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Berbamine induced activation of the SIRT1/LKB1/
AMPK signaling axis attenuates the development
of hepatic steatosis in high-fat diet-induced
NAFLD rats
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Non-alcoholic fatty liver disease (NAFLD), a chronic metabolic disorder is concomitant with oxidative
stress and inflammation. This study aimed to assess the effects of berbamine (BBM), a natural bisbenzyl-
isoquinoline alkaloid with manifold biological activities and pharmacological effects on lipid, cholesterol
and glucose metabolism in a rat model of NAFLD, and to explicate the potential mechanisms underlying
its activity. BBM administration alleviated the increase in the body weight and liver index of HFD rats. The
aberrations in liver function, serum parameters, and microscopic changes in the liver structure of HFD fed
rats were significantly improved upon BBM administration. BBM also significantly attenuated oxidative
damage and inhibited triglyceride and cholesterol synthesis. The SIRT1 deacetylase activity was also
enhanced by BBM through liver kinase B1 and activated AMP-activated protein kinase. Activation of the
SIRT1/LKB1/AMPK pathway prevented the downstream target ACC (acetyl-CoA carboxylase) and elevation
in the expression of FAS (fatty acid synthase) and SCD1 (steroyl CoA desaturase). BBM also modulated the
expression of PPARs maintaining the fatty acid homeostasis regulation. The assessment of berbamine
induced ultrastructural changes by TEM analysis and the expression of autophagic markers LC3a/b, Beclin
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1 and p62 revealed the induction of autophagy to alleviate fatty liver conditions. These results show novel
findings that BBM induced protection against hepatic lipid metabolic disorders is achieved by regulating
the SIRT1/LKB1/AMPK pathway, and thus it emerges as an effective phyoconstituent for the management

rsc.li/food-function of NAFLD.

induced lipid accumulation in hepatocytes and the second hit
is due to oxidative stress, mitochondrial dysfunction and lipid

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a manifestation of
metabolic syndromes characterized histologically by steatosis
which may eventually progress to serious conditions including
steatohepatitis, fibrosis, irreversible cirrhosis, and hepatocellu-
lar carcinoma.’ NAFLD is emanating as a risk factor for dia-
betes and cardiovascular disease making it a major public-
health trepidation in the world since it affects more than 40%
of the population in some countries.” The pathogenesis of
NAFLD is a multifarious process abetted by lipid metabolism
disorders, chronic inflammation, and oxidative stress.® The
pathological features of NAFLD were earlier explained using a
‘two-hit’ model wherein the first hit is insulin resistance
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peroxidation mediated inflammation.” Additionally, the ‘third
hit’ is also being taken into consideration, which is due to
mature hepatocytes not being replicated because of culpability
in regeneration processes.’

AMPK, the AMP-responsive kinase, is a central metabolic
switch found in all eukaryotes that is activated by cellular
energy deprivation as reflected by an increased AMP/ATP ratio.
AMPK activation is also mediated by the upstream kinases
LKB1 (the tumor suppressor kinase), and CaMKKp (Ca**/cal-
modulin-dependent protein kinase kinase-p).° Upon acti-
vation, it initiates several metabolic and genetic events to
restore the ATP levels. AMPK stimulates ATP generation pro-
cesses such as fatty acid oxidation whereas subdues non-criti-
cal ATP consuming processes such as triglyceride and protein
synthesis.” AMPK activation also increases mitochondrial
carbohydrate and lipid oxidation to increase ATP production
via the Krebs cycle and oxidative phosphorylation. SIRT1
(sirtuin 1), a NAD-dependent sirtuin class of histone/protein,
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plays an imperative function in cellular metabolism and stress
responses by modulating the activity of various key transcription
factors working in co-operation with AMPK.® SIRT1 and its acti-
vators play a quintessential role in maintaining the lipid and
glucose homeostasis and also insulin sensitivity mediated via
regulation of mitochondrial biogenesis and p-oxidation and
improvement of anti-inflammatory activities.” Under metabolic
dysregulation conditions of hyperglycemia, high-fat diet and
obesity both AMPK and SIRT1 levels are downregulated in the
liver.'®'" Activation of SIRT1/AMPK signaling augments fatty-
acid oxidation and limits de novo fatty-acid synthesis principally
through deacetylation and/or phosphorylation of transcription
factors or coactivators, such as forkhead box O (FoxO), peroxi-
some proliferator-activated receptor-y coactivator la (PGC-1a)
and sterol regulatory element binding protein 1 (SREBP-1)."?

Sterol response element-binding proteins belong to the
basic helix-loop-helix leucine zipper family of DNA binding
transcription factors.'® Upregulation of the SREBP-1/2 pathway
in obesity and metabolic syndrome is the imperious cause of
the development of NAFLD.'»'® SREBP-1a and -lc (sterol
response element-binding protein 1a and 1c, respectively) are
the products of the same gene while SREBP-2 is encoded by a
separate gene. SREBP-1a and -1c regulate the expression of
fatty acid and triglyceride synthesis whereas SREBP-2 regulates
cholesterol synthesis.'® In response to feeding, nuclear translo-
cation of SREBP-1c increases, and it eventually binds to its
lipogenic target genes, such as fatty acid synthase, and also to
its own gene, thereby stimulating hepatic lipogenesis."”

In addition, autophagy is an intracellular self-digestion
process that plays a pivotal role in maintaining cellular homeo-
stasis in eukaryotes by degrading old, unfolded, or damaged
organelles and proteins and critically regulates hepatic lipid
metabolism.'® Previous data have shown that SIRT1-mediated
autophagy induction occurs both in vitro in human cells and
in vivo in Caenorhabditis elegans,' but the function of SIRT1
in the regulation of autophagy in the hepatic tissue of NAFLD
rats is nevertheless indeterminate.

Presently, NAFLD treatments encompass a balanced diet,
exercise, and drugs, including metformin, statins, and fibrates.
However, there is no accord on effective drug therapy because
these drugs have some contra-indications leading to the judi-
cious use of medications. Therefore, new entrants with high
competence and little or no side effects are urgently needed
for the treatment of NAFLD. Presently, copious studies are
focusing on herbal extracts or natural products, and various
herbal products with anti-hyperlipidemic and hepatoprotective
effects for the management of NAFLD.?® Thus, it is equitable
to develop effective natural products for the treatment of
NAFLD. Berbamine (BBM), a bisbenzylisoquinoline alkaloid, is
the major bioactive component of Berberis amurensis.>* BBM
possesses multiple bioactivities including anti-hypertensive,
anti-arrhythmic, and anti-inflammatory, cardioprotective and
immunomodulatory effects.>*>* The antitumor activity of BBM
is given high attention in recent years particularly for chronic
myeloid leukemia,*"*® breast cancer’® and melanoma.”
However, the metabolism and toxicity of this alkaloid have not
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been well investigated. Given that scarce knowledge is cur-
rently available regarding how berbamine impacts lipid metab-
olism and autophagy in the liver, the effects of berbamine on
the autophagic mechanism of hepatic lipid will be of interest.
In this study, we intended to study the potential mechanism
through which berbamine mitigates the NAFLD conditions
and the concomitant hepatic steatosis in a rat model of NAFLD.

