



Efficacy and Safety of Roflumilast in Patients with Non-Alcoholic Steatohepatitis: A Randomized Controlled Study


Abstract 
Background and aim: Non-alcoholic fatty liver disease is the most prevalent chronic liver disease globally. There is no defined therapy for non-alcoholic steatohepatitis (NASH), therefore this study aimed at evaluating the efficacy and safety of Roflumilast in patients with non-alcoholic NASH.
Methods: This randomized controlled parallel study involved 55 patients with NASH who were randomized into vitamin E group or control group (n=24) which received vitamin E 1000 mg once daily and roflumilast group (n=31) which received roflumilast 500 μg once daily for three months. Patients were assessed at baseline and after intervention through liver stiffness measurement (LSM) using fibro-scan and through evaluation of serum levels of tumor necrosis factor –alpha (TNF-α), Malondialdehyde (MDA), transforming growth factor-beta 1 (TGF-ß1). In addition, liver enzymes, lipid panel, fasting blood glucose and fasting insulin level with subsequent calculation of homeostatic model assessment for Insulin resistance (HOMA-IR) were also assessed.
Results: As compared to the control group, 3 months after treatment roflumilast produced a non-significant decrease in body weight and body mass index (P=0.126),(P=0.713) respectively, significant improvement in liver enzymes (P<0.001), blood glucose (P<0.001), HOMA-IR (P<0.001), significant decline in triglyceride (P<0.001),  TNF-α (P<0.001),, MDA (P<0.001), TGF-ß1 (P<0.001) levels which was associated with significant improvement in liver stiffness (P<0.001). In addition, oral roflumilast proved safety in patients with NASH since it doesn't provoke any serious adverse reaction.
Conclusion: The overall data revealed that roflumilast improved hepatic steatosis and fibrosis and could represent a promising therapeutic strategy for NASH. However, further studies are recommended. 
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is defined as ectopic lipid accumulation in the liver in the absence of excessive alcohol intake. Non-alcoholic fatty liver disease is the most prevalent chronic liver disease globally (Cotter and Rinella 2020). Non-alcoholic fatty liver disease mainly affects individuals with obesity and type 2 diabetes mellitus (Pafili and Roden, 2021). The spectrum of NAFLD encompasses different abnormalities, ranging from a simple increase in intrahepatic lipid content (steatosis, non-alcoholic fatty liver or NAFL) to non-alcoholic steatohepatitis (NASH) with various degrees of necrotic inflammation, fibrosis, and ultimatelycirrhosi (Pafili and Roden, 2021). Non-alcoholic fatty liver disease is not only associated with an increased risk of hepatocellular carcinoma but also with cardiovascular diseases and complications related to T2DM including nephropathy and neuropathy (Zaharia et al., .2019;  Targher et al., 2018; Lazarus et al., 2020). 
The current guidelines by the American Association for the Study of Liver Disease (AASLD) and the European Association for the Study of the Liver (EASL) have recommended the use of vitamin E in patients with biopsy-proven NASH and without diabetes. However, current data on the efficacy and safety of vitamin E has not been considered sufficient to expand this recommendation to diabetic patients with NASH (Blond et al., 2017; Chalasani et al., 2012). Vitamin E can lessen oxidative stress and delay the progression of NASH, making it a promising therapeutic strategy for the treatment of patients with NASH (Oseini and Anya , 2017). 
Roflumilast is FDA-approved phosphodiesterase 4 (PDE4) inhibitor which was approved for the treatment of moderate-to- severe chronic obstructive pulmonary disease. In mice and in limited human studies, this oral medication produced weight loss and improved insulin sensitivity (Muo al., 2019; Alispahic et al., 2020). Phosphodiesterase (PDE) is an enzyme involved in the pathogenesis of chronic inflammatory and degenerative diseases, for instance, asthma, chronic obstructive pulmonary disease (COPD), psoriatic arthritis, atopic dermatitis, and dementia of Alzheimer disease (Kawamatawong et al., 2021).  Phosphodiesterase hydrolyzes nucleotide cyclic adenosine monophosphate (cAMP), and cyclic guanosine monophosphate (cGMP) to inactive metabolites as adenosine-5-monophosphate (5-AMP) and guanosine-5-monophosphate (5-GMP) respectively (Kawamatawong et al., 2017). Through increasing intracellular cAMP levels, PDE4 inhibition has a variety of therapeutic consequences. The potential of specific PDE4 inhibitors as cutting-edge anti-inflammatory and antioxidant treatments for a variety of disorders has been thoroughly investigated (Li et al., 2018). In this context, we aimed to evaluating the efficacy and safety of Roflumilast in patients with non-alcoholic steatohepatitis (NASH). 

