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Abstract
Scutellaria baicalensis has been reported to improve the lipid metabolism of high-fat diet-induced liver dysfunction, but 
direct evidence is rare. This study aimed to explore the effects and mechanisms of S. baicalensis and its major constituent 
baicalin on hepatic lipotoxicity. KK-Ay mice and orotic acid (OA)-induced nonalcoholic fatty liver disease (NAFLD) rats 
were used to evaluate lipid metabolism regulatory effects. Sodium oleate-induced triglyceride-accumulated HepG2 cells 
were used for the mechanism study, pretreated with or without compound C or STO-609 or transfected with liver kinase B1 
(LKB1) siRNA. In KK-Ay mice, S. baicalensis extract showed a decreased effect on serum and hepatic triglycerides, total 
cholesterols, and free fatty acid (FFA) levels after 8 weeks of treatment. In OA-induced NAFLD rats, 18 days of treatment 
with baicalin significantly inhibited hepatic lipid accumulation, attenuating hepatocyte hypertrophy, vacuolization and 
necrosis. S. baicalensis and baicalin treatment significantly suppressed the sterol regulatory element binding protein-1c 
(SREBP-1c) transcriptional program with downregulation of gene and protein expression of SREBP-1c (both precursor and 
mature fraction) and acetyl-CoA carboxylase, fatty acid synthase and stearoyl-CoA desaturase, and upregulation of AMP-
activated protein kinase (AMPK), carnitine palmitoyl transferase 1 and nuclear respiratory factor 2 in the liver. Furthermore, 
activation of AMPK by baicalin was observed to be relative to the increase in phosphorylation of calmodulin-dependent 
protein kinase kinase. Taken together, S. baicalensis conferred preventive effects against FFA-induced lipotoxicity through 
the AMPK-mediated SREBP signaling pathway.
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Lipotoxicity

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a form of 
chronic metabolic disease with a clinical symptom of excess 
lipid accumulation in the liver. Epidemiological research 
revealed that >30% of South American and Middle East 
people suffer from NAFLD [1]. Recently, there has been 
an increasing trend of NAFLD in China, where the average 
prevalence is 27.1% [2]. It is now clearly recognized that 
patients with NAFLD have an increased risk of diabetes, 
cardiovascular disease and liver-related mortality [3].

The occurrence and development of NAFLD in humans 
is closely related to lipotoxicity induced by free fatty acids 
(FFAs). FFAs are derived from the ingestion of excess 
carbohydrates (especially fructose), lipoprotein remnants 
and lipolysis in adipose tissue and are actively taken up 
by various transporters to be delivered into the liver. Stor-
age of surplus FFAs in hepatocytes causes lipotoxicity via 
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the induction of reactive oxygen species (ROS) release, 
leading to oxidation stress, inflammation, apoptosis, and 
promoting hepatic injury to liver fibrogenesis. An increas-
ing attention has been paid to lowering FFA levels in 
NAFLD prevention and therapy [4].

The AMP-activated protein kinase (AMPK)-mediated 
sterol regulatory element binding protein (SREBP) signal-
ing pathway plays an important role in FFA metabolism. 
SREBPs have been demonstrated as key nodes of diverse 
physiological and pathophysiological processes. Among 
them, SREBP-1c has been  highlighted the significance 
of FFAs in cellular and systematic homeostasis [5]. In the 
process of initiating lipid synthesis, SREBP-1c is trans-
ported from the endoplasmic reticulum (ER) to the nucleus 
as homodimers [6], binds to SRE sequences and stimu-
lates the transcription of downstream target genes, such as 
fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), 
and stearoyl-CoA desaturase (SCD) to regulate fatty acid 
metabolism.

SREBP-1c is regulated by various upstream proteins, 
including phosphoinositide 3-kinase, mammalian target 
of rapamycin [7], and AMPK [8, 9]. AMPK is a key sen-
sor of fuel and energy status, and it is currently the only 
protein kinase targeted in the treatment of metabolic syn-
drome [10]. Activation of AMPK attenuates the proteo-
lytic processing of SREBP-1c, and results in accelerating 
fatty acid oxidation to abolish the abnormal accumulation 
of FFAs. Numerous evidences indicate that NAFLD is at 
least partially attributable to the AMPK-mediated SREBP 
signaling pathway.

The dried root of Scutellaria baicalensis belonging to 
Lamiaceae, is a Traditional Chinese Medicine (TCM) used 
for relieving heat, drying dampness, purging fire and remov-
ing toxins. Some TCM formulas containing S. baicalensis 
showed an ameliorating effect on NAFLD [11]. Scutel-
laria baicalensis extract (SBE) exerted regulating effects 
on hyperglycemia, hypertriglyceride, and hypercholester-
olemia [12]. Baicalin, the major flavonoid in S. baicalensis, 
has been demonstrated to show significant anti-inflamma-
tion, anti-oxidation, and anti-cancer activities [13]. Baicalin 
was also reported to improve the lipid metabolism of high-
fat diet-induced liver dysfunction [14, 15], and modulate 
calmodulin-dependent protein kinase kinase (CaMKK), 
AMPK and ACC [16]. However, the mechanism remains 
unclear without sufficient molecular biological supporting 
evidences. To date, there are few studies on the beneficial 
effects of S. baicalensis or baicalin on FFA-induced hepatic 
lipotoxicity in vivo and in vitro.