2. Materials and methods
2.1 Chemicals

Berbamine dihydrochloride (Cat no. 547190) and fenofibrate
(Cat no. F6020) were procured from Sigma Aldrich (St Louis,
MO, United States). Cholesterol and lard were purchased from
MP Biomedicals. Antibodies specific for fatty acid synthase
(FAS), acetyl CoA carboxylase (ACC), phospho-ACC, steorylcoA
desaturase (SCD1), CD36, AMPK, P-AMPK, mTOR, P-mTOR
(Ser2448), SIRT1, LKB1, P-LKB1, LC3A/B, Beclin 1, p62, acetyl-
lysine and horseradish peroxidase conjugated anti-goat, anti-
rabbit and anti-mouse antibodies and Alexa Fluor-555 conju-
gated anti-rabbit and FITC conjugated anti-rabbit immuno-
globulin were procured from Cell Signaling Technology (CST,
Danvers, MA, USA). Monoclonal antibody for p-actin, HO-1,
SOD2, and protein A/GPLUS sepharose beads (sc-2003) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
All reagents used in the study were of highest purity grade pro-
cured from Sigma-Aldrich unless otherwise stated.

2.2 Ethics statement

All methods of this study were carried out in accordance with
the international guidelines and protocols and all experimental
protocols were approved by the Animal Ethics Committee of
CSIR-IITR (approval number IITR/IAEC/03/2018).

2.3 Animal and experimental protocols

Thirty-six male Wistar rats weighing 80-100 g were procured
from the IITR animal house. All rats were housed in cages
under standard conditions of controlled temperature
(21-23 °C), humidity and regular light cycles (12 h). All rats
had free access to water and diets corresponding to their
assigned treatment group. The rats were randomly assigned to
the following six groups (6 in each group, n = 6) as shown in
Scheme 1.

Group 1: Normal control (control)

Group 2: Control group treated with BBM (150 mg per kg
body weight) (H-BBM)

Group 3: HFD group (HFD)

Group 4: HFD administered with fenofibrate (100 mg per
kg body weight) (HFD-FF)

Group 5: HFD administered with low-BBM (50 mg per kg
body weight) (HFD-LBBM)

Group 6: HFD administered with high BBM (150 mg per kg
body weight) (HFD-HBBM)

Group 1 and group 2 rats were fed a standard diet, and
groups 3-6 received a high fat diet (HFD). The HFD consisted
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Scheme 1 Schematic diagram of experimental protocol.

Table 1 Metabolized energy

Control diet High fat diet

Energy % metabolized Energy % metabolized
Contents (kcal/100 g) energy (kcal/100 g) energy
Fat 36.7 11.37 185.49 40.75
Protein 76.8 23.80 66.64 14.64
Carbohydrate 209.1 64.81 202.96 44.59

of standard chow plus 2% cholesterol and 15% lard. The metab-
olized energy values of the standard normal diet and high-fat
diet are listed in Table 1. Twelve weeks later, the rats were
gavaged with BBM (groups 2, 5 and 6) dissolved in distilled
water or fenofibrate (group 4) dissolved in corn oil for 28 days.
The doses were selected based on previous reports and in vitro
studies by our research group,*® BBM was orally administered at
doses of 50 and 150 mg per kg body weight.?® Fenofibrate, a
lipid regulating agent, was used as the positive control drug in
this study for NAFLD.*>*" Fenofibrate was orally administered
in rats at a dose of 100 mg per kg body weight. Food intake was
examined weekly and the body weight was measured twice a
week during the course of the experiment.

2.4 Sample preparation

Following the experimental duration (12 weeks + 28 days), the
animals were fasted overnight. The experimental animals were
sacrificed by intraperitoneally injecting ketamine (100 mg per
kg body weight) and their blood was collected through the
inferior vena cava. Their livers were excised, weighed and
sliced into three sections. The first section was secured for
histological examination. The remaining two sections were
snap-frozen in liquid nitrogen and preserved at —80 °C until
utilized for further analysis. The visceral and epididymal fat
pads were removed and weighed. For serum preparation,
blood was kept in tubes that were held in a slanting position
and the blood was allowed to clot for 30 minutes at room
temperature, followed by centrifugation at 1000g for
10 minutes. The separated serum was then transferred to a
clean tube and used for further analysis.
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2.5 Serum biochemical analysis

The serum levels of glucose, triglycerides (TG), total chole-
sterol (TC), albumin, globulin, total proteins, alkaline phos-
phatase (ALP), aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were determined with a clinical auto-
analyzer (RANDOX Laboratories Limited, UK) using the Kkits
provided by the manufacturers. For this 100 pl of serum
samples were loaded into the auto-sampler and the parameters
to be assessed were set. The results were expressed in mg dL™"
for glucose, mg dL " for triglycerides, mg dL.™* for cholesterol,
g dL™" for albumin, mg dL™" for globulin, g dL.™" for total pro-
teins, and U dL™" for alkaline phosphatase (ALP), aspartate
aminotransferase (AST) and alanine aminotransferase (ALT).

2.6 Hepatic lipid analysis

For quantitative assessment of the hepatic lipid levels, the
hepatic lipids were extracted by using the method described by
Folch et al®* with slight modifications. Briefly, the hepatic
tissue was weighed and homogenized with 20x volume of
chloroform/methanol (2:1) mixture. The homogenate was
then subjected to vibration for 15-20 min, and the precipitate
was separated by centrifugation at 2000g for 10 min. 0.2-fold
volume of water was then added, followed by centrifugation at
2000g for 10 min. The lower chloroform phase was moved to a
new tube and was vacuum dried. Thereafter, the lipid samples
were accurately weighed and their weights were recorded.

The hepatic glycogen content was measured by the
anthrone-sulfuric acid method. For this, 1 g of frozen hepatic
tissue was mixed with 30% KOH for 20 min at 100 °C, and
then diluted with chilled water. The resultant KOH digest was
mixed gradually with the anthrone reagent (1:2, vol/vol) and
boiled for 10 min for color development. The absorbance was
read spectrophotometrically at 620 nm within 2 h (Ultrospec
3100 pro, UV visible spectrophotometer).

2.7 Histopathology

Formalin-fixed liver tissue samples were embedded in paraffin
and 5 pm sections were obtained using a rotary microtome
(Leica RM 2155, Germany). The sections were mounted on
glass slides and stained with H&E after dehydration.
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2.8 Oxidative stress and lipid peroxidation determination

For assessment of the oxidative stress and lipid peroxidation
levels, frozen hepatic tissues were thawed and homogenized
quickly in chilled PBS with 5 mM p-hydroxytoluene (BHT) at
10:1 dilution. The supernatant obtained after the centrifu-
gation of the homogenate at 800g for 5 min at 4 °C was used
for the biochemical determination. Lipid peroxidation in the
liver homogenates and in serum was measured spectrophoto-
metrically by the thiobarbituric acid (TBA) reaction according
to the method described by Wallin et al** Malondialdehyde
(MDA), an indicator of lipid peroxidation and one of the major
breakdown products of polyunsaturated phospholipids present
in the cell membrane, was estimated spectrophotometrically.
Briefly, 70 pl of double distilled water was added to 10 pl of
lysate. Then, 50 pl of 50 mM phosphate buffer, 10 pl of 1 mM
butylated hydroxy toluene (BHT), and 75 ul of 1.3% thio-
barbituric acid (TBA) were added. The lipids were isolated by
precipitating them with 50 pl of 50% trichloro acetic acid. The
mixture was then incubated at 60 °C for 40 min and then kept
on ice for 15 min. 10 pl of 20% sodium dodecyl sulphate was
added to stop the reaction. The pink coloured MDA-TBA
adduct formed was read at 530 nm with a reference wavelength
of 630 nm serving as blank using a SpectramaxPLUS 384
(Molecular Devices, USA).