Patients and Methods 
Study design
[bookmark: _Hlk179618282]This study was a randomized controlled parallel study. Patients were recruited from out-patient clinic of Tropical medicine department, Tanta university hospital, Tanta, Egypt. The study involved 55 patients with NASH who were randomized using sealed envelope methods with assignment codes for each available allocation into vitamin E group or control group (n=24) which received vitamin E 1000 mg once daily and roflumilast group (n=31) which received roflumilast 500 μg once daily. The study duration was 3 months whereas patients were assessed at baseline and 3 months after intervention. The study was conducted following the ethical standards of Helsinki declaration in 1964 and its later amendments. The study was approved by Research Ethical committee of Tanta University (approval code:35336/3/22). The study was registered as a clinical trial on clinicaltrial.gov with ID (NCT06677788). All participants gave their written informed consent. The inclusion criteria included patients with Cytokeratine level >240 IU/L, adult patient (age > 18 years old), both sex, overweight and obese subjects, patients with evidence of steatosis through imaging, patient with mild to moderate elevation in aminotransferase activity (>2 ,but <5 times upper limit of normal ), patient with Hepatic steatosis index (HSI) > 36, patient with HAIR ( hypertension ,alanine aminotransferase level ,insulin resistance) of 2 or 3 and patients with fibroscan score >7Kpa and < 12.5 Kpa (F2 – F3). The exclusion criteria alcohol consumers, smokers, patients with Wilson`s disease and hemochromatosis, patients with viral hepatitis, patients with cirrhosis. patients with inflammatory diseases, patients with other comorbid disease that elevate transaminases (congestive heart failure and malignancy), patients on medications that interfere with lipid and carbohydrate metabolism, patients on stateogenic medications, pregnant and lactating women and females on oral contraceptive pills. 
Measurements
Patients were assessed at baseline and 3 months after intervention 
1. Demography and anthropometric measurement
All participants were submitted to demography (age, sex and medication history), physical examination and measurement of weight and height with subsequent calculation of body mass index (BMI) = [Weight (kg)÷ Height2 (m)].
2. Calculation of hepatic steatosis index (HSI) and (HAIR ) scores (at baseline)
2.1. Hepatic steatosis index (HSI) is based on gender, history of type 2 diabetes mellitus, BMI, aspartate transaminase (AST) and alanine transaminase (ALT).HSI= (ALT/AST ratio) + BMI (addition of +2 if female and +2 if diabetic) (Sviklane  et al., 2018).
2.2.  HAIR score depends on the following parameters: Hypertension (>140/90), alanine aminotransferase level (>40 IU/L) and insulin Resistance (HOMA-IR) > 5.  (Claus, 2014).
3. Liver Stiffness measurement (LSM) by fibro-scan. 
Transient elastography (Fibroscan, Echosens, Paris) was used to assess liver stiffness depending up-on the method formerly prescribed (Fung et al., 2008). Through a single independent operator, at least ten valid measurements were obtained for each patient. Results were included in the final analysis only if the following three criteria were met: at least ten valid measurements, success rate >60% and the interquartile range (IQR)-to-liver stiffness ratio was ≤0.30. The median values of the validated measurements for each patient were representative to the liver stiffness and expressed in units of kilopascals (kPa) (Fung et al., 2008). 
4. Blood sample collection and biochemical measurement of
Approximately 10 ml of venous blood was taken from each patient after overnight fasting by sterile venipuncture, without frothing and after minimal venous stasis using disposable syringes. Blood samples were delivered in a vacutainer serum separator tubes. Immediate centrifugation at 3000 rpm was performed and then the serum was separated and divided into two portions. The first portion was used for determination of fasting blood glucose (glucose oxidase method), liver enzymes aspartate transaminase "AST",  alanine transaminase "ALT" and gamma-glutamyl transaminase "GGT" (spectrophotometerially) and lipid panel (enzymatic colorimeteric method). The second portion of the serum was stored at -80 °C until biochemical analysis of biological markers included cytokeratine level which was assessed at baseline only using enzyme linked immune-sorbent assay kit "ELISA" (My BioSource,Inc,USA .catalogue number: MBS3802423 ), fasting insulin level was assessed using ELISA kit (DRG International,Inc.USA. catalogue number:EIA-2935),  Tumor necrosis factor alpha (TNF-α)  which was evaluated using ELISA kit( Assaypro, LLC Biotechnology company USA: catalogue number: ET2010-1),  Malondialdehyde "MDA" which was determined using ELISA kit (Wuhan Fine Biotech Co., Ltd,China., catalogue number: EH4174),  and transforming growth factor – 1 beta "TGF-1β" kit (Sun Red, Biological Technology Co., Ltd, Shanghai, China, catalogue number: 201-12-5480 ). 
5. Calculated parameters
Calculation of homeostatic model assessment index insulin resistance (HOMA-IR ) and f homeostatic model assessment β cell function (HOMA-β) was done at baseline and 3 months after intervention.
6. Assessment of participant adherence and drug tolerability
During the study duration, vitamin E and Roflumilast were supplied at monthly intervals. We assessed participant adherence through counting the pills, medication refilling rate. Participant who consumed less than < 90 % of the study medications at any month were excluded. Participants followed-up weekly by phone calls and during monthly clinic visit to assess their compliance and to report any drug clinical side effects. The adverse effects were collected through adverse effects reporting form. 
Primary and secondary outcomes
The primary outcome was the change in liver stiffness measurement (LSM) (fibro scan  score). The secondary outcome was the change in the biological markers.





