes, hepatic malondialdehyde (MDA), tumor suppressor protein (p53), Il-6 and IL-1 
levels compared to the control group. Administration of ROF for 4 days before administration of MTX significantly 
attenuated all these changes to normal values comparable to the control. Histopathological analysis revealed that 
administering ROF dramatically reduced MTX-induced degenerative and inflammatory alterations in the liver. The 
findings indicate that roflumilast may have a potential therapeutic benefit in treating rats with MTX-induced liver toxicity 
by mitigating its effects.

https://doi.org/10.2147/DDDT.S438703                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2024:18 460

Almalki                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Disclosure
The author reports no conflicts of interest in this work.

References
1. Grigorian A, O’Brien CB. Hepatotoxicity secondary to chemotherapy. J Clin Transl Hepatol. 2014;2(2):95. doi:10.14218/JCTH.2014.00011
2. Wang W, Zhou H, Liu L. Side effects of methotrexate therapy for rheumatoid arthritis: a systematic review. Eur J Med Chem. 2018;158:502–516. 

doi:10.1016/j.ejmech.2018.09.027
3. Baughman RP, Cremers JP, Harmon M, Lower EE, Drent M. Methotrexate in sarcoidosis: hematologic and hepatic toxicity encountered in a large 

cohort over a six year period. Sarcoidosis Vasculitis Diffuse Lung Dis. 2020;37(3):1.
4. Conway R, Carey JJ. Risk of liver disease in methotrexate treated patients. World J Hepatol. 2017;9(26):1092. doi:10.4254/wjh.v9.i26.1092
5. Moghadam AR, Tutunchi S, Namvaran-Abbas-Abad A, et al. Pre-administration of turmeric prevents methotrexate-induced liver toxicity and 

oxidative stress. BMC Complement Altern Med. 2015;15(1):1–13.
6. Kawamatawong T. Roles of roflumilast, a selective phosphodiesterase 4 inhibitor, in airway diseases. J Thorac Dis. 2017;9(4):1144. doi:10.21037/ 

jtd.2017.03.116
7. Bros M, Montermann E, Cholaszczyńska A, et al. The phosphodiesterase 4 inhibitor roflumilast augments the Th17-promoting capability of 

dendritic cells by enhancing IL-23 production, and impairs their T cell stimulatory activity due to elevated IL-10. Int Immunopharmacol. 
2016;35:174–184. doi:10.1016/j.intimp.2016.03.025

8. Kwak HJ, Song JS, No ZS, et al. The inhibitory effects of roflumilast on lipopolysaccharide-induced nitric oxide production in RAW264. 7 cells are 
mediated by heme oxygenase-1 and its product carbon monoxide. Inflamm Res. 2005;54(12):508–513. doi:10.1007/s00011-005-1386-1

9. Demiryilmaz I, Uzkeser H, Cetin N, Hacimüftüoğlu A, Bakan E, Altuner D. Effect of mirtazapine on gastric oxidative stress and DNA injury 
created with methotrexate in rats. Asian J Chem. 2013;25(4):1.

10. Cortijo J, Iranzo A, Milara X, et al. Roflumilast, a phosphodiesterase 4 inhibitor, alleviates bleomycin-induced lung injury. Br J Pharmacol. 
2009;156(3):534–544.

11. Bancroft JD, Gamble M, editors. Theory and Practice of Histological Techniques. Elsevier health sciences; 2008.
12. Erdogan E, Ilgaz Y, Gurgor PN, et al. Rutin ameliorates methotrexate induced hepatic injury in rats. Acta Cir Bras. 2015;30(11):778–784. 

doi:10.1590/S0102-865020150110000009
13. Safaei F, Mehrzadi S, Khadem Haghighian H, et al. Protective effects of gallic acid against methotrexate-induced toxicity in rats. Acta Chir Belg. 