Superoxide dismutase (SOD) activity in the serum and liver
homogenates was measured by the method described by
Kakkar et al.>* The SOD activity was measured spectrophoto-
metrically by inhibition of a nitro blue tetrazolium dye-
reduced NADH and phenazine methosulfate (PMS) system,
leading to blue formazan formation. The reaction was started
by adding NADH and stopped after 90 s by adding glacial
acetic acid. Absorbance of the formazan product was moni-
tored at 560 nm using a SpectramaxPLUS 384 microplate
reader. Fifty percent inhibition of formazan formation in
1 min is considered as 1 unit SOD activity.

2.9 Western blotting

The hepatic tissues were homogenized in 10% wt/vol RIPA
buffer with 0.1 mM protease (Cat no. P8340, Sigma) and phos-
phatase inhibitor cocktail (Cat no. P2850, Sigma). The hom-
ogenate was kept on ice for 20 min followed by centrifugation
at 12 000g for 20 min at 4 °C. The supernatants were obtained,
and the protein content was quantified by the BCA method.*

Table 2 Primer sequences used for real-time PCR

Paper

Equal proteins (40-60 pg) were resolved by 10% SDS-PAGE and
transferred onto PVDF membranes (Millipore). After 2 h of
blocking by 1x blocking buffer (Sigma), the membranes were
incubated with primary antibodies (1 :1000) overnight at 4 °C.
After washing three times with PBST (5 min each), the blotted
membranes were incubated with appropriate HRP-conjugated
secondary antibodies (1:2000) for 2 h at room temperature.
The protein expression was detected with an Immobilon
Western Chemiluminescent HRP substrate detection kit
(Millipore, Cat. no. WBKLS0500) using an ImageQuant LAS
500 detection system (GE Healthcare, Upsala, Sweden). Data
were presented as the ratios of the target protein to p-actin.
The bands from western blotting were quantified using the
Image] 1.47v software (National Institutes of Health, Bethesda,
MD, USA). For each study, western blot analysis was performed
three times and the representative blots are shown.

2.10 Immunohistochemistry

Briefly, the liver sections (5 pm) were cut from the paraffin
blocks and sequentially deparaffinized with xylene. Antigen
retrieval was performed by heating the slides in citrate buffer
(10 mmol L™"). The slides were incubated with the desired
primary antibodies at 1:200 dilutions overnight at 4 °C. The
slides were then rinsed gently three times with PBST followed
by incubation for 4 h with fluorescently-labeled secondary anti-
bodies. The nuclei were counterstained using Hoechst 33258
(1 mg ml™") for 5 min in the dark and were visualized using a
fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan, and
Life Technologies EVOS FL Auto).

2.11 Real-time polymerase chain reaction (RT-PCR)

Total hepatic RNA was extracted using RNA isoPLUS reagent
following the manufacturer’s protocol (Invitrogen, Carlsbad,
CA, USA) wherein 1 ml of RNA isoPLUS was added to ~20 mg
of hepatic tissue. First strand ¢cDNA was prepared by using a
Primescript™ 1° strand cDNA synthesis kit (TAKARA Bio Inc).
RT-PCR was performed using TB Green™ Premix Ex Taq™ II
(TliRNaseH Plus) in Quant studio 6 flex (Applied Biosystems,
Thermo Fisher Scientific Inc.) and the expression fold changes
were calculated using the comparative CT method. The primer
sequences of specific genes are presented in Table 2. GAPDH
was used as an endogenous reference gene to normalize the
gene expression.

Gene Forward

Reverse

ACC-1

SREBP1-c 5-GGAGCCATGGATTGCACATTTGA-3'
LKB1 5-CTTTGAGAACATCGGGAGAGG-3'
FAS 5'AGGGGTCGACCTGGTCCTCA-3'
PPAR«x 5-CCATCTGTCCTCTCTCCCCA-3'
SIRT1 5-GACGACGAGGGCGAGGAG-3'
PPARY 5-GAACAGATCCAGTGGTTGCAG-3'
SCD1 5'-CCAACACAATGGCATTCCAG-3’
AMPK 5-CAGGGACTGCTACTCCACAGAG-3'
GAPDH 5-GATTTGGCCGTATCGGAC-3'

5-CTTGGGGTGATGCTCCCATT-3'

This journal is © The Royal Society of Chemistry 2021

5-GCTGGGCTTAAACCCCTCAT-3’
5-CTGTGTCTCCTGTCTCACCCC-3'
5-CTGTGCTGTCTAATCTGTCGG-3'
5-GCCATGCCCAGAGGGTGGTT-3’
5-CCTCTCCGAGGGACTGAGAA-3'
5-ACAGGAGGTTGTCTCGGTAGC-3'
5-GGCATTATGAGACATCCCCAC-3'
5-GGTGGTCACGAGCCCATTC-3'
5-CCTTGAGCCTCAGCATCTGAA-3’
5-GAAGACGCCAGTAGACTC-3'
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2.12 Transmission electron microscopy

The liver tissues were dissected into 1 mm?® sections for mor-
phological studies by transmission electron microscopy (TEM).
The sections were washed twice with chilled 0.2 M sodium
cacodylate buffer containing 0.1% calcium chloride, pH 7.4.
The samples were then fixed in a mixture of 2% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer for 2 h at 4 °C. Thereafter, the fixed pellets were washed
carefully with 0.1 M cacodylate buffer and post-fixed with 1%
osmium tetraoxide for 2 h, followed by centrifugation. The
samples were then dehydrated in acetone (15, 30, 60, 90, and
100%) and propylene oxide (twice for 10 min each), placed in
Araldite and DDSA medium, and then heated at 65 °C for 48 h.
The prepared sample blocks were cut using an ultramicrotome
(Leica EM UC7, Vienna, Austria), mounted on the copper
grids, and doubly stained with uranyl acetate and lead citrate.
The stained samples were examined with a transmission elec-
tron microscope (TECNAI G2 SPIRIT, FEI, Netherlands)
equipped with a Gatan Orius camera.

2.13 Immunoprecipitation

For each immunoprecipitation (IP) or co-immunoprecipitation
(CO-IP), 500 pg of protein from hepatic tissue lysate prepared in
NP-40 lysis buffer (20 mM HEPES, pH 7.4, 1% NP-40, 1 mM
DTT and inhibitor cocktails) was utilized. Protein lysate was
incubated with 20 pl of protein A-G (Santa Cruz Biotechnology)
and 1-2 pg of primary antibodies: anti-rabbit SIRT1 and anti-
rabbit LKB1 antibodies for 2 h at 4 °C using a tube rotator. The
immunoprecipitates obtained were rinsed thrice with chilled
PBS, and then heated with 2x SDS sample buffer. The immuno-
precipitates were resolved by 10% SDS-PAGE, followed by immu-
noblotting against the respective antibody.

