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Abstract:

 The marine sponge Haliclona simulans collected from the Irish Sea yielded two new steroids: 24-vinyl-cholest-9-ene-3β,24-diol and 20-methyl-pregn-6-en-3β-ol,5α,8α-epidioxy, along with the widely distributed 24-methylenecholesterol. One of the steroids possesses an unusually short hydrocarbon side chain. The structures were elucidated using nuclear magnetic resonance spectroscopy and confirmed using electron impact- and high resolution electrospray-mass spectrometry. All three steroids possess antitrypanosomal and anti-mycobacterial activity. All the steroids were found to possess low cytotoxicity against Hs27 which was above their detected antitrypanosomal potent concentrations.
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1. Introduction

Since the discovery of penicillin and its widespread use during World War II, many people have become complacent about infectious diseases, believing that with antibiotics, death due to infection has become a thing of the past. However, in 2004, infectious and parasitic diseases ranked as the second leading cause of death in the world, after cardiovascular diseases, with respiratory infections considered as the fourth and fifth most common cause of death in women and men respectively, worldwide [1].

Trypanosomiasis is a vector-transmitted disease caused by parasitic protozoa called trypanosomes. Both American trypanosomiasis (Chagas disease) and human African trypanosomiasis (sleeping sickness) are included in the list of the World Health Organization’s neglected tropical diseases [2]. Chagas disease, caused by Trypanosoma cruzi, infects an estimated 7–8 million people worldwide, although infection predominantly occurs in Latin America and spreads to other countries due to travel by infected persons. Sleeping sickness affects an estimated 20,000 people a year. Approximately 98% of reported cases are the chronic form of sleeping sickness caused by infection with T. brucei gambiense whereas the acute form, due to infection with T. b. rhodesiense, accounts for 2% of reported cases [2]. Currently, only a few medicines are registered for trypanosomiasis and many of them have serious adverse effects [3,4]. In addition, both Chagas disease and sleeping sickness are expensive to treat. As such, one of the targets of the WHO is to provide cheaper, more effective, and less toxic medicines for the management and elimination of these diseases [2].

Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis, a Gram-positive, acid-fast bacillus. The most common form of tuberculosis is pulmonary; however, extrapulmonary TB can also occur. TB, if left untreated, is an often-fatal disease with up to 70% of HIV negative patients dying within 10 years. The mortality rate is higher for HIV positive patients with untreated TB as the average survival rate becomes less than 6 months [5]. Although treatment is available, TB remains the second leading cause of death from infectious disease in the world, after HIV [6]. Despite the consistent decrease in incidence and mortality of TB cases globally since 2006 and probability that the Millennium Development Goal of 2015 will be achieved, the global burden of TB is still high. Approximately 8.7 million new cases of TB and 1.4 million deaths due to TB were reported in 2011 [6]. In addition, there is insufficient data to determine the global trend of multidrug-resistant TB (MDR-TB), largely due to lack of testing for resistance in many countries. However, in 2011 the estimated number of MDR-TB cases was 310,000. At least one case of extensively drug-resistant TB (XDR-TB) has been reported in 84 countries [6].

It has been approximately half a century since the first-line TB drugs were first used. New medicines are necessary in order to combat MDR-TB and XDR-TB, shorten the current treatment regimens, treat latent TB in patients that are infected with the bacteria but have not developed the disease, and to improve the prognosis of patients with both TB and HIV. Eleven prospective TB drugs are undergoing clinical trials. Research is also underway on TB vaccines, with 12 in clinical trials [6]. While this is encouraging, it is still important to continue the search for lead compounds with different mechanisms of action.

Sterols have shown promise as new antitrypanosomal and anti-mycobacterial compounds. Recent research has shown that steroids may be used to treat trypanosomiasis by inhibiting the glucose-6-phosphate dehydrogenase (G6PD) enzyme in trypanosomes [7,8] which is the enzyme involved in the first committed step of the pentose-phosphate pathway. This prevents the formation of NADPH, increasing the susceptibility of the trypanosomes to oxidative stress [8]. The sterol biosynthetic pathway of trypanosomes has also come into focus. 24-Sterol methyltransferase (24-SMT) and sterol 14α-demethylase (CYP51) are two examples of enzymes that serve as targets for new antitrypanosomal drugs [9,10,11]. The genus Mycobacterium has also been reported to possess a sterol biosynthetic pathway that is homologous to that of the yeast, Saccharomyces cerevisiae [12]. Sterol 14α-demethylase is also a target in M. tuberculosis [13]. Sterols could therefore prove to be interesting lead compounds for the treatment of Mycobacterium sp. infections.

Sponges (Phylum Porifera) are primitive metazoic organisms that are among the oldest multicellular animals in the world [14]. Despite their simple morphology, marine sponges are well-known for being abundant sources of novel compounds, particularly steroids with a diverse range of conventional and unconventional side chains and nuclei [15,16,17]. Interest in sponge metabolites began in the 1950s when Bergmann and Feeney first reported the isolation of two sponge nucleosides, spongouridine and spongothymidine [18,19,20]. The knowledge gained from this discovery eventually led to the development of several FDA- and EMEA-approved drugs: cytarabine arabinoside (Ara-C), an anti-leukemic agent, adenine arabinoside (Vidarabine or Ara-A), an antiviral agent, and even azidothymidine (AZT) which is used in the treatment of HIV [21].

