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Metabolic syndrome (MetS) is an increasing health threat and often leads to cardiovascular complica-
tions. The aim of this study was to evaluate icariin’s ability to combat MetS induced in rats and outline
the involved mechanisms of action. Rats were grouped in four batches. The controls received a regular
diet and water. MetS was induced in the remaining three groups using a high-salt high-fructose diet.
Groups 1 and 2 were given daily doses of saline, while Groups 3 and 4 received 25 and 50 mg/kg icariin,
respectively, for 12 weeks in total. The experimental protocol was carried out for 12 weeks consecutively.
Icariin significantly decreased body mass index (BMI), adiposity index and body weight. Further, icariin
protected against dyslipidemia, hyperglycemia, and hyperinsulinemia and improved insulin resistance as
given by the homeostatic model assessment of insulin resistance (HOMA-IR) values. Icariin guarded
against the rise in serum interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a). In addition, it sig-
nificantly inhibited the decrease in mRNA expression of glucose transporter type 4 (GLUT4) and liver
kinase B1 (LKB1). These effects were accompanied by decreased liver content of nuclear factor kappa B
(NFjB) and enhanced serum levels of phosphorylated 5ʹ-adenosine monophosphate-activated protein
kinase (p-AMPK). Further, icariin significantly increased p-AMPK/AMPK ratio in liver tissues.
Conclusively, icariin offers protection in experimentally induced MetS, partially due to AMPK activation.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metabolic syndrome (MetS) is a serious global health issue with
a multifactorial nature and a rapidly expanding rate of incidence
(Saklayen, 2018). It cannot be described as a specific disease
because it is a combination of interconnected groups of different
factors. These factors lead to the emergence of several clinical
symptoms that potentiate risks of diabetes, cardiovascular disease,
atherosclerosis, stroke, and all causes of death (Sherling et al.,
2017). Insulin resistance, central obesity, glucose intolerance, high
blood pressure, atherogenic dyslipidemia, and hypercoagulable
state are considered different manifestations of MetS (Jaspinder,
2014). Several synthetic medicines have proven effective in reduc-
ing risk factors for metabolic syndrome (Koh et al., 2014). However,
the current approach is to use natural herbs due to their safety,
efficacy, and general approval by the scientific community and
the public (Bauer, 2000). Many explanations have been proposed
for the origin of MetS. Chronic low-grade inflammation, for exam-
ple, is thought to be a main factor in MetS development and its
associated pathological consequences (Sharma, 2011). In addition,
activation of several metabolism pathways has been suggested as a
preventive measure (McCracken et al., 2018). In particular, activa-
tion of 5ʹ-adenosine monophosphate-activated protein kinase
(AMPK) has been given attention (Ruderman et al., 2013). In this
regard, LKB1 serves as an upstream kinase, which directly activates
AMPK through phosphorylation. Therefore, the LKB1-AMPK path-
way was proposed to possess a major regulatory role on metabo-
lism (Shackelford & Shaw, 2009). As such, several AMPK
activators have been demonstrated to reduce risks for the develop-
ment of MetS and its related signs and symptoms (Ahn et al., 2008;
Algandaby, 2020; Hwang et al., 2005).

Icariin is a flavanol glycoside obtained from the Epimedium
variety and is utilized in conventional Chinese therapy (Lu et al.,
2014). It offers several biologic and pharmacological activities,
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Table 1
Nucleotide sequences of the primers used for the analysis of mRNA expression by
qRT-PCR.

