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Adelmidrol protects against non-alcoholic steatohepatitis in mice
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Abstract
Non-alcoholic steatohepatitis (NASH) is a more serious condition of non-alcoholic fatty liver disease (NAFLD), a widely spread
type of chronic liver disease. Oxidative stress and inflammation induced by lipotoxicity are involved in hepatic injury of NASH.
This work aimed to investigate the possible protective effect of adelmidrol (PPARα andγ agonist) against NASH inmice.Thirty-
six mice were divided into six equal groups: sham-operated, NASH, vehicle, adelmidrol 5 mg/kg, adelmidrol 10 mg/kg, and
adelmidrol 20 mg /kg. Adelmidrol was injected intraperitoneally once daily for 7 weeks along with high-fat diet (HFD). Mice
were euthanized, and livers were removed for light microscopic examination and detection of reduced glutathione (GSH) content
while blood samples were collected for assessment of transaminases (ALT& AST), tumor necrosis factor (TNF-α), matrix
metalloproteinase-1 (MMP-1), adiponectin, cholesterol, high-density lipoprotein (HDL), and triglyceride. NASH mice had
increments in MMP-1, TNF-α, AST, ALT, triglyceride, and cholesterol levels while HDL, adiponectin levels, and GSH content
were decreased with vesicular steatosis, lobular inflammation, hepatocyte ballooning, and degeneration. Administration of
adelmidrol decreased MMP-1, TNF-α, AST, ALT, triglyceride, and cholesterol levels while increased HDL, adiponectin levels,
and GSH content as well as ameliorated the histopathological changes. Adelmidrol protected mice from NASH; an effect could
be attributed to its anti-inflammatory and antioxidant actions.
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Introduction and aim

Non-alcoholic fatty liver disease (NAFLD) is the most common
type of chronic liver disease (Uppal et al. 2016). NAFLDmay be
presented as fatty liver, in which fat accumulation does not in-
duce damage to the liver or non-alcoholic steatohepatitis
(NASH) associated with liver inflammation and scarring
(Araújo et al. 2018).

The pathogenesis of NASH is complex. Oxidative stress and
lipotoxicity are considered the main factors causing hepatic inju-
ry in NASH (Lizana et al. 2017). In addition, the immune system
shares in NASH by various inflammatory mediators including
endotoxins, inflammatory cytokines, and chemokines

(Lebensztejn et al. 2016). These molecules are produced by he-
patocytes, hepatic stellate cells (HSCs), portal fibroblasts, and
immune cells such as neutrophils, macrophages, natural killer
(NK) cells, and lymphocytes (Ganz and Szabo 2013).
Interactions between liver cells and various immune cell popula-
tions in the liver were reported (Magee et al. 2016).

Adelmidrol is a semisynthetic diethanolamide derivative of
azelaic acid (Nazzaro-Porro 1987) which belongs to the aliamide
family (Aloe et al. 1993) and analogue to palmitoylethanolamide
(PEA) which has anti-inflammatory and analgesic proprieties
(Genovese et al. 2008). Adelmidrol is used in the treatment of
skin inflammation. This compound could exert systemic anti-
inflammatory action through activation of peroxisome
proliferator-activated receptor (PPAR α and γ) and cannabinoid
(CB2) receptor present mainly in immune cells as well as orphan
GPR55 receptor (Cordaro et al. 2016).

The anti-inflammatory effect of adelmidrol was document-
ed by reduction of pro-inflammatory mediators such as induc-
ible nitric oxide synthetase (iNOS), tumor necrosis factor-α
(TNF-α), and nitric oxide (De Filippis et al. 2011). In addition,
adelmidrol inhibited nuclear factor kappa B (NF-kB) pathway
in an autoimmune rat model (Impellizzeri et al. 2016).
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Thus, the aim of this study was to investigate the possible
protective effect of adelmidrol against high-fat diet-induced
NASH in mice.

Materials and methods

Drugs and reagents

Adelmidrol was purchased from Sigma-Aldrich (St. Louis,
MO). The required doses of adelmidrol used in the studies
were dissolved in dimethyl sulfoxide (DMSO) immediately
prior to use.

