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Abstract: Carnosic acid (CA), carnosol (CL) and rosmarinic acid (RA), components of the herb
rosemary, reportedly exert favorable metabolic actions. This study showed that both CA and CL, but
not RA, induce significant phosphorylation of AMP-dependent kinase (AMPK) and its downstream
acetyl-CoA carboxylase 1 (ACC1) in HepG2 hepatoma cells. Glucose-6-phosphatase (G6PC) and
phosphoenolpyruvate carboxykinase 1 (PCK1), rate-limiting enzymes of hepatic gluconeogenesis,
are upregulated by forskolin stimulation, and this upregulation was suppressed when incubated
with CA or CL. Similarly, a forskolin-induced increase in CRE transcriptional activity involved in
G6PC and PCK1 regulations was also stymied when incubated with CA or CL. In addition, mRNA
levels of ACC1, fatty acid synthase (FAS) and sterol regulatory element-binding protein 1c (SREBP-1c)
were significantly reduced when incubated with CA or CL. Finally, it was shown that CA and CL
suppressed cell proliferation and reduced cell viability, possibly as a result of AMPK activation.
These findings raise the possibility that CA and CL exert a protective effect against diabetes and fatty
liver disease, as well as subsequent cases of hepatoma.

Keywords: carnosic acid; carnosol; rosemary; AMPK; gluconeogenesis; lipogenesis; hepatocellular

carcinoma; liver

1. Introduction

Patients with metabolic syndromes, including diabetes mellitus, hyperlipidemia,
hepatosteatosis and so on, are increasing in number in many countries. While numerous
pharmaceutical treatments have been developed and are now available, attention to daily
life factors, such as exercise and food intake, remains critical for the prevention of these
disorders. Thus, recently, much attention has focused on healthy foods and extracts from
natural products. These healthy extracts have different mechanisms of action, including
effects on signal transduction, gene transcription, intestinal bacterial flora and so on. Each
of these actions is speculated to ameliorate metabolic abnormalities and/or obesity.
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Rosmarinus officinalis L. is an herbal plant widely used because of its beneficial health
properties. Rosemary extract reportedly contains rosmarinic acid (RA), carnosic acid (CA)
and carnosol (CL). While previous reports have suggested potential roles of each of these
components in exerting favorable effects, such as enhancement of glucose uptake in skeletal
muscle cells [1-3] and inhibition of lipid accumulation in adipocytes [4,5], the studies were
performed in different cell types and animals. Thus, the molecular mechanism(s) leading
to metabolically beneficial consequences may differ depending on the tissue or cell type as
well as the individual components of rosemary extract.

AMP-dependent kinase (AMPK) is a serine/threonine kinase that is activated when
the intracellular AMP/ATP ratio is high and, therefore, is widely acknowledged to be a
cellular energy sensor [6,7]. In general, AMPK activation exerts metabolically beneficial
effects. In muscle, for example, AMPK activates glucose uptake independently of insulin
and increases mitochondrial biogenesis via activation of peroxisome proliferator-activated
receptor (PPAR) ycoactivator lalpha (PGC-1«). In the liver, AMPK also inhibits de novo li-
pogenesis via inhibitory phosphorylation of acetyl-CoA carboxylase (ACC), which reduces
the synthesis of malonyl CoA. The cellular malonyl CoA level reduction releases the al-
losteric inhibition of carnitine palmitoyltransferase 1 (CPT1), which consequently enhances
fatty acid 3-oxidation in mitochondria. AMPK activation was demonstrated to alleviate
hepatic steatosis in a murine model [8], and metformin, the most widely used antidiabetic
drug among humans, exerts its glucose-lowering effect at least partly by activating AMPK.
Therefore, considerable research attention has been focused on finding natural products,
such as Rhodjiola crenulata, curcumin and clove, capable of activating AMPK [9-11].

