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Abstract: Protein tyrosine phosphatase 1B (PTP1B) plays a major role in the negative 

regulation of insulin signaling, and is thus considered as an attractive therapeutic target for 

the treatment of diabetes. Bioassay-guided investigation of the methylethylketone extract 

of marine-derived fungus Penicillium sp. JF-55 cultures afforded a new PTP1B inhibitory 

styrylpyrone-type metabolite named penstyrylpyrone (1), and two known metabolites, 

anhydrofulvic acid (2) and citromycetin (3). Compounds 1 and 2 inhibited PTP1B activity 

in a dose-dependent manner, and kinetic analyses of PTP1B inhibition suggested that these 

compounds inhibited PTP1B activity in a competitive manner. In an effort to gain more 

biological potential of the isolated compounds, the anti-inflammatory effects of compounds 
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1–3 were also evaluated. Among the tested compounds, only compound 1 inhibited the 

production of NO and PGE2, due to the inhibition of the expression of iNOS and  

COX-2. Penstyrylpyrone (1) also reduced TNF-α and IL-1β production, and these  

anti-inflammatory effects were shown to be correlated with the suppression of the 

phosphorylation and degradation of IκB-α, NF-κB nuclear translocation, and NF-κB DNA 

binding activity. In addition, using inhibitor tin protoporphyrin (SnPP), an inhibitor of HO-1, 

it was verified that the inhibitory effects of penstyrylpyrone (1) on the pro-inflammatory 

mediators and NF-κB DNA binding activity were associated with the HO-1 expression. 

Therefore, these results suggest that penstyrylpyrone (1) suppresses PTP1B activity, as 

well as the production of pro-inflammatory mediators via NF-κB pathway, through 

expression of anti-inflammatory HO-1.  

Keywords: Penicillium sp.; marine-derived fungi; PTP1B inhibitors; anti-inflammatory 

effect; heme oxygenase-1 

 

1. Introduction 

Recent studies of marine natural products have focused on marine microorganisms as an untapped 

source of secondary metabolites [1,2]. Marine microorganisms, particularly marine-derived fungi, are 

fertile producers of new structurally interesting compounds, and are recognized as an important source 

of structurally novel and bioactive secondary metabolites for drug discovery [3–6]. In this respect, we 

have recently initiated our studies of the secondary metabolites from marine-derived fungi with interest 

in new pharmacological activities and mechanisms of the activities related to anti-diabetic activity via 

PTP1B inhibition and anti-inflammatory activity involving heme oxygenase (HO)-1 expression [7,8]. 

Several protein tyrosine phosphatases (PTPs) play a critical role in the regulation of a variety of 

cellular processes, such as growth, proliferation and differentiation, metabolism, immune response, 

cell-cell adhesion, and cell-matrix contacts [9,10]. Protein tyrosine phosphatase 1B (PTP1B) is a major 

nontransmembrane phosphotyrosine phosphatase found in human tissues, and is a known negative 

regulator of the insulin-stimulated signal transduction pathway [11]. A number of genetic and 

biochemical studies have demonstrated that PTP1B is a major negative regulator of insulin receptor 

signaling [12,13]. In addition, recent studies have shown that the leptin signaling pathway may be 

attenuated by PTPs, involving PTP1B [13,14]. Taken together, PTP1B is an attractive target in the 

development of new treatments for type 2 diabetes and other related metabolic syndromes [14,15]. 

The transcription factor NF-κB has been implicated in the regulation of many genes that encode for 

mediators of immune, acute-phase, and inflammatory responses. The regulation of NF-κB signaling by 

HO-1, an enzyme that is essential for heme degradation, is one of the important mechanisms for 

cellular pathophysiological conditions of inflammation [16–23]. When HO-1 catabolizes heme, three 

products that can mediate anti-inflammatory effects are released: carbon monoxide (CO), biliverdin, 

and Fe
2+

. The anti-inflammatory effects of HO-1 and its products, are mediated by inhibiting the 

production of pro-inflammatory cytokines and chemokines, such as tumor necrosis factor (TNF)-α, 

interleukin (IL)-1β, and IL-6, in activated macrophages [18,19], as well as reduction in the expression 
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of pro-inflammatory inducible nitric oxide synthase (iNOS), iNOS-induced nitric oxide (NO) 

production, expression of cyclooxygenase (COX)-2, and COX-2-induced prostaglandin E2 (PGE2) 

production [20,21]. In addition, the redox-dependent transcription factors such as nuclear transcription 

factor-E2-related factor 2 (Nrf2), which is a master regulator of the anti-oxidant response and NF-κB 

signaling, have been shown to mediate HO-1 induction. The HO-1 induction is primarily regulated at 

the transcriptional level, and its induction involves the Nrf2 [22,23]. 

As a part of our ongoing studies on bioactive secondary metabolites from marine microorganisms in 

Korea, we investigated the chemical constituents of crude extracts obtained from cultures of the 

marine-derived fungus Penicillium sp. JF-55, leading to the isolation of a new styrylpyrone-type 

metabolite named penstyrylpyrone (1), and two known metabolites anhydrofulvic acid (2) and 

citromycetin (3). This study describes the isolation and structure elucidation of these compounds, and 

their PTP1B inhibitory and anti-inflammatory effects. 

2. Results and Discussion 

2.1. Chemical Structures of Compounds 1–3 Isolated from the Marine-Derived Fungus  

Penicillium sp. JF-55 

Penstyrylpyrone (1) (Figure 1) has the molecular formula of C15H14O3, as deduced from 
13

C NMR 

(Table 1) and HRESIMS data. This formula indicated nine degrees of unsaturation. The 
13

C NMR 

spectrum of compound 1 contained only 13 resonances, which implied doubling of two of the 

resonances. Integration of the resonances in the 
1
H NMR spectrum of compound 1 showed the 

presence of eight aromatic/olefinic protons. The signals at δ 7.04 (d, 1H, J = 16.1 Hz) and δ 7.34 (1H, d,  

J = 16.1 Hz) were attributed to a trans double bond unit, and the presence of the signals at δ 7.65 (2H, 

d, J = 7.3 Hz), δ 7.42 (2H, t, J = 7.3 Hz), and δ 7.36 (1H, t, J = 7.3 Hz) was suggestive of the presence 

of a phenyl group. The 
1
H NMR data also revealed the presence of a methyl and a methoxy group 

(Table 1). In addition, 
13

C NMR and DEPT spectra showed signals corresponding to three oxygenated 

sp
2
 olefins and/or carbonyl carbons, along with two upfield-shifted sp

2
 carbon signals (one methine 

and one quaternary), and this was suggestive of the presence of a β-oxygenated α-pyrone unit [24]. 