2.14 Pull down assay

Activation of sepharose 4B beads was performed according to
the manufacturer’s protocol. CNBr (300 mg) activated sepha-
rose 4B beads were first suspended in 10 ml of 1 M HCI and
then washed with 1 M HCl (10 times, 10 minutes per
washing). Lastly, the swollen beads were rinsed with coupling
buffer (0.1 M NaHCO3, pH 8.3, 0.5 M NaCl). The medium was
further divided into two: one was used as the blank and the
other for berbamine coupling. 2 mg of berbamine was added
and the final volume was made to 1.5 ml using coupling
buffer. The suspension was rotated overnight at 4 °C followed
by washing and blocking. Then, the beads were rinsed twice
with reaction buffer (50 mM Tris, pH 7.5, 5 mM EDTA,
150 mM NaCl, 1 mM DTT, 0.01% NP-40, 2 mg ml™" BSA,
0.02 mM PMSF and protease inhibitor cocktail). 100 pg of
protein of hepatic lysate was incubated with 50 pl of BBM-con-
jugated and blank sepharose beads and rotated overnight at
4 °C. The pull-down protein was rinsed thrice with reaction
buffer followed by boiling with the 2x SDS loading dye. The
proteins were then resolved by 10% SDS-PAGE followed by
their transfer onto PVDF membranes and probing with the
desired proteins.
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2.15 Quantitative monodansylcadaverine (MDC) staining

The autophagic flux in the control and treated rats were
measured by using monodansylcadaverine (MDC).>® In brief,
1- to 5 mm® tissue sample was minced in 1-2 mL of homogen-
ization buffer and centrifuged at 1000g for 5 min at 4 °C to
spin out the nuclei and heavy membrane. 25 pM MDC was
added to the postnuclear supernatant fraction and incubated
on ice for 10 min in the dark. The sample was centrifuged at
20 000g for 20 min at 4 °C and the pellet obtained was rinsed
twice with 1 mL of cold resuspension buffer. The pellet was
resuspended in 350 pL of resuspension buffer. 100 pL per well
was used for measurement with a fluorescence plate reader
(Varioskan Flash, Thermo Scientific) at an excitation/emission
wavelength of 495/519 nm. The relative fluorescence units
(RFUs) were calculated per mg of protein.

2.16 Oil Red O staining

The formalin-fixed liver tissue samples were embedded in
paraffin and 5 pm sections were prepared using a rotary micro-
tome (Leica RM 2155, Germany). The sections were mounted
on glass slides, stained with Oil Red O (Sigma) and visualized
using an inverted microscope (Nikon Eclipse Ti).

2.17 Statistical analysis

All experiments were repeatedly performed thrice and the data
were expressed as mean value + SD. Statistical comparisons
between the mean values of different groups were performed by
one-way analysis of variance (ANOVA). The H-BBM and HFD
groups were compared with the control group, while the
HFD-FF, HFD-LBBM and HFD-HBBM groups were compared
with the HFD group. Differences were considered to be statisti-
cally significant when the P values were less than 0.05 (P < 0.05).

3. Results
3.1 Effects of BBM on the body weight and liver index

Rats fed with a high fat diet for 12 weeks had a marked
increase in their body weights (P < 0.001) compared with the
control group. BBM treatment at low (50 mg kg™') and high
(150 mg kg™!) concentrations for 28 days co-administered with
HFD prevented gain in the body weight compared with the rats
in the HFD group (P = 0.11 and P = 0.11 respectively) (Fig. 1A).
Treatment with BBM (150 mg kg™) in control rats did not
show much change in the body weight as compared with the
control group. Therefore, the berbamine treatment to some
extent prevented the weight gain caused by HFD in male
Wistar rats.

Liver index (liver wet weight/body weight x 100%) is also an
important attribute to be taken into consideration in NAFLD
studies. At the end of the experimental period, it was observed
that the HFD fed rats had a significant increase of 154% in the
liver index as compared to the control group (P < 0.001). The
BBM treated control group did not show any major change in
the liver index, indicating that BBM had no adverse effect on
the liver index. The BBM treated HFD group showed a dramatic
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Fig. 1 Effects of berbamine on the body weight and liver index. Effects of BBM on body weight (A) and liver index (B). Reduction in the visceral (C)
and epididymal fat (D) weight. Data are presented as mean + S.D. (n = 6). #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the control
group. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the HFD treated group.

decrease of 121.91% (P < 0.001) and 108.93% (P < 0.001) in the
liver index at 50 and 150 mg kg™ doses respectively (Fig. 1B).

It was observed that HFD fed rats showed a significant
increase in their visceral (P < 0.001) and epididymal fat (P <
0.001) as compared to the control. On the other hand, BBM co-
administered with HFD significantly ameliorated both the
above-mentioned parameters to their normal levels (Fig. 1C &
D). Fenofibrate, a drug of choice for the treatment of NAFLD,
was also found to positively regulate the amelioration of visc-
eral (P < 0.001) and epididymal fat (P < 0.001).

3.2 Berbamine mediated amelioration of liver function
defects in HFD rats

In this experimental study, we observed that berbamine
administration for 28 days had promising hepatoprotective

Table 3 Assessment of serological parameters

effects. BBM treatment potentially modulates the inflamma-
tory and oxidative stress biomarkers in liver tissues and serum
lipids in HFD diet-induced NAFLD rats. AST, ALT and ALP are
the liver specific enzymes which serve as the hallmarks of liver
injury. Liver injury or dysfunction leads to alterations in the
levels and/or activities of these enzymes which serve as the
identification parameters (Table 3). In HFD-induced NAFLD
rats, AST was released in excess in the serum of HFD rats as
compared with the control group animals (P < 0.05). However,
BBM supplementation reduced the AST activities when com-
pared with HFD at both doses of 50 and 150 mg kg™ " (P <
0.05). This indicates the protective potential of BBM in improv-
ing the hepatic fibrosis conditions in chronic high fat diet fed
rats. However, the levels of ALT and ALP were similar to a great
extent across all treated groups.

Alkaline Aspartate Alanine

Total protein Albumin Globulin Albumin/ phosphatase transaminase transaminase
Groups (gdL™ (gdL™ (mg dL™) globulin ratio (ALP) (UdL™) (AST) (UdL™) (ALT) (UdL™)
Control 5.09 +1.31 2.43 £ 0.65 2.30+1.1 1058.364 58 +14.89 9.6 £ 2.65 35.5+£9.46
H-BBM 5.16 £ 0.79 2.13 £0.34 2.57 £0.38 832.0363 55 +13.41 10.85 + 0.91 32.66 +10.96
HFD 3.72+£0.9 2.00 £ 0.41 2.73 +£0.58 732.6431 58.3 +4.93 15.4 +1.27¢ 34 £9.64
HFD-FF 5.82 £0.77* 2.99 £0.18 2.83 £ 0.64 1058.27 60.5 + 5.06 10.6 + 0.14* 36 +5.83
HFD-LBBM 5.68 £0.94 * 2.58 £1.58 3.37 £1.65 763.6902 54.4 +12.83 10.38 +1.79 32.6 £6.84
HFD-HBBM 5.95 £ 1.63* 3.54 £1.00 2.94 £ 0.99 1203.966 53 £16.46 8.8 +2.12* 38 +11.31

Data are presented as mean + S.D. (1 = 6). °P < 0.05, °P < 0.01 and °P < 0.001 compared with the control group. *P < 0.05, **P < 0.01 and ***P <

0.001 compared with the HFD treated group.

This journal is © The Royal Society of Chemistry 2021
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The liver dysfunction caused by HFD in the animals used
in this study was again affirmed by assessing the alterations in
the serum total protein content (Table 3) as it is established
that NAFLD patients have altered amounts of serum pro-
teins.*” In this study, HFD fed NAFLD rats had lowered serum
protein levels as compared with the control animals. The poss-
ible reason of impaired hepatic function may be lipid depo-
sition. The most abundant circulatory serum protein is
albumin. A healthy liver normally synthesizes albumin and
any defect in the liver function leads to a defect in albumin
synthesis. So, albumin level is also an important criterion to
assess hepatic health.*®**° Hypoalbuminemia, faulty albumin
catabolism, was also observed in NAFLD animals. The NAFLD
rats showed an increase in the globulin content, which
seemed to be a compensatory mechanism. The albumin-glo-
bulin ratio was found to be lowered in the NAFLD rats,
whereas it was found to be increased in the BBM administered
NAFLD rats. Fenofibrate being the positive control drug
against NAFLD showed improvement in the normal physiologi-
cal aspects of liver function.