In this study, we first reconfirmed the effect of AMPK activation by rosemary extract
in HepG2 cells [12] and further examined which component(s) of this extract, CA, CL and
RA, activate AMPK. Our analysis revealed that both CA and CL, but not RA, activate
AMPK in HepG2 cells. We next analyzed the effects of CA and CL on forskolin-induced
gluconeogenic gene expressions by employing a quantitative real-time PCR and a luciferase
reporter assay. As AMPK plays an important role in suppressing lipogenesis and reducing
hepatic lipid accumulation, the effects of lipogenic gene expressions were also investigated.
Finally, because AMPK activation reportedly suppresses the growth of cancer cells, the
effects of CA and CL on the proliferation of HepG2 cells were investigated. Herein, we
present evidence that CA and CL activate AMPK and may exert favorable effects on
metabolism and cancer prevention.

2. Results
2.1. Rosemary Extract and Two of Its Components, CA and CL, Induce AMPK Phosphorylation

We first examined the effects of commercially available rosemary extract on AMP-
dependent kinase (AMPK) activation. Exposure of C2C12 myotubes to different concen-
trations of rosemary extracts (0, 0.1, 0.3, 1, 3, 10, 30, and 100 pg/mL) for 1 h resulted
in dose-dependent increases in the phosphorylation of AMPK (Thr 172) and acetyl-CoA
carboxylase (ACC) (Ser79), which is well known to be a phosphorylation target site for
AMPK (Figure 1A). Next, we examined whether carnosic acid (CA), carnosol (CL) or
rosmarinic acid (RA), which are the main components of rosemary extract [13,14], can
induce AMPK phosphorylation in HEK-293T cells, C2C12 myotubes and HepG2 cells.
As shown in Figure 1B-D, CA and CL concentration-dependently induced AMPK and
ACC phosphorylations 1 h poststimulation, while AMPK activation was less noticeable
in response to stimulation with RA. As the increase in ACC phosphorylation reached
statistical significance at 10 uM for both CA and CL (Figure S1), we examined the effects of
CA and CL at the 10 M concentration in subsequent experiments.
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Figure 1. Carnosic acid (CA) and carnosol (CL), but not rosmarinic acid (RA), dose-dependently activate AMP-depenpent

kinase (AMPK). After serum starvation for 3 h, the cells were treated with each compound at the indicated concentrations

for 1 h. (A) The effects of rosemary extract on C2C12 myotubes. (B-D) The effects of CA, CL and RA in C2C12 myotubes

(B), HEK-293T (C) or HepG2 cells (D). Relative band intensities (p-AMPK/AMPK) are also shown in Figure 1D. (**: p <0.01,

***: p < 0.001).
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2.2. CA and CL Suppress the Induction of Gluconeogenic Genes

Since we previously showed AMPK activation to suppress gluconeogenesis by re-
ducing phosphoenolpyruvate carboxykinase 1 (PCK1) expression in the liver [15], we
examined the effects of CA and CL on gluconeogenic gene expressions in the liver. Both
CA and CL significantly inhibited the expressions of glucose-6-phosphatase (G6PC) and
the PCK1 gene induced by forskolin in HepG2 cells (Figure 2A). Employing the luciferase
assay, we found PCK1 promoter activity to be increased by treatment with forskolin, and
that this increase was significantly suppressed by pretreatment with AICAR, CA or CL
(Figure 2B). These data suggest that CA and CL suppress gluconeogenesis in hepatocytes.
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Figure 2. CA and CL suppress gluconeogenic gene induction in HepG2 cells. (A) HepG2 cells were
treated with CA (10 uM) or CL (10 uM) for 24 h and then with forskolin for 2 h. (B) Luciferase assay
of PCK1 promoter activity. (**: p < 0.01. ***: p <0.001).