These units accounted for all degrees of unsaturation. Analysis of 2D NMR data such as HSQC and 

HMBC data (Table 1), along with a comparison of the shift data with the data of related  

compounds [24–27] resulted in the identification of an α-pyrone unit and its substitution pattern to 

afford the complete structure of compound 1 as shown. The other isolated compounds were identified 

as (2) anhydrofulvic acid [28] and (3) citromycetin [29] (Figure 1) by comparing their NMR and MS 

data with data in previously published literature values. 

Figure 1. Chemical structures of penstyrylpyrone (1), anhydrofulvic acid (2) and citromycetin (3). 
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Table 1. NMR spectroscopic data for penstyrylpyrone (1) in DMSO-d6. 

Position δH (int, mult., J in Hz) 
a 

δC 
b 

HMBC (H → C) 

2 -- 163.4 -- 

3 -- 101.0 -- 

4
 

-- 165.8 -- 

5
 

6.76 (1H, s) 97.2 3, 4, 6, 7 

6 -- 156.7 -- 

7 7.04 (1H, d, 16.1) 119.9 5, 6, 9 

8 7.34 (1H, d, 16.1) 133.4 6, 9, 14 

9 -- 135.2 -- 

10/14 7.65 (2H, d, 7.3) 127.3 8, 12, 14 

11/13 7.42 (2H, t, 7.3) 128.9 9, 12, 14 

12
 

7.36 (1H, t, 7.3) 129.2 14 

15
 

1.83 (3H, s) 8.8 2, 3, 4 

4-OCH3 3.93 (3H, s) 56.7 4 
a 
Recorded at 400 MHz; 

b 
Recorded at 100 MHz. 

2.2. PTP1B Inhibitory Effects of Compounds 1–3 

Compounds 1–3 (Figure 1) were evaluated for their inhibitory effects against PTP1B activity  

in vitro. Among the tested compounds, penstyrylpyrone (1) and anhydrofulvic acid (2) exhibited 

PTP1B inhibitory activity in a dose-dependent manner with IC50 values of 5.28 μM and 1.90 μM 

(Table 2), respectively, while citromycetin (3) did not show any inhibitory activity up to 25.8 μM.  

A known phosphatase inhibitor, ursolic acid (IC50 = 3.10 μM) was used as a positive control in the 

assay [30,31]. The characteristics of PTP1B inhibition by compounds 1 and 2 were then analyzed. 

PTP1B was incubated with increasing concentrations of the test compounds and full velocity curves 

were determined (Figure 2) as described in the Experimental section. Non-linear regression analysis 

showed that the data best fit a competitive model of inhibition, and re-plotting of the data as 

Lineweaver-Burk transformations confirmed this result, displaying the characteristic intersecting line 

pattern for competitive inhibition. Thus, penstyrylpyrone (1) and anhydrofulvic acid (2) were 

suggested to bind to the active site within PTP1B. To the best of our knowledge, PTP1B inhibitory 

activity of styrylpyrones and anhydrofulvic acid has not been previously reported. Although 

compounds 2 and 3 share close structural features, only anhydrofulvic acid (2) displayed significant 

PTP1B inhibitory effects in our assay system, and this finding suggested that the linear tricyclic 

system and the position of the carbonyl groups in compound 2 might be the important structure 

features for its binding to the active site of PTP1B. 

Table 2. PTP1B inhibitory activity with IC50 values of compounds 1–3. 

Compounds IC50 

Ursolic acid 3.10 μM 
a 

Penstyrylpyrone (1) 5.28 μM 

Anhydrofulvic acid (2) 1.90 μM 

Citromycetin (3) >25.8 μM 
a 
Positive control. 
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Figure 2. A Lineweaver-Burk plot for penstytrlpyrone (1) (A) and anhydrofulvic acid (2) 

(B) in the inhibition of PTP1B. The data represent the mean values ± SD of three 

experiments. The concentrations (μM) of penstytrlpyrone (1) (A) and anhydrofulvic acid 

(2) (B) are indicated. 

 

2.3. Effects of Compounds 1–3 on the Expression of Pro-Inflammatory Proteins and  

Production of Pro-Inflammatory Cytokines in Murine Peritoneal Macrophages Stimulated  

with Lipopolysaccharides (LPS) 

The expression of pro-inflammatory enzymes, including COX-2 and iNOS, plays an important  

role in immune-activated macrophages via the production of COX-2-derived PGE2 and iNOS-derived 

NO [20,21]. To investigate the effects of compounds on iNOS-derived NO and COX-2-derived PGE2 

production, and iNOS and COX-2 expression in LPS-stimulated macrophages, murine peritoneal 

macrophages were stimulated with LPS (1 μg/mL) for 18 h in the presence or absence of non-cytotoxic 

concentrations of compounds 1–3 (Figure S1). Among the tested compounds, penstyrylpyrone (1) 

exhibited NO and PGE2 production in a dose-dependent manner with IC50 values of 12.32 μM and 

9.35 μM (Table 3), respectively, while anhydrofulvic acid (2) and citromycetin (3) did not show any 

reduction of NO and PGE2 up to 40 μM. In addition, pre-treatment of the macrophages with 

penstyrylpyrone (1) for 12 h resulted in decreased iNOS and COX-2 expression (Figure 3A), and 

attenuated the production of iNOS-derived NO and COX-derived PGE2 production (Figure 4A). The 

finding that penstyrylpyrone (1) suppressed LPS-induced pro-inflammatory mediators, such as NO, 

PGE2, iNOS, and COX-2, led further investigation of the effects of penstyrylpyrone (1) on LPS-induced 

TNF-α and IL-1β production, which are other pro-inflammatory mediators. When murine peritoneal 

macrophages were pre-treated with penstyrylpyrone (1) for 12 h and subsequently stimulated with 

LPS, penstyrylpyrone (1) was shown to decrease IL-1β (Figure S2A) and TNF-α (Figure S2B) 

production in a concentration-dependent manner as determined by enzyme immunoassays. 
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Table 3. Effects of 1–3 on the NO, PGE2, TNF-α, and IL-1β production with IC50 values. 