The sponge Haliclona simulans belongs to the family Chalinidae of the order Haplosclerida and the class Demospongiae [22]. The genus Haliclona has already given rise to many interesting metabolites, with as many as 190 compounds of various chemical classes and functions having been reported [23]. Haliclona simulans, by virtue of its genus, which has already produced a large quantity of active metabolites, therefore appears to be a very promising source of lead compounds. This paper describes the isolation and identification of three antitrypanosomal and anti-mycobacterial steroids from the Irish Sea sponge Haliclona simulans.



2. Results and Discussion

Three steroids (Figure 1) were isolated from Haliclona simulans following HP20 chromatography and flash chromatography. One steroid was identified as 24-methylenecholesterol (1) whereas the other two were unidentified based on a literature search. These steroids were found to be active against Trypanosoma brucei brucei and Mycobacterium marinum.

Figure 1. Structures of steroids isolated from H. simulans.
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24-Methylenecholesterol (1) was the major non-polar compound present in the sponge. It was first isolated from the sponge Chalina arbuscula Verill [24] and has since been isolated from a variety of marine sources, including other Haliclona sponges [17]. 24-Methylenecholesterol has been reported as a precursor to many other sponge sterols [25]. The 1H and 13C NMR data (Table 1 and Table 2) of the 24-methylenecholesterol isolated in this study closely matched those reported in the literature [26]. The orientation of the 3-hydroxyl group was determined using ROESY and by analysis of the coupling constants. The large J value of H-3 (10.98 Hz) indicated axial-axial correlations. H-3 was therefore assigned an α-orientation whereas OH-3 was designated a β-orientation. The steroid was derivatised using MSTFA to facilitate ionization using GCMS. EI-GCMS showed a peak with m/z 470.4 [M]+ which corresponded to a TMS derivatized 24-methylenecholesterol.

Table 1. 1H (400 MHz) NMR chemical shifts (CDCl3) of the steroids isolated from H. simulans.








	Position
	1
	2
	3





	1
	1.81 (d, 5.1)
	1.82 (d, 11.5)
	1.68, 1.94 (d, 4.6)



	2
	1.50
	1.45 (d, 12.9)
	1.52, 1.83



	3
	3.52 (td, 5.3, 11.0)
	3.51 (tt, 4.7, 10.6)
	3.96 (tt, 5.1, 11.1)



	4
	2.27 (m)
	2.24 (m)
	1.90 (s), 2.12 (d, 4.8)



	6
	5.34 (d, 5.7)
	0.90 (d, 4.0)
	6.23 (d, 8.5)



	7
	1.95
	
	6.49 (d, 8.5)



	9
	
	
	1.50 (m)



	11
	
	5.32 (d, 5.0)
	1.20, 1.49



	12
	
	1.14, 1.94
	1.21, 1.97



	14
	
	1.06
	1.57, (d, 3.6)



	15
	
	
	0.99



	16
	
	
	1.24 (s)



	17
	
	
	1.20



	18
	0.67 (t, 3.1)
	0.66 (s)
	0.80 (s)



	19
	0.99 (s)
	0.98 (s)
	0.87 (s)



	20
	
	1.41 (d, 3.9)
	1.98 (m)



	21
	0.93 (d, 6.7)
	0.93 (d, 6.3)
	0.98 (d, 7.0)



	22
	
	1.85
	1.02 (d, 7.0)



	23
	
	1.11, 1.99
	



	25
	
	1.99
	



	26
	1.02 (d, 2.3)
	0.98
	



	27
	1.02 (d, 2.3)
	0.87
	



	28
	4.64 (s), 4.70 (s)
	5.72 (m)
	



	29
	
	5.12 (d, 17.9) 5.25 (d, 11.4)
	








Table 2. 13C (100 MHz) NMR chemical shifts (CDCl3) of the steroids isolated from H. simulans.








	Position
	1
	2
	3





	1
	37.3 (CH2)
	37.3 (CH2)
	34.8 (CH2)



	2
	31.7 (CH2)
	31.6 (CH2)
	30.2 (CH2)



	3
	71.9 (CH)
	71.9 (CH)
	66.6 (CH)



	4
	42.3 (CH2)
	42.3 (CH2)
	37.0 (CH2)



	5
	140.8 (C)
	50.2 (CH)
	82.2 (C)



	6
	121.8 (CH)
	34.8 (CH2)
	135.50 (CH)



	7
	31.0 (CH2)
	22.0 (CH2)
	130.8 (CH)



	8
	32.0 (CH)
	21.1 (CH)
	79.5 (C)



	9
	50.2 (CH)
	140.8 (C)
	51.1 (CH)



	10
	36.6 (C)
	36.6 (C)
	36.0 (C)



	11
	21.2 (CH2)
	121.8 (CH)
	23.5 (CH2)



	12
	39.8 (CH2)
	39.8 (CH2)
	39.5 (CH2)



	13
	42.4 (C)
	42.4 (C)
	44.8 (C)



	14
	56.8 (CH)
	56.0 (CH)
	51.7 (CH)



	15
	24.4 (CH2)
	24.4 (CH2)
	20.7 (CH2)



	16
	28.3 (CH2)
	29.8 (CH2)
	29.8 (CH2)



	17
	56.1 (CH)
	56.8 (CH)
	56.2 (CH)



	18
	11.9 (CH3)
	11.9 (CH3)
	12.7 (CH3)



	19
	19.5 (CH3)
	19.5 (CH3)
	18.3 (CH3)



	20
	35.9 (CH2)
	36.3 (CH)
	33.9 (CH)



	21
	18.8 (CH2)
	19.0(CH3)
	22.1 (CH3)