2.3. CA and CL Exert Effects on Fatty Acid Synthesis and Oxidation

Next, we examined the effects of CA and CL on fatty acid synthesis and fatty acid
oxidation, which are important factors in the pathogenesis of hepatosteatosis and thereby
indirectly affect glucose metabolism. The addition of CA or CL reduced the expression
levels of fatty acid synthase (FAS), ACC and sterol regulatory element-binding protein 1c
(SREBP-1c), all three of which regulate fatty acid synthesis (Figure 3A). The suppression of
these lipogenic gene expressions by CA treatment was partially blocked by pretreatment
with the AMPK inhibitor compound C (CC), whereas the suppression by CL was not,
suggesting a contribution of AMPK-independent mechanisms at least in CL-mediated
suppression of lipogenesis (Figure 3A).
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Figure 3. CA and CL suppress lipogenic gene expressions while upregulating genes related to fatty
acid oxidation in HepG2 cells. HepG2 cells were pretreated with compound C (CC) (10 uM) for
1 h and then stimulated with CA (10 uM) or CL (10 uM) for 24 h. (A) Lipogenic gene expressions.
(B) Expressions of genes related to fatty acid oxidation (*: p < 0.05, **: p < 0.01. ***: p < 0.001).

Interestingly, both CA and CL markedly upregulated peroxisome proliferator-activated
receptor (PPAR) ycoactivator-1 alpha (PGC-1«) (Figure 3B), a transcription cofactor that
interacts with transcription factors such as PPARa and PPARYy, and has been reported
to induce various genes involved in mitochondrial biogenesis and fatty acid oxidation.
This upregulation of PGC-1ax by CA and CL was completely blocked by pretreatment
with CC (Figure 3B), indicating that this upregulation of PGC-1x is AMPK dependent.
Consistently, the expression of carnitine palmitoyltransferase 1a (CPT1a), which mediates
the transport of acyl-CoA from the cytosol into mitochondria and is therefore crucial for
fatty acid oxidation in the liver, was also increased by treatment with CA or CL, and this
increase was stymied by pretreatment with CC.

Taken together, these data imply that both CA and CL might, independently of each
other, prevent hepatic lipid accumulation by suppressing lipogenesis and enhancing fatty
acid oxidation.

2.4. CA and CL Inhibit Cell Proliferation and Promote Apoptosis

As has been demonstrated by studying metformin, AMPK is a potential target for
cancer prevention and treatment [16]. We thus investigated whether CA or CL could inhibit
cell proliferation and/or activate apoptosis in HepG2 cells.

To assess direct cellular responses to CA and CL, we treated HepG2 cells with CA
or CL, with and without CC pretreatment, and harvested the cells 1 h later. AMPK
phosphorylates p53 at Ser15 [17], and this phosphorylation is essential for AMPK-induced
cell-cycle arrest [18]. The activation of p53 also induces apoptosis in cancer cells [19].
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Furthermore, AMPK phosphorylates TSC2 and Raptor, and inhibits mechanistic target of
rapamycin (mTOR) complex 1 (mTORC1), which is often aberrantly activated in cancer
cells and therefore a promising target for cancer therapy. In line with AMPK activation, the
phosphorylation of p53 and cleaved caspase-3 were increased, and the phosphorylation of
p70S6K1 was decreased in response to the addition of CA or CL, but these changes were
reversed, at least partially, by pretreatment with CC (Figure 4, Figures S2 and S3).
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Figure 4. CA and CL activate p53, inhibit the mTORC1-S6K pathway and promote apoptosis in
HepG2 cells. After being serum starved for 3 h, HepG2 cells were treated with CA (10 pM) or CL
(10 uM), with and without CC (10 uM, 1 h) pretreatment.

Consistently, the methyl thiazolyl tetrazolium (MTT) assay revealed slightly but
significantly reduced absorbances 24 h after treatment with CA or CL, reductions which
were blocked by CC treatment (Figure 5A). It is noteworthy that the influence of the growth
inhibitory effect was weaker in C2C12 fibroblasts (Figure S4).

However, CC could not reverse the decline in cell viability and/or proliferation when
assessed 48 h after the treatment with CA or CL. Furthermore, TdT-mediated digoxygenin-
dUTP nick end labeling (TUNEL) staining revealed apoptotic cells when performed 24 h
after the treatment with CA or CL, an effect that was not nullified by pretreatment with
CC (Figure S5). These results are presumably due to the toxicity of CC itself, since CC
reportedly induces apoptosis in cancer cells in an AMPK-independent manner [20].