Here, we first applied abnormal hepatic lipid metabolism 
animal models to determine the consequences of SBE and 
baicalin on NAFLD lipid homeostasis. Second, a molecu-
lar biological method was used to confirm the relationship 
between baicalin and the AMPK-mediated SREBP signaling 

pathway. Finally, we addressed the concrete mechanism of 
baicalin on FFA production and degradation.

Materials and methods

Plant material

Scutellaria baicalensis roots were collected from Hebei 
Province, China, and identified by Dr. Feng Qiu at Tianjin 
University of Traditional Chinese Medicines (TUTCM). A 
voucher specimen was deposited at the Tianjin International 
Joint Academy of Biomedicine of TUTCM.

Sample preparation and baicalin content detection

The dried roots of S. baicalensis (1 kg) were extracted twice 
with 10 L of boiling water over a period of 2 h, and then 
filtered and lyophilized in a freezing dryer. The dry weight 
of the extract (SBE) was 628 g (yield 62.8%). Baicalin, bai-
calein, wogonoside, wogonin, scutellarin, scutellarein and 
oroxylin A were purchased from Zhong Xin Pharmaceuticals 
(purity >98.0%, Tianjin, China) and were used as standards. 
The baicalin content of the S. baicalensis was 14.0% using 
the HPLC method based on a report in the literature [12]. 
Baicalein, wogonoside, wogonin, scutellarin, scutellarein 
and oroxylin A in the SBE were 0.3, 3.2, 0.1, 0.4, 0.1 and 
0.1% respectively.

Animals

Eight-week-old male KK-Ay mice (28–32 g) and C57BL/6J 
(C57) mice (24–26 g) were purchased from Beijing HFK 
Bioscience Ltd. Co., and four-week-old male Sprague–Daw-
ley (SD) rats (100–120 g) were obtained from Beijing Vital 
River Laboratory Animal Technology Ltd. Co. All the ani-
mals were housed with two to a cage and acclimatized for 
1 week before the experiments. The animals were fed with a 
standard diet and drink ad libitum and adapted to the experi-
mental conditions at 22 ± 2 °C, humidity 60 ± 5%, and a 12 h 
light–dark cycle. The experimental animals were overseen 
and all protocols were approved by the Committee of the 
Animal Use and Care Committee of TUTCM.

Regulatory effects of SBE on hepatic lipid 
metabolism in KK‑Ay mice

After 1 week of acclimatization with free eating and drink-
ing, blood samples (ca. 0.2 ml) were collected from the 
infraorbital venous plexus before the experiment (0 day). 
Levels of serum triglyceride (TG) and glucose (GLU) of 
non-fasted KK-Ay mice were measured using commercial 
kits (BioSino Bio-Technology and Science Inc., China). 
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C57 mice were assigned as the normal group. KK-Ay mice 
were randomly divided into five experimental groups (n = 10 
in each group) based on serum TG and GLU levels as fol-
lows—control group, rosiglitazone group (20 mg/kg; Ark 
Pharm Inc., USA), SBE high-dose group (500 mg/kg), SBE 
middle-dose group (250 mg/kg), and SBE low-dose group 
(125 mg/kg). The maximum oral administration dose of 
mice was translated from human diary dose recommended in 
China pharmacopoeia. Test samples suspended in 5% acacia 
solution and vehicle (5% acacia solution) were given orally 
(0.1 ml/10 g body weight) to C57 and KK-Ay mice once 
daily, at 4:00 pm with a normal diet for 8 consecutive weeks.

Blood samples (ca. 0.2  ml) were collected from the 
infraorbital venous plexus once every 2 weeks after admin-
istration. Levels of serum TG, total cholesterol (TC), FFA 
and GLU of non-fasted KK-Ay mice were measured using 
commercial kits (TG, TC and GLU, BioSino Bio-Technol-
ogy and Science Inc.; FFA, NEFA C-test Wako, Wako Pure 
Chemical Industries, Ltd., Japan). In addition, body weight, 
food intake, and water intake of the mice were recorded at 
daily intervals throughout the experimental period. The 
animals were fasted overnight prior to killing and blood 
samples were collected via canthus blood. The serum was 
immediately separated from the blood via centrifugation and 
stored at −80 °C until analysis. The mice were dissected 
open and then perfused with 10 ml Krebs–Henseleit bicar-
bonate through the abdominal vein while cutting the portal 
until the liver and kidneys were blanched. The tissues were 
dissected out and snap frozen in liquid nitrogen and stored 
at −80 °C for Western blot, real-time polymerase chain reac-
tion (PCR) analysis.