7-    Sample Size calculation
Based on previous clinical studies (Belfort et al., 2006; Cui et al., 2016; Kuchay et al., 2018; Lee et al., 2017; Loomba et al., 2015; Shimizu et al., 2019; Zein et al., 2011) and with the assumption of a clinically significant difference of three in LSM (Fibro-scan score) between the two arms with a standard deviation (S.D.) of 2, a sample size of 20 in each arm was calculated to provide 80% power and a two-sided significance level of 5%. After assuming an attrition rate of 20 %, a sample size of 24 in each group seems sufficient to test the difference between groups. 
Statistical analysis
The statistical analysis was performed with IBM. SPSS version 24.0 (SPSS inc, 2021,USA). Statistical analysis of the data was done considering an alpha error of 0.05 with 95% confidence interval. Data were tested for normality using Shapiro-Wilk test. Data were presented as mean ± SD for quantitative variables. Qualitative variables were expressed as numbers and percent. Quantitative data were tested using paired and unpaired t- test. Chi-Square test was used for qualitative data. Fisher exact test was used to analyses the reported adverse effects. Pearson correlation was used to assess relation between measured variables. The significance variance was set at p < 0.05.
Results 
Out of the 110 total encounters screened for eligibility, 26 subjects were omitted from the trial because they did not fulfill the inclusion criteria and 21 subjects declined to participate. Then 63 patients were randomized by sealed envelope method into the two study groups; the vitamin E group or the control group (n=29) and the roflumilast group (n=34). During the follow-up period, 8 patients were dropped out in both groups (5 patients in the control group secondary to loss of follow-up "n=3" and non-adherence "n=2" and 3 patients in roflumilast group secondary to loss of follow-up "n=2" and non-adherence "n=1"). Therefore, the final analysis included 55 patients in both groups (24 patients in the control group and 31 patients in roflumilast group) as illustrated in figure (1). 
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Figure (1): Participant Flow-Chart

Baseline data 
At baseline, there was no significant difference between the two study groups regarding age gender, body mass index, hypertension, HAIR score, HSI and cytokeratin level (P > 0.05) as shown in Table (1). 

Effect of the control (vitamin E) group on the assessed parameters as compared to its baseline data  
Three months after intervention and as compared to baseline data, the control group (vitamin E)  showed non-significant changes in parameters (P> 0.05) including liver stiffness measurement "LSM" (8.76+1.13 Kpa versus 8.68+1.29 Kpa; P=0.236), ALT (114.07+4.14 IU/ml versus 112.57+6.62 IU/ml, P=.095), GGT (106.72+5.83 IU/ml versus 106.78+8.01 IU/ml, P=.0.951) FBG (112.61+7.44 mg/dl versus 111.15+9.95 mg/dl, P=0.131, insulin (19.12+1.71IU/ml versus 19.10+2.16 IU/ml, P=0.892), HOMA-IR (5.33+0.79 versus 5.29+1.0, P=0.591), HOMA-B (142.43+17.29 versus 146.25+20.53, P=0.193), TC (239.97+15.21 mg/dl versus 239.21+18.09 mg/dl, P=0.511), TG (223.30+21.20 mg/dl versus 222.39+23.47 mg/dl, P=0.580), HDL-C (37.78+2.23 mg/dl versus 37.64+2.60 mg/dl, P=0.468), LDL-C (159.11+15.02 mg/dl versus 159.32+17.45 mg/dl, P=0.770), VLDL (44.94+4.15 mg/dl versus 44.47+4.86 mg/dl, P=0.177), TNF-α (8.57+1.82 pg/ml versus 8.98+1.61 pg/ml, P=0.058), TGF-β1 (22.91+5.21 ng/ml versus 23.00+5.14 ng/ml, P=0.391), weight (101.28+10.24 Kg versus 101.47+10.86 Kg, P = 0.707), BMI (33.13+2.58  kg/m2 versus 3 3.89+2.59 kg/m2, P=0.126). However, this group produced a significant changes in AST (101.77+4.62 IU/ml versus 100.03+6.22 IU/ml, P<0.001) and MDA serum level (3.70+0.94 ng/ml versus 3.60+0.93 ng/ml, P=0.001) as illustrated in table (2). 

