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Activation of SIK1 by phanginin A inhibits
hepatic gluconeogenesis by increasing PDE4
activity and suppressing the cAMP signaling
pathway
Siwen Liu 1,2, Suling Huang 1, Xingde Wu 3, Ying Feng 1, Yu Shen 1, Qin-shi Zhao 3,**, Ying Leng 1,2,*
ABSTRACT

Objective: Salt-induced kinase 1 (SIK1) acts as a key modulator in many physiological processes. However, the effects of SIK1 on gluco-
neogenesis and the underlying mechanisms have not been fully elucidated. In this study, we found that a natural compound phanginin A could
activate SIK1 and further inhibit gluconeogenesis. The mechanisms by which phanginin A activates SIK1 and inhibits gluconeogenesis were
explored in primary mouse hepatocytes, and the effects of phanginin A on glucose homeostasis were investigated in ob/ob mice.
Methods: The effects of phanginin A on gluconeogenesis and SIK1 phosphorylation were examined in primary mouse hepatocytes. Pan-SIK
inhibitor and siRNA-mediated knockdown were used to elucidate the involvement of SIK1 activation in phanginin A-reduced gluconeogenesis.
LKB1 knockdown was used to explore how phanginin A activated SIK1. SIK1 overexpression was used to evaluate its effect on gluconeogenesis,
PDE4 activity, and the cAMP pathway. The acute and chronic effects of phanginin A on metabolic abnormalities were observed in ob/ob mice.
Results: Phanginin A significantly increased SIK1 phosphorylation through LKB1 and further suppressed gluconeogenesis by increasing PDE4
activity and inhibiting the cAMP/PKA/CREB pathway in primary mouse hepatocytes, and this effect was blocked by pan-SIK inhibitor HG-9-91-01
or siRNA-mediated knockdown of SIK1. Overexpression of SIK1 in hepatocytes increased PDE4 activity, reduced cAMP accumulation, and thereby
inhibited gluconeogenesis. Acute treatment with phanginin A reduced gluconeogenesis in vivo, accompanied by increased SIK1 phosphorylation
and PDE4 activity in the liver. Long-term treatment of phanginin A profoundly reduced blood glucose levels and improved glucose tolerance and
dyslipidemia in ob/ob mice.
Conclusion: We discovered an unrecognized effect of phanginin A in suppressing hepatic gluconeogenesis and revealed a novel mechanism that
activation of SIK1 by phanginin A could inhibit gluconeogenesis by increasing PDE4 activity and suppressing the cAMP/PKA/CREB pathway in the
liver. We also highlighted the potential value of phanginin A as a lead compound for treating type 2 diabetes.
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1. INTRODUCTION

Type 2 diabetes is one of the world’s leading chronic diseases [1,2].
The liver is the main organ that maintains glucose homeostasis by
storing excessive carbohydrates in glycogen following feeding and
converting non-carbohydrate precursors into glucose via gluconeo-
genesis stimulated by glucagon during fasting [3,4]. Glucagon pro-
motes gluconeogenesis by activating the cAMP/PKA pathway, which
increases Ser133 phosphorylation of CREB and promotes the
expression of the key rate-limiting gluconeogenic enzymes including
glucose 6-phosphatase (G6p) and phosphoenolpyruvate carboxykinase
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(Pepck) [5e7]. Persistent activation of hepatic gluconeogenesis is a
main cause of fasting hyperglycemia in patients with type 2 diabetes
[1]. Metformin, the first-line drug for the treatment of diabetes, exerts
glucose-lowering effects mainly by suppressing gluconeogenesis [8].
Some studies have shown that metformin activates AMPK and then
phosphorylates CREB co-activator 2 (CRTC2) and Forkhead box protein
O1 (FoxO1), thereby inhibiting gene transcription of PEPCK and G6P,
thus leading to gluconeogenesis inhibition [9,10], while other studies
reported that energy charge [11] and mitochondrial glycerophosphate
dehydrogenase (mGPD) [12] are also involved, indicating that met-
formin may regulate gluconeogenesis by multiple pathways.
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Investigating the molecular mechanisms involved in the regulation of
gluconeogenesis would be beneficial for exploring novel potential
therapeutic targets for the treatment of diabetes.
Salt-inducible kinases (SIKs), composed of three subtypes (SIK1-3),
belong to the AMP-activated protein kinase (AMPK)-related kinase
(AMPKRK) family. CREB co-activator 2 (CRTC2) and class IIa histone
deacetylases (HDACs) are the major substrates of SIKs through which
SIKs regulate gene expression and act as key modulators in various
metabolic functions [13e15]. Given the important role of CRTC2/
CREB in promoting fasting-induced hepatic gluconeogenesis, along
with the obvious inhibition of SIKs on this complex, several studies
reported that SIKs are involved in the regulation of gluconeogenesis
[14,15]. Pan-SIK inhibitor HG-9-91-01 significantly enhanced gluco-
neogenesis in hepatocytes, suggesting the importance of SIKs in the
inhibition of gluconeogenesis [16]. However, whether a major SIK
isoform is involved in the regulation of gluconeogenesis is uncertain,
and different studies showed controversial results even when they
focused on the same SIK isoform [16e19]. One interesting clue
showed that hepatic SIK1 mRNA expression and protein levels were
rapidly induced under fasting, whereas SIK2 and SIK3 were unaf-
fected [20], indicating that SIK1 might be more important in the
regulation of gluconeogenesis.
However, there were only a few reports regarding the function of SIK1
in the liver, and its effects on gluconeogenesis and related mecha-
nisms were under debate. An early study showed that SIK1 acted as a
gluconeogenesis suppressor by increasing CRTC2 Ser171 phosphor-
ylation and suppressing cAMP-induced gluconeogenic gene expres-
sion [20]. This finding was further supported by increased PEPCK and
G6Pase gene expression in SIK-1-deficient cells and the promotion of
fasting hyperglycemia in SIK1 knockdown mice. But another study
provided sharp contrasting results that liver-specific SIK1 knockout
mice showed no alteration in hepatic CRTC2 phosphorylation and blood
glucose levels [21]. The contradictory results lead to the inability to
reach a consensus on whether SIK1 can act as a key regulator of
gluconeogenesis through the CRTC2/CREB pathway. SIK1 was re-
ported to terminate the cAMP signaling pathway by activating phos-
phodiesterase 4D (PDE4D) in b cells [22,23]. In view of the important
role of the cAMP/PKA/CREB pathway in mediating gluconeogenesis, it
would be of interest to investigate if SIK1 activates PDE4 in the liver
and further regulates gluconeogenesis.
Considering the importance of gluconeogenesis in the maintenance of
whole-body glucose homeostasis, a screening of our natural com-
pounds library based on gluconeogenesis was performed in primary
mouse hepatocytes. Phanginin A, a natural product isolated from
Caesalpinia sappan Linn [24], was found to display potent inhibition of
gluconeogenesis. Further studies showed that phanginin A activated
AMPK, but knockdown of AMPK had no effect on the suppression of
phanginin A on gluconeogenesis, suggesting that the activation of
AMPK was not related to phanginin A-reduced gluconeogenesis.
However, knockdown of AMPK upstream kinase LKB1 fully reversed
the inhibition of phanginin A on gluconeogenesis. Further investigation
showed that the inhibition of phanginin A on gluconeogenesis relied on
the activation of SIK1, another downstream activator of LKB1. Using
phanginin A as a SIK1 activator, we identified a new mechanism that
the activation of SIK1 suppressed gluconeogenesis by increasing PDE4
activity and inhibiting the cAMP/PKA/CREB pathway. Similar findings
were confirmed by overexpressing SIK1 in primary mouse hepato-
cytes. In addition, the acute and chronic in vivo effects were evaluated
in ob/ob mice to explore the anti-diabetic potential of phanginin A and
the underlying value of the activation of SIK1 in the liver as a new
therapeutic strategy for the treatment of type 2 diabetes.
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2. METHODS