Compounds 
NO  

production  

PGE2  

production  

IL-1β  

production  

TNF-α 

production  

Penstyrylpyrone (1)  12.32 μM  9.35 μM  13.54 μM  18.32 μM  

Anhydrofulvic acid (2)  >40 μM  >40 μM  >40 μM  >40 μM  

Citromycetin (3)  >40 μM  >40 μM  >40 μM  >40 μM  

Figure 3. The effects of penstyrylpyrone (1) (A), anhydrofulvic acid (2) (B), and 

citromycetin (3) (C) on the protein expression of iNOS and COX-2 in murine peritoneal 

macrophages stimulated with LPS. Murine peritoneal macrophages were pre-treated for  

12 h at the indicated compound concentrations and stimulated for 18 h with LPS  

(1 μg/mL). Western blotting analysis was performed, and the representative blots of three 

independent experiments are shown. 

 

Figure 4. The effects of penstyrylpyrone (1), anhydrofulvic acid (2), and citromycetin (3) 

on nitrite (A, C, E) and PGE2 (B, D, F) production in murine peritoneal macrophages 

stimulated with LPS. Murine peritoneal macrophages were pre-treated for 12 h at the 

indicated compound concentrations and stimulated for 18 h with LPS (1 μg/mL). The 

concentrations of nitrite and PGE2 were determined. The data represent the mean  

values ± SD of three experiments. * p < 0.05 compared with the group treated with LPS. 
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2.4. Effects of Penstyrylpyrone (1) on the Protein Expression Levels of IκB-α Phosphorylation  

and Degradation as well as NF-κB Translocation and DNA Binding Activity in Murine  

Peritoneal Macrophages 

The transcription factor NF-κB (of which, the p50/p65 heterodimer is the most common) has been 

implicated in the regulation of many genes that encode for mediators of immune, acute-phase, and 

inflammatory responses, including iNOS and COX-2 [32]. Under basal conditions, NF-κB is 

sequestered in the cytoplasm by inhibitor proteins, including IκB; however, when it is released upon 

stimulation, NF-κB dimers translocate into the nucleus to activate target genes via high affinity 

binding to κB elements in their promoters [33]. Therefore, the phosphorylation and degradation of 

IκB-α, an inhibitor of NF-κB nuclear translocation, were evaluated as a next step to determine the 

mechanisms by which penstyrylpyrone (1) suppressed the production of LPS-induced pro-inflammatory 

enzymes and mediators. As shown in Figure 5, IκB-α in murine peritoneal macrophages was degraded 

after LPS treatment (1 μg/mL for 1 h). However, pre-treatment of penstyrylpyrone (1) for 12 h, at 

concentrations ranging from 5 to 40 μM, markedly inhibited LPS-induced phosphorylation and 

degradation of IκB-α, thereby preventing NF-κB (p65) translocation into the nucleus. Nuclear p65 

protein levels increased after treatment with LPS for 1 h. However, this response was gradually 

inhibited by the treatment with penstyrylpyrone (1) in a dose-dependent manner. We also observed an 

increase in the DNA-binding activity of NF-κB in nuclear extracts obtained from murine peritoneal 

macrophages that were stimulated with LPS for 1 h. Compared with controls, treatment with LPS 

increased NF-κB DNA-binding activity by approximately 3-fold. However, penstyrylpyrone (1) 

impaired this activity in a concentration-dependent manner (Figure 5C).  

Figure 5. The effects of penstyrylpyrone (1) on the protein expression level of IκB-α 

phosphorylation, degradation of IκB-α (A), NF-κB translocation (B), and NF-κB DNA 

binding activity (C) in murine peritoneal macrophages. Murine peritoneal macrophages 

were pre-treated for 12 h at the indicated concentrations of penstyrylpyrone (1), and 

stimulated for 1 h with LPS (1 μg/mL). Western blotting analysis of IκB-α and p-IκB-α in 

the cytoplasm and NF-κB in the nucleus (A, B) were performed. A commercially available 

NF-κB ELISA (Active Motif) was used to test the nuclear extracts and to determine the 

degree of NF-κB binding (C). The data represent the mean values ± SD of three 

experiments. * p < 0.05 compared with the group treated with LPS. 
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2.5. Effects of Penstyrylpyrone (1) on HO-1 Expression via Nuclear Translocation of Nrf2 in Murine 

Peritoneal Macrophages 

HO-1 has been recognized for its major immunomodulatory and anti-inflammatory properties in a 

number of inflammation models [16,17]. The anti-inflammatory action of HO-1 is mediated by  

the inhibition of the production of pro-inflammatory cytokines and chemokines, such as NO, PGE2, 

TNF-α, IL-1β, and IL-6, through NF-κB pathways in activated macrophages [18–21,34]. Therefore, 

we next examined whether penstyrylpyrone (1) induced HO-1 expression in murine peritoneal 

macrophages. In cells treated with non-cytotoxic concentrations of penstyrylpyrone (1) (5–40 μM for 

12 h), we found a concentration-dependent increase in the protein HO-1 expression (Figure 6A). 

Treatment with penstyrylpyrone (1) concentrations above 10 μM showed a considerable increase in 

HO-1 expression. In addition, treatment with penstyrylpyrone (1) concentrations of 40 μM resulted in 

a temporal increase in HO-1 expression. As shown in Figure 6B, HO-1 protein expression began to 

increase 6 h after penstyrylpyrone (1) treatment, and the maximum level of HO-1 protein expression 

was reached at 18 h after treatment. 

Figure 6. The effects of penstyrylpyrone (1) on the protein expression of HO-1 in murine 

peritoneal macrophages. Murine peritoneal macrophages were incubated for 12 h with the 

indicated concentrations of penstyrylpyrone (1). Western blotting analyses revealed 

concentration-dependent (A) and time-dependent (B) HO-1 protein expression. 