	22
	23.9 (CH2)
	28.3 (CH2)
	28.4 (CH2)



	23
	34.8 (CH2)
	28.5 (CH2)
	28.1 (CH3)



	24
	157.0 (C)
	89.2 (C)
	



	25
	33.9 (CH)
	32.0 (CH)
	



	26
	22.1 (CH3)
	17.8 (CH3)
	



	27
	28.1 (CH3)
	16.7 (CH3)
	



	28
	106.0 (CH2)
	137.2 (CH)
	



	29
	
	116.3 (CH2)
	














The second isolated steroid (2) is a derivative of saringosterol, which was first isolated from a brown algae [27]. The difference lies in the position of the double bond of the steroid nucleus. In saringosterol it is found in the Δ5(6) position, whereas in this derivative from H. simulans it is found in the Δ9(11) position. The 1H and 13C NMR data (Table 1 and Table 2, Supplementary Figures S1 and S3–S5) of the saringosterol derivative were comparable to the values found in the literature [28]. The olefinic system of the steroid nucleus was elucidated using the COSY (Supplementary Figures S2 and S8) and HMBC spectra as shown in Figure 2, Supplementary Figures S6, S8, and S9. The broad doublet at δH 5.32 assigned to H-11 showed the coupling of the olefinic hydrogen with one of the two protons at H-12 (δH 1.94). The HMBC confirmed the position of C-12 as it is one of the three carbons correlating with the methyl group on C-13. Crosspeaks were observed from CH3-18 (δH 0.66) to C-12 (δC 39.8), C-13 (δC 42.4) and C-17 (δC 56.8). HMBC correlations of H-14 (δH 1.06) with C-15 (δC 24.4), and of H-14 to C-17 were also visible. The doublet for H-11 at δH 5.32 correlated with C-10 (δC 36.6) and C-13 (δC 42.4) (Supplementary Figure S7). The β-orientation of 3-OH was once again determined using the ROESY spectrum and the J values (tt, 4.7, 10.6 Hz) of the H-3 peak at 3.51 ppm. High resolution ESI-MS analysis of compound 2 showed an ion peak at m/z 429.37303 [M + H]+ which corresponded to the molecular formula of C29H49O2 (Supplementary Figure S11). Sterol 2 was elucidated as 24-vinyl-cholest-9-ene-3β,24-diol (Figure 1 and Supplementary Figure S10).

Figure 2. Expansion of the HMBC spectrum highlighting the correlations which indicate the change in the position of the double bond in Compound 2.
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Another new sterol (3) was also isolated (Figure 1, Supplementary Figures S12, S14–S16; Table 1 and Table 2). It eluted later from the generic flash silica column than the previous two sterols as it is more polar. This sterol possessed a 5α,8α-epidioxy nucleus with a shortened side chain. The two doublets at δH 6.23 and 6.49 (H-6 and H-7, respectively) were shown on the COSY (Supplementary Figure S13) to form an isolated spin system. The HMBC spectrum confirmed that H-6 and H-7 correlated with oxygenated carbons at δC 82.2 and 79.5 (C-5 and C-8 respectively). The orientation of the 5,8-epidioxy peroxide group was confirmed by comparing the chemical shifts and coupling patterns of H-6 and H-7 (Supplementary Figure S12) to the values found in literature. A 5α,8α-epidioxy group results in chemical shifts of 6.5 and 6.3 ppm for H-6 and H-7 whereas a 5β,8β-epidioxy group would result in chemical shifts of 5.9 and 5.6 respectively [29].

The chemical shifts of the methyl groups on C-20 were assigned based on the COSY (Supplementary Figure S13) and J-resolved spectra (Figure 3, Supplementary Figures S18 and S19). The J-resolved spectra showed that the peaks at δH 0.98 (H-21) and δH 1.02 (H-22) were doublets; therefore, both methyl groups must be attached to C-20. The COSY spectrum showed that both CH3-21 and CH3-22 correlated with a peak at δH 1.98, which was assigned to H-20. CH3-21 and CH3-22 were also correlating on the HMBC with C-17 as shown in Figure 4, Supplementary Figures S17 and S20. Sterol 3 gave a retention time of 23.67 min on a C18-HPLC column and exhibited an ion peak at m/z of 347.2580 [M + H]+ by high resolution ESI-MS with a molecular formula of C22H35O3 (Supplementary Figure S22). The structure of sterol 3 was elucidated as 20-methyl-pregn-6-en-3β-ol, 5α,8α-epidioxy (Supplementary Figure S21).