2.1. Animals
C57BL/6J male mice were acquired from SLAC Laboratory Animals
(Shanghai, China), and fed a normal diet (Shilin, Shanghai, China).
B6.V-Lepob/Lepob mice (Jackson Laboratory, Bar Harbor, ME, USA)
were bred at the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences, and fed a high-fat diet (Cat. P1400F, Puluteng,
Shanghai, China). The animals were housed individually under a 12 h
light/12 h dark cycle. All of the animal care and experiments were
managed by the guidelines of the Institutional Animal Care and Utili-
zation Committee (IACUC), Shanghai Institute of Materia Medica, Chi-
nese Academy of Sciences.

2.2. Extraction and isolation of phanginin A
Air-dried and powdered seeds of C. sappan (11 kg) were extracted
with 95% EtOH (3 � 50 L, v/v, 48 h each time) at room temperature
and then filtered. The filtrate was evaporated in vacuo to yield a crude
residue (2.1 kg) that was suspended in H2O and then partitioned with
EtOAc (3� 6 L). The EtOAc-soluble fraction (1.2 kg) was subjected to a
silica gel column (100e200 mesh) and eluted with a gradient of pe-
troleum ether (PE) acetone (9:1e1:1, v/v) to produce five fractions (A-
E). Fraction C (120 g) was fractionated by medium-pressure prepar-
ative liquid chromatography (MCI gel) and eluted with MeOHeH2O
(50:50 to 100:0) to provide six fractions (A-F). Fraction B (35 g) was
chromatographed repeatedly over silica gel eluted with PE-EtOAc
(9.5:0.5 to 7:3) to obtain four subfractions (B1eB4). Subfraction B2
(15 g) was recrystallized from methanol to yield 97% pure phanginin A
(10 g).

2.3. Hepatocyte culture
Primary mouse hepatocytes were isolated from overnight-fasted male
C57BL/6J mice (8e12 weeks old) using a previously described pro-
tocol [25]. Isolated hepatocytes were cultured in minimum essential
medium (MEM) with 10% FBS (vol/vol, Gibco), insulin (100 nM, Sigma-
Aldrich, St. Louis, MO, USA), and dexamethasone (10 nM, Sigma-
Aldrich).

2.4. Gluconeogenesis in primary mouse hepatocytes
Primary mouse hepatocytes were seeded in 48-well plates for 4 h and
then incubated in glucose-free DMEM with different doses of phanginin
A or metformin for 1.5 h. Afterwards, replaced with the DMEM with or
without gluconeogenic substrates (2 mM pyruvate and 20 mM lactate),
followed by 4 h incubation with or without the stimulation of forskolin
(20 m M) or glucagon (10 nM). For experiments conducted with in-
hibitors, the inhibitor was incubated in glucose-free DMEM for 0.5 h in
advance, and then the previously described procedure was followed.
The glucose production was detected by a glucose assay kit (Rong-
sheng Biotech, Shanghai, China) and normalized to the cellular protein
concentration.

2.5. PKA activity and cAMP assay
The PKA activity and intracellular cAMP concentration in primary he-
patocytes or liver tissues was measured following the manufacturer’s
protocol of using a kinase activity kit and a cAMP Complete ELISA kit
purchased from Enzo Life Sciences (Farmingdale, NY, USA).

2.6. RNA isolation and real-time PCR
Total RNA was extracted from hepatocytes or liver tissues using TRIzol
reagent (Life Technologies, Carlsbad, CA, USA). cDNA was generated
by a Primer Script RT reagent kit (TaKaRa Biotechnology, Dalian, China)
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and analyzed via quantitative PCR. All of the primer sequences used in
this study are included in Table S1. The relative amount of individual
mRNA was normalized to b-actin mRNA (for primary mouse
hepatocytes).

2.7. Western blotting
Cell or tissue lysates were prepared as previously described [26].
Lysate was separated by SDS-PAGE and then blotted with antibodies.
Membranes were visualized by an ECL plus Western blotting detection
reagent (GE Healthcare, Buckinghamshire, UK) and quantified by
densitometry (Bio-Rad). The primary antibodies against phospho-CREB
(Ser133) (#9198), CREB (#9197), LKB1 (#3047), phospho-AMPK
(Thr172) (#2531), AMPK (#2532), and GAPDH (#5174) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). Antibody
against phospho-SIK1 (Thr182) (PA5-64610) was purchased from
Invitrogen. Antibody against SIK1 (ab217809) was bought from Abcam
(Cambridge, UK).

