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Two new citrinin dimers bearing a 6,6-spiroketal moiety (1 and 2) and four known analogues (3–6), together with 18 known citrinin monomers (7–24), were isolated from the culture of hydrothermal vent-associated fungus Penicillium citrinum Y34. Their structures were identified by extensive spectroscopic analyses, 13C NMR calculation in combination with DP4+, linear correlation coefficient (R2), and mean absolute error (MAE) values analyses, and electronic circular dichroism (ECD) calculation. The α-glucosidase and ATP-citrate lyase (ACL) inhibitory activities of isolated compounds were evaluated. Compounds 1, 3, and 12 displayed moderate α-glucosidase inhibitory activities with IC50 values of 239.8, 176.2, and 424.4 μM, respectively. Enzyme kinetics investigations of 1 and 3 suggested their non-competitive inhibition of α-glucosidase with Ki values of 204.3 and 212.7 μM, respectively. Meanwhile, compound 4 showed significant ACL inhibitory potential with an IC50 value of 17.4 μM. Furthermore, the interactions of 1, 3, and 12 with α-glucosidase and 4 with ACL were investigated by molecular docking assay. This study demonstrates that citrinins, especially for their dimers, could be potential lead compounds for the development of new agents for the treatment of metabolic diseases.
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Introduction

Penicillium citrinum is one of the endophytic fungi that are usually found in commensalism with plants and marine biota. Many reports showed that it can produce a plethora of secondary metabolites like polyketides, alkaloids, peptides, and meroterpenoids (El-Neketi et al., 2013; Samanthi et al., 2015; Bakhtra et al., 2019; Anas et al., 2021). Among them, citrinin, a well-known polyketide derivative first isolated from P. citrinum, represents a large family of fungal mycotoxin (Clark et al., 2006; Li et al., 2017; Li et al., 2020). Recently, this class of natural products have attracted the attention of chemists and pharmacologists due to their unique structures and broad spectrum of activities such as anticancer, antimicrobial, radical-scavenging, anti-influenza, and neuro-protective effects (Zhang et al., 2007; Chang et al., 2009; Nakajima et al., 2016; Yang et al., 2018; Cao et al., 2019; Wang et al., 2019a). Structurally, citrinin monomers often possess core skeletons including benzo-pyran, benzo-furan, monobenzene, and quinone-pyran, and can polymerize to generate diverse dimers by direct carbon/carbon bonds or by oxygen, carbon, acetone, and carbonyl bridged linkage (Wang et al., 2019b). However, the citrinin dimers bearing a 6,6-spiroketal moiety are relative rare, and only three analogues, namely, xerucitrinin A, xerucitrinic acid A, and xerucitrinic acid B, have been reported till now. Meanwhile, citrinin dimers were reported to have potential antimicrobial effect and cytotoxicity (Sadorn et al., 2016; Salendra et al., 2021).

Disorders of carbohydrate and lipid metabolism are the main reason of metabolic diseases, which show an increasing morbidity recently and has become a growing concern worldwide (Megur et al., 2022). As α-glucosidase, a carbohydrate hydrolytic enzyme, is vital in modulating blood glucose levels, and ATP-citrate lyase (ACL) is a key enzyme that links carbohydrate with lipid metabolism by producing acetyl-CoA from citrate for the biosynthesis of fatty acid and cholesterol, they have been proven to be potential targets for the treatment of carbohydrate (such as diabetes) and lipid-disorder-related disease (such as hyperlipidemia and hypercholesterolemia) (Sansenya and Payaka, 2022; Wan et al., 2022; Zhou et al., 2022). Now, three α-glucosidase inhibitors, namely, acarbose, miglitol, and voglibose, are used in clinics for the treatment of diabetes. Recently, an ACL inhibitor, bempedoic acid, was approved for the treatment of hypercholesterolemic patients as monotherapy or in combination with ezetimibe (Delevry and Gupta, 2021; Sansenya and Payaka, 2022). Additionally, it was reported that polyketides have exhibited potential α-glucosidase and ACL inhibitory activities (Chen et al., 2021; Paulose and Chakraborty, 2022; Zhong et al., 2022). Thus, discovery of new polyketides with potential α-glucosidase and ACL inhibitory activities shows great promise for the development of new agents for the treatment of metabolic diseases.

In this study, our ongoing efforts to discover new bioactive metabolites from marine microorganisms (Gou et al., 2020; Gou et al., 2021) resulted in the isolation of 24 citrinin derivatives, including six citrinin dimers (1–6), in which compounds 1 and 2 were new ones with a 6,6-spiroketal moiety, and 18 known citrinin monomers 7–24 from hydrothermal vent sediment-derived fungus P. citrinum Y34. Here, we described the isolation and structural elucidation of two new citrinin dimers (1 and 2). Meanwhile, the α-glucosidase and ATP-citrate lyase (ACL) inhibitory activities of isolated compounds were conducted. The results demonstrated that compounds 1, 3, and 12 showed moderate α-glucosidase inhibitory activities and compound 4 displayed potent ACL inhibitory activity.