Figure 3. J-resolved spectrum showing the splitting of H-21 (δH 0.98) and H-22 (δH 1.02).
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Figure 4. HMBC correlations (H to C) of methyl groups in sterol 3.
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The inhibitory activities of the three sterols against Trypanosoma brucei brucei and Mycobacterium marinum are shown in Table 3 and Figure 5. Suramin, the positive control for the T. brucei assay, is the treatment of choice for stage 1 sleeping sickness [3]. The positive control for the M. marinum assay was gentamicin, an aminoglycoside antibiotic. Sterol 1, 24-methylenecholesterol, was the most potent against M. marinum but the least active against T. b. brucei. The MIC against M. marinum was less than that of 24-methylenecholesterol isolated from the sponge Svenzea zeai against M. tuberculosis (MIC: 120.1 μg/mL or 251.26 μM) [30]. Sterol 2, the saringosterol derivative, was the most active against T. b. brucei. Saringosterol has been reported to have an IC50 of 7.8 ± 1.2 μM against T. b. brucei [31]. The shift in double bond position from Δ5(6) to Δ9(11) in the new congener seems to improve the antitrypanosomal activity of saringosterol. Steroids with the Δ9(11) double bond have previously been isolated from marine invertebrates such as starfish [32,33,34,35] and sea cucumbers [36,37], as well as from another sponge, Haliclona rubens (renamed as Amphimedon compressa) [38]. The activity of saringosterol against M. tuberculosis has also been previously reported (MIC: 0.25 μg/mL or 0.58 μM) [39]. The change in the position of the double bond may therefore have had a detrimental effect on the anti-mycobacterial activity of the steroid. Saringosterol is often isolated as a mixture of 24R/S epimers [31,39] although the 24R epimer has been found to be more active than the 24S epimer against M. tuberculosis [39]. The optical rotation of sterol 2 in this study was determined to be −4.5, indicating that it is likely a mixture of epimers which may plausibly explain the loss of activity in the isolated congener. In addition, the test microorganisms that were used were different, although M. marinum is often used as the model organism for M. tuberculosis.

Figure 5. Determination of the minimum inhibitory concentration value (MIC) of the sterols against (a) T. b. brucei and (b) M. marinum. The assay was performed using various concentrations of the sterols in μg/mL. The mean values were then converted to μM.
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Table 3. Antimicrobial activities and cytotoxicity on Hs27 cells of H. simulans sterols.



	
Sterol

	
MIC Average ± Std Dev (n = 4)

	
Cytotoxicity on HS27 Cells




	
T. b. brucei (μM)

	
M. marinum (μM)

	
IC50 (μM) ± Std Dev (n = 3)






	
1

	
21.56 ± 11.80

	
156.90 ± 54.35

	
58 ± 3.53




	
2

	
4.58 ± 1.80

	
233.44 ± 0

	
>100 ± 4.03




	
3

	
9.01 ± 0

	
288.81 ± 0

	
100 ± 2.95




	
Suramin

	
0.11 ± 0

	

	




	
Gentamycin

	

	
13.48 ± 0

	













Sterol 3 was the next most active against T. b. brucei.The 5α,8α-epidioxy sterol could be an artefact, a result of oxidation of a ∆5,7-sterol, as has been observed in Dysidea sp. [40]. However, 5α,8α-epidioxy sterols have previously been isolated from the sponge Luffariella cf. variabilis and these sterols are believed to be natural products and not artifacts as the isolation was performed rapidly and no precursors were found [29]. In addition, some fungi produce these epidioxy sterols, such as ergosterol peroxide [41], and so it cannot be ruled out that 3 is a natural product of H. simulans or even of an endosymbiont. The peroxide functional group may contribute to the antitrypanosomal activity. 24-hydroperoxy-24-vinylcholesterol, a peroxide derivative of saringosterol, was reported to have an IC50 of 3.2 M against T. b. brucei as opposed to that of saringosterol which was 7.8 μM [31]. Ergosterol peroxide, a fungal metabolite, has also been known to have antitrypanosomal activity, although the assay was performed against T. cruzi [42]. It is also active against M. tuberculosis (MIC 3.5 μM) and indeed was the most active of the nine steroids that were assayed in the study [43]. Another endoperoxide-containing natural product well-known for its anti-protozoal activity is artemisinin. Short side chain sterols are uncommon but have previously been isolated from marine invertebrates, including from tunicates, gorgonians and sponges [44,45]. These sterols may be in vivo oxidative products from sterols with unsaturated side chains and not degradation products obtained during laboratory work-up. A sterol bearing the same side chain as in 3 has been isolated from the gorgonian Murecia californica and the sponge Damiriana hawaiiana [45].

Previous studies have drawn some conclusions regarding the structure-activity relationships of sterols and their antitrypanosomal and anti-mycobacterium activity. Hydroxylated side chains, such as the one proposed for sterol 2, result in an increase in antitrypanosomal activity [31]. The peroxide functional group on sterol 3 may also contribute to activity, as 24-hydroperoxy-24-vinylcholesterol, a peroxide derivative of saringosterol, had an IC50 of 3.2 μM against T. b. brucei whereas saringosterol had an IC50 of 7.8 μM against the same microorganism [31]. Another functional group of sterols that contributes to bioactivity is the 3β-hydroxy group, which is required for the inhibition of 24-sterol methyltransferase of Leishmania major by azasterols [46] as well as for the binding of sterols to plant yeast SMT [47]. As previously mentioned, 24-SMT is also a target for antitrypanosomal drugs. Although the mechanism of action of the sterols in this study is unknown, it is possible that they act by inhibiting 24-SMT and thereby disrupting the sterol biosynthetic pathway in T. b. brucei. The 3-hydroxy group, as well as a 14α-methyl group, is also essential for the binding of sterols to sterol 14α-demethylase in M. tuberculosis [13]. Although the three sterols isolated from H. simulans all contain the 3β-hydroxy moiety, none possess the 14α-methyl group required to bind to this enzyme. It is possible that they act upon another enzyme in the pathway or by a different mechanism altogether. The steroid nucleus itself also affects the anti-mycobacterium activity of the compound, as it has been found that a 5(6→7)abeo-steroidal nucleus leads to an increase in the potency of the compound [30]. The effect of the presence of the double bond at Δ9(11) on the antimicrobial activity of steroids has not been studied; however, Δ9(11) steroids have found applications as lead compounds for anti-inflammatory drugs as they possess fewer side effects than the conventional corticosteroids [48]. It would therefore be of interest to determine the advantages of Δ9(11) steroids as antimicrobial agents.