2.8. RNA interference
Primary mouse hepatocytes were transfected with selective siRNA
using Lipofectamine 3000 RNAiMAX Transfection Reagent (Thermo
Fisher Scientific, Shanghai, China) for 24 or 48 h for follow-up ex-
periments. The siRNA of SIKs was obtained from Life Technologies
(Shanghai, China). AMPK siRNA was purchased from Santa Cruz
(Shanghai, China). LKB1 siRNA was provided by GenePharma
(Shanghai, China). Non-silencing RNA was purchased from Gene-
Pharma (Shanghai, China) and used as a negative control.

2.9. PDE4 activity assay
A PDE4 activity assay was conducted as described in a previous study
[25,27] and following the manufacturer’s protocol (Abcam, Cambridge,
UK). The difference between the amount of phosphate cleaved in the
absence of roflumilast and the amount in the presence of roflumilast
reflected the PDE4 activity. Purified PDE enzymes were used to detect
the direct effect of phanginin A on PDE4 activity. Primary mouse he-
patocytes and liver extracts were prepared following the manufac-
turer’s protocol. The lysates were incubated with 30,50-cAMP
substrates and 50-nucleotidase for 30 min at 30 �C.

2.10. Transient plasmid transfections of SIK1
Primary hepatocytes were transfected with SIK1 plasmid (EX-
Mm30183-M02, GeneCopoeia, Shanghai, China) or pEZ expression
vector control for 24 h using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

2.11. Pyruvate tolerance test in ob/ob mice
Female ob/ob mice (8e9 weeks old) were fasted for 4 h and then
divided into three groups according to blood glucose and body weight
(n ¼ 8 per group). The mice were orally administered phanginin A
(100 mg/kg), metformin (250 mg/kg), or vehicle (0.25% CMC-Na, wt/
vol) and injected intraperitoneally with sodium pyruvate (1.5 g/kg) after
2 h. The blood glucose levels were measured at 0, 15, 30, 60, 90, and
120 min.

2.12. Acute treatment of phanginin A in ob/ob mice
After 4 h of fasting, the ob/ob mice (male, 7 or 8 weeks old) were
assigned to three groups based on body weight (n ¼ 8 per group) and
orally administered 100 mg/kg of phanginin A, 250 of mg/kg met-
formin, or vehicle (0.25% CMC-Na, wt/vol). Two h later, the mice were
anesthetized and their livers were dissected for further experiments.
The liver glycogen content was measured following the manufacturer’s
MOLECULAR METABOLISM 41 (2020) 101045 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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(Suzhou, China).

2.13. Chronic treatment of phanginin A in ob/ob mice
The male ob/ob mice (7 or 8 weeks old) were divided into three groups
according to their blood glucose and body weight (n ¼ 8 per group)
and orally administered once daily with 100 mg/kg of phanginin A,
250 mg/kg of metformin, or vehicle (0.25% CMC-Na, wt/vol) for 26
days. The random and fast blood glucose levels were measured on
days 4, 8, 12, 16, 20, 23, and 26. Body weight was measured regularly
throughout the treatment. Oral glucose tolerance (2 g/kg) tests were
conducted on 6-h fasted mice on day 23. On the last day, the mice
were fasted for 6 h and then anesthetized with an intraperitoneal in-
jection of chloral hydrate. Blood samples were collected for HbA1c
measurement. Serum was collected and assayed for triglyceride and
cholesterol. The liver was dissected and stored at 80 �C. Hepatic tri-
glyceride and cholesterol were detected using a heptane-isopropanol-
Tween mixture (3:2:0.01 by volume) or hexane-isopropanol mixture
(3:2 by volume), respectively, and determined by commercial kits
(DongOu Jin Ma Biotech, Wenzhou, China).

2.14. Statistical analysis
Results are expressed as mean � SEM. Statistical analysis between
two groups was conducted using a two-tailed unpaired t test. The
comparison of multiple groups was carried out using one-way ANOVA
followed by Dunnett’s test in GraphPad Prism software. Values of
P < 0.05 were considered statistically significant.