Regulatory effect of baicalin on hepatic lipid 
metabolism in orotic acid (OA)‑induced NAFLD rats

After 1 week of acclimatization with free eating and drink-
ing, the rats were fed with diets containing 1% OA and 
33% sugar to establish NAFLD mammal models [17]. The 
rats were randomly assigned to six experimental groups 
(n = 10 in each group) as follows—normal group, control 
group, fenofibrate group (FF, 50 mg/kg; Abbott Laborato-
ries, USA), baicalin high-dose group (50 mg/kg), baica-
lin middle-dose group (25 mg/kg), and baicalin low-dose 
group (12.5 mg/kg). Test samples suspended in 5% acacia 
solution and vehicle (5% acacia solution) were given orally 
(0.1 ml/20 g body weight) to SD rats once daily, at 4:00 pm 
with a normal diet for 18 consecutive days.

Body weight, food intake, and water intake of the ani-
mals were recorded at daily intervals throughout the experi-
mental period. The animals were fasted overnight prior to 
killing. They were then dissected open and perfused with 
10 ml Krebs–Henseleit bicarbonate through the abdominal 
vein while cutting the portal until the liver and kidneys were 

blanched. Tissues were excised and snap frozen in liquid 
nitrogen and stored at −80 °C for the following experiments. 
The livers were also bisected and embedded into 4% para-
formaldehyde for histological analysis.

Hepatic lipid extraction and thin‑layer 
chromatography (TLC) analysis

Hepatic lipid extraction was adapted from the Folch method 
[18] and modified slightly. Briefly, approximately 100 mg 
of liver tissue was homogenized in 500 μl ice-cold saline 
using a motor homogenizer for 30 s in a 1.5-ml EP tube. A 
chloroform: methanol (2:1, v/v) mixture 1.5 ml was added 
to the homogenate and centrifuged for 10 min at 10,000g at 
4 °C. The lower organic phase was separated and blown dry 
with nitrogen gas. The dried lipid was then re-dissolved with 
500 μl of isopropanol, which was used for TG, TC and FFA 
analysis as described previously.

TLC was applied to analyze the lipid profiles. The devel-
oping system was n-heptane/isopropyl ether/acetic acid 
(60:40:3, v/v/v), with 10% (v/v) sulfuric acid–ethanol solu-
tion as chromogenic agent and heating at 120 °C for 2 min.

Histological assessment

For hematoxylin–eosin (H&E) staining, liver tissues were 
fixed in 4% paraformaldehyde, and embedded in paraffin. 
For Oil Red O staining, liver tissues were frozen in liquid 
nitrogen. The paraffin and frozen sections were stained with 
H&E and Oil Red O, respectively, for conventional morpho-
logical evaluation.

Real‑time PCR analysis

Liver RNA isolation, cDNA synthesis and real-time PCR 
analysis were performed as described previously [19]. 
The specific primers utilized for real-time PCR of AMPK, 
SREBP-1c, FAS, ACCα, SCD, carnitine palmitoyl trans-
ferase (CPT)-1α, nuclear respiratory factor 2 (Nrf2) and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are 
listed in Table 1. Relative gene expression quantification 
was normalized to GAPDH mRNA expression by applying 
the 2− △△CT methods. Analysis was carried out in triplicate.

Western blot analysis

Liver protein isolation and Western blotting were performed 
as described previously [19]. Protein extracts (30–50 μg) 
were separated via sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE) and transferred to 
a nitrocellulose membrane. Membranes were blocked and 
immunoblotted with primary antibodies specific for β-actin 
[ab8227, Abcam Plc. UK (Ab)], AMPK (ab131512, Ab), 
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p-AMPK Thr172 (ab133448, Ab), SREBP-1c (ab28481, 
Ab), p-SREBP1c Ser372 (9874s, Cell Signaling Technol-
ogy Inc. MA, USA (CST)), FAS (ab128870, Ab), ACC 
(ab45174, Ab), p-ACC S79 (ab68191, Ab), and CPT-1 
(15184-1-AP, Proteintech Group, USA). Secondary antibod-
ies conjugated with 1:10,000 dilution of horseradish per-
oxidase (Zhong Shan Gold Bridge Bio. Co. Ltd., Beijing, 
China) were applied for 1 h. The bands were visualized by 
enhanced chemiluminescence kits (Millipore Co. Ltd., MA, 
USA).

Cell culture and treatments

The HepG2 cell line (SCSP-510) was obtained from the Chi-
nese Academy of Science (Shanghai, China). The cells were 
maintained in high glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM; Corning, USA) containing 1% antibiotic/
antimycotic (Gibco, Gaithersburg, MD, USA) supplemented 
with 10% (v/v) fetal bovine serum (Gibco) at 37 °C in an 
atmosphere containing 95% air and 5% CO2.