Materials and Methods


General Experimental Procedure

The instruments for data acquisition of infrared (IR), ultraviolet–visible (UV/vis), high-resolution electrospray ionization mass spectroscopy (HRESIMS), NMR, optical rotation, and circular dichroism (CD) spectra were consistent with our previous reports (Gou et al., 2020; Gou et al., 2021). Signals of deuterated solvents of CD3OD at δH 3.31/δC 49.0, DMSO-d6 at δH 2.50/δC 39.5, and CDCl3 at δH 7.26/δC 77.4 were used as internal references in the NMR measurement. The analytical high-performance liquid chromatography (HPLC) was run in an LC-20AB liquid chromatography coupled with a SPD-M20A DAD detector (Shimadzu, Kyoto, Japan). The preparative HPLC was conducted on an LC-20AT liquid chromatography coupled with an SPD-20A UV/Vis detector (Shimadzu, Kyoto, Japan). Columns for analytical and preparative HPLC were YMC-Triart C18 column (5 μm, φ 4.6×250 mm) and YMC Pack ODS-A column (5 μm, φ 10×250 mm), respectively (YMC, Japan). Silica gels (200–300 mesh) for column chromatography (CC) were products of Qingdao Marine Ltd., Shandong, China. Octadecylsilane (ODS) (12 nm, 50 μm) for CC was purchased from YMC Ltd. (Tokyo, Japan).

α-Glucosidase from Saccharomyces cerevisiae (G5003-100UN) was a product of Sigma-Aldrich Chemical Co. Ltd. (St. Louis, USA). 4-Nitrophenyl α-glucopyranoside (p-NPG) was purchased from Shanghai Macklin Biochemical Technology Co. Ltd., Shanghai, China. Acarbose was a product of Aladdin Reagent Co., Ltd. (Shanghai, China), and ADP-Glo™ Kinase Assay kit was purchased from Promega, Madison, USA.



Strain Material and Identification

The marine strain Y34 was isolated from hydrothermal vent sulfur-rich sediment, which was collected from Kueishantao, Taiwan, and identified as P. citrinum according to the morphological characteristics and internal transcribed spacer (ITS) sequence (Shi et al., 2019).



Fermentation and Extraction

Strain P. citrinum Y34 was inoculated in ISP2 agar plate, which was composed of 4 g of yeast extract, 4.0 g of glucose, 10.0 g of malt extract, and 18.0 g of agar in 1 L of ddH2O in pH 7.2 at room temperature. Subsequently, the spores from the agar plate were inoculated to solid corn medium that was composed of 50.0 g of crushed corn with 0.9 g of yeast extract, 2.4 g of ammonium tartrate, 0.2 g of MgSO4, 0.2 g of KH2PO4, and 0.4 g of sea salt in 20 ml of ddH2O, and fermented for 44 days. The corn culture was extracted with EtOAc for three times, and the combined filtrate was evaporated under reduced pressure to obtain the extracts. Ten kilograms of large scaled fermentation was carried out in solid corn medium, and 88.2 g crude extracts were obtained.