3. RESULTS

3.1. Phanginin A inhibited gluconeogenesis in primary mouse
hepatocytes
The chemical structure of phanginin A is shown in Figure 1A.
Phanginin A suppressed gluconeogenesis in primary mouse hepato-
cytes in a dose-dependent manner (Figure 1B). Incubation of hepa-
tocytes with 5 and 10 mM of phanginin A significantly decreased
glucose production by 36% and 59% under basal conditions and 50%
and 60% under forskolin-stimulated conditions, while 500 mM of
metformin caused a reduction of 49% and 70% under basal and
forskolin-stimulated conditions, respectively. Phanginin A treatment
also reduced the mRNA expression of G6P and PEPCK. As shown in
Figure 1C, phanginin A at doses of 5 and 10 mM significantly
decreased PEPCK mRNA expression by 25% and 43% under basal
conditions and 45% and 67% under forskolin-stimulated conditions,
respectively. The G6P mRNA expression was also significantly
reduced, with 5 and 10 mM of phanginin A resulting in a decrease of
30% and 46% under basal conditions and 38% and 57% under
forskolin-stimulated conditions, respectively. We further evaluated
the effect of phanginin A on the cAMP/PKA/CREB signaling pathway.
As shown in Figures 1D, 5 and 10 mM of phanginin A significantly
decreased the intracellular cAMP accumulation by 43% and 54%
under basal conditions and 61% and 67% under forskolin-stimulated
conditions, respectively. Under the same conditions, PKA activity was
profoundly reduced following phanginin A treatment (Figure 1E).
Moreover, phanginin A time- and dose-dependently inhibited CREB
phosphorylation (Figure 1F,G). Phanginin A also dose-dependently
suppressed glucagon-stimulated gluconeogenesis (Figure 1H) and
reduced the intracellular cAMP content and CREB phosphorylation
(Figure 1I,J). These data demonstrated that phanginin A efficiently
inhibited the cAMP/PKA/CREB pathway and reduced gluconeogenesis
in primary mouse hepatocytes.
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Figure 1: Phanginin A inhibits gluconeogenesis in primary mouse hepatocytes. (A) Chemical structure of phanginin A. (B) The effect of phanginin A on gluconeogenesis in primary
mouse hepatocytes under basal and 20 mM forskolin-induced conditions. (C) The effect of phanginin A on the mRNA expression of G6P and PEPCK in primary mouse hepatocytes
under basal and 20 mM forskolin-induced conditions. (DeE) The effect of phanginin A on the cAMP concentration (D) and PKA activity (E) under basal and 20 mM forskolin-induced
conditions. (F) Western blotting analysis of CREB phosphorylation in primary mouse hepatocytes incubated with 5 mM of phanginin A for 0e120 min. met ¼ metformin. (G) Western
blotting analysis of CREB phosphorylation in primary mouse hepatocytes incubated with phanginin A for 2 h under basal and 20 mM forskolin-induced conditions. (H) The effect of
phanginin A on gluconeogenesis in primary mouse hepatocytes under basal and 10 nM glucagon-induced conditions. (IeJ) The effect of phanginin A on the cAMP concentration (I)
and CREB phosphorylation (J) under basal and 10 nM glucagon-induced conditions. Data are the mean � SEM (n ¼ 5 for all of the groups, except for n ¼ 8 in Figure C and n ¼ 4
in Figure H and J). *P < 0.05 and **P < 0.01 vs controls under basal conditions. #P < 0.05 and ##P < 0.01 vs controls under forskolin-induced or glucagon-induced conditions.
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3.2. Phanginin A inhibited gluconeogenesis by activating SIK1 in
primary mouse hepatocytes
The phosphorylation of Thr182 is essential for the activation of SIK1’s
kinase catalytic activity [28,29]. Phanginin A increased the Thr182
phosphorylation of SIK1 in a time- and dose-dependent manner,
whereas metformin showed no effect (Figure 2A,B). To delineate the
role of the activation of SIK1 in phanginin A-inhibited gluconeogenesis,
HG-9-91-01, a pan-SIK inhibitor, was used to suppress SIK1 activity.
As shown in Figure 2C, the phosphorylation of SIK1 induced by
phanginin A was fully blocked by treatment with 0.5 mM of HG-9-91-
01. Moreover, the inhibition of phanginin A on gluconeogenesis was
abolished by HG-9-91-01, while metformin-induced gluconeogenesis
reduction was unaffected (Figure 2D). Since HG-9-91-01 is a pan-SIK
inhibitor, and the potential role of SIK2 and SIK3 cannot be ruled out in
phanginin A-inhibited gluconeogenesis, SIK1 RNAi was used in the
primary mouse hepatocytes. After siRNA interference, the expression
of SIK1 genes was reduced by 74% compared with the negative
control, and no compensatory changes were observed in the expres-
sion of SIK2 and SIK3 (Figure 2E). The protein level of SIK1 was also
profoundly knocked down, and the phosphorylation of SIK1 induced by
phanginin A was fully blocked (Figure 2F). More importantly, the in-
hibition of gluconeogenesis in response to phanginin A was fully
restored by knockdown of SIK1, whereas the inhibitory effect of
metformin on gluconeogenesis was not affected (Figure 2G). SIK1
knockdown also reversed the inhibition of gluconeogenesis by phan-
ginin A under glucagon-stimulated conditions (Figure 2H). These re-
sults suggested that phanginin A inhibited hepatic gluconeogenesis in
a SIK1-dependent manner.

3.3. Phanginin A inhibited gluconeogenesis by increasing PDE4
activity in primary mouse hepatocytes
SIK1 has been reported to effectively increase the activity of PDE4D,
which in turn promotes the degradation of cAMP in b cells [22]. We
first detected the gene expression of the PDE4 isoforms in primary
mouse hepatocytes. Real-time PCR revealed that PDE4D and PDE4B
were predominant PDE4 isoforms in primary mouse hepatocytes
(Figure 3A). We subsequently examined the effect of phanginin A on
PDE4 activity. Incubation of primary mouse hepatocytes with 5 and
10 mM of phanginin A increased PDE4 activity of the cell lysate by 65%
and 117%, respectively (Figure 3B). However, almost no change was
detected when purified PDE enzyme was used to assess the direct
impact of phanginin A on PDE4 activity (Figure 3C). In the presence of
1 mM of roflumilast, a selective PDE4 inhibitor, the reduction in cAMP
levels induced by phanginin A was abolished, whereas no similar effect
was detected in metformin-treated hepatocytes (Figure 3D). Moreover,
gluconeogenesis inhibition induced by phanginin A was also reversed
by roflumilast, but not PDE3 inhibitor cilomilast (Figure 3E,F). These
data suggested that phanginin A suppression of hepatic gluconeo-
genesis may rely on the activation of PDE4.

3.4. SIK1 was indispensable in phanginin A-induced PDE4
activation in primary mouse hepatocytes
To address whether SIK1 is necessary in phanginin A-induced acti-
vation of PDE4, HG-9-91-01 and SIK1 RNAi were used to block SIK1
activation or knock down of SIK1 protein expression in primary mouse
hepatocytes. As shown in Figure 4A, the activation of PDE4 by
phanginin A was fully abolished in the presence of HG-9-91-01. HG-9-
91-01 also abrogated the decrease in cAMP concentration and PKA
activity caused by phanginin A (Figure 4B,C). Correspondingly, the
reduction in CREB phosphorylation induced by phanginin A was thor-
oughly blocked in the presence of HG-9-91-01 (Figure 4D). HG-9-91-
MOLECULAR METABOLISM 41 (2020) 101045 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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01 had no influence on the inhibition of metformin in the cAMP/PKA/
CREB pathway. These results were further verified in primary mouse
hepatocytes that underwent SIK1 siRNA interference. The phanginin A-
induced activation of PDE4 was entirely blocked by SIK1 knockdown
(Figure 4E). Consistently, the reduction in cAMP accumulation, PKA
activity, and CREB phosphorylation caused by phanginin A were
completely abolished by the downregulation of SIK1 (Figure 4FeH).
Moreover, knockdown of SIK1 led to a 2.1- and 1.4-fold increase in
G6p and PEPCK mRNA expression, and the downregulation of phan-
ginin A in gluconeogenic genes was abrogated by knockdown of SIK1
(Figure 4I,J). These results implied that SIK1 was indispensable in
phanginin A-induced PDE4 activation in primary mouse hepatocytes.