In line with these observations, in the cell proliferation assay, growth inhibition was
observed in response to both CA and CL when administered alone, but unlike the MTT
assay, no CC-mediated recovery was observed (Figure 5B).

These data indicate that CA and CL inhibit cancer cell proliferation and promote
apoptosis at least partly by activating AMPK.
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Figure 5. CA and CL inhibit proliferation of HepG2 hepatoma cells. (A) MTT assay. After pretreat-
ment with CC (10 uM) for 1 h, HepG2 cells were treated with CA (10 uM) or CL (10 uM) for 24 h
(left panel) and 48 h (right panel), and then subjected to MTT assay. (B) Cell proliferation assay.
(*: p <0.05, **: p <0.01. ***: p <0.001).

3. Discussion

The liver is the main organ that produces glucose through glycogenolysis and glu-
coneogenesis in order to sustain blood glucose levels in the fasted state. However, in the
presence of insulin resistance, impaired insulin action results in a lack of efficient suppres-
sion of gluconeogenesis even in the fed state due to aberrant expressions of gluconeogenic
genes, such as glucose-6-phosphatase (G6PC) and phosphoenolpyruvate carboxykinase 1
(PCK1), in the liver as well as an increased supply of gluconeogenic substrates, such as glyc-
erol, to the liver caused by enhanced lipolysis in adipose tissue. Therefore, substances that
efficiently inhibit the induction of gluconeogenic gene expressions are potentially promis-
ing for the treatment of hyperglycemia. In addition to 7-O-methylrosmanol and royleanonic
acid, other rosemary extracts that have been reported to suppress gluconeogenic gene
expressions [21], we found that both carnosic acid (CA) and carnosol (CL) also significantly
suppress cCAMP-induced G6PC and PCK1 expressions, which is in line with our previous
study showing that AMP-dependent kinase (AMPK) activation suppresses gluconeogen-
esis [15]. Interestingly, peroxisome proliferator-activated receptor (PPAR) ycoactivator-1
alpha (PGC-1«x) was significantly induced by CA or CL treatment, and these inductions
were apparently AMPK dependent. Considering that hepatic expression of PGC-1« cor-
relates negatively with the severity of hepatic steatosis [22], upregulation of PGC-1x and
carnitine palmitoyltransferase 1a (CPT1a) by CA or CL treatment suggests enhanced fatty
acid oxidation and implies that these compounds would have benefits in alleviating hep-
atic lipid accumulation. Although it must be noted that PGC-1« activation in the liver
reportedly enhances gluconeogenesis by inducing tribbles homolog 3 (TRB-3), an inhibitor
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of Protein kinase B (Akt) [23], our observations suggest that suppression of gluconeogenic
gene expressions via direct activation of AMPK outweighs the indirect effects of PGC-1x
induction in CA or CL-treated HepG2 cells.

CA and CL also inhibited the expressions of lipogenic genes such as acetyl-CoA car-
boxylase 1 (ACC1), fatty acid synthase (FAS) and sterol regulatory element-binding protein
1c (SREBP-1c¢), but this inhibitory effect seemed to be at least partially AMPK independent.
A previous report showed that CA prevented palmitate-induced lipid accumulation in
HepG2 cells by decreasing the expression of PPARY in a manner dependent on the epider-
mal growth factor receptor/mitogen-activated protein kinase (EGFR/MAPK) pathway but
not the AMPK pathway [24]. Therefore, unlike the genes related to fatty acid oxidation, we
can reasonably speculate that the downregulation of genes related to lipogenesis from CA
or CL treatment is mostly mediated by AMPK-independent mechanisms.