Compound Isolation

The extracts were subjected to silica gel CC (φ 100×1,100 mm, 200–300 mesh, 1.2 kg) eluted with gradient petroleum ether-EtOAc (from 100:0 to 0:100) and EtOAc-MeOH (90:10 and 0:100) to get five fractions (Fr.1–5). The Fr.1 (1.1 g, eluted with Petroleum ether-EtOAc 80:20) was chromatographed by a silica gel CC (200–300 mesh, 20.0 g) with elution of Petroleum ether-EtOAc (from 98:2 to 70:30) and EtOAc-MeOH (0:100) to give nine subfractions (Fr.1-1 to Fr.1-9). Fr.1-5 (111.1 mg, eluted with Petroleum ether-EtOAc 90:10) was applied to semi-preparative RP HPLC with 62% MeOH–H2O (0.1% CH3COOH) to get compound 13 (11.5 mg). Fr.1-6 (52.7 mg, eluted by Petroleum ether-EtOAc 90:10) was further isolated by preparative RP HPLC with 55% MeOH–H2O (0.1% CH3COOH) to get compound 7 (8.4 mg). Fr.1-7 (362.6 mg, eluted by Petroleum ether-EtOAc 80:20) was subjected to an ODS CC with stepwise gradient elution of 55%–100% MeOH–H2O to obtain seven subfractions (Fr.1-7-1 to Fr.1-7-7). Fr.1-7-1 (189.7 mg, eluted by 55% MeOH–H2O) was subjected to semi-preparative RP HPLC with elution of 38% MeOH–H2O (0.1% CH3COOH) to get compounds 11 (95.4 mg), 20 (2.9 mg), and 23 (8.0 mg). Fr.1-7-2 (27.2 mg, eluted with 55% MeOH–H2O) was isolated by semi-preparative RP HPLC with 60% MeOH–H2O (0.1% CH3COOH) to get compound 8 (4.3 mg). The Fr.1-8 (233.6 mg, eluted with Petroleum ether-EtOAc 80:20) was further purified by Sephadex LH-20 eluted with MeOH to obtain two subfractions (Fr.1-8-1 to Fr.1-8-2). Fr.1-8-1 (42.2 mg) was isolated by semi-preparative RP HPLC with 50% MeOH–H2O (0.1% CH3COOH) to get compound 9 (25.3 mg). Fr.1-8-2 (101.9 mg) was subjected to semi-preparative RP HPLC with elution of 70% MeOH–H2O (0.1% CH3COOH) to get compounds 4 (55.7 mg) and 5 (10.0 mg). Fr.1-9 (50.5 mg, eluted with Petroleum ether-EtOAc 80:20) was applied to semi-preparative RP HPLC with 55% CH3CN–H2O (0.1% CH3COOH) to obtain compound 14 (3.4 mg). The Fr.2 (1.07 g, eluted with Petroleum ether-EtOAc 70:30) was chromatographed by an ODS CC with stepwise gradient elution of 45%–100% MeOH–H2O to obtain 10 subfractions (Fr.2-1 to Fr.2-10). Fr.2-2 (125.8 mg, eluted with 55% MeOH–H2O) was isolated by semi-preparative RP HPLC eluted with 55% MeOH–H2O (0.1% CH3COOH) to get compound 10 (14.0 mg). Fr.2-4 (66.0 mg, eluted by 65% MeOH–H2O) was isolated by semi-preparative RP HPLC with 60% MeOH–H2O (0.1% CH3COOH) to acquire compounds 1 (5.1 mg), 2 (2.0 mg), and 3 (6.9 mg). The Fr.3 (8.4 g, eluted with Petroleum ether-EtOAc 60:40) was subjected to an ODS CC with gradient MeOH–H2O (35%–100%) to get 14 subfractions (Fr.3-1 to Fr.3-14). Fr.3-1 (327.1 mg, eluted with 35% MeOH–H2O) was applied to semi-preparative RP HPLC eluted with 15% CH3CN–H2O (0.1% CH3COOH) to obtain compounds 18 (4.5 mg) and 24 (20.9 mg). Fr.3-2 (157.4mg, eluted with 35% MeOH–H2O) was purified by semi-preparative RP HPLC with elution of 20% CH3CN–H2O (0.1% CH3COOH) to obtain compounds 19 (3.9 mg) and 21 (9.8 mg). Fr.3-3 (268.2 mg, eluted with 45% MeOH–H2O) was isolated by semi-preparative RP HPLC eluted with 40% MeOH–H2O (0.1% CH3COOH) to get compounds 15 (7.0 mg) and 17 (8.5 mg). Fr.3-4 (161.7 mg eluted with 45% MeOH-H2O) was subjected to semi-preparative RP HPLC eluted with 45% MeOH–H2O (0.1% CH3COOH) to yield compound 12 (6.9 mg). Fr.3-6 (1.6 g, eluted with 70% MeOH–H2O) was applied to semi-preparative RP HPLC eluted with 45% CH3CN–H2O (0.1% CH3COOH) to get compound 22 (2.2 mg). The Fr.4 (4.3 g, eluted with Petroleum ether-EtOAc 40:60) was isolated by an ODS CC with gradient MeOH–H2O (35%–100%) to get nine subfractions (Fr.4-1 to Fr.4-9). Fr.4-7 (236.3 mg, eluted with 35% MeOH–H2O) was isolated by semi-preparative RP HPLC with elution of 60% MeOH–H2O (0.1% CH3COOH) to yield compound 6 (44.0 mg). The Fr.5 (11.9 g, eluted with Petroleum ether-EtOAc 0:100) was subjected to an ODS CC with stepwise gradient elution of 35%–100% MeOH–H2O to obtain 11 subfractions (Fr.5-1 to Fr.5-11). Fr.5-2 (518.1 mg, eluted with 35% MeOH–H2O) was applied to semi-preparative RP HPLC eluted with 40% MeOH–H2O (0.1% CH3COOH) to get compound 16 (46.2 mg). All structures of isolated compounds are shown in Figure 1.




Figure 1 | Chemical structures of compounds 1–24.



Xerucitrinin B (1): Pale yellow oil; [α]25D-47.68 (c 0.5, MeOH); UV (MeOH) λmax (log ε), 206 (4.3), 228 (3.6), 284 (3.1); CD (MeOH) (Δε) 209 (−4.00), 225 (−1.48), 230 (−1.57), 291 (+0.08); IR (KBr) νmax, 3,456, 3,356, 2,963, 2,928, 2,870, 1,631, 1,600, 1,555, 1,433, 1,335, 1,116, 874, 842, 777, 714, and 622 cm−1; 1H and 13C NMR data, see Table 1; HRESIMS m/z 427.2122 [M + H]+ (calcd for C25H31O6, 427.2121).