All sterols at concentration ranges of 0.1 to100 μM were subjected to cell cytotoxicity assay on normal fibroblasts derived from human foreskin (Hs27 cells). The most antitrypanosomal active saringosterol congener (2) showed no cytoxicity and no difference with the control in terms of changes in cell morphology of Hs27 (Figure 6). Sterols 1 and 3 exhibited cytotoxicity at 58 and 100 μM, respectively as shown in Table 3. At 100 μM concentration of sterols 1 and 3, the Hs27 shrunk 10× to irregularly shaped cells (see Figure 6). The cytoxicity of sterols 1 and 3 is still above their dosage threshold as potential antitrypanosomal drugs.

Figure 6. Change in morphology of normal fibroblasts Hs27 observed under the microscope in the cell cytotoxicity assay of H. simulans sterols.
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3. Experimental Section


3.1. Acquisition of Sponge Sample

The sponge, Haliclona simulans, was collected from Kilkieran Bay, Galway, Ireland by the Environmental Research Institute, University College Cork. It was freeze-dried, sealed under vacuum and sent to the Strathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde where it was stored at −20 °C until the extraction of its metabolites.



3.2. Extraction and Isolation of Sponge Metabolites

The freeze-dried sponge (dry weight: 107.20 g) was finely ground using an analytical mill. The powder was macerated in acetone at room temperature with constant stirring for three hours. This was repeated three times, after which the extraction procedure was performed with methanol. The acetone and methanol extracts were combined and subjected to Diaion® HP20 (Mitsubishi Chemical Corporation, Tokyo, Japan) chromatography. The compounds were eluted using a stepwise gradient of 100% water to 100% methanol in 10% increments. The column was washed with 50:50 acetone methanol and 100% methanol. These non-polar wash fractions were pooled and further fractionated using the Reveleris® Flash Forward system (Grace Davison Discovery Sciences, Columbia, MD, USA). The sample was loaded onto a generic silica 24 g/32 mL (20 × 130 mm) column and eluted in a three-step gradient (5 min: 100% hexane, 45 min: 100% hexane to 100% ethyl acetate, 10 min: 100% ethyl acetate) at a flow rate of 10 mL/min. The sterols eluted at approximately 26–30 min (1), 31–32 min (2) and 35–36 min (3) with following yield 334.8 mg = 0.31%, 11.5 mg = 0.011%, 6.7 mg = 0.006%, respectively.

24-Methylenecholesterol (1). White, needle-like crystals; [α]D20 −23 (c 0.1, CHCl3); Rf: 0.52 (TLC silica, 95:5 CH2Cl2); EIMS: m/z 470.4 [M + CH3Si]+ (derivatised steroid), calculated for C31H54OSi, 470.3938.

24-Vinyl-cholest-9-ene-3β,24-diol (2). Very fine crystals; [α]D20 −4.5 (c 0.1, CHCl3); Rf: 0.42 (TLC silica, 95:5 CH2Cl2); HRESIMS m/z 429.3731 [M + H]+, calculated for C29H49O2, 429.3727.

20-Methyl-pregn-6-en-3β-ol, 5α,8α-eipidioxy (3). Small crystals; [α]D20 +5 (c 0.1, CHCl3); Rf: 0.36 (TLC silica, 95:5 CH2Cl2:MeOH); HRESIMS m/z 347.2580 [M + H]+, calculated for C22H35O3, 347.2581.



3.3. Analysis of Sterols

NMR spectra were taken using a Jeol-LA400 FT-NMR spectrometer system (JEOL Ltd., Tokyo, Japan) with an AS400 magnet (Oxford Instruments, Inghilterra, UK) at 400 MHz for 1H and 100 MHz for 13C, using a Pulse Field Gradient “Autotune” 40TH5AT/FG broadband high sensitivity probe (JEOL Ltd., Tokyo, Japan ) to accept 5 mm tubes. LC-HRFTMS analysis was performed on a Dionex UltiMate-3000 (DIONEX, Sunnyvale, CA, USA) coupled to a ThermoScientific Exactive Orbitrap system (Thermo Fisher Scientific (Bremen) GmbH, Bremen, Germany). The column used was an ACE 5 C18 75 × 3.0 mm column from Hichrom Ltd., Reading, UK. Compounds were eluted with a flow rate of 300 μL/min using water (A) and acetonitrile (B), both of which contained 0.1% formic acid, by a gradient starting with 10% B and increasing to 100% B in 30 min. The mobile phase was maintained at 100% B for 5 min after which the column was equilibrated with 10% B. Sterol 2 eluted at 37.60 min and sterol 3 eluted at 23.67 min. The optical rotations of the compounds were measured using a Perkin-Elmer 341 polarimeter (Perkin-Elmer, Waltham,_MA, USA). The derivatisation of 24-methylenecholesterol was carried out by dissolving 1 mg of the steroid in 500 μL of acetonitrile. This was dried at 50 °C after which 200 μL of MSTFA (Sigma-Aldrich, St. Louis, MO, USA) was added and the sample heated at 80 °C for 30 min. The sample was then submitted for EI-GCMS using a Thermo Finnigan Polaris Q (Thermo Fisher Scientific (Bremen) GmbH, Bremen, Germany) with Trace GC. The column used was an Agilent DB5-ms UI (ID: 0.25 mm, length: 30 m, df: 0.25 μm, Agilent, Santa Clara, CA, USA).