3.5. The activation of SIK1 mediated by phanginin A was LKB1-
dependent
LKB1 acts as the upstream kinase of the AMPKRK family, including
SIKs. To confirm the molecular mechanism by which phanginin A
activates SIK1, a LKB1-deletion experiment was conducted. As shown
in Figure 5A, the protein level of LKB1 was significantly reduced after
LKB1 interference, and the phanginin A-induced phosphorylation of
SIK1 was blocked. The inhibition of phanginin A on gluconeogenesis
was also reversed in LKB1-deficient primary mouse hepatocytes
(Figure 5B). Considering that SIK2, SIK3, and AMPK are also down-
stream of LKB1, siRNA interference experiments were conducted to
further examine their possible effects on the action of phanginin A.
After siRNA interference, the expression of SIK2/SIK3 was significantly
reduced and the expression of SIK1 was unchanged (Figure 5C), while
phanginin A’s inhibition of gluconeogenesis was not affected
(Figure 5D). Phanginin A increased AMPK phosphorylation, but this
effect could not be blocked by the downregulation of LKB1, which
suggested that phanginin A activated AMPK independently of LKB1
(Figure 5E). Further studies showed that siRNA interference effectively
reduced AMPK protein levels (Figure 5F), but failed to reverse the
inhibitory effect of phanginin A on gluconeogenesis (Figure 5G). These
results indicated that the activation of SIK1 and inhibition of gluco-
neogenesis by phanginin A was LKB1-dependent, while SIK2/SIK3/
AMPK were unnecessary in the anti-gluconeogenesis effect of phan-
ginin A.