The anticancer activities of rosemary extracts have been intensively studied, as sum-
marized in a recent review [25]. For example, several reports have shown that CA induces
apoptosis in HepG2 cells [26,27], but its anticancer activity through AMPK activation has
yet to be fully clarified, though CL does inhibit the growth of human prostate cancer PC3
cells at least partly via AMPK activation [28]. We observed that short-term CA or CL treat-
ment in HepG2 cells activated p53 (Figure S2), inhibited mechanistic target of rapamycin
(mTOR) complex 1 (mTORC1) and increased caspase-3 cleavage, effects which were all
AMPK dependent. However, we also observed that the long-term inhibitory effects of
CA or CL on cell proliferation were not nullified by cotreatment with CC, which might be
attributable to the anticancer effects of CA or CL that are dependent on mechanisms other
than AMPK, as well as the toxicity of CC itself as mentioned above [20].

In summary, we have herein shown that CA and CL, components of rosemary extract,
attenuate both cAMP-induced gluconeogenic gene expressions and lipogenic gene expres-
sions. In addition, CA and CL induced the expressions of PGClx and CPT1a, apparently
via AMPK activation, suggesting that CA and CL promote fatty acid oxidation in HepG2
cells. Furthermore, CA and CL significantly inhibited the proliferation of HepG2 cells,
which was at least partly attributable to their AMPK-activating effects. These findings
raise the possibility that CA and CL exert protective effects against diabetes and fatty liver
disease, as well as the resultant occurrence of hepatoma.

4. Materials and Methods
4.1. Reagents

Rosemary extract (RM-21B base) was obtained from Mitsubishi-Chemical Foods Cor-
poration (Tokyo, Japan). The RM-21B base mainly contains water-insoluble components
of rosemary extract, such as carnosol (16.8%), carnosic acid (2.8%), rosmanol (3.1%) and
epirosmanol (1.3%). Carnosic acid (CA), carnosol (CL) and rosmarinic acid (RA) were
purchased from Tokyo Chemical Industry (Tokyo, Japan), Cayman Chemical (Ann Arbor,
MI, USA) and FUJIFILM Wako (Osaka, Japan), respectively. Dorsomorphin (compound C)
was purchased from Abcam (Cambridge, UK), and AICA riboside (AICAR) from Wako
(Osaka, Japan). Purities of the purchased compounds were as follows: CA > 97%, CL >
98%, RA > 96%.

4.2. Cell Culture

HepG2 cells, HEK293T cells and C2C12 myoblasts were cultured in Dulbecco’s mod-
ified Eagle medium (DMEM) with 10% fetal bovine serum and penicillin—streptomycin
(penicillin: 100 U/mL, streptomycin: 100 ug/mL) in a humidified atmosphere of 95%
air and 5% CO, at 37 °C. Skeletal muscle differentiation of C2C12 cells was induced by
replacing the medium with DMEM supplemented with 2% horse serum for 5-8 days.

4.3. Immunoblotting

HepG2 cells were harvested and boiled with a sample buffer (1 x DB). Proteins
were separated by SDS-PAGE and transferred to Poly Vinylidene Di-Fluoride (PVDF)
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membranes. After blocking with 3% bovine serum albumin or 3% skim milk for 1 h, the
membranes were incubated with a primary antibody overnight at 4 °C. After being washed
with phosphate-buffered saline (PBS) containing 0.1% Tween 20, the membranes were
reacted with an antimouse or rabbit IgG horseradish peroxidase-linked secondary antibody
(1:10,000) for 1 h at room temperature. Membranes were washed with PBS three times and
subjected to immunoblotting using SuperSignal West Pico Substrate (Thermo Scientific,
Waltham, MA, USA) or ImmunoStar LD (Wako). Band intensities were quantitatively
analyzed using Image]. The following antibodies were used: actin (sc-47778, Santa Cruz
Biotechnology, Dallas, TX, USA), AMPK (#5832, Cell Signaling Technology, Danvers, MA,
USA), p-AMPK (#2535, Cell Signaling Technology), ACC (#3662, Cell Signaling Technology),
p-ACC (#11818, Cell Signaling Technology), p53 (sc-393031, Santa Cruz Biotechnology),
p-p53 (#9284, Cell Signaling Technology), p70S6K1 (#2708, Cell Signaling Technology),
p-p70S6K1 (#9234, Cell Signaling Technology), cleaved caspase-3 (#9664, Cell Signaling
Technology), caspase-3 (#9665, Cell Signaling Technology).