2018;118(3):152–160. doi:10.1080/00015458.2017.1394672
14. Bedoui Y, Guillot X, Sélambarom J, et al. Methotrexate an old drug with new tricks. Int J Mol Sci. 2019a;20(20):5023. doi:10.3390/ijms20205023
15. Liu Z, Liu M, Cao Z, et al. ‘Phosphodiesterase-4 Inhibitors: A Review of Current Developments (2013–2021)’, Expert Opinion on Therapeutic 

Patents. Taylor & Francis, (just-accepted); 2022.
16. Hatzelmann A, Morcillo EJ, Lungarella G, et al. The preclinical pharmacology of roflumilast–a selective, oral phosphodiesterase 4 inhibitor in 

development for chronic obstructive pulmonary disease. Pulm Pharmacol Ther. 2010;23(4):235–256.
17. Wedzicha JA, Calverley PMA, Rabe KF. Roflumilast: a review of its use in the treatment of COPD. Int J Chron Obstruct Pulmon Dis. 2016;11:81. 

doi:10.2147/COPD.S89849
18. Sanz MJ, Cortijo J, Morcillo EJ. PDE4 inhibitors as new anti-inflammatory drugs: effects on cell trafficking and cell adhesion molecules 

expression. Pharmacol Ther. 2005;106(3):269–297.
19. Grootendorst DC, Gauw SA, Verhoosel RM, et al. Reduction in sputum neutrophil and eosinophil numbers by the PDE4 inhibitor roflumilast in 

patients with COPD. Thorax. 2007;62(12):1081–1087.
20. Gauvreau GM, Boulet LP, Cockcroft DW, et al. Effects of interleukin-13 blockade on allergen-induced airway responses in mild atopic asthma. Am 

J Respir Crit Care Med. 2011;183(8):1007–1014. doi:10.1164/rccm.201008-1210OC
21. Schick MA, Wunder C, Wollborn J, et al. Phosphodiesterase-4 inhibition as a therapeutic approach to treat capillary leakage in systemic 

inflammation. J Physiol. 2012;590(11):2693–2708.
22. Parivar K, Rehman A, Ara J, Nahid S, Shaharyar A. Roflumilast attenuates hepatic fibrosis in carbon tetrachloride-induced experimental liver injury 

in rats. J Invest Med. 2012;60(4):597–604.
23. Ding Y-C, Chang C-Y. Effect of roflumilast on lipopolysaccharide-induced rat liver failure. Sheng Li Xue Bao. 2017;69(4):430–436.
24. Rabe KF. Update on roflumilast, a phosphodiesterase 4 inhibitor for the treatment of chronic obstructive pulmonary disease. Br J Pharmacol. 

2011;163(1):53–67.
25. Curtis JR, Beukelman T, Onofrei A, et al. Elevated liver enzyme tests among patients with rheumatoid arthritis or psoriatic arthritis treated with 

methotrexate and/or leflunomide. Ann Rheum Dis. 2010;69(01):43–47.
26. Mehrzadi S, Fatemi I, Esmaeilizadeh M, et al. Hepatoprotective effect of berberine against methotrexate induced liver toxicity in rats. Biomed 

Pharmacother. 2018;97:233–239. doi:10.1016/j.biopha.2017.10.113
27. Kalantar M, Kalantari H, Goudarzi M, et al. Crocin ameliorates methotrexate-induced liver injury via inhibition of oxidative stress and 

inflammation in rats. Pharmacol Rep. 2019;71(4):746–752. doi:10.1016/j.pharep.2019.04.004
28. Feng H, Chen J, Wang H, et al. Roflumilast reverses polymicrobial sepsis-induced liver damage by inhibiting inflammation in mice. Lab Invest. 