3.6. SIK1 overexpression suppressed gluconeogenesis by
activating PDE4 and reducing cAMP levels in primary mouse
hepatocytes
To better understand the role of SIK1 in the regulation of hepatic
gluconeogenesis, SIK1 overexpression was conducted by transient
plasmid transfections in primary mouse hepatocytes. As shown in
Figure 6A, the mRNA expression of SIK1 effectively increased in
comparison with the vector control, and no compensatory changes
were detected in the expression of SIK2 and SIK3. More importantly,
the SIK1 protein levels were dramatically enhanced by 3.7-fold, and
the phosphorylation of SIK1 was significantly increased by 1.8-fold
(Figure 6B). SIK1 overexpression in primary mouse hepatocytes pro-
foundly increased PDE4 activity by 47% and subsequently reduced the
intracellular cAMP concentration by 33% (Figure 6C,D). In addition, a
profound reduction in mRNA levels of PEPCK and G6P was observed in
SIK1-overexpressed hepatocytes (Figure 6E). Furthermore, SIK1
overexpression in primary mouse hepatocytes resulted in a significant
reduction in glucose production, which further confirmed the repres-
sive role of SIK1 on hepatic gluconeogenesis (Figure 6F). Taken
together, the results suggested that SIK1 could activate PDE4 and thus
reduce intracellular cAMP accumulation and inhibit gluconeogenesis in
primary mouse hepatocytes.
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Figure 2: Phanginin A inhibits gluconeogenesis by activating SIK1 in primary mouse hepatocytes. (AeB) Primary hepatocytes were incubated with 5 mM phanginin A for different
times (A) or with different doses of phanginin A for 2 h (B). SIK1 phosphorylation at Thr182 was detected. met ¼ metformin. (C) Primary hepatocytes were pretreated with or
without 0.5 mM of HG-9-91-01 for 30 min and cotreated with 5 mM of phanginin A or 500 mM of metformin for 2 h and then SIK1 phosphorylation was detected. (D) Primary
hepatocytes were pretreated with or without 0.5 mM of HG-9-91-01 for 30 min and cotreated with 5 mM or 10 mM of phanginin A or 500 mM of metformin for 4 h and then
gluconeogenesis was detected. (EeG) Primary hepatocytes were pretreated with SIK1 siRNA for 48 h followed with or without phanginin A treatment, and the mRNA expression of
SIK1-3 (E), SIK1 protein, (F) and gluconeogenesis (G) were detected. (H) The effect of phanginin A on gluconeogenesis in SIK1-knockdown hepatocytes under 10 nM glucagon-
induced conditions. All of the results are presented as the mean � SEM (n ¼ 5 for all of the groups, except for n ¼ 4 in Figure H). *P < 0.05 and **P < 0.01 vs basal controls.
##P < 0.01 vs HG-9-91-01 controls or controls under glucagon-induced conditions.
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Figure 3: Phanginin A inhibited gluconeogenesis by increasing PDE4 activity in primary mouse hepatocytes. (A) Primary mouse hepatocytes were serum-starved for 4 h and the
mRNA levels of PDE4 isoforms were detected (n ¼ 5). (B) Primary mouse hepatocytes were treated with phanginin A for 3 h and then the PDE4 activity was detected (n ¼ 5). (C)
The direct effect of 10 mM of phanginin A on PDE4 enzymes (n ¼ 5). (DeE) Primary mouse hepatocytes were pretreated with a PDE4 inhibitor (1 mM of roflumilast) for 30 min and
cotreated with 5 or 10 mM of phanginin A and then the cAMP levels (n ¼ 5) (D) and gluconeogenesis (n ¼ 7) (E) were evaluated. (F) Primary mouse hepatocytes were pretreated
with a PDE3 inhibitor (100 mM of cilomilast) for 30 min and cotreated with 5 or 10 mM of phanginin A and then gluconeogenesis was measured (n ¼ 5). All of the results are
presented as the mean � SEM. *P < 0.05 and **P < 0.01 vs controls under basal conditions. ##P < 0.01 vs controls under roflumilast or cilomilast conditions.
3.7. Acute treatment of phanginin A attenuated gluconeogenesis
by inhibiting the cAMP signaling pathway by activating SIK1 and
PDE4 in ob/ob mice
A pyruvate tolerance test was conducted to evaluate the effect of
phanginin A on gluconeogenesis in vivo, and the effect of the acute
administration of phanginin A on hepatic SIK1 phosphorylation and
PDE4 activation was investigated in type 2 diabetic ob/ob mice. The
pyruvate tolerance test showed that a single oral dose of 100 mg/kg
of phanginin A could significantly reduce the blood glucose in the ob/
ob mice (Figure 7A). This indicated that phanginin A has anti-
gluconeogenesis ability in vivo. Furthermore, a single oral adminis-
tration of 100 of mg/kg phanginin A profoundly increased the
phosphorylation of SIK1 in the liver by 119%, whereas no change
was observed under metformin treatment (Figure 7B). PDE4 activity
MOLECULAR METABOLISM 41 (2020) 101045 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
in the liver was elevated by 74% after the administration of phanginin
A (Figure 7C). Correspondingly, phanginin A treatment caused a
modest but significant decrease in the cAMP concentration along
with a 46% decrease in the CREB phosphorylation level in the liver
(Figure 7D,E). The hepatic gluconeogenic gene expression was
detected, and the mRNA levels of PEPCK and G6P were both
significantly attenuated by phanginin A (Figure 7F). In addition, the
glycogen content in the liver was measured, and no significant
changes could be found after acute treatment with phanginin A in ob/
ob mice (Figure 7G). Therefore, the in vivo data are highly concordant
with the in vitro outcomes to further support that phanginin A-
induced hepatic SIK1 activation leads to the inhibition of gluconeo-
genesis by increasing PDE4 activity and inhibiting the cAMP signaling
pathway.
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Figure 4: Phanginin A increased PDE4 activity and inhibited the cAMP pathway by activating SIK1. (AeD) Primary mouse hepatocytes were pretreated with 0.5 mM of pan-SIK
inhibitor HG-9-91-01 for 30 min and cotreated with 5 or 10 mM of phanginin A and then the PDE4 activity (A), cAMP concentration (B), PKA activity (C), and CREB phosphorylation
(D) were detected. *P < 0.05 and **P < 0.01 vs controls under basal conditions. #P < 0.05 and ##P < 0.01 vs controls under HG-9-91-01 conditions. (EeJ) Primary mouse
hepatocytes were pretreated with SIK1 siRNA for 48 h and then treated with 5 mM or 10 mM of phanginin A and then the PDE4 activity (E), cAMP concentration (F), and PKA activity
(G) were examined. Primary mouse hepatocytes were treated with 5 mM of phanginin A after SIK1 interference and then the CREB phosphorylation (H), mRNA expression of G6P (I),
and PEPCK (J) were evaluated. *P < 0.05 and **P < 0.01 vs controls under negative control conditions. ##P < 0.01 vs controls under siSIK1 conditions. All of the results are
presented as the mean � SEM (n ¼ 5).
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Figure 5: The activation of SIK1 mediated by phanginin A was LKB1-dependent. (AeB) Primary mouse hepatocytes were pretreated with LKB1 siRNA for 48 h and then treated
with 5 mM of phanginin A and then the LKB1 protein and SIK1 phosphorylation levels (A) (n ¼ 4) and gluconeogenesis (B) (n ¼ 5) were examined. (CeD) Primary mouse
hepatocytes were pretreated with SIK2 and SIK3 siRNA for 24 h and then treated with or without 5 mM of phanginin A, and the SIK mRNA (C) and gluconeogenesis (D) were tested
(n ¼ 5). (E) Primary mouse hepatocytes were pretreated with LKB1 siRNA for 48 h and then treated with 5 mM of phanginin A and then the LKB1 protein and AMPK phosphorylation
levels were examined (n ¼ 4). (FeG) Primary mouse hepatocytes were pretreated with AMPK siRNA for 48 h and then treated with or without 5 mM of phanginin A and the AMPK
protein level (F) (n ¼ 3) and gluconeogenesis (G) (n ¼ 4) were studied. All of the results are presented as the mean � SEM. **P < 0.01 vs individual controls.
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Figure 6: SIK1 overexpression inhibited gluconeogenesis and increased PDE4 activity in primary mouse hepatocytes. Primary mouse hepatocytes were overexpressed with SIK1
via transient plasmid transfections for 24 h and then the mRNA expression of SIKs (A) and Western blotting analysis of SIK1 (B) were conducted, and the PDE4 activity (C), cAMP
levels (D), mRNA expression of gluconeogenic genes (E), and gluconeogenesis (F) were examined. All of the results are presented as the mean � SEM (n ¼ 5). *P < 0.05 and
**P < 0.01 vs the vector control group.
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Figure 7: Acute treatment with phanginin A attenuated gluconeogenesis by inhibiting the cAMP signaling pathway by activating SIK1 and PDE4 in ob/ob mice. Mice were treated
as described in Methods. (A) Blood glucose levels in the pyruvate tolerance test of ob/ob mice were measured. (B) Hepatic SIK1 phosphorylation in ob/ob mice was detected. (C)
PDE4 activity and (D) cAMP levels in the liver of ob/ob mice were detected. (E) CREB phosphorylation in the liver of ob/ob mice was analyzed by Western blotting. (F) Hepatic
gluconeogenic gene expression in ob/ob mice were evaluated. (G) Glycogen content was measured in the liver of ob/ob mice. All of the results are presented as the mean � SEM
(n ¼ 8 for all of the groups, except for n ¼ 6e7 in Figure A). *P < 0.05 and **P < 0.01 vs the vehicle group.
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3.8. Chronic treatment of phanginin A ameliorated metabolic
disorders in ob/ob mice
The chronic effect of phanginin A (100 mg/kg, orally) was assessed in
ob/ob mice along with metformin (250 mg/kg, orally) as a positive
control. The random and fast blood glucose levels were significantly
reduced in the mice treated with phanginin A. Compared with the
vehicle control group, the mice that received phanginin A for 26 days
had an average reduction rate of 29% and 32% in random and fast
blood glucose, while those in the mice treated with metformin were
reduced by 23% and 30%, respectively (Figure 8A,B). After 23 days of
treatment of phanginin A, the mice exhibited a marked improvement in
glucose tolerance comparable to that of metformin (Figure 8C). The
HbA1c level was also significantly reduced by 20% after treatment with
phanginin A (Figure 8D). Chronic treatment with phanginin A showed
no effect on food intake and body weight (Figure 8E,F). Interestingly,
the mice treated with phanginin A had significantly lower levels of
triglyceride and total cholesterol in the serum (Figure 8G) and liver
(Figure 8H). Moreover, chronic administration of phanginin A signifi-
cantly increased SIK1 phosphorylation (Figure 8I) and PDE4 activity
(Figure 8J), accompanied by decreased cAMP levels and attenuated
CREB phosphorylation in the liver (Figure 8K and L). Phanginin A
decreased hepatic G6P mRNA expression but showed no obvious ef-
fect on PEPCK expression (Figure 8M).

