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Introduction

The metabolic syndrome is a cluster of risk factors associated
with an increased risk of heart disease, type 2 diabetes, and
stroke [1]. Metabolic syndrome is characterized by obesity,
insulin resistance, and dyslipidemia. The complexity of metabolic
syndrome has posed various obstacles in the management of this
multifaceted health problem. Although the prevalence of metabolic
syndrome has been continuously increasing for years, current
pharmacological treatments have failed to provide adequate and
effective treatment [2]. Obesity is defined as a persistent state
of positive energy balance with excess fat buildup in the adipose
tissues [3]. Following the discovery of functional brown adipose
tissue (BAT) in adult humans using a combination of imaging
techniques [4], there has been a growing interest in treating obesity
and diabetes by activating and recruiting BAT, due to BAT’s unique
function in dissipating chemical energy in the form of non-shivering
thermogenesis. As a result, activating BAT and converting fat-
accumulating white adipose tissue (WAT) into energy-dissipating

BAT could be a viable and effective strategy [5].

Berberine (BBR) is a natural
ammonium salt from the group of isoquinoline alkaloids
(2,3-methylenedioxy-9,10  dimethoxyprotoberberine
C20H18NO04 +). BBR can be extracted from a wide range of plants,

including Coptis chinensis (Goldthread), Hydrastis canadensis

product of quaternary

chloride;

(Goldenseal), Berberis aquifolium (Oregon grape), Berberis aristata

(Tree Turmeric), Berberis vulgaris (Barberry), and Arcangelisia
flava [6]. BBR was recently discovered to have anti-obesity
properties via controlling BAT thermogenesis and suppressing
adipogenesis [7]. BBR has also been shown to have therapeutic
effects in the treatment of insulin resistance and dyslipidemia in
earlier investigations [8]. Excess weight and physical inactivity
cause insulin resistance, which is a major risk factor for metabolic
syndrome [9]. BBR has been shown to affect glucose metabolism
control, specifically decreasing insulin resistance and lowering
blood glucose levels, making it a possible treatment for metabolic

syndrome.

By modulating the expression of insulin receptor, insulin
receptor substrate-1, and glucagon receptor substrate-1, BBR was
reported to reduce insulin resistance in a high-fat diet-induced
insulin resistance rat model [8]. BBR has also been considered as an
appropriate hypoglycemic agent due to its influence on the AMPK
signaling cascade and concomitant activation of glycolysis [10]. As
demonstrated in the H9¢2 myoblast cell line treated with insulin
to create insulin resistance, BBR could alleviate the reduction in
glucose consumption and uptake via stimulating AMPK activation
[11]. BBR can prevent the onset of diabetic nephropathy, possibly
by blocking the PI3K/Akt/AS160/GLUT1 signal pathway, which
regulates high glucose-induced aberrant glomerular mesangial
cell proliferation and the cell cycle, indicating that BBR could be
used to treat diabetic nephropathy [12]. Furthermore, BBR inhibits
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