We previously established a lipid accumulation model 
in HepG2 cells through the induction of sodium oleate 
(Sigma, St. Louis, MO, USA) [20]. When cultured with 
70–80% confluence, the cells were seeded on 24-multiwell 
plates (Eppendorf AG, Germany) for 24 h, then treated with 
sodium oleate (200 μM) accompanied by different concen-
trations of baicalin and baicalein (0, 10, 100 μM) and 5 μM 
orlistat as a positive control. AMPK inhibitor compound C 
(1 μM; Calbiochem Co. Ltd., Tokyo, Japan) and CaMKK 
inhibitor STO-609 (1 μM; Calbiochem Co. Ltd., Tokyo, 
Japan) were used to verify the signaling pathway. After 48 h 

treatment, the amount of intracellular TG content was deter-
mined with a commercial TG kit at 492 nm after cell lysis.

RNA interference of liver kinase B1 (LKB1)

Small interfering RNA (siRNA) for LKB1 and control 
siRNA were synthesized by GenePharma Co. Ltd (Shang-
hai, China). The siRNA sequence for targeting LKB1 was 
5′-CCA​ACG​UGA​AGA​AGG​AAA​UTT-3′. As a negative 
control, a siRNA sequence targeting luciferase was used: 
5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′. HepG2 cells 
were transfected with 100 nM of siRNA for 6 h using lipo-
fectamine-2000 reagent (Invitrogen, USA) following the 
manufacturer’s protocol. The medium was then exchanged 
with fresh complete medium. After 24 h transfection, cells 
were incubated with sodium oleate (200 μM) accompanied 
with different concentrations of baicalin and baicalein (0, 10, 
100 μM) and 5 μM orlistat as a positive control. After 48 h 
treatment, the amount of intracellular TG content was deter-
mined with a commercial TG kit at 492 nm after cell lysis.

Western blot analysis of HepG2 cells

Confluent cultures of HepG2 cells in 6-well plates (Eppen-
dorf AG) were induced as previously described. Protein was 
isolated from HepG2 cells with NE-PER nuclear and cyto-
plasmic extraction reagents (Thermo Fisher Scientific Inc., 
Waltham, MA, USA), containing phenylmethyl sulfonyl 
fluoride and phosphatase inhibitors (100 μM). The protein 
concentration of the supernatant was measured using the 

Table 1   Primers used for real-
time PCR analysis

AMPK AMP-activated protein kinase, SREBP-1c sterol regulatory element binding protein-1c, FAS fatty 
acid synthase, ACCα acetyl-CoA carboxylase α, SCD stearoyl-CoA desaturase, CPT-1α carnitine palmitoyl 
transferase 1α, GAPDH glyceraldehyde-3-phosphate dehydrogenase, Nrf2 nuclear respiratory factor 2

Primer Forward (5′–3′) Reverse (5′–3′)

AMPK-mus TGC​TTC​ATC​TGT​AGT​CTC​TGCTA​ CTG​TGG​TAT​CTG​TGT​TAG​GTA​TGT​T
SREBP-1c-mus CAG​CAC​AGC​AAC​CAG​AAG​ TAA​GCG​TCT​CCA​CCA​CTT​
FAS-mus GTG​ACC​GCC​ATC​TAT​ATC​G TGC​TGT​CGT​CTG​TAG​TCT​
ACC α-mus AGC​AGT​TAC​ACC​ACA​TAC​AT TAC​CTC​AAT​CTC​AGC​ATA​GC
SCD-mus TCA​TCA​TTG​CCA​ACA​CCA​T CAG​GAC​GAA​GCA​CAT​CAG​
CPT-1α-mus GAT​GGC​TAT​GGT​CAA​GGT​C CCG​CAG​GTA​GAT​GTA​TTC​C
GAPDH-mus GGT​GAA​GGT​CGG​TGT​GAA​CG CTC​GCT​CCT​GGA​AGA​TGG​TG
AMPK-rat TAG​ACA​GAA​GAT​TCG​CAG​TT CCA​GAC​ACA​TAT​TCC​ATT​ACC​
SREBP-1c-rat TAC​TCA​AGC​CTG​CCT​TCC​ CCT​GCG​GTC​TTC​ATT​GTG​
FAS-rat GGC​CAC​CTC​AGT​CCT​GTT​AT AGG​GTC​CAG​CTA​GAG​GGT​ACA​
ACC α-rat GGA​CAA​CAC​CTG​TGT​GGT​AGAA​ CGT​GGG​GAT​GTT​CCC​TCT​
SCD-rat TCC​CCT​CCT​CCA​AGG​TCT​AC GCT​CCA​CAA​GCG​ATG​AGC​
CPT-1α-rat CAG​ACG​AAG​AAC​ATT​GTG​AG TGA​CCA​TAG​CCA​TCC​AGA​T
Nrf 2-rat ACG​GTG​GAG​TTC​AAT​GAC​ GAA​GAA​TGT​GTT​GGC​TGT​G
GAPDH-rat GTG​AAG​GTC​GGT​GTG​AAC​ CTC​CTG​GAA​GAT​GGT​GAT​G
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BCA protein assay kit (Thermo Fisher Scientific Inc.) with 
bovine serum albumin as standard.