Effect of roflumilast group on the assessed parameters as compared to its baseline data  
[bookmark: _Hlk179612598]As compared to baseline data, 3 months after treatment roflumilast produced significant decrease in liver stiffness "LSM" (9.00+1.40 Kpa versus 6.33+1.57 Kpa, P<0.001), ALT (114.51+6.86 IU/ml versus 62.58+13.72 IU/ml, P<0.001), AST (106.84+7.55 IU/ml versus 66.16+12.74 IU/ml, P<0.001), GGT (115.25+7.92 IU/ml versus 61.78+14.75 IU/ml, P<0.001), FBG(117.33+5.16 mg/dl versus105.01+7.76 mg/dl, P<0.001), insulin (19.32+2.25 IU/ml versus 13.64+2.24 IU/ml, P<0.001), HOMA-IR (5.63+0.90 versus 3.58+0.83,P<0.001), HOMA-B (127.75+3.99 versus 116.70+7.66,P<0.001), TC (246.54+15.33 mg/dl versus 232.22+15.36 mg/dl, P<0.001) ,TG (236.03+21.92 mg/dl versus 191.06+21.93 mg/dl, P<0.001), HDL-C (41.73+6.40 mg/dl versus 36.34+2.63 mg/dl, P<0.001) LDL-C (164.75+19.42 mg/dl versus 145.91+31.13 mg/dl, P<0.001) VLDL (47.18+4.45 mg/dl versus 40.75+7.57 mg/dl, P<0.001) TNF-α (8.70+1.57 pg/ml versus 5.50+1.15 pg/ml, P<0.001), TGF-β1 (22.85+4.63 ng/ml versus 15.45+3.08 ng/ml, P<0.001) MDA (3.94+0.85 ng/ml versus 2.60+0.77 ng/ml, P<0.001) ), non-significant decrease in body weight and body mass index: weight (96.40+14.72 Kg versus 96.40+14.67Kg ,P = 0.999), and BMI (32.85+4.76 kg/m2 versus 33.86+4.74 kg/m2 , P=.982) as demonstrated in table (2). 

Effect of roflumilast versus vitamin E 
[bookmark: _Hlk179612845][bookmark: _Hlk179613702]Three months after intervention and as compared to vitamin E group (control group), roflumilast exhibited a significant decrease in as LSM" (6.33+1.57 Kpa versus 8.68+1.29 Kpa; P<0.001), ALT (62.58+13.72 IU/ml versus 112.57+6.62IU/ml IU/ml ,P<0.001), AST (66.16+12.74 IU/ml versus 100.03+6.22 IU/ml ,P<0.001), GGT (61.78+14.75 IU/ml versus 106.78+8.01 IU/ml, P<0.001), FBG (105.01+7.76 mg/dl versus111.15+9.9 5mg/dl, P<0.001), insulin (13.64+2.24 IU/ml versus 19.10+2.16IU/ml, P<0.001),  HOMA-IR (3.58+0.83 versus 5.29+1.01, P<0.001), HOMA-B (116.70+7.66 versus 146.25+20.53, P<0.001), TC (232.22+15.36 mg/dl versus 239.21+18.09  mg/dl, P= 0.127), TG (191.06+21.93 mg/dl versus 222.39+23.47 mg/dl, P<0.001), HDL-C (36.34+2.63 mg/dl versus 37.64+2.60 mg/dl, P= 0.073), LDL-C (145.91+31.13 mg/dl versus 159.32+17.45 mg/dl, P= 0.064), VLDL (40.75+7.57 mg/dl versus 44.47+4.86 mg/dl P= 0.032), TNF-α (5.50+1.15 pg/ml versus 8.98+1.61pg/ml, P<0.001), TGF-β1 (15.45+3.08 ng/ml versus 23.00+5.14 ng/ml, P<0.001), MDA (2.60+0.77 ng/ml versus 3.60+0.93 ng/ml, P<0.001), weight (96.40+14.67 Kg versus 101.47+10.86 Kg, P =0.713 ) and BMI (32.86+4.74 kg/m2 versus 33.89+2.59 kg/m2, P=.126) as demonstrated in table (3).




Drug safety 
There is non-significant difference between the control group and roflumilast group in the term of reported adverse effects (P>0.05) which included headache (2 "8.3 % " versus 2 "6.5 %" ),  nauseas (1 "4.2 % " versus 2 "6.5 %" ), diarrhea (1 "4.2 % " versus 1"3.2 %"), fatigue (1 "4.2 % " versus 2  "6.5 %"), joint pain (0 "0 % " versus 1 "3.2 %" ), stomach pain (1 "4.2 % " versus 0 "0 % ") and loss of appetite (2 "8.33 % " versus 6 "19.4 %") as postulated in table (4).    