3.3 Effect of BBM on the serum and hepatic lipid profiles

The serum levels of total cholesterol (TC) and triglycerides (TG)
in the HFD group were higher than those in the control group
rats (all P < 0.001). However, the BBM treatment at both the
doses reduced the serum TC and TG levels, when compared
with the levels observed in the HFD group. The reduction in TG
contents in the HFD-HBBM group was comparable to that in
the positive control, HFD-FF group (P < 0.001).

Consistent with the changes in serum lipids, the hepatic
lipid content was significantly upsurged in the HFD rats as
compared with the control rats (P < 0.001), and these were
decreased upon fenofibrate and BBM treatment. A downsurge
of the hepatic glycogen content serves as a characteristic
marker of hepatic insulin resistance (IR) which can lead to
type-II diabetes.’® The hepatic tissue of HFD rats had signifi-
cantly depleted hepatic glycogen contents compared with the
control rats (P < 0.001). After the BBM treatment, the rats
showed a dramatic recovery of hepatic glycogen levels com-
pared with the HFD rats (P < 0.01). Rats fed with a HFD had
strikingly higher serum glucose levels than the normal control
and BBM-control group animals. BBM treatment tends to
lower the glucose levels (Table 4).

Table 4 Effects of berbamine on the lipid profiles and glycogen contents

Food & Function

3.4 Effect of BBM on HFD-induced histological changes in
NAFLD rats

The histological assessment of H&E staining showed that the
livers of the HFD-fed rats showed increased lipid droplet depo-
sition, acinar and portal inflammation, infiltration of macro-
phages and lymphocytes, clearly demonstrating the establish-
ment of NAFLD (Fig. 2A). The other key histopathological fea-
tures of NAFLD were also clearly visible in the sections demon-
strating ballooning degeneration, altered architecture and
vacuolated cytoplasm. The control animals administered only
BBM also showed normal architectural features similar to
those of the control animals, establishing the safety of berba-
mine at the highest level used in the present study. However,
the NAFLD animals treated with BBM showed minimal steato-
sis and restoration of cellular architecture.

The assessment of the TEM micrographs of the liver sections
to observe the ultrastructural changes in the liver architecture
further validated the absence of necroinflammation or fibrosis.
TEM analysis also showed significantly increased hepatic lipid
content in HFD fed rats compared to the control rats.
Interestingly, the BBM-treated rats exhibited little or no intrahe-
patic lipid droplet accumulation, even when fed with a HFD
(Fig. 2B). The Oil Red O stained hepatic sections of different
treatment groups also confirmed the above findings, showing
the lipid accumulation inhibitory properties of BBM (Fig. 2C).

3.5 Effects of BBM on serum and hepatic oxidative stress

Oxidative stress plays a decisive role in the manner steatosis
progresses to steatohepatitis.*’ Lipid peroxides are one of the
reactive products generated as a result of uncontrolled ROS
generation. These lipid peroxides damage the cellular machin-
ery at the molecular level.*” The lipid peroxidation (LPO) levels
were found to be increased in the HFD fed NAFLD rats.
However, the BBM administration at low and high concen-
trations in the NAFLD rats decreased the hepatic and serum
LPO levels significantly (Fig. 3A and B). In the hepatic tissue,
there was 0.62 (P < 0.001) and 0.52 (P < 0.001) fold decrease
compared to HFD rats at 50 and 150 mg per kg body weight
BBM doses, respectively, whereas in the serum there was 0.52
(P < 0.001) and 0.43 (P < 0.001) fold decrease compared to the
control respectively.

SOD enzyme activity when assayed in the liver tissues and
serum showed a downsurge in the HFD rats as compared with

Serum cholesterol Serum triglycerides Hepatic triglycerides Hepatic glycogen Serum glucose
Groups (mg dL™) (mg dL™") (mgg™) (mgg™) (mg dL™)
Control 26.67 + 3.51 23.77 £11.92 55.52+7.21 2.44 +0.2 46.25 + 6.5
H-BBM 28.6 £ 3.64 35.77 £ 6.43 49.38 £ 5.94 1.97 + 0.1 50.25 +£ 3.5
HFD 44 + 4.83°¢ 80.63 + 12.88° 92.74 + 3.75° 1.21 + 0.03° 87.33 + 6.02°
HFD-FF 37.67 +1.15 42.73 £13.58*** 58.88 + 3.10*** 1.78 £ 0.19 65.6 + 8.56
HFD-LBBM 40.33 + 4.04 75.05 + 6.41 77.17 + 4.61%%* 1.76 £ 0.4 81.5 +17.46
HFD-HBBM 34.67 +4.93 59.13 +4.76 68.43 + 5.15 1.98 £ 0.12** 90 +25.71

Data are presented as mean + S.D. (1 = 6). °P < 0.05, °P < 0.01 and °P < 0.001 compared with the control group. *P < 0.05, **P < 0.01 and ***P <

0.001 compared with the HFD treated group.

898 | Food Funct,, 2021, 12, 892-909
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Fig. 2 Effects of berbamine on aggravation of structural liver damage. (A) Representative microscopic photographs of the liver sections stained
with hematoxylin—eosin (magnification: 10x and 40x). (B) Transmission electron microscopy (TEM) ultrastructural analysis of liver samples from
control, HFD and berbamine administered HFD rats. Two magnifications are shown for each sample (x15 000 and x30 000). The data demonstrate
the absence of necroinflammation or fibrosis and uncover the morphological differences between different treatment groups. (C) Representative
microscopic photographs of the liver sections stained with Oil Red O (magnification: 20x%) (n = 3).

the control rats (P < 0.001 and P < 0.001 respectively). However,
the SOD activity was found to be increased in the BBM admi-
nistered NAFLD rats (Fig. 3C & D). Fenofibrate also decreased
lipid peroxidation and increased the SOD activity in the
hepatic tissue and serum. The progression of hepatic steatotis

This journal is © The Royal Society of Chemistry 2021

also causes damage to cellular biomolecules which also affect
antioxidant enzyme functions such as HO-1 and SOD-2. The
immunoblots of HO-1 showed decreased levels in the HFD rats
whereas the BBM administered HFD rats showed increased
HO-1 levels in the hepatic tissue (Fig. 3E and F). BBM adminis-
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Fig. 3 Effects of berbamine on oxidative stress. Bar graphs represent the amount of MDA generated in (A) the hepatic tissue and (B) serum. SOD
activity is expressed in (C) the hepatic tissue and (D) serum. (E) Immunoblots of SOD-2 and HO-1 proteins. -Actin served as the loading control. (F)
The bar graph shows the densitometric analysis of SOD-2 and HO-1. (G) TEM micrographs showing the ultrastructural changes in mitochondria of
the hepatic tissue of control, HFD and berbamine administered HFD rats (magnification: x6500, x30 000, x52 000 and x67 000). Data are presented
as mean + S.D. (n = 3). #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the control group. *P < 0.05, **P < 0.01 and ***P < 0.001 compared

with the HFD treated group.

tered HFD rats showed a marginal increase in the SOD levels
as compared to HFD rats. The HO-1 levels in the H-BBM group
were similar to those in the control whereas the SOD-2 levels
were found to be elevated (P < 0.001) owing to the antioxidant
properties of berbamine. Mitochondria plays an integral role
in HFD-induced oxidative stress which is a physiological attri-
bute of NAFLD pathogenesis. The TEM images of the hepatic
tissue of NAFLD rats showed disrupted integrity of mitochon-
dria with dissolved cristae (Fig. 3G). However, the treatment
with BBM improved the normal physiological architecture of
mitochondria indistinct from the control.