2017;97(9):1008–1019. doi:10.1038/labinvest.2017.59
29. Essam RM, Ahmed LA, Abdelsalam RM, et al. Phosphodiestrase-1 and 4 inhibitors ameliorate liver fibrosis in rats: modulation of cAMP/CREB/ 

TLR4 inflammatory and fibrogenic pathways. Life Sci. 2019;222:245–254. doi:10.1016/j.lfs.2019.03.014
30. Al Maruf A, O’Brien PJ, Naserzadeh P, et al. Methotrexate induced mitochondrial injury and cytochrome c release in rat liver hepatocytes. Drug 

Chem Toxicol. 2018;41(1):51–61. doi:10.1080/01480545.2017.1289221
31. Arpag H, Gül M, Aydemir Y, et al. Protective effects of alpha-lipoic acid on methotrexate-induced oxidative lung injury in rats. J Investig Surg. 

2018;31(2):107–113. doi:10.1080/08941939.2017.1296513
32. Çetin A, Kaynar L, Kocyigit I, et al. Role of grape seed extract on methotrexate induced oxidative stress in rat liver. Am H Chin Med. 2008;36 

(05):861–872. doi:10.1142/S0192415X08006302

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S438703                                                                                                                                                                                                                       

DovePress                                                                                                                         
461

Dovepress                                                                                                                                                                Almalki

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.14218/JCTH.2014.00011
https://doi.org/10.1016/j.ejmech.2018.09.027
https://doi.org/10.4254/wjh.v9.i26.1092
https://doi.org/10.21037/jtd.2017.03.116
https://doi.org/10.21037/jtd.2017.03.116
https://doi.org/10.1016/j.intimp.2016.03.025
https://doi.org/10.1007/s00011-005-1386-1
https://doi.org/10.1590/S0102-865020150110000009
https://doi.org/10.1080/00015458.2017.1394672
https://doi.org/10.3390/ijms20205023
https://doi.org/10.2147/COPD.S89849
https://doi.org/10.1164/rccm.201008-1210OC
https://doi.org/10.1016/j.biopha.2017.10.113
https://doi.org/10.1016/j.pharep.2019.04.004
https://doi.org/10.1038/labinvest.2017.59
https://doi.org/10.1016/j.lfs.2019.03.014
https://doi.org/10.1080/01480545.2017.1289221
https://doi.org/10.1080/08941939.2017.1296513
https://doi.org/10.1142/S0192415X08006302
https://www.dovepress.com
https://www.dovepress.com


33. Tabassum H, Parvez S, Pasha ST, et al. Protective effect of lipoic acid against methotrexate-induced oxidative stress in liver mitochondria. Food 
Chem Toxicol. 2010;48(7):1973–1979. doi:10.1016/j.fct.2010.04.047

34. Mukherjee S, Ghosh S, Choudhury S, et al. Pomegranate reverses methotrexate-induced oxidative stress and apoptosis in hepatocytes by 
modulating Nrf2-NF-κB pathways. J Nutr Biochem. 2013;24(12):2040–2050. doi:10.1016/j.jnutbio.2013.07.005

35. Spurlock CF III, Tossberg JT, Fuchs HA, et al. Methotrexate increases expression of cell cycle checkpoint genes via JNK activation. Arthritis 
Rheum. 2012;64(6):1780–1789. doi:10.1002/art.34342

36. Huang W-Y, Yang P-M, Chang Y-F, et al. Methotrexate induces apoptosis through p53/p21-dependent pathway and increases E-cadherin expression 
through downregulation of HDAC/EZH2. Biochem Pharmacol. 2011;81(4):510–517. doi:10.1016/j.bcp.2010.11.014

37. Ehrhardt H, Häcker S, Wittmann S, et al. Cytotoxic drug-induced, p53-mediated upregulation of caspase-8 in tumor cells. Oncogene. 2008;27 
(6):783–793.

38. Al-Malki AL, Sayed AAR. Thymoquinone attenuates cisplatin-induced hepatotoxicity via nuclear factor kappa-β. BMC Complement Altern Med. 
2014;14(1):1–8.