Table (1): Basic demographic, anthropometric and clinical data of the two studied groups
	Variables 
	Control group (n=24)
	Roflumilast group (n=31)
	t
	P-Value

	Age in years
	46.45+6.85
	49.37+7.45
	1.511
	0.137

	Weight (kg)
	101.28+10.24
	96.40+14.72
	1.173
	0.249

	Height(cm) 
	172.94+7.22
	171.30+7.96
	0.664
	0.511

	BMI (kg/m2)
	33.77+4.58
	33.69+3.61
	0.246
	0.620

	Cytokeratin (IU/L).  
	332.78+43.40
	318.10+46.60
	1.205
	0.234

	
	n
	%
	n
	%
	X2
	p

	Male
	23
	74.2
	19
	79.2
	0.185
	0.667

	Female 
	8
	25.8
	5
	20.8
	
	

	Hypertensive 
	16
	51.6
	14
	58.3
	0.246
	0.620

	Normotensive 
	8
	48.4
	17
	41.7
	
	

	HOMA-IR>5
	5
	20.8
	9
	29.0
	0.479
	0.489

	HOMA-IR<5
	19
	79.2
	22
	71.0
	
	

	ALT>40
	24
	100.0
	31
	100.0
	0.000
	1.000

	HAIR score =2
	15
	62.5
	24
	77.4
	1.460
	0.227

	HAIR score =3
	9
	37.5
	7
	22.6
	
	

	HSI>36
	24
	100.0
	31
	100.0
	0.000
	1.000
























Data are presented as mean ± S.D., number, and percent.
kg: kilogram, cm: centimeter, IU/L: international unit per liter,  BMI: Body mass index; HOMA-IR: Homeostasis Model Assessment–Insulin Resistance; ALT: Alanine aminotransferase; HAIR: Hypertension, alanine aminotransferase level, HSI: Hepatic steatosis index. 
P < 0.05 is considered significant.
	Parameter
	Control group (n=24)
	Roflumilast group (n=31)

	
	Before treatment
	12 weeks after treatment
	t
	P-value
	Before treatment
	12 weeks after treatment
	t
	P-Value

	LSM (kpa)
	8.76+1.13
	8.68+1.29
	1.216
	0.236
	9.00+1.40
	6.33+1.57
	19.573
	<0.001*

	ALT(IU/ml)
	114.07+4.14
	112.57+6.62
	1.743
	0.095
	114.51+6.86
	62.58+13.72
	30.438
	<0.001*

	AST(IU/ml)
	101.77+4.62
	100.03+6.22
	4.074
	<0.001*
	106.84+7.55
	66.16+12.74
	25.898
	<0.001*

	GGT(IU/ml)
	106.72+5.83
	106.78+8.01
	0.063
	0.951
	115.25+7.92
	61.78+14.75
	29.058
	<0.001*

	FBG (mg/dl)
	112.61+7.44
	111.15+9.95
	1.565
	0.131
	117.33+5.16
	105.01+7.76
	18.883
	<0.001*

	Insulin (IU/ml)
	19.12+1.71
	19.10+2.16
	0.137
	0.892
	19.32+2.25
	13.64+2.24
	31.132
	<0.001*

	HOMA-IR
	5.33+0.79
	5.29+1.01
	0.544
	0.591
	5.63+0.90
	3.58+0.83
	32.640
	<0.001*

	HOMA-B
	142.43+17.29
	146.25+20.53
	1.342
	0.193
	127.75+3.99
	116.70+7.66
	6.188
	<0.001*

	TC (mg/dl)
	239.97+15.21
	239.21+18.09
	0.667
	0.511
	246.54+15.33
	232.22+15.36
	14.863
	<0.001*

	TG (mg/dl)
	223.30+21.20
	222.39+23.47
	0.561
	0.580
	236.03+21.92
	191.06+21.93
	19.973
	<0.001*

	HDL-C (mg/dl)
	37.78+2.23
	37.64+2.60
	0.739
	0.468
	41.73+6.40
	36.34+2.63
	4.665
	<0.001*

	LDL-C (mg/dl)
	159.11+15.02
	159.32+17.45
	0.296
	0.770
	164.75+19.42
	145.91+31.13
	5.760
	<0.001*

	VLDL (mg/dl)
	44.94+4.15
	44.47+4.86
	1.392
	0.177
	47.18+4.45
	40.75+7.57
	8.139
	<0.001*

	TNF-α (pg/ml)
	8.57+1.82
	8.98+1.61
	1.994
	0.058
	8.70+1.57
	5.50+1.15
	22.562
	<0.001*

	[bookmark: _Hlk179402022]TGF-β1 (ng/ml)
	22.91+5.21
	23.00+5.14
	0.875
	0.391
	22.85+4.63
	15.45+3.08
	18.665
	<0.001*

	MDA (ng/ml)
	3.70+0.94
	3.60+0.93
	3.606
	0.001*
	3.94+0.85
	2.60+0.77
	17.953
	<0.001*