Primer Sequence (Forward / Reverse)

GLUT4 CCAGCAGATCCGCTCTGAAGA / AACATTGGAGTCATCAACGCC
LKB1 CCCGCGTCCGGGTGGAGTTTG / CCGCGACGGCGGACCGTCGCC
b-actin TGATAACCGGGAGATCGTGA / AAAGCACATCCAATAAAAAGC
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including antioxidant (Yang et al., 2020), cytotoxic (Alhakamy
et al., 2020), phytoestrogenic (Xu et al., 2016), neuroprotective
(Jia et al., 2019), osteoprotective (Pham et al., 2019), and anti-
inflammatory (El-Shitany & Eid, 2019) effects. Experimentally,
icariin has been shown to combat components of MetS as diabetes
(Li et al., 2020), obesity (HAN et al., 2016), and dyslipidemia (Zhang
et al., 2013). Further, studies have suggested that icariin enhances
phosphorylation of 50 AMP-activated protein kinase (AMPK) (Han
et al., 2015; Yunk-yung et al., 2016). Since it was suggested that
AMPK activators could potentially treat and manage metabolic
syndrome (Fryer & Carling, 2005; Sharma & Kumar, 2016), several
natural products have been proposed to avert MetS. These include
naringin, crocin, and green tea extract (Algandaby, 2020; Lukitasari
et al., 2020; Pu et al., 2012). However, there are scarce data regard-
ing the icariin’s protection against metabolic syndrome. The cur-
rent study aimed at evaluating the preventive roles of icariin
against experimentally induced metabolic syndrome in a rat
model.

2. Material and methods

2.1. Chemicals

Icariin > 98% from natural horny goat weed extract (Xi’an Nate
Biological Technology Co., Ltd), China. Remaining chemicals had a
purity of (>98%).

2.2. Animals and grouping

Thirty-twomaleWistar rats (200–250 g) were brought from our
animal facility (Faculty of Pharmacy, King Abdul-Aziz University,
Saudi Arabia). Animals were kept at 23 ± 2 �C with 12 h dark–light
cycles. Ethical approval was obtained from the Research Ethics
Committee at the Faculty of Pharmacy, King Abdulaziz University
(Ref. PH-114-40). Rats were placed into four groups (eight rats
each).

2.3. Animal treatment

Animals in Group 1 (control) were fed regular food pellets and
water. MetS was induced in rats in Groups 2, 3, and 4 by providing
them food pellets enriched with 3% sodium chloride and water
with 10% fructose for 12 consecutive weeks (Abdallah et al.,
2016; El-bassossy et al., 2016). At the eighth-week mark, animals
in Groups 3 & 4 were given 25 or mg/kg icariin, respectively, by
daily gavage until the end of week 12. Icariin treatments continued
for five days per week until the end of the twelfth week. Doses
were selected according to a pilot study and in line with doses used
in previous investigations (Ding et al., 2017; Liu et al., 2018; Luo
et al., 2007). Animal weights were recorded every four weeks.
Upon completion of the twelfth week, animal lengths were
recorded. Body mass index (BMI) was calculated as:

BMI ¼ bodyweight gð Þ=length2 cm2� �
Blood glucose levels were obtained from tail vein blood samples

after the twelfth week. At the beginning of the thirteenth week,
blood was obtained from the retro-orbital plexus after placing
the animals on light ether anesthesia. After coagulation of the
blood samples, the samples were centrifuged to collect sera and
kept at �80 �C for subsequent biochemical analyses. Animals were
sacrificed by decapitation under light ether anesthesia, and livers
were rapidly harvested, cleaned, and kept at �80 �C for further
analyses. Visceral fat was collected from the abdomen of each rat
and weighed. Adiposity index was calculated as follows
(Bernardis, 1970):
Adiposity index ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

body weight ðgÞ
nose� to� anus length ðcmÞ

3

s
:

2.4. Blood analysis

A glucometer (ACCU-CHEK, Roche, Mannheim, Germany) was
employed for measuring fasting and postprandial glucose levels
from tail vein blood. A rat insulin ELISA Kit (Catalog #
MBS045315, MyBioSource, San Diego, USA) was employed for
assaying fasting blood insulin in mU/L. Homeostatic model assess-
ment of insulin resistance (HOMA-IR) was computed according
(Harati et al., 2003) to

HOMA� IR ¼ Fasting glucose ðmg=dL� Fasting insulin ðmU=LÞ
405

High-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), triglycerides (TG), total cholesterol
(TC), and total protein were determined using commercially avail-
able kits (Catalog # CS606, CS607, CS611, CS603, and CS610,
respectively), obtained from Crescent Diagnostics, Jeddah, Saudi
Arabia.