Table 1 | 1H and 13C NMR spectroscopic data for compounds 1 and 2 in CD3OD.



Xerucitrinin C (2): Pale yellow oil; [α]25D + 39.32 (c 0.5, MeOH); UV (MeOH) λmax (log ε), 206 (4.2), 229 (3.6), 280 (2.8); CD (MeOH) (Δε) 206 (−0.59), 212 (−0.06), 240 (−0.69), 302 (−0.04); IR (KBr) νmax, 3,550, 3,475, 3,411, 2,959, 1,631, 1,556, 1,432, 1,336, 1,156, 878, 780, 714, and 626 cm−1; 1H and 13C NMR data, see Table 1; HRESIMS m/z 441.2278 [M + H]+ (calcd for C26H33O6, 441.2277).



Quantum Chemical NMR Calculation of Compound 1

The 3D conformations and subsequent conformer databases of four plausible stereoisomers, (1S*, 3R*, 4S*, 12S*, 9′S*)-1A, (1S*, 3R*, 4S*, 12S*, 9′R*)-1B, (1S*, 3R*, 4S*, 12R*, 9′S*)-1C and (1S*, 3R*, 4S*, 12R*, 9′R*)-1D of compound 1 were acquired using CORINA version 3.4 and CONFLEX version 7.0, respectively. Then, the acceptable conformers were optimized using the HF/6-31G (d) and the wB97XD/6-31G (d) methods in Gaussian 09. From this, 12 stable conformers of (1S*, 3R*, 4S*, 12S*, 9′S*)-1A, 18 stable conformers of (1S*, 3R*, 4S*, 12S*, 9′R*)-1B, 13 stable conformers of (1S*, 3R*, 4S*, 12R*, 9′S*)-1C, and 17 stable conformers of (1S*, 3R*, 4S*, 12R*, 9′R*)-1D were obtained. Then, the optimized stable conformers were used for the NMR calculation at the level of mPW1PW91/6-31+G (d, p) (Frisch et al., 2016). The calculated NMR data were analyzed using the R2, MAE, and DP4+ methods to determine the relative configuration of 1.



Quantum Chemical ECD Calculations of 1 and 2

The conformer databases of (1S, 3R, 4S, 12S, 9′S)-1, (1R, 3S, 4R, 12R, 9′R)-1, (1R, 3R, 4S, 12S, 9′S)-2, and (1S, 3S, 4R, 12R, 9′R)-2 were also generated by CORINA (version 3.4) and CONFLEX (version 7.0). Then, all the acceptable conformers were optimized with HF/6-31G(d) method in Gaussian 09, and subsequent optimization at the APFD/6-31G(d) level for 1 and B3LYP/6-31G(d) level for 2 with methanol led the dihedral angles to be got. After that, stable conformers, 17 for (1S, 3R, 4S, 12S, 9′S)-1, 10 for (1R, 3S, 4R, 12R, 9′R)-1, 14 for (1R, 3R, 4S, 12S, 9′S)-2, and 18 for (1S, 3S, 4R, 12R, 9′R)-2, were acquired. The optimized conformers were subjected to electronic circular dichroism (ECD) calculations, which were performed by Gaussian 09 [APFD/6-311++G(2d,p) for 1, B3LYP/TZVP for 2]. Then, the software SpecDis was used to compare the experimental and calculated spectra (Bruhn et al., 2013), which was also applied in a UV shift to the ECD spectra, Gaussian broadening of the excitations, and Boltzmann weighting of the spectra.



α-Glucosidase Inhibitory Assay

The method of α-glucosidase inhibitory assay followed our previous report (Gou et al., 2021). Briefly, 25 µl samples (1.6 mM) and 50 µl α-glucosidase (0.2 U/ml) were added into 96-well plates. After preincubation at 37°C for 10 min, 25 µl of 5 mM p-NPG was added into each well, and the reaction continued at 37°C for another 5 min. Subsequently, 100 µl of Na2CO3 (0.1 M) was added to stop the reaction. Finally, the optical density was detected using a Synergy HT microplate reader at 405 nm. The α-glucosidase inhibition rate (I%) was calculated by the equation: I%= [(ΔAbscontrol− ΔAbssample)/ΔAbscontrol] × 100 .



Enzyme Kinetics of α-Glucosidase Inhibition Assay

The kinetic study of α-glucosidase inhibition was performed by the Lineweaver–Burk plots. Keeping the enzyme concentration constant (0.2 U/ml), enzymatic reactions were conducted and monitored with different concentrations of tested compounds (0, 100, 200, and 400 μM) and substrate (0.125, 0.25, 0.75, and 1.25 mM). Meanwhile, the inhibition constants (Ki) were calculated using the intersection of Dixon plots (He et al., 2021).