Animals and experimental design

Male CD1 albino mice (8–10 weeks old, 25–30 g) were ob-
tained from the Faculty of Veterinary Medicine at Zagazig
University. Mice were housed at constant environmental con-
ditions (room temperature 23 ± 2 °C with a 12-h light/dark
cycle). Mice were provided ad libitum access to standard ro-
dent chow diet and filtered water. The mice were allowed to
acclimate for 1 week prior to any use in experiments. All
experimental procedures were approved by the local authori-
ties, i.e., the Ethical Committee for Animal Handling at
Zagazig University and were according to the guidelines set
by the National Institutes of Health (USA). Mice were ran-
domly divided into six groups (6mice/group): Group 1 (sham-
operated) served as control (10% calories from fat); group 2
(NASH) mice received high-fat diet (HFD) (71% fat, 11%
carbohydrate, and 18% protein) according to Ching Lau
et al. (2017) for 7 weeks; group 3 (vehicle) received DMSO
10 mg/kg by i.p. injection according to Hanslick et al. (2009)
daily for 7 weeks; groups 4, 5, and 6 mice received 5, 10, and
20 mg adelmidrol/kg/day, respectively, intraperitoneal for
7 weeks given at the same timewith HFD.Mice were weighed
daily so that appropriate dosages could be delivered and also
for follow-up. The doses of adelmidrol were selected accord-
ing to Cordaro et al. (2016) who administered 10 mg/kg/day
of adelmidrol for the assessment of its protective effect against
ulcerative colitis in mice.

Induction of NASH

It was induced using a high-fat diet (40% calories from fat,
40% calories from carbohydrate, and 20% calories from pro-
tein) for 7 weeks (Siersbæk et al. 2017). Mice were euthanized
by CO2 asphyxiation, and the left and median liver lobes as
well as blood from the heart were then collected. The liver
tissues in each group were subdivided into two equal sets; one
was to be homogenized while the other was designated for
histopathological studies. Serum samples were prepared from
the collected blood for use in measures of alanine

aminotransferase (ALT), aspartate aminotransferase (AST),
tumor necrosis factor (TNF-α), matrix metalloproteinase 1
(MMP-1) lipid profile (triglyceride, cholesterol, and HDL),
and adiponectin levels. The left and median hepatic lobes
were washed with ice-cold saline, blot-dried, and then used
for determination of reduced glutathione (GSH) content. In
these assays, the liver samples were suspended in a phosphate
buffer (50 mmol/L, pH 6) at 5 times the tissue volume and
processed in a Potter-Elvehjem homogenizer. The raw ho-
mogenate was then aliquoted and frozen at 80 °C until used
in the various assays (Helewski et al. 2010).

Determination of liver enzyme activities

SerumALTandASTactivities were assayed enzymatically using
commercial kits purchased from Spinreact (Gerona, Spain) ac-
cording to the method described by Reitman and Frankel (1957).

Determination of serum TNF-α level

Serum TNF-α level was measured by Mouse TNF-α
PicoKine™ Elisa kit according to Bonavida (1991).

Determination of hepatic GSH content

Homogenates-reduced GSH content was determined by the
colorimetric method according to Beutler et al. (1963).

Determination of MMP-1

SerumMMP-1 levels were measured by mouse matrix MMP-
1 Elisa kit according tomanufacturer instruction (Lenglet et al.
2014).

Determination of adiponectin

Serum adiponectin levels were measured by Mouse matrix
Adipoq (Mouse) Elisa kit (Zhu et al. 2008).

Determination of lipid profile

The total plasma cholesterol, triglyceride, and HDLweremea-
sured by quantitative, enzymatic, and colorimetric determina-
tion in serum (Yang et al. 2012).

Histopathology

Dedicated specimens were taken from both left and median
lobes of the liver, then fixed in 10% buffered formalin
(pH 7.2), processed, and embedded in paraffin wax. Sections
of 5-mm thickness were then generated and stained with H&E
for subsequent light microscope examination (Bancroft and
Gamble 2002).
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Statistical analysis

One-way analysis of variance (ANOVA) was used for
comparison of all groups. Least significant difference
(LSD) was used for comparison of groups. All data are
expressed as mean ± SD. Significance was accepted at p-
values < 0.05. The collected data were analyzed by com-
puter using Statistical Package of Social Services version
22 (SPSS).

Results

Effect of adelmidrol on serum levels of ALT and AST

NASH significantly increased serum levels of ALT and AST
compared with the sham group. ALT and AST levels in
DMSO treated group were insignificant in relation to the
NASH group. Adelmidrol (5, 10, and 20 mg/kg/day) pro-
duced dose-dependent significant reductions in ALT and
AST levels as compared with NASH and DMSO groups
(Table 1).