2.5. Determination of serum pAMPK

An ELISA kit (Catalog # MBS7230575, MyBioSource, San Diego,
USA) was used in assaying serum (phospho-50 AMP-activated pro-
tein kinase) pAMPK. Collected blood samples were left to coagulate
at room temperature for 2 h. Then sera were obtained by centrifu-
gation at 1000 g then stored at �80 �C. The method employed a
polyclonal anti-pAMPK antibody and an pAMPK-HRP conjugate
and relied on competitive enzyme immunoassay technique. Incu-
bation of the the assay sample and buffer with pAMPK-HRP conju-
gate took place for 1 h in a pre-coated plate. Wells were decanted
and washed five times after incubation. An HRP enzyme substrate
was added to the wells. A blue complex formed as a result of the
enzyme-substrate reaction. The solution turns yellow after the
addition of a stop solution in order to stop the reaction. Color
intensity was measured at 450 nm spectrophotometrically. This
intensity is inversely proportional to the pAMPK.

2.6. Real-time polymerase chain reaction

RNeasy mini kit (Qiagen, UK) was used to obtain RNA from the
excised livers. SuperScript III cDNA Synthesis System (Invitrogen,
UK) was used for reverse transcription of the RNA to complemen-
tary DNA (cDNA) after normalization of the RNA in the samples to
2 lg. A 20 ll reaction mixture was used, and Gene Runner Software
was used in the primer design. In order to avoid contaminating
genomic DNA (gDNA), primers were made of sequences of differing
exons with spanning and flanking of introns. Primers for glucose
transporter type 4 (GLUT4), liver kinase B1 (LKB1), and b-actin
are sequenced in Table 1. A 7500 fast real-time PCR system
(Applied Biosystems) was employed to obtain the expression pat-
terns of the tested genes. A sample of 1 ll synthesized cDNA
(10 ng/ll) was used as a template with 5 ll PowerUp SYBR Green
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PCR Master Mix and 0.75 ll of the primers. b-actin was chosen as a
housekeeping gene, and the tests were done in triplicate. A melt
curve analysis was used for confirmation of qPCR reaction speci-
ficity. Results were validated by the relative quantification (DDCt)
method (Livak & Schmittgen, 2001). Mean value of b-actin was
used to normalize the mean of the tested gene triplicates.

2.7. Preparation of liver homogenate

A glass Teflon homogenizer was used to homogenize approxi-
mately 0.5 g of tissues placed in 5 ml of ice-cooled phosphate buf-
fer (0.1 M, pH 7.4 + 1% Triton x100). Homogenates were spun in a
centriguge at 4 �C and 4000 � g for twenty minutes. Nuclear
extraction was performed on the collected supernatants.

2.8. Nuclear extract preparation

A EpiQuikTM nuclear extraction kit (OP-0002, Epigentek, NY,
USA) was used for the preparation of nuclear extracts from liver
samples. Levels of NF-jB were assessed using 100 lg of the nuclear
protein content.

2.9. NF-jB (p65) binding activity assessment

Abcam’s NF-jB p65 Transcription Factor Assay Kit (ab133112)
was used to determine NF-jB (p65) levels. This is dependent on
the specific transcription factor DNA binding activity of the nuclear
extracts. The technique also involved a 96-well ELISA. Next, immo-
bilization of a specific double-stranded DNA (dsDNA) sequence
with an NF-jB response element occurring in the wells, so that
the nuclear extract NF-jB can specifically bind to the NF-jB
response element. A primary antibody against the p65 subunit
was used for NFjB (p65) detection. A colorimetric recording at
450 nm was performed after addition of a secondary antibody con-
jugated to horseradish peroxidase (HRP). NF-jB (p65) levels are
given relative to the control group (as a fold).