Representative blots of three independent experiments are shown. The data represent the 

mean ± SD of three experiments. * p < 0.05 compared with the control group. 

 

The redox-dependent transcription factors such as Nrf2, which is a master regulator of the NF-κB 
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activation of ARE. When macrophages were incubated with penstyrylpyrone (1) for 15, 30, 60, 90, and 

120 min at a concentration of 40 μM, the nuclear fractions of the macrophages showed a gradual 

increase in Nrf2 levels with a concomitant decrease in cytoplasmic Nrf2 levels (Figure 7A). In 

addition, we found that ARE activation gradually increased in a dose-dependent manner (Figure 7B). 

These suggest that penstyrylpyrone (1) was associated with HO-1 expression via Nrf2-ARE pathways. 

Figure 7. The effects of penstyrylpyrone (1) on the nuclear translocation of Nrf2 (A) and 

anti-oxidant response element (ARE) activation (B) in murine peritoneal macrophages. 

Murine peritoneal macrophages were treated with 40 μM of penstyrylpyrone (1) for 15, 30, 

60, 90 and 120 min. The nuclei were fractionated from the cytosol using PER-Mammalian 

Protein Extraction buffer. Nrf2 protein was detected using Western blotting analysis and 

representative blots of three independent experiments are shown. Quiescent cells 

transiently transfected with ARE-luciferase or control vector were incubated for 1 h with 

indicated concentrations of latifolin in the presence of 5% FBS. Cell lysates were assayed 

for luciferase activity and depicted by fold induction by normalizing the transfection 

efficiency and dividing the values of each experiment relative to the control. * p < 0.05 

compared to the control group. 
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supported that the induction of HO-1 by penstyrylpyrone (1) contributes to the inhibitory effects on the 

production of pro-inflammatory mediators via NF-κB pathways. 

Figure 8. The effects of SnPP on the inhibition of nitrite production (A), PGE2 production 

(B), NF-κB DNA-binding activity (C), TNF-α production (D), and IL-1β production (E) 

by penstyrylpyrone (1) pre-treatment of LPS-stimulated murine peritoneal macrophages. 

Murine peritoneal macrophages were pre-treated for 12 h with penstyrylpyrone (1)  

(40 μM), in the presence or absence of SnPP (50 μM) and stimulated for 18 h with LPS  

(1 μg/mL). The nitrite (A), PGE2 (B), TNF-α (D), and IL-1β (E) concentrations and 

nuclear NF-κB DNA-binding activity (C) were investigated as described in Materials and 

Methods. The data represent the mean ± SD of three experiments. * p < 0.05 compared 

with the control group; ** p < 0.05 compared with the group treated with LPS alone;  
#
 p < 0.05 compared with the group treated with penstyrylpyrone (1) and LPS. 

 

3. Experimental Section 

3.1. General Experimental Procedures and Materials 

UV spectra were recorded on a Biochrom 1300 UV/visible spectrophotometer. IR spectra were 

obtained on a Spectrum GX FT-IR Spectrometer (Perkin Elmer, Hanover, MD, USA). ESIMS data 

were obtained using a Q-TOF micro LC-MS/MS instrument (Waters, Milford, MA, USA). NMR 

spectra (1D and 2D) were recorded in DMSO by using a JEOL JNM ECP-400 spectrometer (400 MHz 

for 
1
H and 100 MHz for 

13
C), and chemical shifts were referenced relative to the residual solvent peaks  

(δH/δC = 2.50/39.5 ppm). HSQC and HMBC spectroscopy experiments were optimized for  
1
JCH = 140 Hz and 

n
JCH = 8 Hz, respectively. Solvents for extraction and open-column chromatography 

were reagent grade and used without further purification. Solvents used for HPLC were analytical 
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grade. Flash column chromatography was performed using Aldrich octadecyl-functionalized silica gel 

(C18). HPLC separations were performed on a Shiseido Capcell Pak C18 column (20 × 150 mm; 5 μm 

particle size) with a flow rate of 5 mL/min. Compounds were detected by UV absorption at 254 nm. 

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and other tissue culture 

reagents were purchased from Gibco BRL Co. (Grand Island, NY, USA). Tin protoporphyrin IX 

(SnPP IX), an inhibitor of HO-1, was obtained from Porphyrin Products (Logan, UT, USA). TG was 

purchased from BD Pharmingen (San Diego, CA, USA). All of the other chemicals were obtained 

from Sigma Chemical Co. (St. Louis, MO, USA) unless stated otherwise. Primary antibodies, 

including those raised against HO-1, COX-2, iNOS, IκB-α, p-IκB-α, and p65, and the appropriate 

secondary antibodies used for western blotting analysis were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Enzyme-linked immunosorbent assay (ELISA) kits for PGE2, 

TNF-α, and IL-1β were purchased from R & D Systems (Minneapolis, MN, USA). 

3.2. Specimen Collection and Identification of the Marine-Derived Fungus Penicillium sp. JF-55 

The fungal strain Penicillium sp. JF-55 was isolated from an unidentified sponge that was manually 

collected using scuba equipment off the shores of Jeju Island in February 2009. The sample was stored 

in a sterile plastic bag and transported to the laboratory, where it was kept frozen until further 

processing. The sample was diluted 10 times by using sterile seawater. One milliliter of the diluted 

sample was processed using the spread plate method in potato dextrose agar (PDA) medium 

(containing 3% NaCl) plates. The plate was incubated at 25 °C for 14 days. After the isolates were 

purified several times, the final pure cultures were selected and preserved at −70 °C. This fungus was 

identified on the basis of an analysis of ribosomal RNA (rRNA) sequences. A GenBank search using 

the 28S rRNA gene of JF-55 (Genbank accession number JQ342168) indicated Penicillium glabrum 

(AB470560), Eupenicillium sp. (FJ800556), and Chromocleista malachitea (FJ358281) as the closest 

matches, which showed sequence identities of 99%, 96%, and 95%, respectively. Thus, the  

marine-derived fungal strain JF-55 was characterized as Penicillum sp.  