3.6 BBM regulates hepatic lipid metabolism via the SIRT1/
LKB1/AMPK signaling pathway

SIRT1 is a TYPE III NAD-dependent deacetylase that acts as a
metabolic sensor of NAD' which regulates cellular metab-
olism.*> SIRT1 also regulates hepatocellular lipid metab-

900 | Food Funct, 2021, 12, 892-909

olism.** To further delineate the potential role of SIRT1 in
modulating BBM mediated lipid metabolism the expression
profiling of SIRT1was studied at the protein and mRNA levels.
The protein levels of SIRT1 were increased in the H-BBM
group (P < 0.001) when compared to the control, showing the
SIRT1 upregulating potential of BBM, whereas in the HFD-fed
rats the protein levels were decreased (Fig. 4A & B). Concurrent
administration of BBM increased the SIRT1 protein levels in
HFD rats. The mRNA expression levels of SIRT1 were also
assessed in the hepatic lysate of all treatment groups. In
accordance with the western blot data, the mRNA levels of
SIRT1 were also increased in the H-BBM group. By comparing
the mRNA levels of SIRT1 in the hepatic tissue of HFD rats, it
was observed that BBM administration increased the
SIRT1 mRNA levels at both the doses of 50 mg kg™ (P < 0.05)
and 150 mg kg™" (P < 0.01) (Fig. 4C). The pull-down assay
further confirmed the direct interaction of BBM with SIRT1 in

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Berbamine activates the SIRT1/LKB1 pathway in NAFLD rats. (A) The dose—response effect of BBM on SIRT1 protein levels in the hepatic
tissue of control, HFD and BBM/fenofibrate treated HFD rats. -Actin served as the loading control for western blot. (B) Bar graph represents the
densitometric analysis of SIRT1/B-actin. (C) The mRNA expression levels of SIRT1 in control, HFD and BBM/fenofibrate treated HFD rats. GAPDH
served as an endogenous control in mRNA analysis. (D) Western blot of SIRT1 demonstrating its interaction with berbamine as observed through the
pull-down assay. Proteins coupled with BBM were precipitated using activated CNBr-sepharose beads followed by immunoblotting. (E) IP of acetyl-
ated liver kinase B1 (LKB1). (F) The bar graph represents the mRNA expression levels of LKB1 using GAPDH as an internal control in the control and
treated groups. (G) Co-immunoprecipitation study showing the interaction between SIRT1 and LKB1. Data are presented as mean + S.D. (n = 3). #P <
0.05, ##P < 0.01 and ###P < 0.001 compared with the control group. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the HFD treated group.

NAFLD induced rats (Fig. 4D). The acetylation levels of LKB1
was measured by IP to establish the BBM-mediated SIRT1 dea-
cetylase activity. As presented in Fig. 4E, BBM significantly
decreased LKB1 acetylation upon normalization with protein
input. The mRNA levels of LKB1 were found to be decreased in
the HFD rats and were subsequently increased in the BBM
administered HFD rats (Fig. 4F). To assess the interaction
between SIRT1 and LKB1, co-immunoprecipitation of total
tissue lysate was performed. It was observed that SIRT1-LKB1
was co-immunoprecipitated from total tissue lysate which
affirms that berbamine induced activation of SIRT1 which
directly interacts with LKB1 in HFD rats (Fig. 4G). These find-
ings confirmed the interaction between SIRT1 and LKB1lin
BBM administered HFD rats.

To investigate the BBM mediated effects on the AMPK sig-
naling pathway, we assessed the effects of BBM on phosphoryl-
ation of AMPK. The HFD rats showed a 0.83 fold decrease in
the mRNA levels of AMPK compared to the control rats
(Fig. 5A). The HBBM-HFD group showed a 7.36 fold increase
in the mRNA levels of AMPK compared to the control (P <
0.001). The immunoblotting data show that HFD-fed rats had
significantly subsided levels of the phosphorylated form of
AMPK (Thr 172) (P < 0.001). However, the BBM administered
rats showed notably increased phosphorylation levels of AMPK
(P < 0.001) as assessed by immunoblotting (Fig. 5B & C). The

This journal is © The Royal Society of Chemistry 2021

immunohistochemistry images also showed decreased
P-AMPK levels in HFD rats and these levels tend to increase
upon BBM administration (Fig. 5D and E). Several studies have
reported that polyphenols trigger AMPK activation indirectly,*®
suggesting the involvement of upstream kinase LKB1 in med-
iating the effect of SIRT1 on AMPK. mTORC1, being an
immediate downstream effector molecule of AMPK, plays an
important role in the regulation of lipid metabolism during
the pathogenesis of NAFLD. The phosphorylated form of
mTOR (Ser2448) was lowered at the protein levels as evident
from the immunoblots (Fig. 5F and G), which established the
possible involvement of mTOR in berbamine-administered
HFD rats. These findings revealed that BBM mediated SIRT1
activation up-regulated the AMPK signaling cascade through
LKB1 deacetylation in the liver. BBM mediated activation of
the SIRT1/LKB1/AMPK signaling pathway plays a regulatory
role in hepatic lipid metabolism.

3.7 BBM regulates the distribution of SREBP-1c and
expression of lipid metabolic regulators in the liver

SREBP-1c is a membrane-binding protein located on the
surface of the endoplasmic reticulum membrane that controls
lipid metabolism-related enzymes.*® The protein expression of
SREBP-1c in HFD rats was higher than that in control rats
(Fig. 6A & B). The immunohistochemistry images show the

Food Funct., 2021,12, 892-909 | 901
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Fig. 5 Pharmacological activation of AMPK via the SIRT1/LKBL1 axis. (A) Bar graph represents the fold change in the mRNA levels of AMPK of control
and treated animals. (B) Representative immunoblotting analysis with antibodies against AMPK phosphorylated at Thr172 (P-AMPK) and total AMPK
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increased expression of SREBP-1c in the HFD rats which was
ameliorated by BBM (Fig. 6C and D). Fenofibrate treatment
also decreased the SREBP-1c expression in HFD rats. The
mRNA expression of SREBP-1c¢ was also increased in HFD rats
(P < 0.001) (Fig. 6E). BBM administration was found to reverse
these changes significantly. These findings suggest that BBM
might repress the transcription of genes involved in lipid syn-
thesis by downregulating the expression of SREBP-1c¢ through
SIRT1/LKB1/AMPK signaling.