2.10. Protein expression of p-AMPK and AMPK by Western blot

RIPA lysis buffer (ice-cold) (ABCAM, Cambridge, MA, USA) con-
taining protease and phosphatase inhibitor cocktails was
employed to prepare liver tissue lysate; further, 100 lg protein
samples were added to every well of SDS-PAGE gel (concentration
10%). Separated proteins on gel were blotted onto a PVDF mem-
brane (Bio-Rad Laboratories, Hercules, CA, USA) after electrophore-
sis. The membrane was sliced in half at a molecular weight of
55 kDa after blocking. Overnight incubation of the slice with pro-
teins over 55 kDa was performed using the primary antibody rab-
bit polyclonal to AMPK (phospho S487) (catalog # ab131357) at a
concentration of 1:500 (ABCAM, Cambridge, UK), followed by
washing with 0.5% Tween-20 in TBS and incubation with HRP-
Table 2
Effect of icariin on body weight gain and visceral fat in metabolic syndrome (MetS)-induc

Initial body weight (g) Final body weight (g

Control 205.5 ± 3.3 312.0 ± 14.8
MetS 212.1 ± 8.5 430.7 a ± 23.8
MetS + icariin 25 mg/kg 205.6 ± 5.3 385.0 a,b ± 22.5
MetS + icariin 50 mg/kg 206.6 ± 3.4 332.2 b,c ± 18.3

Data are presented as Mean ± SD (n = 6).
Statistical analysis was performed by one-way ANOVA followed by Tukey test.

a Significant difference from control group at p < 0.05.
b Significant difference from MetS group at p < 0.05.
c Significant difference from icariin (25 mg/kg) group at p < 0.05.
conjugated anti-rabbit secondary antibody (1:5000). An enhanced
chemiluminescence (ECL) Western blotting kit (Licor�, NE, USA)
was used to develop the membrane, and a Licor C-Digit Blot Scan-
ner (Model 3600, NE, USA) was used for scanning. Then, the mem-
brane was subjected to stripping and re-probed with the rabbit
monoclonal (Y365) anti-AMPK (catalog # ab32047, ABCAM, Cam-
bridge, UK). A rabbit monoclonal anti-GAPDH antibody (catalog #
ab181602), ABCAM, Cambridge, UK) was used to probe the other
membrane slice (<55 kDa). The relative band densities were quan-
tified using ImageJ software version 1.46a (NIH, USA).
2.11. Statistical analysis

Findings are demonstrated as mean ± SD. One-way analysis of
variance (ANOVA), followed by a Tukey’s post hoc test, was used
to evaluate multiple comparisons. IBM SPSS� ver 25 (SPSS Inc., Chi-
cago, IL, USA) was used for the analysis, where p < 0.05 was consid-
ered significant.
3. Results

3.1. Effect of icariin on body weight gain and visceral fat

The data in Table 2 indicate that rats kept on high-fructose and
high-salt food pellets in the experimental MetS group had signifi-
cantly higher visceral fat accumulation, weight gain, and final body
weights relative to controls. However, administration of icariin to
rats significantly inhibited the weight gain dose-dependently.
Interestingly, icariin at the higher dose (50 mg/kg) almost normal-
ized visceral fat, body gain, and final body weight. When assessing
final body length between all groups, no significant changes were
noted. In addition, the MetS animals exhibited higher values of
BMI when compared with control values (Fig. 1A). However, adi-
posity index was not significantly altered (Fig. 1B). The anti-
obesity effects were confirmed by the significantly lower values
of BMI and adiposity index in icariin-treated groups as compared
with the MetS animals.
3.2. Effect of icariin on dyslipidemia induced by MetS

Animals in the MetS group showed a significant elevation of TG,
TC, and LDL-C and decreased HDL-C relative to controls (Fig. 2 A, B,
C, D). These effects of icariin on blood lipids were not related to the
dose. Icariin at both dose levels did not cause increased TG and TC
in comparison with the MetS group (Fig. 2A, B). In addition, values
of serum LDL-C in icariin-treated groups were comparable with
controls (Fig. 2C). However, the observed decline in HDL-C levels
in MetS rats was not significantly modulated by administration
of icariin (Fig. 2D).
ed rats.