3.3. Isolation of Compounds 1–3 from the Marine-Derived Fungus Penicillium sp. JF-55 

The fungal strain was cultured on 50 petri-dish plates (90 mm), each containing 20 mL of PDA 

media (0.4% (w/v) potato starch, 2% (w/v) dextrose, 3% (w/v) NaCl, 1.5% (w/v) agar). The plates 

were individually inoculated with 20 mL of the fungal strain culture and incubated at 25 °C for a 

period of 14 days. Extraction of the agar media by using methylethylketone (2 × 500 mL) provided an 

organic phase, which was then concentrated in vacuo to yield 878.6 mg of the extract. The extract was 

subjected to C18 flash column chromatography (5 × 40 cm), and eluted using a stepwise gradient of 

20%, 40%, 60%, 80%, and 100% (v/v) MeOH in H2O (500 mL each). The eluted fractions at 80% 

MeOH (66.8 mg) were purified using semi-preparative reversed-phase HPLC elution with a gradient 

from 40% to 80% MeOH in H2O (0.1% formic acid) over 50 min to yield compound 1 (13.8 mg,  

tR = 24.3 min) and compound 2 (6.9 mg, tR = 19.6 min). A portion (52.5 mg) of the eluted fractions at 

40% MeOH (201.1 mg) was purified using semi-preparative reversed-phase HPLC elution with a 

gradient from 20% to 80% MeOH in H2O (0.1% formic acid) over 60 min to yield compound 3  

(19.8 mg, tR = 26.0 min). 
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Data for penstyrylpyrone (1): dark brown gum; UV (MeOH) λmax nm (log ε): 212(4.13), 236(4.07), 

363(4.15); IR (KBr) νmax 3443, 3083, 2950, 1688, 1551, 1465, 1378, 1268, 1144, 1018, 969, 750,  

690 cm
−1

; 
1
H NMR and 

13
C NMR data, see Table 1; HRESIMS m/z 243.1033 [M + H]

+
 (calculated for 

C15H15O3, 243.1021). 

3.4. PTP1B Assay 

PTP1B (human, recombinant) was purchased from BIOMOL Research Laboratories, Inc. Enzyme 

activity was measured in a reaction mixture containing 2 mM p-nitrophenyl phosphate (pNPP) in  

50 mM citrate, pH 6.0 (composition: 0.1 M NaCl, 1 mM EDTA, and 1 mM dithiothreitol (DTT)). The 

reaction mixture was placed in an incubator maintained at 30 °C for 30 min, and the reaction was 

terminated by the addition of 1 N NaOH. The amount of p-nitrophenol produced was estimated by 

measuring the increase in absorbance at 405 nm. The nonenzymatic hydrolysis of 2 mM pNPP was 

corrected by measuring the increase in absorbance at 405 nm in the absence of PTP1B enzyme [35,36]. 

For the kinetic analysis, the reaction mixture consisted of different concentrations of pNPP as a PTP1B 

substrate in the absence or presence of compound 1, and assays were performed as described above. 

The Michaelis-Menten constant (Km) and maximum velocity (Vmax) of PTP1B were determined by the 

Lineweaver-Burk plot using a GraphPad Prism
®
 4 program (GraphPad Software Inc., San Diego,  

CA, USA). 

3.5. Peritoneal Macrophage Cultures  

C57BL/6 mice were purchased from Orient Bio Co. (Sungnam, Kyung-Kido, Korea). TG-elicited 

peritoneal macrophages were harvested four days after intraperitoneal (i.p.) injection of 3 mL of  

TG [37]. Peritoneal lavage was performed using 8 mL of Hanks’ Balanced Salt Solution containing  

10 U/mL heparin. The cells were distributed in Roswell Park Memorial Institute medium (RPMI) 

supplemented with 10% heat-inactivated FBS, in 6-well tissue culture plates (5 × 10
6
 cells/mL). 

3.6. Cell Viability Assay 

The effects of various experimental modulations on cell viability were evaluated according to 

mitochondrial reductase function by using an assay based on the reduction of tetrazolium salt  

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) into formazan crystals [38]. 

3.7. Determination of Nitrite Production  

The production of nitrite, a stable end product of NO oxidation, was used as a measure of iNOS 

activity. The nitrite present in the conditioned medium was determined using a method based on the 

Griess reaction [39]. 

3.8. PGE2, TNF-α and IL-1β Assay 

The level of PGE2, TNF-α or IL-1β present in each sample was determined using a commercially 

available kit from R & D Systems [40]. The assay was performed according to the manufacturer’s 

instructions. Briefly, murine peritoneal macrophages were cultured in 24-well plates, pre-incubated for 
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12 h with different concentrations of compounds 1–3, and then stimulated for 18 h with LPS. The cell 

culture supernatants were then immediately collected after treatment and centrifuged at 13,000× g  

for 2 min to remove particulate matter. The medium was added to a 96-well plate pre-coated with 

affinity-purified PGE2-specific polyclonal antibodies or the medium was added to a 96-well plate  

pre-coated with affinity-purified polyclonal antibodies that were specific to mouse TNF-α or IL-1β. An 

enzyme-linked polyclonal antibody specific for PGE2, mouse TNF-α or IL-1β was added to the wells 

for 20 h, followed by a final wash to remove any unbound antibody-enzyme reagent. A substrate 

solution was added, and the intensity of the color produced, which was measured at 450 nm  

(the correction wavelength was set at 540 nm or 570 nm), was proportional to the amount of PGE2, 

TNF-α or IL-1β present. 

3.9. Preparation of Cytosolic and Nuclear Fractions 

Murine peritoneal macrophages were homogenized (1:20, w:v) in PER-Mammalian Protein 

Extraction buffer (Pierce Biotechnology, Rockford, IL, USA) containing freshly added protease 

inhibitor cocktail I (EMD Biosciences, San Diego, CA, USA) and 1 mM phenylmethylsulfonyl 

fluoride (PMSF). The cytosolic fraction of the cells was prepared by centrifugation at 15,000× g for  

10 min at 4 °C. Nuclear and cytoplasmic extracts of murine peritoneal macrophages were prepared 

using NE-PER nuclear and cytoplasmic extraction reagents (Pierce Biotechnology). After treatment, 

the murine peritoneal macrophages (3 × 10
6
 cells/3 mL in 60 mm dishes) were collected and washed 

with phosphate-buffered saline (PBS). After centrifugation, cell lysis was performed at 4 °C by 

vigorous shaking for 15 min in a radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl,  

1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl (pH 7.4), 50 mM 

glycerophosphate, 20 mM NaF, 20 mM ethylene glycol tetraacetic acid (EGTA), 1 mM dithiothreitol 

(DTT), 1 mM Na3VO4, and protease inhibitors). After centrifugation at 15,000× g for 15 min, the 

supernatant was separated and stored at −70 °C until further use. The protein concentration was 

determined using the bicinchoninic acid (BCA) protein assay kit. 