Equal amounts of proteins (30–50 μg) were separated via 
SDS-PAGE and transferred to a nitrocellulose membrane. 
Membranes were blocked and immunoblotted with primary 
antibodies specific for β-actin, LaminB (GTX103292, Gene-
Tex, USA), AMPK, p-AMPK Thr172, CaMKK (ab117594, 
Ab), p-CaMKK Ser511 (12818s, CST), LKB1 (ab15095, 
Ab), p-LKB1 Ser428 (3482s, Ab), SREBP-1c, p-SREBP1c 
Ser372, FAS, ACC, p-ACC S79, SCD 1 (ab19862, Ab), 
CPT-1, hormone sensitive lipase (HSL) (4107s, CST), p-
HSL Ser563 (4139s, CST), p-HSL Ser565 (4137s, CST), 
p-HSL Ser660 (4126s, CST), and adipose triglyceride lipase 
(ATGL) (ab99532, Ab). Secondary antibodies conjugated 
with 1:10,000 dilution of the horseradish peroxidase were 
applied for 1 h. Bands were visualized by enhanced chemi-
luminescence kits.

Statistical analysis

All experiments were repeated three times. Values were 
expressed as mean ± SEM. The results were analyzed using 
an analysis of variance (ANOVA) and Tukey’s Studentized 
range test. A p value of < 0.05 was considered statistically 
significant.

Results

SBE diminished aberrant increase in liver weight 
index in KK‑Ay mice

KK-Ay mice are spontaneous type 2 diabetic rodent mod-
els that exhibit marked obesity, impaired glucose tolerance, 
severe insulin resistance, and dyslipidemia [21]. To deter-
mine the effect of SBE treatment in KK-Ay mice, we kept 
records of body weight, and food and water intake through-
out the experimental period. The C57 mouse (inbred strain 
with stable genetic background) was used as a normal con-
trol. Compared with C57 mice, an increase in food/water 
intake was found in KK-Ay mice. There was a significant 

decrease in food/water intake in SBE-treated mice (data not 
shown). It is reported in the literature that the safe dosage 
of S. baicalensis aqueous extract was >1 g/kg mice body 
weight/day [22]. This result suggests that SBE might attenu-
ate the symptoms of diabetic excess consumption of food 
and water. As listed in Table 2, compared with the normal 
group, the liver weight index (the ratio of liver to body 
weight) of the control group and the rosiglitazone treatment 
group was remarkably increased; however, the SBE treat-
ment significantly reduced the liver weight index by at least 
35% compared to the control group. These results indicate 
that SBE treatment could inhibit hepatomegaly in KK-Ay 
mice.

SBE alleviated relevant lipid biochemical parameter 
levels in serum and liver of KK‑Ay mice

We measured unfasted serum TG, TC, FFA, and GLU 
levels every 2  weeks. Compared to C57 mice, signifi-
cantly increased serum TG, TC, FFA and GLU levels were 
observed in KK-Ay mice (p < 0.01, Fig. 1a–d). From 2 weeks 
to the end of SBE treatment, serum TG, TC, FFA and GLU 
levels were gradually lowered in SBE-treated mice compared 
with the control group. After the final administration, all the 
mice were fasted overnight. Fasting serum and liver TG, TC, 
and FFA levels were determined. As shown in Fig. 1e–h and 
Table 2, SBE treatment significantly decreased TG, TC and 
FFA levels in both the serum and liver of KK-Ay mice.

SBE attenuated liver injury in KK‑Ay mice 
by abolishing accumulation of FFAs 
through inhibiting biosynthesis and promoting 
oxidation

Recent studies demonstrated that SBE activated the key 
energy regulator, AMPK, to ameliorate obesity condition 
in db/db mice [12]. Mechanically, to determine whether 
AMPK plays a role in SBE-mediated effects on FFA accu-
mulation in the liver, AMPK protein and mRNA levels 
were examined. As shown in Fig. 2a, d, administration 

Table 2   SBE alleviated relevant lipid biochemical parameter levels in liver of KK-Ay mice

Data are presented as mean ± SEM
ROSI rosiglitazone
*p < 0.05, ** p < 0.01, *** p < 0.001, compared with the control group

Parameters Normal Control ROSI-20 mg/kg SBE-500 mg/kg SBE-250 mg/kg SBE-125 mg/kg

Liver weight (%) 4.8 ± 0.1*** 8.9 ± 0.6 7.1 ± 0.6 4.9 ± 0.2*** 5.2 ± 0.6** 5.8 ± 0.5**
TG (mg/kg) 13.2 ± 1.9*** 112.3 ± 7.9 93.2 ± 8.4 22.4 ± 3.6*** 9.8 ± 2.3*** 42.6 ± 12.2***
TC (mg/kg) 0.6 ± 0.0*** 3.7 ± 0.3 1.6 ± 0.1*** 0.6 ± 0.0*** 0.4 ± 0.0*** 1.0 ± 0.2***
FFA (10−3mEq/g) 5.8 ± 0.3*** 14.2 ± 0.4 15.2 ± 0.8 6.6 ± 0.5*** 4.4 ± 0.2*** 6.5 ± 0.7***
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accumulation of FFAs through inhibiting biosynthesis and promot-
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different doses of SBE. Representative Western blotting images are 
shown. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001, compared with the control group. N normal, C control, 
R rosiglitazone (i.g. 20 mg/kg). SBE was orally administered at 500, 
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of SBE could significantly induce AMPK phosphoryla-
tion with little change in AMPK mRNA and total protein 
expressions.