3.4. Antitrypanosomal Assay

The sterols were prepared in stock solutions of 10 mg/mL in DMSO. Four microliters of these stock solutions were pipetted into one column of the transparent flat-bottomed 96-well plates after which 196 μL of HMI-9 was added, resulting in a concentration of 200 μg/mL. One-to-one serial dilutions with HMI-9 were carried out in the other columns of the plate. One hundred microliters of trypanosome suspension (containing Trypanosoma brucei S427 blood stream form at 3 × 104 trypanosomes/mL) were added so that the final concentration of the compounds ranged from 100 μg/mL to 0.17 μg/mL. DMSO was included as a negative control at a concentration of 1% to 0.002% and suramin (Calbiochem-Novabiochem Co., La Jolla, CA, USA) was included as a positive control at a concentration range of 1 to 0.008 μM. The plate was incubated at 37 °C, 5% CO2 with a humidified atmosphere for 48 h, after which 20 μL of Alamar blue was added. The plate was incubated under the same conditions for another 24 h and the fluorescence read using the Wallac Victor microplate reader (Perkin Elmer, Cambridge, UK) with excitation at 530 nm and emission at 590 nm. The results were calculated as percentages of control values and the minimum inhibitory concentration values (MICs) were determined.



3.5. Anti-Mycobacterium Assay

Mycobacterium marinum ATCC.BAA535 from a thawed stock cryoculture was streaked onto Columbia (5% horse blood) agar slopes and incubated at 31 °C for 5 days. A loopful of the culture was then transferred into 10 mL of sterile 0.9% NaCl containing glass beads. The suspension was mixed and allowed to settle. Aliquots of the supernatant were added to a tube containing sterile 0.9% NaCl until the turbidity matched that of a 0.5 McFarland standard. A few drops of sterile 0.02% Tween 80 were added to homogenize the suspension. This was then shaken and the inoculum diluted 1 in 10 with cation-adjusted Mueller Hinton Broth (MHB) for use in the assay. The steroids were prepared in 10 mg/mL DMSO stock solutions and were diluted ten times to 1 mg/mL using cation-adjusted MHB. The final concentrations of the test solutions in the 96-well plate ranged from 100 to 0.17 μg/mL. DMSO was included as a negative control at a concentration range of 1% to 0.002% and gentamycin was included as a positive control at a concentration range of 100 to 0.78 μg/mL. One hundred microliters of the bacterial suspension was added to the wells. The plates were sealed and incubated at 31 °C for 5 days before the addition of 10 μL of Alamar blue. The plates were re-sealed and incubated at the same temperature for 24 h after which fluorescence was determined using the Wallac Victor microplate reader (excitation 530 nm, emission 590 nm). The results were calculated as percentages of control values and the minimum inhibitory concentration values (MICs) were determined.



3.6. Cell Cytotoxicity Assay

Normal fibroblasts derived from human foreskin (Hs27 cells) were obtained from ECACC (Sigma-Aldrich, Dorset, UK). They were cultured in DMEM media supplemented with 10% (v/v) foetal bovine serum, 2 mM glutamine and 50 μg/mL penicillin/streptomycin (all Invitrogen, Paisley, UK) solution in a humidified incubator at 37 °C in the presence of 5% CO2. Cells were routinely passaged at 90%–95% confluence.

Subsequently, cells were seeded at a concentration of 7500 cells/well in black 96 flat-bottomed plates and allowed to adhere overnight. After that time, Sterols 1, 2 and 3 were added to the cells in the concentration range of 0.1 to100 μM (in half log units) and incubated for a further 48 h.

Viability was determined using a CellTiter-Glo® (Promega, Southampton, UK) kit according to the manufacturer’s instructions. The resulting luminescence was measured using a Wallac Victor 2 (Perkin Elmer, Cambridge, UK). Results were expressed as “percentage of control” where the control is the luminescence value of cells in the absence of compound. All results were confirmed microscopically.




4. Conclusions

Sponges are recognized as possessing a diverse range of steroids that have both conventional and unconventional side chains and nuclei. This was confirmed by the diversity of nuclei and side chains isolated from H. simulans. Two novel sterols, 24-vinyl-cholest-9-ene-3β,24-diol and 20-methyl-pregn-6-en-3β-ol, 5α,8α-epidioxy were among the three obtained. The former sterol possessed a Δ9(11) double bond that distinguished it from the known compound saringosterol, whereas the latter contained an endoperoxide moiety and an uncommonly short side chain. Both sterols were more active against T. brucei than the known sterol 24-methylenecholesterol, but they were less active against M. marinum. Nevertheless, they serve as useful lead compounds in the search for new drugs and add weight to the theory that a large number of novel compounds remain to be discovered from marine sponges. The Δ9(11) double bond may be beneficial to the design of a compound that is more efficacious and safer than conventional therapy as shown by their inactivity in the cytoxicity assay. It is worth mentioning that the endoperoxide moiety may play a role in the efficacy of the drug at which its potency threshold is above its level of cytoxicity as an antitrypanosomal drug. Such types of compounds are needed in the development of drugs with less toxic side effects.







Supplementary Files

	
Supplementary File 1:
Supplementary Information (PDF, 3204 KB)






Acknowledgments

C.V. would like to acknowledge the scholarship funded by the Scottish Overseas Research Students Award Scheme (SORSAS). This research was supported in part by the Beaufort Marine Biodiscovery Research award funded by the Irish Government under the National Development Plan (2007–2013).