	Weight (Kg)
	101.28+10.24
	101.47+10.86
	0.383
	0.707
	96.40+14.72
	96.40+14.67
	0.001
	0.999

	BMI (kg/m2)
	33.13+2.58
	33.89+2.59
	1.607
	0.126
	32.85+4.76
	32.86+4.74
	0.022
	0.982


Table (2): Laboratory data for the two study groups before and after treatment

Data are presented as mean ± S.D.
LSM: liver stiffness measurement, ALT: Alanine aminotransferase; AST: Aspartate transaminase; GGT: Gamma-glutamyl transferase; FBG: Fasting blood glucose; HOMA-IR: Homeostasis Model Assessment–Insulin Resistance, HOMA-B: Homeostasis Model Assessment – Beta cells function, TC: total cholesterol; TG: Triglycerides; HDL-C; high density lipoprotein cholesterol, LDL-C: low density lipoprotein cholesterol; VLDL: very low-density lipoprotein; TNF-α: Tumor necrosis factor alpha; TGF-β1: Transforming growth factor beta 1; MDA: Malondialdehyde, BMI: Body mass index,  kPa: kilopascal  , IU/ml: international unit per milliliter, mg/dl: milligram per deciliter, pg/ml: pictogram per milliliter, ng/ml: nanogram per milliliter, kg: kilogram.
P < 0.05 is considered significant.
*Statistically significant




















Table (3): Laboratory data for the two study groups after treatment 
	Parameter
	Control group (n=24)
	Roflumilast group (n=31)
	t
	P-Value

	LSM(kpa)
	8.68+1.29
	6.33+1.57
	5.912
	<0.001*

	ALT(IU/ml)
	112.57+6.62
	62.58+13.72
	17.792
	<0.001*

	AST(IU/ml)
	100.03+6.22
	66.16+12.74
	11.951
	<0.001*

	GGT(IU/ml)
	106.78+8.01
	61.78+14.75
	13.469
	<0.001*

	FBG(mg/dl)
	111.15+9.95
	105.01+7.76
	2.570
	0.013*

	Insulin(IU/ml)
	19.10+2.16
	13.64+2.24
	9.096
	<0.001*

	HOMA-IR
	5.29+1.01
	3.58+0.83
	6.894
	<0.001*

	HOMA-B
	146.25+20.53
	116.70+7.66
	6.701
	<0.001*

	TC(mg/dl)
	239.21+18.09
	232.22+15.36
	1.549
	0.127

	TG (mg/dl)
	222.39+23.47
	191.06+21.93
	5.096
	<0.001*

	HDL-C (mg/dl)
	37.64+2.60
	36.34+2.63
	1.827
	0.073

	LDL-C (mg/dl)
	159.32+17.45
	145.91+31.13
	1.890
	0.064

	VLDL (mg/dl)
	44.47+4.86
	40.75+7.57
	2.209
	0.032*

	TNF-α (pg/ml)
	8.98+1.61
	5.50+1.15
	9.372
	<0.001*

	TGF-β1 (ng/ml)
	23.00+5.14
	15.45+3.08
	6.363
	<0.001*

	MDA (ng/ml)
	3.60+0.93
	2.60+0.77
	4.305
	<0.001*

	Weight (Kg)
	101.47+10.86
	96.40+14.67
	0.370
	0.713

	BMI (kg/m2)
	33.89+2.59
	32.86+4.74
	1.565
	0.126


Data are presented as mean ± S.D.
LSM: liver stiffness measurement, ALT: Alanine aminotransferase; AST: Aspartate transaminase; GGT: Gamma-glutamyl transferase; FBG: Fasting blood glucose; HOMA-IR: Homeostasis Model Assessment–Insulin Resistance; HOMA-B: Homeostasis Model Assessment – Beta cells function, TC: total cholesterol; TG: Triglycerides; HDL-C; high density lipoprotein cholesterol,  LDL-C: low density lipoprotein cholesterol; VLDL: Very low-density lipoprotein; TNF-α: Tumor necrosis factor alpha; TGF-β1: Transforming growth factor beta 1; MDA: Malondialdehyde, BMI: Body mass index,  kPa: kilopascal, IU/ml: international unit per milliliter, mg/dl: milligram per deciliter, pg/ml: pictogram per milliliter, ng/ml: nanogram per milliliter, kg: kilogram.
P < 0.05 is considered significant.
*Statistically significant