3.10. Western Blotting Analysis 

Western blotting analysis was performed by lysing the cells in 20 mM Tris-HCl buffer (pH 7.4) 

containing a protease inhibitor mixture (0.1 mM PMSF, 5 mg/mL aprotinin, 5 mg/mL pepstatin A, and 

1 mg/mL chymostatin). The protein concentration was determined using a Lowry protein assay kit 

(P5626; Sigma Chemical Co., St. Louis, MO, USA). An equal amount of protein for each sample was 

resolved using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then 

electrophoretically transferred onto a Hybond enhanced chemiluminescence (ECL) nitrocellulose 

membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked with 5% skimmed milk and 

sequentially incubated with primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 

horseradish peroxidase-conjugated secondary antibody followed by ECL detection (Amersham 

Pharmacia Biotech, Piscataway, NJ, USA). 
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3.11. DNA-Binding Activity of NF-κB  

The DNA-binding activity of NF-κB in the nuclear extracts was measured using the TransAM kit 

(Active Motif, Carlsbad, CA, USA) according to the manufacturer’s instructions. 

3.12. Statistical Analysis 

The data were expressed as the mean ± standard deviation (SD) of at least three independent 

experiments. To compare three or more groups, one-way analysis of variance (ANOVA) followed by 

the Newman-Keuls post hoc test was used. Statistical analysis was performed using GraphPad Prism 

software, version 3.03 (GraphPad Software Inc., San Diego, CA, USA). 

4. Conclusions 

Chemical investigation of the marine-derived fungus Penicillium sp. JF-55 afforded a new 

styrylpyrone-type metabolite penstyrylpyrone (1), along two known metabolites, anhydrofulvic acid 

(2) and citromycetin (3). Although phenylpropanoids are well-known plant secondary metabolites, 

very little is known about phenylpropanoids in the fungal metabolites community [25]. Styrylpyrones 

such as hispidine are the most abundant phenylpropanoids found in fungi, and these types of 

compounds are thought to be biosynthesized by the polyketide pathway [41]. In particular, mushrooms 

are known to produce a variety of styrylpyrones and their biological effects, including anti-oxidative, 

anti-cancer, anti-platelet, anti-diabetic, anti-inflammatory, and anti-viral activities, have been  

shown [42]. Anhydrofulvic acid (2) and citromycetin (3) are members of an under-represented 

structural class that forms via a single linear heptaketide, and their weak CD4-binding activity has 

been previously reported [43]. In addition, the anti-fungal activity of anhydrofulvic acid and its mode 

of action have been previously investigated [28], and citromycetin has been patented for the treatment 

of neurodegenerative diseases such as Alzheimer’s, Lewy body, and Parkinson’s disease [29]. 

However, to the best our knowledge, PTP1B inhibitory activity of styrylpyrones and anhydrofulvic 

acid (2) has never been reported. In the course of further pharmacological evaluation of the compounds 

1–3, it was also shown that penstyrylpyrone (1) suppressed the production of pro-inflammatory 

mediators such as NO, PGE2, TNF-α, and IL-1β via the inhibition of NF-κB pathway probably through 

the expression of anti-inflammatory HO-1 expression in LPS-induced murine peritoneal macrophages. 

It is noteworthy that several studies have indicated that the production of pro-inflammatory mediators, 

such as TNF-α regulate PTP1B overexpression in obesity on the models of in vivo and in vitro [44,45]. 

In addition, PTP1B was suggested to be a key contributor to TNF-α-induced insulin resistance and 

inflammatory conditions in obesity by the other study showing that deficiency of PTP1B ameliorates 

pro-inflammatory TNF-α-induced insulin resistance and obesity-associated inflammation during  

aging [45,46]. Therefore, it was suggested that PTP1B is implicated in the development of 

inflammation and insulin resistance associated with obesity during aging [44–46]. Taken together, 

penstyrylpyrone (1) is of interest due to the potential of modulating multiple targets, and may be a 

potential therapeutic candidate for the treatment of both type II diabetes and inflammatory diseases. 

  



Mar. Drugs 2013, 11 1423 

 

 

Acknowledgments 

This research was supported by grants from the Global R & D Center (GRDC) Program through the 

National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and 

Technology of Korea (MEST) and from the Basic Science Research Program through the National 

Research Foundation of Korea (NRF) funded by the Ministry of Education, Science, and Technology 

(MEST) (No. 2012R1A5A2A35671251). 

References 

1. Olano, C.; M ndez, C.; Salas, J.A. Antitumor compounds from marine actinomycetes.  

Mar. Drugs 2009, 7, 210−248. 

2. Rateb, M.E.; Ebel, R. Secondary metabolites of fungi from marine habitats. Nat. Prod. Rep. 2011, 

28, 290−344. 

3. Debbab, A.; Aly, A.H.; Lin, W.H.; Proksch, P. Bioactive compounds from marine bacteria and 

fungi. Microb. Biotechnol. 2010, 3, 544–563. 

4. Greve, H.; Mohamed, I.E.; Pontius, A.; Kehraus, S.; Gross, H.; König, G.M. Fungal metabolites: 

Structural diversity as incentive for anticancer drug development. Phytochem. Rev. 2010, 9,  

537–545. 

5. Liu, D.; Li, X.M.; Meng, L.; Li, C.S.; Gao, S.S.; Shang, Z.; Proksch, P.; Huang, C.G.; Wang, B.G. 

Nigerapyrones A–H, α-pyrone derivatives from the marine mangrove-derived endophytic fungus 

Aspergillus niger MA-132. J. Nat. Prod. 2011, 74, 1787−1791. 