To delineate the mechanism of action of BBM in inhibiting
lipid deposition in the liver, we assessed lipid metabolism
regulatory enzymes. As shown in Fig. 7, the expression of
several lipid synthesis-associated enzymes changed across the
treated groups. In the way of de novo synthesis, the levels of
fatty acid synthase (FAS; P < 0.001) and steroylCoA desaturase
(SCD1; P < 0.001) were significantly increased in the HFD rats
(Fig. 7A). The mRNA expressions of FAS and SCD1 in conjunc-
tion with the immunoblotting data ie. the corresponding
protein levels were alleviated in the BBM administered HFD

902 | Food Funct, 2021, 12, 892-909

rats (Fig. 7B). PPAR-« is an imperative transcription factor that
regulates several aspects of hepatic lipid metabolism to main-
tain fatty acid homeostasis.”” PPAR-a was found to be
decreased in the HFD rats as assessed at the protein (Fig. 7C)
and mRNA levels (Fig. 7D). However, BBM administration
tends to increase PPAR-a expression at both the doses. In hep-
atocytes, PPAR-y is a transcriptional regulator of lipid metab-
olism that targets genes involved in FFA import and de novo
lipogenesis (DNL).*® The expression of PPAR-y was increased
in HFD fed rats at the protein and mRNA levels but it tended
to decrease upon BBM administration in the HFD rats. Acetyl
CoA carboxylase is a key modulator of hepatic lipogenesis that
catalyzes the carboxylation of acetyl-CoA to produce malonyl-
CoA. The phospho-ACC (Ser79) levels were also increased by
BBM as compared with the ACC levels (Fig. 7E & F). The mRNA
level of ACC1 was also decreased in HFD rats (P < 0.001) which
improved upon BBM treatment (P < 0.001) (Fig. 7G). The
expression of the scavenger receptor CD36 that mediates the
recognition and internalization of lipids was decreased in HFD

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Berbamine causes diminution of transcription factor SREBP-1c via the SIRT1/LKB1/AMPK signaling pathway. (A) Representative immunoblot-
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control and treated animals. Data are presented as mean + S.D. (n = 3). #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the control group.
*P < 0.05, **P < 0.01 and ***P < 0.001 compared with the HFD treated group.

rats but was upsurged by BBM. Berbamine also decreased
ChREBP-a expression which was found to be increased in HFD
rats (Fig. 7H). These results suggest that berbamine could
promote free fatty acid uptake and oxidation and inhibit the
synthesis of FFA and TG by regulating the expression of key
enzymes in NAFLD rats.

3.8 BBM restored the impaired hepatic autophagy in NAFLD
rats

Autophagy which plays an imperative role in regulating lipid
metabolism is dysregulated in various liver diseases. The clear-
ance of excessive lipid droplets (LDs) is prevented due to
impaired autophagy, which also leads to the development and
progression of non-alcoholic fatty liver disease. Chronic lipid
insult suppresses the SIRT1-mediated autophagic pathways in
hepatocytes, decreasing the autophagic activity and resulting
in the accumulation of intracellular lipids.*® In this study, an
autophagy marker protein, LC3A/B, was monitored to indicate
the procession of autophagy. The immunoblotting data
showed a decrease in the LC3A/B levels in the HFD rats when
compared with the vehicle control. Our results showed that

This journal is © The Royal Society of Chemistry 2021

berbamine administration upregulated the LC3A/B protein
level, which suggests the involvement of autophagy in the TG
breakdown process (Fig. 8A & B). The effects of BBM adminis-
tration on the expression of various autophagy-related pro-
teins, including Beclin 1 and p62 were also assessed. The
expression level of Beclin 1 was also found to be decreased in
the HFD rats (P < 0.05). However, in the BBM administered
HFD rats the protein levels were found to be increased as com-
pared to the HFD rats (P < 0.001). The levels of p62 (the selec-
tive substrate for autophagy) were found to be increased in the
HFD rats but were downsurged in the BBM administered HFD
rats (Fig. 8A & B). Furthermore, immunohistochemistry ana-
lysis also confirmed the increase in the protein levels of LC3B
upon BBM administration in HFD rats. These findings indicate
that the mechanism of BBM induced restoration of autophagic
flux is via the SIRT1/AMPK signaling axis in HFD rats (Fig. 8C).
To selectively assess the increase in the number of autophago-
somes, the fluorimetric analysis of monodansylcadaverine-
stained hepatic tissue was performed. The monodansylcada-
verine liver represents an accurate indicator of autophagic flux,
as it only labels autophagosomes that have fused with lyso-

Food Funct., 2021,12, 892-909 | 903
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Fig. 7 Effect of berbamine on the expression of lipid metabolic regulators in the liver. The protein levels (A) and mRNA expression (B) of fatty acid
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sented as mean + S.D. (n = 3). #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with the control group. *P < 0.05, **P < 0.01 and ***P < 0.001

compared with the HFD treated group.

somes. MDC fluorescence was quenched in the NAFLD rats as
compared with the control rats, whereas it was replenished
after BBM administration in HFD rats (Fig. 8D). The histo-
logical results showed that BBM ameliorated fat infiltration in
the liver, proposing that autophagy induced by BBM poten-
tially facilitated the disruption of lipid droplets and also prob-
ably mitigated lipid droplet formation. As shown in Fig. 8E,
TEM assays divulged the ultra-structural changes in the
hepatic tissues of control and treated rats. Regarding the HFD
group, the number of lipid droplets were found to be
decreased in the hepatic tissue of BBM administered HFD rats.
The macroautophagy induction is prominently shown by the
red arrows. Taken together, these results suggested that BBM
administration reinstated autophagy via the induction of
SIRT1 and activation of AMPK in NAFLD rats.

4. Discussion

Obesity, a multifarious state caused due to prolonged intake of
excess energy consumption, is an important aspect of the onset
of various metabolic disorders such as NAFLD. Therefore, the
development of new drugs for the management of obesity and
NAFLD is the need of the hour. An animal model for the study
of NAFLD can be developed either by genetic mutations®® or by
dietary®' or pharmacological modifications.”* Several recent
studies have shown that long term feeding of rats with a high
fat diet (standard rat chow added with 2% cholesterol and 15%
lard) provides the experimental model of NAFLD as caloric over-
consumption plays a major role in the development of the
disease.”® Previous reports state that in three days the rats fed
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with a high-fat diet develop hepatic insulin resistance preceding
peripheral insulin resistance.>® Different strategies are adopted
for the management of this condition. The chemically syn-
thesized drugs are often associated with some underlying toxic
manifestations and harmful side-effects. Thus, herbal constitu-
ents are being explored by many researchers using NAFLD
models to study their beneficial effects especially antioxidant
capacity.”® In-depth studies are necessitated to reconnoitre
whether therapeutic agents of natural herbal origin with poten-
tial antioxidant and anti-inflammatory properties are efficient
to cause recuperation of NAFLD.

In previous studies, it was observed that rats fed with a
HFD for a long-term had liver injury which was accompanied
by increased levels of serum TC, TG, FFA, ALT and AST com-
pared with the rats fed a standard chow diet.>® In our study,
the HFD rats showed typical hepatic lesions which include
hepatocyte ballooning, steatosis and hepatomegaly. The HFD
fed rats also showed increased levels of TC, TG, ALT and AST
as compared with the normal chow-fed control rats which are
also the hallmarks of hepatic injury. These results indicated
that HFD caused the development of dyslipidemia, steatosis
and altered liver functions, suggesting the successful establish-
ment of NAFLD animal model. However, BBM treatment sig-
nificantly reduced the elevation of serum TG, TC, ALT, and
AST and also hepatic lipids. In addition, the NAFLD induced
histopathological alterations were also ameliorated by berba-
mine. The visceral and epididymal adipose tissue weight was
also decreased upon BBM treatment.