Table (4): The reported adverse effects for the two study groups
	Adverse effects
	Control group (n=24)
	Roflumilast group (n=31)
	P-Value

	
	n
	%
	n
	%
	

	Headache 
	2
	8.3
	2
	6.5
	0.591

	Nausea 
	1
	4.2
	2
	6.5
	0.597

	Diarrhea 
	1
	4.2
	1
	3.2
	0.687

	Fatigue 
	1
	4.2
	2
	6.5
	0.597

	Joint pain
	0
	0.0
	1
	3.2
	0.564

	Stomach pain
	1
	4.2
	0
	0.0
	0.436

	Loss of appetite
	2
	8.3
	6
	19.4
	0.225


Data are presented as number, percent and mean ± S.D



P < 0.05 is considered significant



Discussion
Nonalcoholic fatty liver disease (NAFLD) is a disorder in which the liver accumulates fat without alcohol intake. According to Chalasani et al., 2012, the histologic pattern of NAFLD can advance to nonalcoholic steatohepatitis (NASH), liver fibrosis, cirrhosis, and liver cancer.  The development of NASH is heavily influenced by dyslipidemia, particularly hypertriglyceridemia, oxidative stress, and insulin resistance (Abenavoli et al., 2016; Maximos et al., 2015). Despite there is no specific treatment for NASH, several treatment approaches including insulin sensitizers, lipid-lowering medications, L-carnitine, pentoxifylline, and probiotics, have been suggested (Du et al., 2014; El-Haggar and Mostafa, 2015). For verifying patients with fatty liver disease, we based on imaging, serum aminotransferases, HSI, and HAIR score. Hepatic steatosis index (HSI) represents a quick and reliable screening tool for NAFLD.  During the current study, the HSI for all included participants was >36, which is consistent with previous studies' hypothesized that, NAFLD is predicted in patients with HSI is >36 (Lee et al., 2010). Furthermore, patients with HAIR score of 2 or 3 are more likely to develop NASH, with a sensitivity and specificity of 80% and 89%, respectively (Claus, 2014). Although liver biopsy is the gold standard to assess liver fibrosis, aggregating proof shows that non-invasive Fibro-Scan transient elastography is strongly linked to the hepatic fibrosis (Roulot et al., 2011). The implication of Fibro-scan during the current study was based on some former studies demonstrated the indicative diagnostic performance and accuracy of Fibro-Scan in detecting liver fibrosis with 90% specificity and sensitivity (Abd El Rihim et al., 2013). During the current study, TGF- β1was chosen as biomarker of liver fibrosis since the most early molecular step in steatohepatitis is the up-regulation of TGF- β1 (Starkel et al., 2003)
To the best of the authors' knowledge, this is the first randomized controlled study pointed toward exploring the efficacy and safety of roflumilast a PDE4 enzyme inhibitor in the treatment of patients with NASH through assessing its impact on liver stiffness, liver enzymes, serum levels of liver fibrosis biomarker (TGF-β1), insulin resistance, metabolic and inflammatory parameters. PDE4 enzyme can be found in the lungs, immune system, kidney, liver (Engels et al., 1994) adipose tissue (Omar et al., 2011) and Many of these tissues (Azevedo et al., 2014).  Furthermore, PDE4 enzyme is a component of several biological systems which plays a vital role in inflammation and oxidative stress. PDE4 inhibition can increase cAMP level with subsequent anti-inflammatory and antioxidant effects which ad in the treatments of a variety of disorders (Li et al., 2018). In this context, PDE4 inhibitors including roflumilast are used to treat chronic inflammatory conditions such as COPD (Rogliani et al., 2016) and psoriasis (Keating, 2017) depending up-on their anti-inflammatory and antioxidants effects since inflammation and oxidative stress play a critical role in the pathogenesis of these diseases. Despite the comparison is generally troublesome among the different studies aimed at treating NAFLD, the improvement provided by roflumilast  on liver enzymes and liver fibrosis ,, is in accordance with former findings demonstrated that ezetimibe, sitagliptin, empagliflozin, pentoxifylline, dapagliflozin, pioglitazone, could decrease liver fat accumulation and improve liver fibrosis and decrease liver enzymes level in patients with NASH and NAFLD through their anti-inflammatory, antioxidant, and antifibrogenic activity (Cui et al., 2016 ; Kuchay et al., 2018; Lee et al., 2017; Shimizu et al., 2019; Loomba et al., 2015;). Some animal studies reported the protective effect of roflumilast against acute hepatotoxicity in wistar rats (Almalki, 2024). The authors demonstrated that roflumilast protects against inflammation and oxidative stress which was translated by decreased inflammatory cytokines and malondialdehyde (MDA) levels with subsequent improvement in ALT and AST levels and liver fibrosis (Almalki, 2024). In rats with lipopolysaccharide-induced liver injury, roflumilast was found to reduce inflammation, oxidative stress markers, and cytokines associated with liver injury (Parivar et al., 2012). In addition, roflumilast was reported to ameliorate hepatic function through improving oxidative stress and fighting hepatic inflammation by reducing the gene expression of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 (Wang et al., 2024). These previous findings could explain the significant and favorable effects of roflumilast on TNF-α, MDA, liver enzymes and liver fibrosis as compared to vitamin E.  