4.4. Quantitative Real-Time PCR

Total RNAs from cells were isolated using Sepasol reagent (Nakalai Tesque, Kyoto,
Japan), according to the manufacturer’s instructions. Template cDNA was synthesized from
total RNA using Verso cDNA synthesis kits (Thermo Fisher Scientific K.K.). Quantitative
real-time PCR was performed using the CFX96 real-time PCR system (Bio-Rad, Hercules,
CA, USA) with SYBR Green (Agilent Technology, Santa Clara, CA, USA).

The following primers were designed: GAPDH: forward, 5-GGCCTCCAAGGAGTA-
AGACC-3, reverse, 5'-AGGGGTCTACATGGCAACTG-3’; G6Pase: forward, 5'-GGCTCAA-
CCTCGTCTTTAAGTG-3, reverse, 5’-CTCCCTGGTCCAGTCTCACA-3’; PCK1: forward, 5’-
ACGGATTCACCCTACGTGGT-3, reverse, 5'-CCCCACAGAATGGAGGCATTT-3’; ACCI:
forward, 5-ATCCCAGCTGATCCAGCAAA-3', reverse, 5-ACTCCCTCAAGCCATCCACA-
3’; FAS: forward, 5'-AACTTGGAAGGCCTGCATCA-3’, reverse, 5'-CCGGTGCAGTTTATT-
TCCA-3’; SREBP-1c: forward, 5-TCTCTACAGGAAGCCCTCCC-3, reverse, 5'-CCGTCTG-
TCTTCATGGCTGT-3’; CPT1a: forward, 5-GATTTTGCTGTCGGTCTTGG-3’, reverse, 5'-
CTCTTGCTGCCTGAATGTGA-3'.

4.5. Luciferase Assay

HepG2 cells were cotransfected with a PCK1-Luc vector, which is a PCK1 promoter
(450 to -1) inserted into a pGL4 [10], and a TK-Rluc vector using Lipofectamine 3000
(Invitrogen). The cells were treated with AICAR (2 mM), CA (10 uM) or CL (10 uM)
for the indicated times under serum-free conditions with or without forskolin (10 pM)
for the last 6 h before harvesting. Luciferase activities were measured using a Dual-Glo
Luciferase Assay System (Promega, Madison, WI, USA), and PCK1 promoter activities
were expressed as firefly luciferase activities after being normalized by the corresponding
Renilla luciferase activities.

4.6. Cell Viability

Cell viability was determined by MTT assay. The MTT reagent was prepared by
dissolving 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich,
St. Louis, MO, USA) at a concentration of 2.5 mg/mL in sterilized water. HepG2 cells were
cultivated at a concentration of 1 x 10° cells/well in a 24-well plate. After pretreatment
with compound C (CC) for 1 h, CA or CL was added to the culture medium at the indicated
concentrations for 24 or 48 h. The MTT reagent was added to each well, and, after incu-
bation for 3 h, absorbance at 570 nm was measured (TriStar LB941 Multimode Microplate
Reader, BERTHOLD TECHNOLOGIES GmbH&Co. KG, Bad Wildbad, Germany).

4.7. Cell Proliferation Assay

HepG2 cells were plated onto 24-well plates (1.5 x 10° cells/well) and incubated
overnight. CC was added 1 h before the treatments with CA or CL. After the addition of
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either CA or CL, the cells were trypsinized, and cell numbers were manually counted using
a hemocytometer at the indicated times.

4.8. Statistical Analysis

Analysis of variance (ANOVA) as well as Tukey’s and Dunnett’s post-hoc tests were
used to determine the significance of the differences between groups. EZR (Saitama
Medical Center, Jichi Medical University, Saitama, Japan) was used for all calculations.
We considered p < 0.05 to indicate a statistically significant difference. The p values are
presented as follows: p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22084040/s1.
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