6. Yan, H.J.; Li, X.M.; Li, C.S.; Wang, B.G. Alkaloid and anthraquinone derivatives produced by 

the marine-derived endophytic fungus Eurotium rubrum. Helv. Chim. Acta 2012, 95, 163−168. 

7. Seo, C.; Sohn, J.H.; Oh, H.; Kim, B.Y.; Ahn, J.S. Isolation of the protein tyrosine ohosphatase 1B 

inhibitory metabolite from the marine-derived fungus Cosmospora sp. SF-5060. Bioorg. Med. 

Chem. Lett. 2009, 19, 6095–6097. 

8. Lee, D.S.; Jeong, G.S.; Li, B.; Lee, S.U.; Oh, H.; Kim, Y.C. Asperlin from the marine-derived 

fungus Aspergillus sp. SF-5044 exerts anti-inflammatory effects through heme oxygenase-1 

expression in murine macrophages. J. Pharmacol. Sci. 2011, 116, 283–295. 

9. Fisher, E.H.; Charbonneau, H.; Tonks, N.K. Protein tyrosine phosphatases: A diverse family of 

intracellular and transmembrane enzymes. Science 1991, 253, 401–406. 

10. Hunter, T. Protein kinases and phosphatases: The yin and yang of protein phosphorylation and 

signaling. Cell 1995, 80, 225–236. 

11. Saltiel, A.R.; Kahn, C.R. Insulin signalling and the regulation of glucose and lipid metabolism. 

Nature 2001, 414, 799–806.  

12. Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.; Collins, S.; Loy, A.L.; Normandin, D.; 

Cheng, A.; Himms-Hagen, J.; Chan, C.C.; et al. Increased insulin sensitivity and obesity resistance in 

mice lacking the protein tyrosine phosphatase-1B gene. Science 1999, 283, 1544–1548. 

  



Mar. Drugs 2013, 11 1424 

 

 

13. Klaman, L.D.; Boss, O.; Peroni, O.D.; Kim, J.K.; Martino, J.L.; Zabolotny, J.M.; Moghal, N.; 

Lubkin, M.; Kim, Y.B.; Sharpe, A.H.; et al. Increased energy expenditure, decreased adiposity, 

and tissue-specific insulin sensitivity in protein-tyrosine phosphatase 1B-deficient mice.  

Mol. Cell. Biol. 2000, 20, 5479–5489. 

14. Koren, S.; Fantus, I.G. Inhibition of the protein tyrosine phosphatase PTP1B: Potential therapy for 

obesity, insulin resistance and type-2 diabetes mellitus. Best Pract. Res. Clin. Endocrinol. Metab. 

2007, 21, 621–640. 

15. Dadke, S.; Chernoff, J. Protein-tyrosine phosphatase 1B as a potential drug target for obesity. 

Curr. Drug Targets Immune Endocr. Metabol. Disord. 2003, 3, 299–304. 

16. Paine, A.; Eiz-Vesper, B.; Blasczyk, R.; Immenschuh, S. Signaling to heme oxygenase-1 and its 

anti-inflammatory therapeutic potential. Biochem. Pharmacol. 2010, 80, 1895–1903. 

17. Ryter, S.W.; Alam, J.; Choi, A.M. Heme oxygenase-1/carbon monoxide: From basic science to 

therapeutic applications. Physiol. Rev. 2006, 86, 583–650. 

18. Otterbein, L.E.; Bach, F.H.; Alam, J.; Soares, M.; Lu, H.T.; Wysk, M.; Davis, R.J.;  

Flavell, R.A.; Choi, A.M. Carbon monoxide has anti-inflammatory effects involving the  

mitogen-activated protein kinase pathway. Nat. Med. 2000, 6, 422–428. 

19. Wiesel, P.; Foster, L.C.; Pellacani, A.; Layne, M.D.; Hsieh, C.M.; Huggins, G.S.; Strauss, P.;  

Yet, S.F.; Perrella, M.A. Thioredoxin facilitates the induction of heme oxygenase-1 in response to 

inflammatory mediators. J. Biol. Chem. 2000, 275, 24840–24846. 

20. Suh, G.Y.; Jin, Y.; Yi, A.K.; Wang, X.M.; Choi, A.M. CCAAT/enhancer-binding protein 

mediates carbon monoxide-induced suppression of cyclooxygenase-2. Am. J. Respir. Cell Mol. 

Biol. 2006, 35, 220–226. 

21. Oh, G.S.; Pae, H.O.; Lee, B.S.; Kim, B.N.; Kim, J.M.; Kim, H.R.; Jeon, S.B.; Jeon, W.K.;  

Chae, H.J.; Chung, H.T. Hydrogen sulfide inhibits nitric oxide production and nuclear  

factor-kappaB via heme oxygenase-1 expression in RAW264.7 macrophages stimulated with 

lipopolysaccharide. Free Radic. Biol. Med. 2006, 41, 106–119. 

22. Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; Hayashi, N.;  

Satoh, K.; Hatayama, I.; et al. An Nrf2/small Maf heterodimer mediates the induction of phase II 

detoxifying enzyme genes through antioxidant response elements. Biochem. Biophys. Res. 

Commun. 1997, 236, 313–322. 

23. Kobayashi, M.; Yamamoto, M. Molecular mechanisms activating the Nrf2-Keap1 pathway of 

antioxidant gene regulation. Antioxid. Redox Signal. 2005, 7, 385–394. 

24. Schmidt, L.E.; Gloer, J.B.; Wicklow, D.T. Solanapyrone analogues from a Hawaiian fungicolous 

fungus. J. Nat. Prod. 2007, 70, 1317–1320. 

25. Kemami, H.V.K.; Hertweck, C. Squarrosidine and pinillidine: 3,3′-fused bis (styrylpyrones) from 

Pholiota squarrosa and Phellinus pini. Eur. J. Org. Chem. 2007, 20, 3292–3295. 

26. Mo, S.Y.; Yang, Y.C.; He, W.Y.; Shi, J.G. Two pyrone derivatives from fungus  

Phellinus igniarius. Chin. Chem. Lett. 2003, 14, 704–706. 

27. Ali, N.A.A.; Jansen, R.; Pilgrim, H.; Liberra, K.; Lindequist, U. Hispolon, a yellow pigment from 

Inonotus hispidus. Phytochemistry 1996, 41, 927–929. 