) Weight gain (%) Final body length (cm) Visceral fat (g)

51.9 ± 8.1 25.4 ± 1.3 10.3 ± 2.1
103.3 a ± 12.8 24.8 ± 1.1 19.1 a ± 2.6
87.1 a ± 8.1 28.9 ± 5.5 15.5 a,b ± 1.9
60.2 b,c ± 7.5 30.3 ± 4.4 13.2 b ± 1.9



Fig. 1. Effect of icariin on body mass and adiposity indices in metabolic
syndrome (MetS)-induced rats. Data are presented as Mean ± SD. a Significant
difference from control group at p < 0.05. b Significant difference from MetS group
at p < 0.05.
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3.3. Effect of icariin on fasting blood glucose, insulin concentrations,
and HOMA-IR

Keeping animals on a high-fructose and high-salt diet in the
MetS group resulted in a significant rise in fasting glucose and
insulin levels by 72% and 34%, respectively. Daily treatment of ani-
mals with icariin significantly ameliorated the rise in glucose and
insulin levels. Insulin resistance as given by HOMA-IR was
increased in MetS animals by 1.3-fold as compared with that of
Fig. 2. Effect of icariin on blood lipids in metabolic syndrome (MetS)-induced rats
p < 0.05. b Significant difference from MetS group at p < 0.05.
the control animals. Icariin (25 and 50 mg/kg) mitigated the rise
of HOMA-IR by 41% and 51%, respectively (Table 3).
3.4. Effect of icariin on IL-6 and TNF-a in the serum

Animals in the MetS syndrome showed significant elevation of
IL-6 and TNF-a by 73% and 51% relative to control animals.
Whereas, treatment of animals with icariin at 25 and 50 mg/kg
successfully brought IL-6 and TNF-a levels to control values
(Fig. 3A, B).
4. Effect of icariin on mRNA expression of GLUT4 and LKB1 in
the liver

Induction of experimental MetS in animals was accompanied by
downregulation of GLUT4 mrNA expression to almost half value of
control rats. Icariin (25 and 50 mg/kg) significantly corrected this
downregulation by 82% and 104% as compared with the MetS
group (Fig. 4A). Similarly, the expression of LKB1 was significantly
downregulated in the MetS animals by 66%. Icariin (25 and 50 mg/
kg) alleviated inhibited expression of LKB1 to 70% and 84% of the
control values, respectively (Fig. 4B).
4.1. Effect of icariin on hepatic NFjb and pAMPK

An 82% increase in liver content of NFjb (Fig. 5A) was observed
after inducing MetS. However, icariin (25 and 50 mg/kg) mitigated
the rise in NFjb by 27% and 32% respectively, relative to the MetS
group. Further, MetS animals had significantly lower levels of
pAMPK by 56% relative to the control animals. Nevertheless, oral
gavage of rats with 25 or 50 mg/kg icariin inhibited the decrease
in pAMPK levels. Icariin (50 mg/kg) brought the pAMPK content
to almost control values (Fig. 5B).
. Data are presented as Mean ± SD. a Significant difference from control group at



Table 3
Effect of icariin on fasting glucose and insulin levels and HOMA-IR in metabolic
syndrome (MetS)-induced rats

Fasting glucose
(mmol/L)

Fasting insulin
(mU/L)

HOMA-IR

Control 4.62 ± 0.41 12.15 ± 1.21 2.51 ± 0.46
MetS 7.98 a ± 0.63 16.34 a ± 1.13 5.79 a ± 0.59
MetS + icariin

25 mg/kg
6.14 a,b ± 0.77 12.42b ± 1.07 3.39 a,

b ± 0.55
MetS + icariin

50 mg/kg
5.18b,c ± 0.53 12.22b ± 0.96 2.81b ± 0.25

Data are presented as Mean ± SD (n = 6).
Statistical analysis was performed by one-way ANOVA followed by Tukey test.

a Significant difference from control group at p < 0.05.
b Significant difference from MetS group at p < 0.05.
c Significant difference from icariin (25 mg/kg) group at p < 0.05.