It has been identified that Ser372 on SREBP-1c is a 
major phosphorylation site of AMPK, and Ser372 phos-
phorylation will inhibit SREBP-1c cleavage and trans-
location leading to downregulation of hepatic FFA bio-
synthesis [23]. We then analyzed the effects of SBE 
on SREBP-1c expression and inactivation. As shown 
in Fig.  2a, d, SBE administration could downregulate 
SREBP-1c gene expression at both transcriptional and 
translational levels. Notably, SBE increased Ser372 phos-
phorylation on SREBP-1c and, therefore, significantly 
reduced the level of its mature form.

In terms of AMPK activation and SREBP-1c down-
regulation, we then further tested their downstream genes 
associated with FFA synthesis, such as FAS, ACC and 
SCD. As shown in Fig. 2b–d, FAS, ACCα and SCD 2 
expressions were decreased in both mRNA and protein 
level with SBE treatment. Consistent with AMPK acti-
vation, the phosphorylation of ACC was elevated in the 
treatment group. Moreover, we also observed an induction 
effect of SBE on CPT-1α mRNA and protein expression. 
These results indicate that SBE could inhibit FFA biosyn-
thesis through AMPK-mediated SREBP-1c inactivation, 
and promote FFA oxidation; therefore, ameliorating lipid 
metabolic disorder caused by hepatic FFAs.

Baicalin alleviated relevant lipid hepatic 
biochemical index level in NAFLD rats

The results of KK-Ay with administration of SBE have 
shown good regulatory effects on serum and hepatic FFA 
levels. Baicalin is one of the major bioactive components 
in SBE. To further confirm the bioactive ingredients and 
relative mechanisms of S. baicalensis, we next chose OA-
induced NAFLD rat models to evaluate the function of 
baicalin.

It has been well documented that OA induces fatty liver in 
a species-specific manner. The molecular mechanism regard-
ing the fact that OA induces hepatic lipogenesis through 
suppressing the phosphorylation of AMPK and activating 
SREBP-1c in response to the AMPK-mediated SREBP sign-
aling pathway has been investigated [17].

To evaluate the inhibitory effects of baicalin on hepatic 
lipid accumulation after the final administration of the test 
sample, all the rats were fasted overnight to measure the 
liver parameters. Levels of TG, TC, and FFAs were reduced 
in the baicalin-treated group similar to the positive group 
(p < 0.05, Fig. 3a–c). As shown in Fig. 3d, lipid extracts 
from liver homogenate were separated by TLC. The inten-
sity of TG (shown as band I) and FFA (shown as band II) 
bands in the control group were higher than in the normal 
group. After the administration of fenofibrate or baicalin, 
the corresponding TG and FFA bands were much lower than 
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orally administrated at 50, 25, and 12.5 mg/kg. I, TG; II, FFAs; III, 
1,3-diacylglycerol; IV, 1,2-diacylglycerol
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those in the control group. However, there were no obvious 
differences in the proportion of diacylglycerols (shown as 
bands III and IV) among the different groups. These data 
demonstrate that baicalin treatment improved the abnormal 
accumulation of hepatic FFAs in NAFLD rats.

Baicalin attenuated hepatic steatosis by abolishing 
FFA biosynthesis and accelerating its oxidation

There were obvious pathological changes in the liver tis-
sue of OA-induced NAFLD rats, as evidenced by increased 
hepatocyte hypertrophy, vacuolization and necrosis by 
hepatic lipid droplets (Fig. 3e); however, baicalin treatment 
remarkably ameliorated OA-induced hepatic lipid injuries. 
Notably, the hepatic-protecting effect seen in the 50 and 
25 mg/kg/day baicalin-treated groups was similar to the pos-
itive group. Consistently, the Oil Red O staining showed that 
50 and 25 mg/kg/day baicalin treatment can significantly 
reduce hepatic lipid content and ameliorate hepatic injuries.

To further characterize the molecular mechanism of 
baicalin on repressing the abnormal accumulation of 
FFAs, we then analyzed the expression level of AMPK. 
As shown in Fig. 4a, d, baicalin treatment could remark-
ably induce AMPK phosphorylation, with limited effects 

on AMPK mRNA and total protein expression levels. 
We also detected the expression level of SREBP-1c and 
its downstream gene as well as genes involved in fatty 
acid oxidation. As shown in Fig. 4b, c, baicalin treatment 
could downregulate SREBP-1c expression in both mRNA 
and protein level. Moreover, SREBP-1c phosphorylation 
was increased, which was significantly accompanied by a 
reduction of its mature form.