Effect of adelmidrol on TNF-α and MPP-1

NASH produced significant increments in serum levels of
TNF-α and MPP-1 compared with the sham group. In
DMSO treated group, TNF-α and MPP-1 levels were insig-
nificantly changed in relation to NASH group. Adelmidrol (5,
10, and 20 mg/kg/day) produced dose-dependent significant
reductions in TNF-α and MPP-1 levels in relation to NASH
and DMSO groups (Table 2).

Effect of adelmidrol on adiponectin and GSH

Adiponectin serum level and hepatic GSH content were sig-
nificantly reduced in the NASH group. In the DMSO-treated
group, adiponectin level and GSH content were insignificant-
ly different from the sham group. Adelmidrol (5, 10, and

20 mg/kg/day) significantly increased adiponectin level and
GSH content as compared with the NASH and DMSO groups
in a dose-dependent manner (Table 3).

Effect of adelmidrol on lipid profile

NASH resulted in significant increments in serum levels of
triglyceride and cholesterol with significant decrease in serum
HDL level compared with the sham group. DMSO treatment
produced insignificant changes in the studied parameters in
relation to the NASH group. Adelmidrol (5, 10, and
20mg/kg/day) produced significant decrements in triglyceride
and cholesterol levels with significant increase in HDL level
as compared with the NASH and DMSO groups in a dose-
dependent manner. (Table 4).

Effect of adelmidrol on total body weight

NASH resulted in significant increments in total body weight
of mice compared with the sham group. DMSO treatment
produced insignificant changes in relation to NASH group.
Adelmidrol (5, 10, and 20 mg/kg/day) produced significant
decrements in total body weight as compared with the NASH
and DMSO groups in a dose-dependent manner (Table 5).

Histopathological results

Histopathological findings showed normal hepatic architecture,
normal hepatocytes with central nucleus and eosinophilic cyto-
plasm, normal central veins, no steatosis, no ballooning, and no
hepatocyte degeneration (Fig. 1a). In the NASH group, the liver
showed macro and microvesicular steatosis, lobular inflamma-
tion, hepatocyte ballooning, and degeneration of many hepato-
cytes (b). The DMSO group showed similar histopathological
findings to the NASH group (c). Adelmidrol (5, 10, and
20 mg/kg) treated groups showed decrements in the number of
inflammatory cells, degree of steatosis with less prominent hepa-
tocyte ballooning, and degeneration. These effects were dose-
dependent (5 mg/kg (d), 10 mg/kg (e), 20 mg/kg (f).

Table 1 Effect of adelmidrol on serum levels of ALT and AST

Groups Sham NASH DMSO 10 ml/kg Adelmidrol 5 mg Adelmidrol 10 mg Adelmidrol 20 mg

ALT 12 ± 2.95 58 ± 9.8# 56 ± 12.7# 35 ± 4.03#* 22 ± 2.56#*& 16 ± 2.20*&$

AST 18 ± 1.68 65 ± 4.08# 62 ± 14.6# 51 ± 3.93#* 32 ± 1.46#*& 21 ± 2.88*&$

Data represent mean ± SD

ALT, alanine aminotransferase; AST, aspartate aminotransferase; NASH, non-alcoholic steatohepatitis; DMSO, dimethyl sulfoxide
# Significantly different from the sham group

*Significantly different from the NASH and DMSO groups
& Significantly different from adelmidrol 5 mg
$ Significantly different from adelmidrol 10 mg

Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:777–784 779



Discussion

Adelmidrol is an analogue to palmitoylethanolamide (PEA)
which has anti-inflammatory and antinociceptive proprieties
(Genovese et al. 2008). PEA exerts systemic anti-inflammatory
action through activation of PPAR α& γ receptors as well as
CB2 and orphan GPR55 receptors (Cordaro et al. 2016).

Adelmidrol anti-inflammatory effect through different re-
ceptor systems, namely PPAR α& γ and CB2 receptors
(Impellizzeri et al. 2016). Cordaro et al. (2016) showed that
adelmidrol’s protective effect against ulcerative colitis was
mainly through PPAR γ as its effect was abolished with the
PPAR γ blocker GW 9662 but not abolished either with CB2
blocker, SR144528, or in PPAR α knockout mice. This result
cope also with Impellizzeri et al. (2016) who showed that
adelmidrol’s protective effect in collagen-induced arthritis
was mainly through PPAR γ pathway confirmed as the
PPAR γ blocker GW 9662 abolished its effect but not the
PPAR α-blocker GW 6471.