Fig. 3. Effect of icariin on serum IL-6 and TNF-a in metabolic syndrome (MetS)-
induced rats. Data are presented as Mean ± SD. a Significant difference from control
group at p < 0.05. b Significant difference from MetS group at p < 0.05.

Fig. 4. Effect of icariin on hepatic mRNA expression of GLUT4 and LKB1 in
metabolic syndrome (MetS)-induced rats. Data are presented as Mean ± SD. a
Significant difference from control group at p < 0.05. b Significant difference from
MetS group at p < 0.05. c Significant difference from icariin (25 mg/kg) group at
p < 0.05.

Fig. 5. Effect of icariin on serum pAMPK in metabolic syndrome (MetS)-induced
rats. Data are presented as Mean ± SD. a Significant difference from control group at
p < 0.05. b Significant difference from MetS group at p < 0.05.
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4.2. Assessment of p-AMPK /AMPK ratio

The p-AMPK and total AMPK expression in liver tissue following
icariin treatment (25 & 50 mg/kg orally) were investigated byWes-
tern blot (Fig. 6). The total protein expression of AMPK was
observed and proved not significantly different. However, a
marked decrease in p-AMPK expression was noted in the MetS
group relative to control. Icariin at 25 mg/kg enhanced p-AMPK
expression compared with MetS group, as shown by the significant
increase in p-AMPK/total AMPK ratio by densitometric quantita-
tion (Fig. 6). It is worth noting that icariin treatment with 50 mg/
kg significantly increased this ratio as compared with all other
groups.
5. Discussion

The present study aimed at evaluating the potential of icariin to
prevent experimental MetS due to high-fructose food and high-salt
intake in rats. Icariin at 25 and 50 mg/kg doses successfully inhib-
ited weight gain, accumulation of visceral fat, and the rise in BMI
and adiposity index. These findings gain support by a previous
report highlighting the anti-adipogenic effects of icariin and its
antiproliferative activity against adipocytes (HAN et al., 2016). Fur-
ther, the structurally related compound anhydroicaritin has been
reported to mitigate diet-induced obesity and hyperlipidemia in
mice (Zheng et al., 2016). Furthermore, the current data showed
that icariin exhibited anti-dyslipidemic effects. This is consistent
with the reported ability of icariin to reduce serum lipid and fruc-
tose levels in streptozotocin-challenged rats (Gong et al., 2013). In
addition, our findings are in line with the aptitude of icariin to
decrease TC and LDL-C in high-cholesterol-fed rabbits. This lipid-
lowering was attributed to upregulation of Lipe and Pnpla2, which



Fig 6. Effect of icariin on pAMPK protein expression in liver tissues. Data are
presented as Mean ± SD. a Significant difference from control group at p < 0.05. b
Significant difference from MetS group at p < 0.05. c Significant difference from
icariin (25 mg/kg) group at p < 0.05.