[bookmark: bbib16][bookmark: bbib17]Three months after intervention roflumilast produced non- significant but clinically important weight loss as compared to the control group. This result seems in consonance with the previously reported finding demonstrated that, oral roflumilast therapy for three months is accompanied by weight loss (Gyldenløve et al., 2024). The weight loss  produced by roflumilast could be attributed to increased energy expenditure (Mollmann et al., 2017) or  reduced appetite through glucagon-like peptide 1 (GLP-1)-mediated mechanism (Muo et al., 2019).  However the increased energy expenditure   is the most likely mechanism for weight loss during the current study since there is non-significant change between the percentage of patients who showed reduced appetite in both study group.  
Some studies in human obesity and insulin resistance have demonstrated a clear relation between the chronic activation of pro-inflammatory signaling pathways and increased insulin resistance. High level of tumor necrosis factor-α (TNF-α) was reported in various diabetic and insulin-resistant conditions (Hotamisligil et al., 1995). Beta-cell dysfunction results from many pathogenic pathways including oxidative stress (Drews et al., 2010; Robertson and Harmon 2007). Oxidative stress impairs beta-cell function through multiple mechanisms (Drews et al., 2010; Robertson and Harmon 2007). It markedly reduces insulin production, impairs inclusion of proinsulin vesicles into the plasma membrane, and reduces their exocytosis in response to glucose into the circulation (Drews et al., 2010; Robertson and Harmon 2007). It can also induce apoptosis of pancreatic cells leading to loss of beta cells (Drews et al., 2010; Robertson and Harmon 2007). Therefore, the anti-inflammatory and the antioxidant effects of roflumilast secondary to inhibition of PDE4 and increased cAMP may explain its favorable effect on blood glucose, insulin resistance and pancreatic cells function. This result comes in parallel with a previous study demonstrated that, roflumilast lowered glucose levels in patients with newly diagnosed DM2 without COPD, suggesting its favorable effects on glucose homoeostasis and insulin sensitivity (Wouters et al., 2012;  Möllmann et al., 2017). 
Roflumilast group showed significant beneficial effect on lipid panel notably triglycerides and HDL-C as compared to the vitamin E group.  The molecular mechanisms underlying the reduction in triglycerides levels and an increase in HDL levels during treatment with PDE4 inhibitors might be attributed to increased lipolysis. Indeed, in adipose tissue, PDE4 inhibition induces an increase in cAMP levels that, through cAMP-PKA phosphorylation, stimulates hormone-sensitive lipase (HSL). This activation of HSL enhances lipolysis, responsible for the hydrolysis of stored triglycerides into free fatty acids (FFAs) and glycerol (Wu and Rajagopalan, 2016). This former result is in accordance with a recent preclinical study demonstrated that, roflumilast improved lipid metabolism in ob/ob-GAN NAFLD mice (Wang et al., 2024). Furthermore, it has been demonstrated that roflumilast may exert antiatherogenic effect in people at high risk for cardiovascular events (White et al., 2013). 
TGF-β1 stimulates collagen synthesis and therefore is considered a strong stimulus for liver fibrosis (Bissell et al., 2001). As compared to the control group, roflumilast significantly decreased serum level of TGF-β1, one of the biomarkers of liver fibrosis. This result comes in parallel with a previous finding demonstrated that, suppresses the expression of mRNA of genes involved in fibrosis including TGF-β1 (Wang et al., 2024).
Regarding safety and tolerability of the study medications, roflumilast was safe and well tolerated. It did not provoke any serious adverse drug reactions. Some patients developed transient, mild and controllable side effects at initial period of treatment and these side effects disappeared with time since the patients became tolerable to the study medications. In addition, there was non-significant difference between vitamin E and roflumilast in the term of reported adverse effects (P>0.05). Our finding regarding safety of oral roflumilast is in accordance with a previously reported data demonstrated that, oral roflumilast was efficacious and safe in treating moderate-to-severe plaque psoriasis over 24 weeks (Gyldenløve et al., 2023).
The points of strength of the current study include its design as randomized controlled trial and its priority in assessing the safety and efficacy of roflumilast in patients with NASH. However, the study has some limitations including small sample size and short follow-up period. 
Conclusion
The overall data revealed that roflumilast  improved hepatic steatosis and fibrosis which translated by attenuating oxidative stress,  ameliorating hepatic inflammation by reducing the pro-inflammatory cytokine level (TNF-α), improving insulin resistance and hypertriglyceridemia, reducing liver injury through  decreasing serum  ALT and aspartate AST and by decreasing TGFβ1 one of the biological marker involved in liver fibrosis. Collectively, Our findings proposed that, PDE-4 inhibitor roflumilast could be a promising therapeutic strategy for NASH. However, further large scale and more longitudinal studies are recommended. 
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