The onset of NAFLD pathogenesis is also associated with
the compromised antioxidant defense system of the body. The
increased levels of free fatty acids and triglycerides induce lipo-

This journal is © The Royal Society of Chemistry 2021
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toxicity and oxidative stress which lead to hepatic inflam-
mation, mitochondrial dysfunction, apoptosis, and fibrosis.’”
The present study also showed that the HFD group animals
had an increased TBARS level in both serum and hepatic
tissues, which is a characteristic marker of oxidative damage.
BBM exhibited its antioxidant capacity by increasing the SOD
activity, one of the principal scavenger of ROS and lowering
the TBARS levels in serum and hepatic tissues.
Heamoxygenase-1 (HO-1) which is another key antioxidant was
decreased in the HFD rats. However, BBM administration upre-
gulated the levels of HO-1, also establishing the positive influ-
ence of BBM treatment in maintaining the antioxidant status
against NAFLD induced stress.

In recent years, various reports have shown that SIRT1 and
AMPK are the two critical signaling targets controlling hepatic
lipid metabolism. AMPK is a trimeric protein that serves as a

This journal is © The Royal Society of Chemistry 2021

cellular metabolic sensor and regulator under various stress
conditions and functions to maintain the whole body energy
balance.?® SIRT1, an NAD-dependent deacetylase, is the most
extensively studied sirtuin that has a prominent role in meta-
bolic tissues, such as liver, skeletal muscle, and adipose
tissues.” LKB1 is the principal AMPK kinase that catalyzes the
phosphorylation of its catalytic a-subunit.®® The present study
aimed to study the activating potential of BBM by increasing
the SIRT1 deacetylase activity, LKB1 deacetylation and phos-
phorylation mediated AMPK activation in NAFLD rats. HFD
fed rats treated with berbamine expressed upsurged levels of
SIRT1 and P-AMPK (Thr 172) in the hepatic tissue, whereas
their levels were lowered in the NAFLD rats. SIRT1 activation
was found to lower the lysine acetylation of LKB1, which
causes its own activation and ultimately that of AMPK.®" This
study also showed that BBM stimulated AMPK phosphoryl-
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ation and upsurged the expression of LKB1 in the hepatic
tissue of HFD fed rats. The activation of SIRT1 has also been
shown to upregulate SOD which ameliorates oxidative stress.®>
This could also be a possible mechanism by which BBM med-
iates its anti-oxidant properties by increasing the SOD activity.

Previous studies reported that AMPK phosphorylation can
suppress the expression of various lipogenesis-related tran-
scription factors which primarily include SREBP-1c.%
SREBP-1c is the master regulator of the pathogenesis of meta-
bolic disorders, including fatty liver, and serves as the most
worked upon therapeutic target. According to various reports,
it is well evident that AMPK activation inhibits SREBP-1c.”®%*
Regulation of hepatic SREBPs in vivo is dynamically regulated
in response to nutritional and hormonal cues. Under fasting
conditions, AMPK activation reduces lipogenesis in the liver by
suppressing the SREBP-1c activity whereas inhibition of AMPK
leads to the activation of SREBP-1c-mediated lipogenesis.®? In
this study, the HFD rats had significantly increased SREBP-1c
which was ameliorated after BBM administration. AMPK acti-
vation also recruits mTOR which primarily regulates lipid
metabolism by directly affecting SREBP-1¢.®” In the present
study, mTOR was also found to be negatively regulated by
AMPK activation in BBM administered NAFLD rats.

Our study also demonstrated that BBM treatment signifi-
cantly reduced lipid accumulation in hepatic tissues in HFD
animals. Therefore, to divulge the mechanism involved in its
action, we assessed the regulation of several enzymes and
genes involved in lipid metabolism. SREBP-1c is an imperative
transcription factor which regulates several genes involved in
the lipogenesis pathway, such as fatty acid synthase (FAS) and
steroyl coA desaturase 1 (SCD1). BBM administration signifi-
cantly lowered the hepatic expression of FAS and SCD1. These
findings indicated that BBM exhibited its protective effect
against NAFLD by suppressing lipid synthesis. PPARa and
PPARy are the two isotypes of PPAR which are expressed in a
tissue specific pattern. They control many biological functions
most importantly the lipid homeostasis in different tissues,
including the liver.®® Furthermore, PPAR-, a nuclear hormone
receptor, is a key component in the development of lipid dis-
orders because of its central regulatory role in hepatic glucose
and lipid metabolism. It plays an essential role in lipid trans-
port and lipoprotein metabolism by promoting mitochondrial
and peroxisomal fatty acid uptake and oxidation. In this study,
we found that the PPAR-a protein and mRNA expression were
lower in the livers of HFD rats. High fat-induced NASH suscep-
tibility is eventually increased upon PPAR-a inhibition.
Increase in PPAR-o expression could be the downstream
effector of BBM action in improving fatty acid p-oxidation.
PPAR-y and ChREBP, the two key transcription factors which
regulate lipogenesis and carbohydrate metabolism respect-
ively, were also found to be upsurged in HFD rats. ACC1 is a
principal lipid metabolizing enzyme that catalyzes acetyl CoA
to produce malonyl-CoA for elongated fatty acid chains.
Interestingly, ACC1 is activated by dephosphorylation, whereas
phosphorylation switches it off.°® ACC is the principal down-
stream target of activated AMPK which in turn causes its phos-
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phorylation making it inactive. Our results also demonstrate
that BBM administration reduces total cholesterol and triacyl-
glycerol in serum and also lowers the hepatic adipogenesis
through increased phosphorylation of ACC to regulate fatty
acid synthesis. CD36 is the rate-limiting enzyme that facilitates
the transport of plasma FFA into the liver at rest.®”” We found
that CD36 is involved in the increased uptake of FFA in the
hepatic tissue of HFD rats supplemented with BBM, a con-
clusion that is supported by the increase of CD36 protein
expression. Thus, we propose that the protective effects of ber-
bamine against hepatic steatosis in high fat-fed rats are
mediated by the regulation of lipid homeostasis. Berbamine
induced the activation of AMPK via the SIRT1/LKB1 axis which
regulated several lipid related genes/proteins.

Autophagy, an intracellular degradation pathway, is indis-
pensable for the maintenance of energy and cellular homeo-
stasis.®® Primarily it is recognized for the degradation of dys-
functional proteins and unwanted organelles; however, in
recent years, several studies have also regarded lipid as one of
the autophagy substrates.” Perturbations of autophagic flux
have been suggested to contribute to various disease aetiolo-
gies, one among which is NAFLD. Our present study provided
evidence for autophagosome formation induced by BBM as
assessed by transmission electron microscopy. LC3A/B and
Beclin 1 are the established markers for autophagy and p62/
SQSTML1 is the selective substrate for autophagy and a marker
for autophagic flux. Beclin 1 and LC3A/B expressions were up-
regulated by the phytochemical, whereas p62 being a negative
regulator was downsurged upon BBM administration. These
outcomes indicate that BBM mediated induction of autophagy
should be considered as a novel approach for alleviating
NAFLD mediated complications.

5. Conclusions

In succinct, we showed that the oral administration of BBM
effectively reduced the body weight, together with resisting oxi-
dative stress and lowering serum lipids and the biomarkers of
hepatic injury. BBM also alleviated hepatic fat accumulation
and decreased the hepatic triglyceride contents through modu-
lation of the lipid metabolism machinery by regulating
SREBP-1c and their downstream lipogenic targets via the acti-
vation of the SIRT1/LKB1/AMPK pathway. The beneficial meta-
bolic effects of berbamine supplementation also include the
regulation of SIRT1 mediated autophagy induction and its
downstream processes. Consequently, we suggest that BBM
can induce alterations in these liver metabolic pathways,
which can be considered as an efficient strategy for the man-
agement of NAFLD.
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