ATP-Citrate Lyase Inhibitory Assay

The ATP-citrate lyase (ACL) inhibitory assay was carried out according to previous reports (Wan et al., 2022; Zhou et al., 2022), in which ADP was quantified using ADP-Glo™ Kinase Assay. First, 2.0 μl of ACL, 2.0 μl of ATP, and 1.0 μl of test compounds were added in a 384-well plate and reacted for 0.5 h under 37°C. Meanwhile, the negative (DMSO) and positive control (BMS-303141) wells were also detected during the kinase assay. Subsequently, the kinase reaction was stopped by adding 2.5 μl of ADP-Glo reagent, and the unconsumed ATP was depleted within 1 h at room temperature. Finally, 5.0 μl of kinase detection reagent was added to convert ADP to ATP. After 1 h of incubation, the luminescence signal was measured using the PerkinElmer EnVision reader.



Molecular Docking Assay

The molecular docking simulations of compounds 1, 3, and 12 with α-glucosidase and compound 4 with ACL were performed following previous report (Wan et al., 2022). First, Chem3D (version 20.0) was used to optimize and acquire the MM2 energy-minimized 3D structures of 1, 3, 4, and 12. Meanwhile, the crystal structures of the receptor proteins, namely, α-glucosidase and ACL, were obtained from Protein Data Bank (www.rcsb.org, α-glucosidase PDB code: 4J5T; ACL PDB code: 6HXH). Then, the ligand and receptor preparation and subsequent docking were performed using AutoDock Vina. Finally, PyMOL version 2.3.4 was used to output visible results.



Statistical Analysis

In this study, GraphPad Prism software version 5 (GraphPad Software, Inc., San Diego, CA, USA) was used to perform the statistical analyses. The final data were expressed as mean ± standard error of mean (SEM), in which each experiment was conducted in triplicate. Multiple comparisons were analyzed using one-way ANOVA and following Tukey’s test. p< 0.05 was considered statistically significant.




Results


Isolation and Structural Elucidation

Compound 1 was obtained as pale yellow oil. The HRESIMS showed a protonated molecular ion at m/z 427.2122 [M + H]+ (calc. for 427.2121), which indicated a molecular formula of C25H30O6 and accounted for 11 degrees of unsaturation. The IR spectrum absorption bands suggested the presence of hydroxyl group (3,456 and 3,356 cm−1), methyl group (2,963, 2,928, and 2,870 cm−1), and aromatic groups (1,631, 1,600, and 1,555 cm−1). The 1H and 13C NMR spectra combined with DEPT 135 and HSQC spectra of 1 displayed the presence of 12 quaternary carbons, five methines, two methylenes, and six methyls. A comparison of the 1H and 13C NMR data with that of xerucitrinin A (3) (Salendra et al., 2021) implied that 1 was a citrinin dimer and they may have the same planar structures, which were confirmed by the analyses of 1H-1H COSY and HMBC correlations (Figure 2 and Supplementary Figures S1–S9).




Figure 2 | Key 1H-1H COSY and HMBC correlations of compounds 1 and 2.



The relative configuration of 1 was investigated by a NOESY experiment. The key NOESY correlations from H-3 to 4-CH3 and H-1 and from 4-CH3 to H-1 indicated they were on the same face, and the NOESY correlation of 3-CH3 with H-4 suggested that they were on the same face (Figure 3 and Supplementary Figure S10). Thus, the relative configurations of C-1, C-3, and C-4 were identified as 1S*, 3R*, and 4S*. Meanwhile, NOESY correlation of H-1 with H-13β and strong NOESY correlation of H-13α with H-9′ were observed, while no NOESY correlations of 9′-CH3 with H-13α and H-13β and a weak NOESY correlation of H-9’ with H-13β were also observed, making the relative configurations of C-12 and C-9’ ambiguous. To determine the relative configuration of 1, the 13C NMR chemical shift calculations of four possible stereoisomers, (1S*, 3R*, 4S*, 12S*, 9′S*)-1A, (1S*, 3R*, 4S*, 12S*, 9′R*)-1B, (1S*, 3R*, 4S*, 12R*, 9′S*)-1C, and (1S*, 3R*, 4S*, 12R*, 9′R*)-1D (Figure 4A) were performed at the PCM/mPW1PW91/6-31+G(d, p) level using the gauge including atomic orbital (GIAO) method (Supplementary Table S1). The calculation results indicated that 1A showed the highest DP4+ probability (100%, Figure 4B) and linear correlation coefficient (R2 = 0.9982, Figure 4C) and lowest mean absolute error (MAE) value (Figure 4D) among the calculated stereoisomers, suggesting the 1S*, 3R*, 4S*, 12S*, 9′S* relative configuration of 1. Then, the absolute configuration of 1 was established as 1S, 3R, 4S, 12S, 9′S by ECD calculations (Figure 5A). Finally, the structure of compound 1 was determined and named xerucitrinin B.




Figure 3 | Key NOESY correlations of compounds 1 and 2.