4. DISCUSSION

As a member of the SIK family, SIK1 was cloned and identified as a
serine/threonine protein kinase from the adrenal glands of rats fed high
salt diets [30] and acted as an important component in the regulation
of adrenocortical function. SIK1 was recently reported to be involved in
many physiological processes [21,22,31,32], including gluconeogen-
esis. However, the role and underlying mechanism of SIK1 in the
regulation of hepatic gluconeogenesis has not been fully clarified. In
this study, we found that phanginin A, a natural product extracted from
C. sappan Linn [24], significantly inhibited gluconeogenesis in primary
mouse hepatocytes. Further studies showed that phanginin A could
promote SIK1 phosphorylation, and this effect was strongly correlated
with its inhibition of gluconeogenesis. Although phanginin A indirectly
activated SIK1 in an LKB1-dependent manner, this compound could
still be used as a molecular probe to investigate and clarify the un-
derlying mechanism by which SIK1 inhibits gluconeogenesis.
As a natural compound, phanginin A was isolated and identified in
2008, but only its cytotoxicity and anti-inflammatory activity have been
studied to date [33,34]. Herein we reported a breakthrough finding that
phanginin A showed outstanding efficacy in inhibiting gluconeogenesis
in primary mouse hepatocytes. The cAMP/PKA/CREB pathway is
involved in the regulation of key gluconeogenic gene translation under
glucagon stimulation during fasting [35,36]. Phanginin A exerted a
pronounced inhibition of intracellular cAMP concentration and PKA
activity in primary mouse hepatocytes, accompanied by significantly
reduced CREB phosphorylation, which led to the suppression of the
expression of PEPCK and G6P, indicating that phanginin A could inhibit
the expression of key gluconeogenic genes by inhibiting the cAMP/
PKA/CREB pathway.
SIKs have recently attracted increasing attention due to their gluco-
neogenesis regulating potential [37], and the first clue is based on the
inhibition of CREB transcriptional activity by SIK1 through suppressing
CRTC2 [15,20]. Phosphorylation of SIK1 at Thr182 sites has been
suggested to represent the activation of its kinase activity [28,29]. In
this study, we demonstrated that phanginin A markedly promoted
phospho-SIK1 (Thr182) in primary mouse hepatocytes, indicating the
12 MOLECULAR METABOLISM 41 (2020) 101045 � 2020 The Author(s). Published by Elsevier GmbH. T
activation of SIK1. HG-9-91-01 is a pan-SIK inhibitor that showed the
best selectivity for SIK1, with an IC50 of 0.92, 6.6 and 9.6 nM for SIK1,
SIK2, and SIK3, respectively [38]. Phanginin A-reduced gluconeo-
genesis was completely abolished under the treatment of 0.5 mM of
HG-9-91-01, and SIK1 was identified as the major isoform responsible
for the inhibition of phanginin A on gluconeogenesis via a SIK1 RNAi
experiment. Moreover, the inhibition of phanginin A in glucagon-
stimulated gluconeogenesis was also fully blocked by the down-
regulation of SIK1, indicating the dependence on SIK1. To the best of
our knowledge, this is the first report demonstrating that small
molecule compounds could activate hepatic SIK1 and exert anti-
gluconeogenesis effects.
Although CRTC2 is a widely studied substrate of SIK1 [39], it was
recently reported that PDE4D was identified as a new direct substrate
for SIK1 in b cells, through which SIK1 terminated cAMP signaling by
promoting the degradation of cAMP [22]. Earlier studies suggested that
PDE4 was the main PDE isoenzyme responsible for cAMP hydrolysis in
the liver, accounting for approximately 80% of total PDE [40], and our
data showed that both PDE4D and PDE4B isoforms were highly
expressed in the liver. Phanginin A profoundly enhanced PDE4 activity
in primary mouse hepatocytes, but there is a limitation in our study that
the exact contribution of PDE4D and PDE4B to the increased PDE4
activity was unknown. The inhibition of phanginin A on gluconeo-
genesis was abrogated following treatment with PDE4 inhibitor roflu-
milast, but not PDE3 inhibitor cilomilast, further implying that
phanginin A suppressed gluconeogenesis in a PDE4-dependent
manner. Phanginin A-induced PDE4 activation and cAMP/PKA/CREB
pathway inhibition was fully blocked in the presence of HG-9-91-01 or
siRNA-mediated downregulation of SIK1, indicating that SIK1 is
indispensable in phanginin A-induced PDE4 activation. The down-
regulation of SIK1 increased the gene expression of PEPCK and G6P,
but had no effect on cAMP levels and CREB phosphorylation. This
might be due to the decrease in CRTC2 phosphorylation upon SIK1
knockdown, since SIK1 could increase CRTC2 phosphorylation to
detach from CREB to inhibit transcription of gluconeogenic genes
[20,21]. Taking these results together, although we did not know
whether the PDE4D isoform is the specific substrate of SIK1 in he-
patocytes as in b cells, we believe that phanginin A can increase PDE4
activity, inhibit the cAMP/PKA/CREB pathway, and further suppress
gluconeogenesis by activating SIK1 in hepatocytes.
LKB1, a tumor suppressor kinase, has been reported to be upstream of
SIKs. LKB1 could enhance the catalytic activity of SIKs by phosphor-
ylating on their highly conserved threonine residue (the Thr182 of SIK1,
Thr175 of SIK2, and Thr279 of SIK3) [38]. We found that both the
activation of SIK1 and inhibition of gluconeogenesis by phanginin A
were dependent on LKB1. Since the other downstream kinases of
LKB1, such as SIK2, SIK3, and AMPK, were also associated with
gluconeogenesis [16,19,41], siRNA interference was used to investi-
gate whether they were involved in the gluconeogenesis inhibition
induced by phanginin A. When SIK2 or SIK3 were individually used for
interference, a compensatory increase in the gene expression of
another subtype was observed in our experiments, probably due to the
functional redundancy between SIK2 and SIK3 proteins in certain
processes. Hence, SIK2/SIK3 double interference was used, and the
results showed that SIK2/SIK3 double knockdown had nearly no in-
fluence on the anti-gluconeogenesis of phanginin A. Phanginin A
increased AMPK phosphorylation, but this effect could not be blocked
by the downregulation of LKB1, suggesting that phanginin A activated
AMPK independent of LKB1. Moreover, phanginin A-inhibited gluco-
neogenesis could not be reversed by the downregulation of AMPK,
indicating that AMPK was not involved in the inhibition of
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 8: Chronic treatment of phanginin A improved metabolic disorders in ob/ob mice. Male ob/ob mice were treated with phanginin A (100 mg/kg, once daily, p. o.), metformin
(250 mg/kg, once daily, p. o.), or vehicle for 26 days. (AeB) Random (A) and fasting blood glucose levels (B) were detected on days 4, 8, 12, 16, 20, 23, and 26. (C) Oral glucose
tolerance tests were conducted on day 23. (D) HbA1c was determined on day 26. (EeF) Food intake accumulation (E) and body weight (F) were regularly measured during treatment.
(GeH) Triglyceride and total cholesterol in the serum (G) and liver (H) were detected. (I) SIK1 phosphorylation in the liver was analyzed by Western blotting and quantified as the relative
optical density. (J) Hepatic PDE4 activity and (K) cAMP concentration were examined after treatment. (L) CREB phosphorylation in the liver was analyzed by Western blotting. (M) Hepatic
gluconeogenesis gene expression in ob/ob mice were evaluated. All of the results are presented as the mean � SEM (n ¼ 8). *P < 0.05 and **P < 0.01 vs the vehicle group.