Consistent with AMPK activation and SREBP-1c 
downregulation, FAS, ACCα, and SCD expressions were 
reduced in both mRNA and protein level with elevated 
ACC phosphorylation under baicalin treatment (Fig. 4c, 
d). In addition, we also observed an induction of CPT-1α 
protein and Nrf2 mRNA expression under baicalin treat-
ment (Fig.  4b, d). These results suggest that baicalin 
treatment might suppress FFA-induced hepatic steatosis 
through inhibiting SREBP-1c-mediated fatty acid bio-
synthesis, promoting FFA oxidation and inducing anti-
oxidative nuclear factor. To confirm the direct targets of 
baicalin, the mechanism by which baicalin regulates the 
AMPK-mediated SREBP signaling pathway was vigor-
ously explored in vitro combined with relative pharma-
cological inhibitors.
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pared with the control group. N normal, C control, FF fenofibrate 
(i.g. 50  mg/kg). Baicalin was orally administrated at 50, 25, and 
12.5 mg/kg
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Baicalin and baicalein activiated the AMPK 
signaling pathway to abrogate FFA accumulation 
in HepG2 cells

It was reported that the oral administration of baicalin was 
partially metabolized into baicalein; baicalin and baicalein 
are both major ingredients accumulated in the liver [24, 25]. 
Since baicalin and baicalein are the main active form in the 
liver after oral administration, to further define the underly-
ing mechanism of baicalin and baicalein, we then explored 
their effects on lipid accumulation in HepG2 cells.

As shown in Fig.  5a, d, baicalin and baicalein sup-
pressed sodium oleate-induced lipid accumulation. How-
ever, co-treatment with compound C could partially block 
the reducing effect of baicalin and baicalein on FFA-induced 
TG accumulation. In addition, co-treatment with STO-609, 
a CaMKK inhibitor, exerted a strong inhibitory function on 
the lipid-lowering effect of baicalin with limited effect on 
baicalein (Fig. 5b, e). Interestingly, we found that knock-
down LKB1, another AMPK upstream gene, did not affect 
the TG lowering function of baicalin and baicalein in HepG2 
cells (Fig. 5c, f), indicating that CaMKK is associated with 
baicalin-induced AMPK activation rather than LKB1.

As shown in Fig. 6a, both baicalin and baicalein could 
induce AMPK phosphorylation, while the increased phos-
phorylation of CaMKK was only observed in the baicalin-
treated group. Indeed, baicalin and baicalein showed no 
effect on LKB1 phosphorylation. These results further 

confirm that activation of AMPK by baicalin is in a CaMKK-
dependent manner.

Baicalin and baicalein suppressed SREBP‑1c 
translocation to abolish FFA biosynthesis in HepG2 
cells

To further confirm the function of baicalin and baicalein in 
CaMKK−AMPK controlled nuclear SREBP-1c transloca-
tion, we detected the phosphorylated and nuclear SREBP-1c 
levels in HepG2 cells. Consistent with our animal study, 
baicalin and baicalein could significantly induce SREBP-
1c phosphorylation and reduce its nuclear translocation; 
however, the SREBP-1c precursor expression level was not 
affected (Fig. 6b).

Baicalin and baicalein suppressed fatty acid 
production and accelerated FFA oxidation in HepG2 
cells

Next, we also investigated the effects of baicalin and bai-
calein on TG hydrolysis and FFA synthesis and oxidation 
in HepG2 cells. As expected, treatment with baicalin and 
baicalein led to a significant reduction of key proteins related 
to FFA production, including HSL, ATGL, FAS, ACC and 
SCD1 (Fig. 6c, e). Accordingly, the phosphorylation of ACC 
protein in the treatment group was increased.

Fig. 5   Baicalin and baicalein activiated the CaMKK−AMPK signal-
ing pathway in HepG2 cells. HepG2 cells pretreated with or without 
compound C (a, d) or STO-609 (b, e) for 1 h or transfected with LKB 

1 siRNA (c, f) for 24 h prior to baicalin, baicalein and sodium oleate 
treatment. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001, compared with the control group
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Apart from suppressing FFA production, baicalin and 
baicalein mediated inhibitory feedbacks on FFAs and were 
also associated with enhanced FFA oxidation through upreg-
ulation of CPT-1 protein (Fig. 6d). Taken together, these 
results show that baicalin induced constitutive activation of 
CaMKK−AMPK leading to SREBP1c and following fatty 
acid synthesis gene suppression. Moreover, baicalin and bai-
calein also elevated FFA oxidation to suppress the aberrant 
accumulation of FFAs.