1314 A.A. Aljehani et al. / Saudi Pharmaceutical Journal 28 (2020) 1309–1316
are genes that cause lysis of lipids in liver tissues (Zhang et al.,
2013). This is in line with a report indicating the ability of icariin
to up-regulate Lipe and Pnpla2 in mice liver tissues (Lu et al.,
2014). However, no significant alterations were observed in HDL-
C. Unlike humans, cholesterol is contained in HDL-C not LDL-C
(Wang et al., 2010). Therefore, a longer duration of animal treat-
ment may have been needed to show such effects on HDL-C.
Hyperglycemia and insulin resistance are between the hallmarks
of MetS (Srikanthan et al., 2016). Metabolic syndrome induced by
fructose has been well studied, especially its ability to cause insulin
resistance and de novo lipogenesis (Pan and Kong, 2018). In addi-
tion, continuous fructose intake induces liver synthesis of trioses-
phosphate, causing a surge in triglycerides and insulin resistance
in the liver (Tappy, 2018). In the current investigation, keeping rats
on high-fructose water resulted in elevation of fasting blood glu-
cose, insulin, and HOMA-IR. Nevertheless, icariin guarded against
the rise in both fasting glucose and insulin. Consequently, MetS-
induced insulin resistance was improved, as shown by the
observed decrease in HOMA-IR values in the treated rats. These
observations are consistent with reported data demonstrating the
anti-hyperglycemic activities of icariin in type 2 diabetic rats as
well as protecting pancreatic functions (Li et al., 2020). Further,
icariin protected against diabetic complications as bone loss (Qi
et al., 2019), cardiomyopathy (Qiao et al., 2020), erectile dysfunc-
tion (Wang et al., 2017), nephropathy (Qi et al., 2011), and
retinopathy (Xin et al., 2012). This is in addition to the reported
improvement in insulin resistance in experimental type 2 diabetes
by icariin (Qiao et al., 2020). In vitro, icariin has been shown to mit-
igate palmitate-induced insulin resistance via inhibiting
thioredoxin-interacting protein (TXNIP) and decreasing endoplas-
mic reticulum stress in C2C12 mouse muscle cells (Li et al.,
2018). Also, icariin activates the AMPK pathway in C2C12 cells
and reduces insulin resistance (Han et al., 2015).

Several theories have elucidated the origin of MetS. Chronic
low-grade inflammatory conditions, for example, have been impli-
cated as a major factor of MetS and its associated pathophysiolog-
ical consequences (De Ferranti & Mozaffarian, 2008). In addition,
several studies support the concept that a proinflammatory state
is a component of MetS (Sharma, 2011). This has been widely
accepted by the scientific community to the extent of considering
MetS as an inflammatory disorder (Reddy et al., 2019). Our data are
in line with these explanations, as MetS rats exhibited increased IL-
6 and TNF-a. The suggested anti-MetS properties of icariin are sup-
ported by the significantly lower levels of these inflammatory
markers. These results are further substantiated by the propensity
of icariin derivatives to inhibit inflammation by suppressing p38
mitogen-activated protein kinase and NF-jB pathways (Shao-Rui
et al., 2010). Icariin was also shown to modulate the HO-1/Nrf2
and NF-kB signaling pathways and prevent carrageenan-induced
acute inflammation (El-Shitany & Eid, 2019). The role of fructose-
induced inflammation in developing hyperlipidemia and insulin
resistance has been reviewed (Bidwell, 2017). Thus, the observed
anti-inflammatory activities of icariin lend explanation for icariin’s
ability to improve dyslipidemia and insulin resistance associated
with MetS. Insulin stimulates glucose uptake into fat and muscles
by activating GLUT4 (Klip et al., 2019). Therefore, disruption of
GLUT4 has been linked to insulin resistance (Mueckler, 2001).
Amelioration of GLUT4 downregulation has been shown to medi-
ate prevention of insulin resistance by phytochemicals (Neisy
et al., 2019). The observed ability of icariin to mitigate GLUT4
downregulations is in line with the literature (Li et al., 2020) in
which icariin decreased sugar levels in type 2 diabetic rats via
upregulation of GLUT4. Hence, icariin’s positive impact on MetS-
associated downregulation of GLUT4 further explains improve-
ment of HOMA-IR values.