Figure 4 | The 13C NMR calculation results of four plausible stereoisomers of 1 at mPW1PW91/6-31+G(d,p) level. (A) The structures of four possible stereoisomers. (B) DP4+ probability analysis. (C) Linear correlation plots of calculated vs. experimental 13C NMR chemical shift values for 1A/1B/1C/1D of 1. (D) Relative errors between the calculated 13C NMR chemical shifts of 1A/1B/1C/1D and the recorded 13C NMR data of 1, and the MAE values analyses.






Figure 5 | Experimental and calculated ECD spectra of compounds 1 (A) and 2 (B).



Compound 2 was obtained as pale yellow oil. The HRESIMS showed a protonated molecular ion at m/z 441.2278 [M + H]+ (calc. for 441.2277), which indicated a molecular formula of C26H32O6 and accounted for 11 degrees of unsaturation. The IR spectrum absorption bands suggested the presence of hydroxyl group (3,550, 3,475, and 3,411 cm−1), methyl group (2,959 cm−1), and aromatic groups (1,631 and 1,556 cm−1). Comparison of the 1H and 13C NMR data of 2 with that of xerucitrinin A (3) (Salendra et al., 2021) suggested that they had great similarity, and the main difference was the presence of an additional methyl signals at δH 1.66 (3H, s)/δC 8.3 and a quaternary carbon at δC 110.8 (C-8) in 2, which indicated that 2 was a methyl substituted derivative of xerucitrinin A in C-8. The planar structure of 2 was further established based on the analyses of 1H-1H COSY and HMBC data (Figure 2 and Supplementary Figures S11–S19).

The relative configuration of 2 was determined by a NOESY experiment. The NOESY correlations from 3-CH3 to H-1 and H-4 indicated that they were on the same face. The NOESY correlations from H-13α to 9′-CH3 and H-1 and from H-13β to H-9′ indicated that H-1, H-13α, and 9′-CH3 were on the same face. Thus, the relative configuration of 2 was identified as 1R*, 3R*, 4S*, 12S*, 9′S* (Figure 3 and Supplementary Figure S20). Subsequently, the absolute configuration of 2 was determined by ECD calculations. As the calculated ECD spectrum of (1R, 3R, 4S, 12S, 9′S)-2 matched well with the experimental result, the absolute configuration of 2 was identified as 1R, 3R, 4S, 12S, 9′S (Figure 5B). Thus, the structure of 2 was determined and named xerucitrinin C.

The known compounds were identified to be xerucitrinin A (3) (Salendra et al., 2021); xerucitrinic acid A (4) (Sadorn et al., 2016); xerucitrinic acid B (5) (Sadorn et al., 2016); penicitrinone A (6) (Wakana et al., 2006); citrinal A (7) (Wang et al., 2016); citrinal B (8) (Wang et al., 2016), 2, 3, 4-trimethyl-5, 7-dihydroxy-2, 3-dihydrobenzofuran (9) (Chen et al., 2002); decarboxydihydrocitrinin (10) (Wakana et al., 2006); (3R, 4S)-6, 8-dihydroxy-3, 4, 5, 7-tetramethylisochroman (11) (Han et al., 2009); (1S, 3R, 4S)-1-(4-hydroxylphenyl)-3, 4-dihydro-3, 4, 5-trimethyl-1H-2-benzopyran-6, 8-diol (12) (Wu et al., 2015); (3R, 4S)-6, 8-dihydroxy-3, 4, 5-trimethylisocoumarin (13) (Han et al., 2009); (3S, 4S)-sclerotinin A (14) (Nguyen et al., 2017); sclerotinin B (15) (Sassa et al., 1968); (3R, 4S)-6, 8-dihydroxy-3, 4, 7-trimethylisocoumarin (16) (Han et al., 2009); (3R)-3, 4-dihydro-6, 8-dimethoxy-3-methylisocoumarin (17) (Chinworrungsee et al., 2004); 4-hydroxykigelin (18) (Shimada et al., 2004); 4, 6-dimethylcurvulinic acid (19) (Liu et al., 2017); methyl 2-(2-acetyl-3, 5-dihydroxy-4, 6-dimethylphenyl)acetate (20) (Chen et al., 2012); phenol A (21) (Song et al., 2018); 1, 3-benzenediol, 5-[(1R, 2S)-2-hydroxy-1-methylpropyl]-2, 4-dimethyl (22) (Curtis et al., 1968); (S)-3-(3′, 5′-dihydroxy-2′, 4′-methylphenyl)butan-2-one (23) (Han et al., 2009); and 2-(6-hydroxy-5, 7-dimethylbenzofuranone-4-yl) acetaldehyde (24) (Xu et al., 2015), by comparing their MS, NMR, and specific rotation data with those reported. In addition, the CD spectra of 3–5 were provided for the first time (Supplementary Figures S21–S23).