28. Fujita, K.I.; Nagamine, Y.; Ping, X.; Taniguchi, M. Mode of action of anhydrofulvic acid against 

Candida utilis ATCC 42402 under acidic condition. J. Antibiot. 1999, 52, 628–634. 



Mar. Drugs 2013, 11 1425 

 

 

29. Capon, R.J.; Stewart, M.; Ratnayake, R.; Lacey, E.; Gill, J.H. Citromycetins and bilains A–C: 

New aromatic polyketides and diketopiperazines from Australian marine-derived and terrestrial 

Penicillium spp. J. Nat. Prod. 2007, 70, 1746–1752. 

30. Na, M.; Tang, S.; He, L.; Oh, H.; Kim, B.S.; Oh, W.K.; Kim, B.Y.; Ahn, J.S. Inhibition of protein 

tyrosine phosphatase 1B by ursane-type triterpenes isolated from Symplocos paniculata.  

Planta Med. 2006, 72, 261–263. 

31. Zhang, W.; Hong, D.; Zhou, Y.; Zhang, Y.; Shen, Q.; Li, J.; Hu, L.; Li, J. Ursolic acid and its 

derivative inhibit protein tyrosine phosphatase 1B, enhancing insulin receptor phosphorylation 

and stimulating glucose uptake. Biochem. Biophy. Acta 2006, 1760, 1505–1512. 

32. Surh, Y.J.; Chun, K.S.; Cha, H.H.; Han, S.S.; Keum, Y.S.; Park, K.K.; Lee, S.S. Molecular 

mechanisms underlying chemopreventive activities of anti-inflammatory phytochemicals:  

Down-regulation of COX-2 and iNOS through suppression of NF-kappaB activation. Mutat. Res. 

2001, 480–481, 243–268. 

33. Verma, I.M.; Stevenson, J.K.; Schwarz, E.M.; van Antwerp, D.; Miyamoto, S.  

Rel/NF-kappaB/IkappaB family: Intimate tales of association and dissociation. Genes Dev. 1995, 

9, 2723–2735. 

34. Sato, K.; Balla, J.; Otterbein, L.; Smith, R.N.; Brouard, S.; Lin, Y.; Csizmadia, E.; Sevigny, J.; 

Robson, S.C.; Vercellotti, G.; et al. Carbon monoxide generated by heme oxygenase-1 suppresses 

the rejection of mouse-to-rat cardiac transplants. J. Immunol. 2001, 166, 4185–4194. 

35. Hamaguchi, T.; Sudo, T.; Osada, H. RK-682, a potent inhibitor of tyrosine phosphatase, arrested 

the mammalian cell cycle progression at G1phase. FEBS Lett. 1995, 372, 54–58. 

36. Oh, H.; Kim, B.S.; Bae, E.Y.; Kim, M.S.; Kim, B.Y.; Lee, H.B.; Kim, C.J.; Ahn, J.S. Inhibition of 

PTP1B by metabolites from Micromucor ramannianus var. angulisporus CRM000232.  

J. Antibiot. 2004, 57, 528–531. 

37. Narumi, S.; Finke, J.H.; Hamilton, T.A. Interferon gamma and interleukin 2 synergize to induce 

selective monokine expression in murine peritoneal macrophages. J. Biol. Chem. 1990, 265, 

7036–7041. 

38. Berridge, M.V.; Tan, A.S. Characterization of the cellular reduction of 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT): Subcellular localization, substrate dependence, and 

involvement of mitochondrial electron transport in MTT reduction. Arch. Biochem. Biophys. 

1993, 303, 474–482. 

39. Titheradge, M.A. The enzymatic measurement of nitrate and nitrite. Meth. Mol. Biol. 1998, 303, 

474–482. 

40. Sawle, P.; Foresti, R.; Mann, B.E.; Johnson, T.R.; Green, C.J.; Motterlini, R. Carbon  

monoxide-releasing molecules (CO-RMs) attenuate the inflammatory response elicited by 

lipopolysaccharide in RAW264.7 murine macrophages. Br. J. Pharmacol. 2005, 145, 800–810. 

41. Liljebris, C.; Martinsson, J.; Tedenborg, L.; Williams, M.; Barker, E.; Duffy, J.E.S.; Nygren, A.; 

James, S. Pigments of fungi (macromycetes). Nat. Prod. Rep. 2010, 27, 1531–1570. 

42. Lee, I.K.; Yun, B.S. Styrylpyrone-class compounds from medicinal fungi Phellinus and Inonotus 

spp., and their medicinal importance. J. Antiobiot. 2011, 64, 349–359. 



Mar. Drugs 2013, 11 1426 

 

 

43. Wrigley, S.K.; Latif, M.A.; Gibson, T.M.; Chicarelli-Robinson, M.I.; Williams, D.H. Structure 

elucidation of xanthone derivatives with CD4-binding activity from Penicillium glabrum 

(Wehmer) Westling. Pure Appl. Chem. 1994, 66, 2383–2386. 

44. Zabolotny, J.M.; Kim, Y.B.; Welsh, L.A.; Kershaw, E.E.; Neel, B.G.; Kahn, B.B. Proteintyrosine 

phosphatase 1B expression is induced by inflammation in vivo. J. Biol. Chem. 2008, 283,  

14230–14241. 

45. González-Rodríguez, A.; Más-Gutierrez, J.A.; Mirasierra, M.; Fernandez-Pérez, A.; Lee, Y.J.;  

Ko, H.J.; Kim, J.K.; Romanos, E.; Carrascosa, J.M.; Ros, M.; et al. Essential role of protein 

tyrosine phosphatase 1B in obesity-induced inflammation and peripheral insulin resistance during 

aging. Aging Cell 2012, 11, 284–296. 

46. García-San Frutos, M.; Fernández-Agulló, T.; Carrascosa, J.M.; Horrillo, D.; Barrús, M.T.; 

Oliveros, E.; Sierra, J.; Ros, M. Involvement of protein tyrosine phosphatases and inflammation 

in hypothalamic insulin resistance associated with ageing: Effect of caloric restriction.  

Mech. Aging Dev. 2012, 133, 489–497. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