AMPK has been widely documented for its role in preventing
MetS and diabetes (Kim et al., 2016). Further, insulin resistance
and MetS were prevented by AMPK activators. In particular,
numerous polyphenols have been shown to activate AMPK and
exert favorable effects on diabetes and MetS. Examples include
resveratrol (Baur et al., 2006), quercetin (Ahn et al., 2008), crocin
(Algandaby, 2020), and epigallocatechin gallate (Hwang ejt al.,
2005). Mechanisms of activation of AMPK by polyphenolic com-
pounds involves elevation of AMP levels via inhibiting mitochon-
drial ATP production (Gledhill et al., 2007; Zheng & Ramirez,
2000). Most of these actions are related to phosphorylation at
Thr172. However, phosphorylation at S487 mediates several phys-
iological or pathological actions. Protein kinase C activation-
induced insulin resistance is regulated by reduced AMPK activity
via phosphorylates AMP-activated protein kinase a1 Ser487
(Heathcote et al., 2016). Further, phosphorylation by Akt within
the ST loop of AMPK-a1 down-regulates its activation in tumor
cells (Heathcote et al., 2016). In this study, icariin significantly
ameliorated downregulation of LKB1, which is a primary upstream
of AMPK (Shackelford & Shaw, 2009). Also, icariin’s ability to
enhance p-AMPK gains support via several investigations (Chen
et al., 2019; HAN et al., 2016; Li et al., 2020). Thus, observed preser-
vation of LKB1 expression and enhancement of serum phosphory-
lation of AMPK by icariin are homogenous and provide a strong
basis for explaining its anti-MetS activities. Elevated active AMPK
in the blood can help to explain the observed icariin pharmacolog-
ical activities. In brief, activated AMPK inhibits several anabolic
pathways including lipid and sterol synthesis. This involves inhibi-
tion of phosphorylation of the acetyl-CoA carboxylases ACC1 and
ACC2, which catalyze de novo lipid synthesis. In addition, activated
AMPK blocks gluconeogenesis by CRTC2 phosphorylation (Koo
et al., 2005). Actually, AMPK has significant impact on key regula-
tors of transcription of glucose and lipid metabolism. It enhances
phosphorylation of sterol regulatory element-binding protein 1
(SREBP1) (Li et al., 2011), carbohydrate-responsive element bind-
ing protein (ChREBP) (Kawaguchi et al., 2002) and hepatocyte
nuclear factor 4a (HNF4a) (Hong et al., 2003). These data give
explanations for the observed anti-dyslipidemic and anti-
hyperglycemic effects of icariin. The exact source and half-life time
of blood p-AMPK is unknown. However, it has distinct endocrine
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actions that participate in energy preservation. In addition to its
anti-anabolic actions, active AMPK, stimulates several catabolic
pathways. AMPK enhances glucose consumption by phosphorylat-
ing TXNIP13 and TBC1D1 (Chavez et al., 2008) and increasing the
localization of GLUT1 and GLUT4 in the plasma membrane respec-
tively. Glucose uptake is also indirectly augmented by AMPK-
mediated phospholipase D1 (PLD1) phosphorylation (Kim et al.,
2010). Further, exhaustion of lipid stores is accelerated by the
enzymatic activity of pAMPK. This can be attributed to ability of
the enzyme to indirectly decrease malonyl CoA, resulting in
enhanced mitochondrial fatty acids b-oxidation and decreased
lipid synthesis (Herzig and Shaw, 2018). So, the observed antihy-
perlipidemic activities of icariin can be explained on the ability
of pAMPK to inhibit fatty acid synthase, HMG-CoA reductase and
hormone-sensitive lipase. These result in less synthesis of choles-
terol and fatty acids, oxidation and lipolysis (Kahn et al., 2005;
Kola et al., 2006). Finally, activated AMPK is known to block the
inflammation and signaling of NF-jB (Salminen et al., 2011). This
complies with the observed inhibition of NF-jB in liver tissues
and supports the anti-inflammatory effects of icariin, which indi-
cates that icariin possesses a plethora of pharmacological actions.

6. Conclusion

In this study, the preventive effects of icariin against MetS
resulting from high-fructose high-salt diets were evaluated in rats.
Icariin ameliorated signs of MetS, as evidenced by preventing the
rise in weight gain, visceral fat accumulation, body mass and adi-
posity indices, dyslipidemia, hyperglycemia, and hyperinsuline-
mia. This was accompanied by preventing increased serum IL-6
and TNF-a and upregulating mRNA expression of GLUT4 and
LKB1. Further, icariin significantly increased serum levels of p-
AMPK and p-AMPK/AMPK ratio in hepatic tissues. Thus, these
observed beneficial effects of icariin can be attributed, at least
partly, to enhancement of serum level and liver content of p-AMPK.
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