39. Ogawa R, Streiff MB, Bugayenko A, et al. Inhibition of PDE4 phosphodiesterase activity induces growth suppression, apoptosis, glucocorticoid 
sensitivity, p53, and p21WAF1/CIP1 proteins in human acute lymphoblastic leukemia cells. Blood J Am Soc Hematol. 2002;99(9):3390–3397.

40. Schwabe RF, Brenner DA. Mechanisms of liver injury. I. TNF-α-induced liver injury: role of IKK, JNK, and ROS pathways. Am J Physiol 
Gastrointest Liver Physiol. 2006;290(4):G583–G589.

41. Lai W-Y, Wang J-W, Huang B-T, et al. A novel TNF-α-targeting aptamer for TNF-α-mediated acute lung injury and acute liver failure. 
Theranostics. 2019;9(6):1741. doi:10.7150/thno.30972

42. Tunalı-Akbay T, Sehirli O, Ercan F, et al. Resveratrol protects against methotrexate-induced hepatic injury in rats. J Pharm Pharm Sci. 2010;13 
(2):303–310. doi:10.18433/J30K5Q

43. Kurt A, Tumkaya L, Turut H, et al. Protective effects of infliximab on lung injury induced by methotrexate. Arch Bronconeumol. 2015;51 
(11):551–557. doi:10.1016/j.arbres.2015.03.018

44. Drishya S, Dhanisha SS, Guruvayoorappan C. Antioxidant-rich fraction of Amomum subulatum fruits mitigates experimental methotrexate-induced 
oxidative stress by regulating TNF-α, IL-1β, and IL-6 proinflammatory cytokines. J Food Biochem. 2021; 2021:e13855.

45. Mohamed DI, Khairy E, Tawfek SS, et al. Coenzyme Q10 attenuates lung and liver fibrosis via modulation of autophagy in methotrexate treated rat. 
Biomed Pharmacother. 2019;109:892–901. doi:10.1016/j.biopha.2018.10.133

46. El Bana E, M Kamal K. Protective and therapeutic effects of quercetin on methotrexate induced hepatotoxicity in adult albino rats: biochemical, 
Histological and Immunohistochemical Study. Egypt J Histol. 2020;43(1):220–229.

47. De S, Sen T, Chatterjee M. Reduction of oxidative stress by an ethanolic extract of leaves of Piper betle (Paan) Linn. decreased 
methotrexate-induced toxicity. Mol Cell Biochem. 2015;409(1):191–197. doi:10.1007/s11010-015-2524-x

Drug Design, Development and Therapy                                                                                           Dovepress 

Publish your work in this journal 
Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development 
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines 
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online 
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes 
from published authors.  

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

DovePress                                                                                                  Drug Design, Development and Therapy 2024:18 462

Almalki                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.fct.2010.04.047
https://doi.org/10.1016/j.jnutbio.2013.07.005
https://doi.org/10.1002/art.34342
https://doi.org/10.1016/j.bcp.2010.11.014
https://doi.org/10.7150/thno.30972
https://doi.org/10.18433/J30K5Q
https://doi.org/10.1016/j.arbres.2015.03.018
https://doi.org/10.1016/j.biopha.2018.10.133
https://doi.org/10.1007/s11010-015-2524-x
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Material
	Animal
	Study Design
	Biochemical Analysis in Serum
	Blood Samples Preparation
	Liver Samples Preparation
	Serum ALT and AST Level
	Liver Homogenate Assessment
	Assessment of Glutathione (GSH)
	Assessment of Malondialdehyde (MDA)
	Assessment of p53
	Assessment of IL-6
	Assessment of IL-1
	Hepatic Histopathological Assessment


	Statistical Analysis

	Results
	Biochemical Measurements
	Serum Levels of (ALT) and (AST)
	Liver Homogenate Studies
	Histopathological Assessment of Liver Tissue


	Discussion
	Limitations of the Study
	Conclusions
	Disclosure