Assessment of α-Glucosidase Inhibitory Activities

The in vitro hypoglycemic assay of compounds 1, 3–19, 21, 23, and 24 was investigated by assessing the inhibitory effects of isolated compounds on α-glucosidase. Acarbose was used as positive control. Results showed that compounds 1, 3, 6, and 12 exerted obvious α-glucosidase inhibitory activities with inhibition rates of 66.3%, 86.9%, 37.4%, and 49.0%, respectively, at a concentration of 400 μM, comparable or even better than that of acarbose (Figure 6A). Furthermore, our study showed that compounds 1, 3, and 12 could inhibit the catalytic activity of α-glucosidase in a dose-dependent manner with IC50 values of 239.8, 176.2, and 424.4 μM, respectively (Figure 6B). Structure–activity relationship analysis showed that the introduction of carboxyl at C-8 of citrinin dimer reduces the α-glucosidase inhibitory activities, since compounds 1 and 3 showed better activities than those of 4 and 5. Additionally, the induction of aromatic ring at C-1 in citrinin monomer increases its α-glucosidase inhibitory activities, since 12 showed better activities than 10, 11, and 13–18.




Figure 6 | The α-glucosidase inhibitory activities of isolated compounds. (A) The α-glucosidase inhibition of isolated compounds at 400 μM. (B) The IC50 values of compounds 1, 3, and 12. Data were expressed as mean ± SEM (n = 3), **p< 0.01, ***p< 0.001, compared with control.




In order to determine the inhibitory mode of citrinin derivatives on α-glucosidase, the enzyme kinetics of α-glucosidase inhibition for compounds 1 and 3 were investigated using Lineweaver–Burk double reciprocal and Dixon single reciprocal plots. The Lineweaver–Burk plots with the reciprocal of velocity (y-axis) and p-NPG concentrations (x-axis) were drawn to acquire Km and Vmax values, while the Dixon single reciprocal plots with reciprocal of velocity (y-axis) against inhibitory concentrations (x-axis) at varying concentrations of p-NPG were used to elucidate Ki values. In the Lineweaver–Burk plots, the lines of compounds 1 and 3 both intersected on the x-axis, suggesting that the Km values were unchanged, while their Vmax values decreased with the increment of concentration, implying the non-competitive-type inhibitions of 1 and 3 (Figures 7A, C). The Ki values of 1 and 3 were further calculated as 204.3 and 212.7 μM, respectively, by Dixon plots (Figures 7B, D).




Figure 7 | The Lineweaver–Burk and Dixon plots for α-glucosidase inhibition of compounds 1 (A, B) and 3 (C, D).



Furthermore, the molecular docking investigations suggested that compounds 1, 3, and 12 interacted with the catalytic pocket of α-glucosidase. Compound 1 formed two hydrogen bonds with Tyr-29 and His-31 residues (Figure 8A), 3 formed one hydrogen bond with His-31 residue (Figure 8B), and 12 formed four hydrogen bonds with Tyr-29, Arg-28, Asn-9, and Gln-5 residues (Figure 8C). These results were line with the enzymatic experiment and confirmed the hypoglycemic activities of these compounds.




Figure 8 | Docking poses and interactions of 1 (A), 3 (B), and 12 (C) with α-glucosidase (PDB code: 4J5T), and 4 (D) with ACL (PDB code: 6HXH). Hydrogen bond was denoted with yellow dash line.





Assessment of ACL Inhibitory Activities

In this study, the ACL inhibitory effects of isolated compounds were assessed by ADP-GloTM Kinase Assay. BMS-303141 was used as positive control (IC50: 0.4 μM). The inhibition rates of compounds 1, 3–21, 23, and 24 were first measured at 20 μM, and only citrinin dimer 4 revealed remarkable inhibitory effect towards ACL with an inhibition rate over 50% (Table 2). Furthermore, dose-dependent experiment showed that compound 4 significantly inhibited the catalytic activity of ACL with an IC50 value of 17.4 μM. To our knowledge, this is the first occurring citrinin with ACL inhibitory activity. The molecular docking assay showed the hydrogen bond interaction of 4 with ACL at Gln-115 residue (Figure 8D), implying 4 interacted with the catalytic pocket of ACL.


Table 2 | Inhibitory activities of compounds 1, 3-21, 23, and 24 against ACL.






Discussion

Compounds 1–5 represent a class of citrinin dimers with unusual 6/6/6/6/6 pentacyclic core scaffold and a 6,6-spiroketal moiety that can be categorized in the azaphilone family having citrinin as a core structure. The difference of their structures lay in the configurations of C-1 and C-12 and the substituents of C-8. The plausible biosynthetic pathway of compounds 4 and 5 has been proposed (Sadorn et al., 2016), which mainly involved a Michael addition of citrinin with its precursor redoxcitrinin, leading to the production of the ketone intermediate. Intramolecular ketal reaction after the aldehyde reduction of the ketone intermediate produced the spiroketal products 1–5. The biosynthetic pathway also explained the possibility of having different configurations in C-1 and C-12 in compounds 1–5.