The results of the present study showed that administration
of adelmidrol with three different doses (5, 10, 20 mg/kg)
together with high-fat diet caused significant reduction of
the level of hepatic transaminases, AST and ALT, as well as
improvement in the histopathological picture of the liver.
Adelmidrol reduced the levels of MMP-1 and TNF-α while

increased the hepatic GSH content and adiponectin level in
serum with the best results obtained with the largest dose.

TNF-α is one of the proinflammatory cytokines released
from Kupffer cells to enhance neutrophil recruitment with
subsequent hepatocytes damage (Lentsch et al. 2000).
Indeed, TNF-α activates proteases like caspase-3 and
caspase-8 with subsequent DNA destruction and apoptosis
(Arumugam et al. 2004).

TNF-α binds to TNF receptor forming TNFR1 complex,
which mediates the activation of the nuclear factor kappa beta
(NF-ĸβ) pathway which induce as a result expression of ROS
generating enzymes and thus there is a strong relationship
between oxidative stress, lipid peroxidation, and the inflam-
matory cytokine TNF-α (Fischer and Maier 2015).

The present histopathological results showed that NASH
was associated with disturbed histopathological picture of the
liver in the form of hepatocyte inflammation, fatty infiltration,
degeneration, and ballooning. These results are in accordance
with Takahashi and Fukusato (2014) who reported the pres-
ence of steatosis, lobular inflammation, and hepatocellular
ballooning in NAFLD. Adelmidrol administration improved
the histopathological picture in a dose-dependent manner.
These results cope with Jain et al. (2018) who showed that
dual PPARα/γ agonist, saroglitazar, improved liver histopa-
thology in experimental NASH models.

Table 2 Effect of adelmidrol on serum levels of TNF-α and MPP-1

Control NASH DMSO 10 ml/kg Adelmidrol 5 mg Adelmidrol 10 mg Adelmidrol 20 mg

TNF-α 17 ± 1.87 103.4 ± 6.16# 101 ± 23.5# 67 ± 4.46#* 42 ± 225.6#*& 23 ± 2.64#*&$

MPP-1 75 ± 3.6 151 ± 10.3# 149 ± 31.7# 102 ± 1.77#* 90 ± 0.144*#& 84 ± 3.9*#&$

Data represent mean ± SD

TNF, tumor necrosis factor; MPP-1, matrix metalloproteinase; NASH, non-alcoholic steatohepatitis; DMSO, dimethyl sulfoxide
# Significantly different from the sham group

*Significantly different from the NASH and DMSO groups
& Significantly different from adelmidrol 5 mg
$ Significantly different from adelmidrol 10 mg

Table 3 Effect of adelmidrol on serum adiponectin level and hepatic GSH content

Control NASH DMSO 10 ml/kg Adelmidrol 5 mg Adelmidrol 10 mg Adelmidrol 20 mg

Adiponectin 7 ± 0.38 1.81 ± 0.26# 1.79 ± 0.28# 3 ± 0.36#* 5.43 ± 0.21#*& 7.57 ± 0.43*&$

GSH 61 ± 3.39 21 ± 1.8# 22 ± 1.58# 37 ± 0.62#* 46 ± 3.76 #*& 56 ± 3.88*&$

Data represent mean ± SD

GSH, reduced glutathione; NASH, non-alcoholic steatohepatitis; DMSO, dimethyl sulfoxide
# Significantly different from the sham group

*Significantly different from the NASH and DMSO groups
& Significantly different from adelmidrol 5 mg
$ Significantly different from adelmidrol 10 mg

780 Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:777–784



In the present results, NASH was associated with de-
crease in HDL level. These results are consistent with
Jensen et al. (2018) who showed decrease in HDL level
in a rat model of NAFLD. The present results showed
decrements in adiponectin serum level and hepatic GSH
content. These findings cope with Sandhya et al. (2010)
who reported that NAFLD was associated with reduced
level of GSH content in the liver and adiponectin level in
serum. NASH group in the present work showed increased
MPP-1 level. Similar results obtained by Okazaki et al.
(2014) who found increased level of matrix metallopro-
teinase in NASH.

The present findings showed that adelmidrol decreased the
AST, ALT, triglyceride, and cholesterol levels while increased
HDL and adiponectin level. Mattace et al. (2014) stated that
PEA, adelmidrol one of its analogues, showed significant de-
crease in the level of ALT in mice model of diet-induced obe-
sity. Nakaya et al. (2011) confirmed our result as GW7647, the
potent PPAR-α agonist, the main receptor of adelmidrol, in-
creased the level of HDL and promoted macrophage reverse
cholesterol transport to inhibit atherosclerosis.