MOLECULAR METABOLISM 41 (2020) 101045 � 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

13

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
gluconeogenesis by phanginin A. Therefore, the inhibition of gluco-
neogenesis by phanginin A was mainly dependent on the enhancement
of SIK1 phosphorylation through LKB1, while SIK2/SIK3/AMPK were
presumably insufficient and unnecessary. However, a limitation in our
research is that the precise way by which phanginin A regulates LKB1
and then affects SIK1 activity has not been thoroughly studied, which is
worthy of future investigation.
As a natural compound, the non-specific effect of phanginin A other
than the activation of SIK1 could not be excluded. Moreover, phanginin
A does not directly activate SIK1. Thus, it is necessary to conduct an
overexpression study to identify the PDE4-cAMP axis as the down-
stream target of SIK1. As expected, the overexpression of SIK1 in
primary hepatocytes significantly increased PDE4 activity, reduced
intracellular cAMP accumulation, and downregulated the gene
expression of PEPCK and G6P. More importantly, significant sup-
pression of gluconeogenesis was observed, which revealed the
inhibitory effect of SIK1 on gluconeogenesis. Of note, the PDE4 in-
hibitor roflumilast could partially reverse the inhibitory effect of SIK1 on
gluconeogenesis. Although we could not fully exclude that CRTC2 was
also probably involved in the regulation of gluconeogenesis by SIK1,
increased PDE4 activity and decreased cAMP levels were observed
upon SIK1 overexpression, indicating that PDE4 may have a critical
effect on SIK1-mediated inhibition of gluconeogenesis, which sug-
gested a new action mode of SIK1 in hepatocytes.
Gluconeogenesis is one of the most important factors in the mainte-
nance of whole-body blood glucose. Single oral administration of
phanginin A attenuated gluconeogenesis and showed no effect on the
hepatic glycogen content in ob/ob mice. Both acute and chronic oral
administration of phanginin A increased SIK1 phosphorylation and
PDE4 activity and suppressed the cAMP pathway and gluconeogenesis
gene expression in the liver of ob/ob mice, indicating that phanginin A
reduced gluconeogenesis by activation of SIK1 in vivo. Although the
liver plays a key role in whole-body glucose homeostasis, we could not
exclude that other peripheral tissues might also contribute to improved
glucose homeostasis after long-term treatment with phanginin A.
Phanginin A showed a strong improvement in glucose tolerance of ob/
ob mice, which could not be fully explained only by reduced hepatic
gluconeogenesis. Further research should be conducted in the future
to investigate the regulation of phanginin A and the activation of SIK1
on the metabolic functions of other peripheral tissues such as skeletal
muscle and adipose tissue. Diabetic patients often suffer from dysli-
pidemia, and improving lipid metabolism is also helpful for amelio-
rating glucose homeostasis [42]. Apart from the glucose-lowering
effects, chronic treatment with phanginin A improved lipid metabolism
disorders in ob/ob mice. It was reported that activation of SIK1
modulated hepatic lipid metabolism by suppressing SREBP-1c [28,43];
further research is necessary to investigate the relationship between
lipid regulation by phanginin A and its activation of SIK1. Therefore,
although we could not rule out the potential regulation of phanginin A
on other metabolic tissues (such as the pancreas, skeletal muscle,
adipose tissue, and even the immune system), we could still conclude
that the suppression of gluconeogenesis caused by the activation of
hepatic SIK1 might contribute to the improvement of phanginin A in
whole-body glucose homeostasis in ob/ob mice.

5. CONCLUSION

In conclusion, this is the first report that phanginin A inhibited gluco-
neogenesis by activation of SIK1 in primary mouse hepatocytes. We
discovered that the activation of SIK1 by phanginin A or overexpression
of SIK1 in hepatocytes could increase PDE4 activity, inhibit the cAMP/
14 MOLECULAR METABOLISM 41 (2020) 101045 � 2020 The Author(s). Published by Elsevier GmbH. T
PKA/CREB pathway, and thereby inhibit gluconeogenesis. Acute
treatment with phanginin A suppressed in vivo gluconeogenesis
accompanied by the activation of SIK1 and PDE4 and reduction in
cAMP accumulation in the liver. Chronic administration of phanginin A
reduced blood glucose levels and improved glucose tolerance and
dyslipidemia in ob/ob mice. These findings demonstrated a novel
mechanism of activated SIK1 by phanginin A in suppressing hepatic
gluconeogenesis by activating PDE4 and suppressing the cAMP
signaling pathway and highlighted the potential value of phanginin A as
a leading compound for the treatment of type 2 diabetes.
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