To our knowledge, the configuration determinations of C-1 and C-12, especially for C-12, were not easy. Here, the configuration of C-1 was identified by 1D and 2D NMR experiments. The configuration of C-12 was identified by extensive spectroscopic analyses and 13C NMR calculation in combination with DP4 +, linear correlation coefficient (R2), and MAE values analyses. In addition, we found that the configuration of C-1 might be identified by the 13C-NMR data, since the lower field 13C resonances of C-1, C-3, C-4, and 3-CH3, especially for C-1 (δC 68.9 and 66.4 in 1 and 5, respectively), were observed in the citrinin dimers with 1S configuration, compared to that with 1R configuration (δC 61.5, 61.0, and 58.9 for C-1 in 2-4, respectively). Additionally, the different configurations of C-12 in compounds 1–5 had less influence on the 1H and 13C NMR data of citrinin dimers. However, significant difference in the Cotton effect was observed in the CD spectra of 1–5. Compounds 1–4 with 12S configuration had negative Cotton effects at 230–300 nm, while compound 5 with 12R configuration had a positive Cotton effect at 230–300 nm (Figure 5 and Supplementary Figures S21–S23). This suggested us that the CD spectrum may be helpful for the configuration determination of C-12. In addition, it was reported that the decarboxylation of C-8 in citrinin will retain its antibiotic activity and reduce its toxicity, suggesting the drug development possibility of citrinin derivatives (Devi et al., 2006).



Conclusion

To sum up, 24 citrinin derivatives, including two new citrinin dimers bearing 6,6-spiroketal moieties (1 and 2), were found from marine-derived fungus P. citrinum Y34. Meanwhile, the α-glucosidase and ACL inhibitory activities of citrinin derivatives were assayed for the first time. Interestingly, citrinin dimers 1 and 3 and citrinin monomer 12 exhibited moderate α-glucosidase inhibitory activities, and citrinin dimer 4 showed potent ACL inhibitory activities. Enzyme kinetics assay indicated the non-competitive-type inhibition of 1 and 3 towards α-glucosidase. Our study enriches the structure diversity of citrinin dimers and provides critical information for their development to be α-glucosidase or ACL inhibitory agents for the treatment of metabolic diseases.
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10 129+43 - 23 9.0+04 -

1 50+23 - 24 139+08 -

12 16.0+ 0.4 = BMS-303141° = 0.4+0.1
13 9014 =

aThe inhibition rates of test compounds were measured at 20uM. These data are expressed as the mean + standard error of mean (SEM) of triplicate experiments.
bPositive control for the ACL assay.
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Position 12 2
8, type 8y, mult. (J in Hz) ¥, type 8y, mult. (J in Hz)
1 68.9, CH 4.59 (1H, dd, 11.8, 5.8) 61.5, CH 4.93 (1H, dd, 12.1, 4.8)
2
3 80.3, CH 3.69 (1H, m) 76.5, CH 412 (1H, q, 6.7)
4 39.8,CH 2.78 (1H, m) 35.9, CH 2.69 (1H, q, 6.8)
5 138.8,C 1333,C
6 116.3,C 116.2,C
7 167.2,C 164.1,C
8 101.0, CH 6.23 (1H, s) 1108,C
9 160.0,C 1483,C
10 1139,C 1127,C
12 101.3,C 102.1,C
13 34.8, CH, 1.50 (1H, dd, 13.2, 1.8, o) 37.5, CH, 2.43 (1H, dd, 12.1, 4.8, a)
2.45 (1H, dd, 13.2, 5.8, ) 1.73 (1H, t, 12.1, )
2 63.2, CH, 4.88 (2H, m) 62.1, CH, 4.80 (1H, d, 14.8)
4,67 (1H, d, 14.8)
1124,C 1137,C
149.8,C 149.1,C
1118,C 1115,C
1563.8,C 183.1,C
1156.4,C 116.3,C
185.9,C 185.1,C
392, CH 2.99 (1H, q, 6.9) 39.9, CH 2.92 (1H, q, 6.8)
21.8, CH, 1.30 (3H, d, 6.2) 18.7, CHy 1.39 (3H, d, 6.8)
20.0, CH, 1.22 (3H, d, 6.9) 22.8, CH, 1.20 (3H, d, 6.9)
11.4, CH, 2.07 (8H, 5) 10.8, CH, 2.07 3H, 5)
8.3, CH, 1.66 (3H, 5)
9.1, CH, 2.11(8H, s) 9.2, CH, 213 (3H, 9)
10.8, CH, 210 (8H, 5) 10.7, CH, 211 8H, 9)
15.6, CH, 1.28 (3H, d, 6.8) 18.3, CH; 117 (8H, d, 6.9)

*Measured at 300 MHz for 'H NMR and 75 MHz for '*C NMR.
bMeasured at 600 MHz for 'TH NMR and 150 MHz for 13C NMR.
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