Adiponectin is a protein hormone which is involved in
regulating glucose levels as well as fatty acid breakdown

(Maeda et al. 1996). It associates negatively with obesity
and its comorbidities (Arita et al. 1999); therefore,
hypoadiponectinemia serves as a marker of adipose tissue
dysfunction and the metabolic syndrome (Trujillo and
Scherer 2005). Adiponectin exerts insulin-sensitizing and
anti-inflammatory actions in liver and muscle cells and has
vasoprotective effects. It binds at the cellular level to two
specific receptors, adiponectin receptor 1 (AdipoR1) and
adiponectin receptor 2 (AdipoR2), which provokes an intra-
cellular activation of PPAR-α receptor (Peter et al. 2013).

The present study showed that adelmidrol increased GSH
content in the liver and decreased TNF-α. Indeed, GSH is a
free radical scavenger to protect the liver against oxidative
damage (Koken and Inal 1999). Previous work done by
Impellizzeri et al. (2016) showed that adelmidrol decreased
the level of TNF-α in mice model of autoimmune arthritis
through PPAR α and γ activation.

Adelmidrol treatment resulted in decreased MPP-1 level,
and this is in accordance with Di Paola et al. (2016) who
studied the effect of adelmidrol against osteoarthritis and re-
ported a decrease in MMP-1 level. Indeed, metalloproteinase
is an enzyme produced by fibroblasts, chondrocytes, macro-
phages, keratinocytes, endothelial cells, and osteoblasts and is

Table 5 Effect of adelmidrol on total body weight of mice

Control NASH DMSO 10 mg/kg Adelmidrol 5 mg Adelmidrol 10 mg Adelmidrol 20 mg

Total body weight before start of study 44.5 ± 2.21 43.4 ± 2.31 44.1 ± 1.9 42.9 ± 2.12 44.4 ± 2.37 43.6 ± 2.28

at sacrifaction time 44.5 ± 2.21 #51.5 ± 2.16 #50 ± 1.63 #46 ± 3.21 *&44.83 ± 2.92 *&44.5 ± 2.20

Data represent mean ± SD

NASH, non-alcoholic steatohepatitis; DMSO, dimethyl sulfoxide
# Significantly different from the sham group

*Significantly different from the NASH and DMSO groups
& Significantly different from adelmidrol 5 mg

Table 4 Effect of adelmidrol on serum levels of HDL, cholesterol, and triglyceride

Control NASH DMSO
10 ml/kg

Adelmidrol 5 mg Adelmidrol
10 mg

Adelmidrol
20 mg

HDL 56 ± 11.5 24 ± 2.6# 22 ± 5.06# 35 ± 2.06*# 39 ± 8.77*#& 53 ± 2.04*#&$

Cholesterol 149 ± 24.01 220 ± 44.3# 225 ± 45.6# 193 ± 44.4*# 180 ± 50.4*#& 163 ± 34.08 *#$&

Triglyceride 54 ± 2.5 124 ± 24.3# 121 ± 24.98# 85 ± 14.9#* 76 ± 20.16#*& 57 ± 5.47*&$

Data represent mean ± SD

HDL, high-density lipoprotein; NASH, non-alcoholic steatohepatitis; DMSO, dimethyl sulfoxide
# Significantly different from the sham group

*Significantly different from the NASH and DMSO groups
& Significantly different from adelmidrol 5 mg
$ Significantly different from adelmidrol 10 mg
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implicated in a wide variety of inflammatory reactions where
collagen degradation occurs (Smith 2006).

Adelmidrol treatment resulted in decreased total body weight
of mice, and this is in accordance with Mattace et al. (2014)
showing that treatment with PEA (30 mg/kg) given subcutane-
ously for 5 weeks decreased body weight and fat mass in a rat
model of ovariectomized rats mainly through activation of PPAR
γ andα and also with Barbosa-da-Silva et al. (2015) who report-
ed that treatment with bezafibrate (100 mg/kg), pan PPAR ago-
nist, and WY-14,643 (3 mg/kg), PPAR-α agonist combined into
the diet for 4weeks caused reduction of both body and livermass
in a mice model of NASH.

Conclusion

Adelmidrol protected against high-fat diet induced NASH.
This effect might be attributed partially to its anti-
inflammatory and antioxidant actions.
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