Author Contributions

CV. Designed and optimised the bioassay-guided isolation work, structure elucidation, and wrote the manuscript; JP. Chromatographical purification work; TO. Initial extraction and fractionation work; CC. Microbial assay; GA LY. Cytotoxicity assay on Hs27; JK ADWD. provided the sponge samples, conceived and designed the project; REE. Structure elucidation work, supervised, designed, and coordinated the bioassay-guided isolation work as well as main editor of the manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
WHO. The Global Burden of Disease 2004 Update; World Health Organization: Geneva, Switzerland, 2008. [Google Scholar]

	2. 
WHO. Sustaining the Drive to Overcome the Global Impact of Neglected Tropical Diseases: Second Who Report on Neglected Tropical Diseases; World Health Organization: Geneva, Switzerland, 2013. [Google Scholar]

	3. 
Legros, D.; Ollivier, G.; Gastellu-Etchegorry, M.; Paquet, C.; Burri, C.; Jannin, J.; Büscher, P. Treatment of human African trypanosomiasis—Present situation and needs for research and development. Lancet Infect. Dis. 2002, 2, 437–440. [Google Scholar] [CrossRef]

	4. 
Bern, C.; Montgomery, S.P.; Herwaldt, B.L.; Rassi, A.; Marin-Neto, J.A.; Dantas, R.O.; Maguire, J.H.; Acquatella, H.; Morillo, C.; Kirchhoff, L.V.; et al. Evaluation and treatment of chagas disease in the united states: A systematic review. JAMA 2007, 298, 2171–2181. [Google Scholar] [CrossRef]

	5. 
Tiemersma, E.; van der Werf, M.; Borgdorff, M.; Williams, B.; Nagelkerke, N. Natural history of tuberculosis: Duration and fatality of untreated pulmonary tuberculosis in HIV negative patients: A systematic review. PLoS One 2011, 6, e17601. [Google Scholar]

	6. 
WHO. Global Tuberculosis Report 2012; World Health Organization: Geneva, Switzerland, 2012. [Google Scholar]

	7. 
Cordeiro, A.T.; Thiemann, O.H.; Michels, P.A. Inhibition of Trypanosoma brucei glucose-6-phosphate dehydrogenase by human steroids and their effects on the viability of cultured parasites. Bioorg. Med. Chem. 2009, 17, 2483–2489. [Google Scholar] [CrossRef]

	8. 
Gupta, S.; Cordeiro, A.T.; Michels, P.A. Glucose-6-phosphate dehydrogenase is the target for the trypanocidal action of human steroids. Mol. Biochem. Parasitol. 2011, 176, 112–115. [Google Scholar] [CrossRef]

	9. 
Magaraci, F.; Jimenez, C.J.; Rodrigues, C.; Rodrigues, J.C.; Braga, M.V.; Yardley, V.; de Luca-Fradley, K.; Croft, S.L.; de Souza, W.; Ruiz-Perez, L.M.; et al. Azasterols as inhibitors of sterol 24-methyltransferase in Leishmania species and Trypanosoma cruzi. J. Med. Chem. 2003, 46, 4714–4727. [Google Scholar] [CrossRef]

	10. 
Gros, L.; Castillo-Acosta, V.M.; Jiménez Jiménez, C.; Sealey-Cardona, M.; Vargas, S.; Manuel Estévez, A.; Yardley, V.; Rattray, L.; Croft, S.L.; Ruiz-Perez, L.M.; et al. New azasterols against Trypanosoma brucei: Role of 24-sterol methyltransferase in inhibitor action. Antimicrob. Agents Chemother. 2006, 50, 2595–2601. [Google Scholar] [CrossRef]

	11. 
Lepesheva, G.I.; Ott, R.D.; Hargrove, T.Y.; Kleshchenko, Y.Y.; Schuster, I.; Nes, W.D.; Hill, G.C.; Villalta, F.; Waterman, M.R. Sterol 14alpha-demethylase as a potential target for antitrypanosomal therapy: Enzyme inhibition and parasite cell growth. Chem. Biol. 2007, 14, 1283–1293. [Google Scholar] [CrossRef]

	12. 
Lamb, D.; Kelly, D.; Manning, N.; Kelly, S. A sterol biosynthetic pathway in Mycobacterium. FEBS Lett. 1998, 437, 142–144. [Google Scholar] [CrossRef]

	13. 
Bellamine, A.; Mangla, A.; Dennis, A.; Nes, W.; Waterman, M. Structural requirements for substrate recognition of Mycobacterium tuberculosis 14 alpha-demethylase: Implications for sterol biosynthesis. J. Lipid Res. 2001, 42, 128–136. [Google Scholar]

	14. 
Taylor, M.; Radax, R.; Steger, D.; Wagner, M. Sponge-associated microorganisms: Evolution, ecology, and biotechnological potential. Microbiol. Mol. Biol. Rev. 2007, 71, 295–347. [Google Scholar] [CrossRef]

	15. 
Blunt, J.W.; Copp, B.R.; Keyzers, R.A.; Munro, M.H.; Prinsep, M.R. Marine natural products. Nat. Prod. Microbiol. Rep. 2013, 30, 237–323. [Google Scholar] [CrossRef]

	16. 
Blunt, J.W.; Copp, B.R.; Munro, M.H.; Northcote, P.T.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2004, 21, 1–49. [Google Scholar] [CrossRef]

	17. 
Sheikh, Y.; Djerassi, C. Steroids from sponges. Tetrahedron 1974, 30, 4095–4103. [Google Scholar] [CrossRef]

	18. 
Bergmann, W.; Feeney, R. The isolation of a new thymine pentoside from sponges. J. Am. Chem. Soc. 1950, 72, 2809–2810. [Google Scholar] [CrossRef]