Discussion

NAFLD has a high incidence of hepatic disease. The com-
mon clinical pathogenic characteristic of NAFLD is hepatic 
steatosis associated with elevated serum FFA level [26, 27]. 
To date, no medication has been approved to treat NAFLD. 
Some medications are used for improving abnormal lipid 

metabolism conditions, such as pioglitazone for type 2 dia-
betes [28]. However, most NAFLD patients do not show 
high glucose levels and whole body insulin resistance; 
long-term anti-diabetic drug administration will lead to 
unexpected risks. For safety reasons, dietary supplements 
or complementary alternatives are choices for prevention 
and therapy of NAFLD.

There is concrete evidence to show the role of FFAs in 
NAFLD. It has been shown that hepatic accumulated FFAs 
and their derivatives cause lipotoxic hepatocellular injury 
[27], as well as overloading mitochondrial capacity leading 
to oxidative stress [29]. Treatment of abnormal FFA metabo-
lism can generally be categorized into two ways—reducing 
production of FFAs and increasing FFA degradation.

AMPK is a critical molecule in the production of 
FFAs, which is activated by CaMKK and LKB1. In vivo 
research revealed that SBE and baicalin significantly 
ameliorated hepatic lipid homeostasis and upregulated 
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phosphorylated-AMPK protein expression in liver tissue, 
which suggested that AMPK may be the key target for SBE 
and baicalin in NAFLD.

Our previous research results and other literature indi-
cated that baicalin and baicalein are the major metabolites 
distributed in liver after oral administration of SBE or bai-
calin [30, 31]. The AMPK activation effects of baicalin and 
baicalein were examined using a classical sodium oleate-
induced hepatocyte lipid-accumulated model. The results 
showed that baicalin and baicalein could decrease TG con-
centrations in HepG2 cells. However, AMPK inhibitor com-
pound C significantly abrogated their TG-lowering effects. 
Corresponding to these results, AMPK protein expression 
in baicalin- and baicalein-treated cells was significantly 
upregulated.

AMPK is activated by upstream kinases, including LKB1 
or CaMKK. Activation of AMPK in the baicalin-treated 
group showed increased phosphorylation of CaMKK and no 
effect on LKB1 phosphorylation, indicating that activation 
of AMPK by baicalin was in a CaMKK-dependent manner. 
These results were further confirmed using kinase inhibition 
or siRNA methods. This is consistent with previous reports 
in the literature that baicalin activated AMPK in response to 
a potential Ca2+/CaMKKβ-dependent pathway [32].

AMPK activation phosphorylates and inactivates SREBP-
1c [33], leading to stimulating the oxidation of fatty acids 
and blockage of lipid production. During the initiation 
phase of the FFA synthesis process, SREBP-1c is trans-
ported from the ER to the Golgi and combined with SREBP 
cleavage-activating protein (SCAP), subsequently forming 
the SREBP−SCAP complex. After proteolytical activation 
by cleavage enzymes [34], SREBP-1c enters the nucleus as 
homodimers, binds to SRE sequences and stimulates the 
transcription of downstream target lipogenic genes, such as 
FAS, ACC and SCD.

Currently, there are few reports in the literature on the 
effects of baicalin on inactivation of SREBP-1c after activat-
ing AMPK [35, 36], and direct evidence is still lacking to 
demonstrate whether baicalin regulates phosphorylation and 
post-translational modification of SREBP-1. In this study, 
SBE and baicalin stimulated phosphorylation of SREBP-1c 
and prevented nucleus translocation of mature SREBP-1c 
in vivo. This mechanism was further confirmed using a clas-
sical sodium oleate-induced hepatocyte lipid-accumulated 
model. The p-SREBP1c protein expression in baicalin- and 
baicalein-treated cells was significantly upregulated com-
pared with the control group, along with the downregula-
tion of the SREBP-1c transcriptional program. Furthermore, 
baicalin and baicalein treatments showed inhibition of TG 
hydrolysis by downregulation of ATGL and p-HSL Ser563 
protein expression, as well as upregulation of p-HSL Ser660 
protein expression. These results indicate that baicalin and 

baicalein suppress FFA production through the AMPK-
mediated SREBP signaling pathway.

On the other hand, increasing FFA degradation may be 
relative to the enhancement of FFA oxidation [37]. We also 
assessed the effects of SBE and baicalin in hepatic lipid dis-
order mammals or sodium oleate-induced hepatocytes on 
CPT-1 protein expression. Both in vivo and in vitro results 
indicated that the improving effect of baicalin was at least 
partly related to the elevation of CPT-1 level to increase 
FFA oxidation.

In conclusion, our results show that baicalin is a fine-
tuner of AMPK-mediated SREBP signaling in attenuating 
hepatic FFA lipotoxicity. This study provided the possibility 
of developing new NAFLD medications from S. baicalen-
sis and baicalin. Our next step is to carry out evidence-
based clinical research to confirm the therapeutic effects on 
NAFLD in humans, and the chemical structural modification 
of baicalin to find stronger lead compounds in regulating 
lipid metabolism.
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