	19. 
Bergmann, W.; Feeney, R. Contributions to the study of marine products. 32. The nucleosides of sponges. 1. J. Org. Chem. 1951, 16, 981–987. [Google Scholar] [CrossRef]

	20. 
Bergmann, W.; Burke, D. Contributions to the study of marine products. 39. The nucleosides of sponges. 3. Spongothymidine and spongouridine. J. Org. Chem. 1955, 20, 1501–1507. [Google Scholar] [CrossRef]

	21. 
Newman, D.; Cragg, G. Marine natural products and related compounds in clinical and advanced preclinical trials. J. Nat. Prod. 2004, 67, 1216–1238. [Google Scholar] [CrossRef]

	22. 
Kennedy, J.; Baker, P.; Piper, C.; Cotter, P.; Walsh, M.; Mooij, M.; Bourke, M.; Rea, M.; O’Connor, P.; Ross, R.; et al. Isolation and analysis of bacteria with antimicrobial activities from the marine sponge Haliclona simulans collected from irish waters. Mar. Biotechnol. 2009, 11, 384–396. [Google Scholar] [CrossRef]

	23. 
Yu, S.; Deng, Z.; Proksch, P.; Lin, W. Oculatol, oculatolide, and a-nor sterols from the sponge Haliclona oculata. J. Nat. Prod. 2006, 69, 1330–1334. [Google Scholar] [CrossRef]

	24. 
Bergmann, W.; Schedl, H.; Low, E. Contributions to the study of marine products. 19. Chalinasterol. J. Org. Chem. 1945, 10, 587–593. [Google Scholar] [CrossRef]

	25. 
Giner, J. Biosynthesis of marine sterol side chains. Chem. Rev. 1993, 93, 1735–1752. [Google Scholar] [CrossRef]

	26. 
Bazin, M.A.; Loiseau, P.M.; Bories, C.; Letourneux, Y.; Rault, S.; El Kihel, L. Synthesis of oxysterols and nitrogenous sterols with antileishmanial and trypanocidal activities. Eur. J. Med. Chem. 2006, 41, 1109–1116. [Google Scholar] [CrossRef]

	27. 
Ikekawa, N.; Tsuda, K.; Morisaki, N. Saringosterol: A new sterol from brown algae. Chem. Ind. 1966, 85, 1179–1180. [Google Scholar]

	28. 
Ayyad, S.E.; Sowellim, S.Z.; El-Hosini, M.S.; Abo-Atia, A. The structural determination of a new steroidal metabolite from the brown alga Sargassum asperifolium. Z für Naturforschung. C J. Biosci. 2003, 58C, 333–336. [Google Scholar]

	29. 
Gauvin, A.; Smadja, J.; Aknin, M.; Faure, R.; Gaydou, E. Isolation of bioactive 5 alpha,8 alpha-epidioxy sterols from the marine sponge Luffariella cf. variabilis. Can. J. Chem. 2000, 78, 986–992. [Google Scholar]

	30. 
Wei, X.; Rodríguez, A.D.; Wang, Y.; Franzblau, S.G. Synthesis and in vitro biological evaluation of ring b abeo-sterols as novel inhibitors of mycobacterium tuberculosis. Bioorg. Med. Chem. Lett. 2008, 18, 5448–5450. [Google Scholar] [CrossRef]

	31. 
Hoet, S.; Pieters, L.; Muccioli, G.G.; Habib-Jiwan, J.L.; Opperdoes, F.R.; Quetin-Leclercq, J. Antitrypanosomal activity of triterpenoids and sterols from the leaves of Strychnos spinosa and related compounds. J. Nat. Prod. 2007, 70, 1360–1363. [Google Scholar] [CrossRef]

	32. 
Kitagawa, I.; Kobayashi, M.; Sugawara, T.; Yosioka, I. Thornasterol a and b, two genuine sapogenols from the starfish Acanthaster planci. Tetrahedron Lett. 1975, 16, 967–970. [Google Scholar] [CrossRef]

	33. 
Kitagawa, I.; Kobayashi, M.; Sugawara, T. Saponin and sapogenol. 25. Steroidal saponins from the starfish Acanthaster planci l. (crown of thorns). 1. Structures of two genuine sapogenols, thornasterol a and thornasterol b, and their sulfates. Chem. Pharm. Bull. 1978, 26, 1852–1863. [Google Scholar] [CrossRef]

	34. 
ApSimon, J.; Buccini, J.; Badriper, S. Marine organic chemistry. 1. Isolation of 3beta,6alpha-dihydroxy-5alpha-pregn-9(11)-en-20-one from saponins of starfish Asterias forbesi. A rapid method for extracting starfish saponins. Can. J. Chem. 1973, 51, 850–855. [Google Scholar] [CrossRef]

	35. 
ApSimon, J.; Badripersaud, S.; Buccini, J.; Eenkhoorn, J. Marine organic chemistry. 4. Isolation of (20r)-5-alpha-pregn-9(11)-ene-3-beta,6-alpha,20-triol from the saponins of the starfish, Asterias forbesi and Asterias vulgaris, and its synthesis. Can. J. Chem. 1980, 58, 2703–2708. [Google Scholar] [CrossRef]

	36. 
Goad, L.; Garneau, F.; Simard, J.; ApSimon, J.; Girard, M. Isolation of delta-9(11)-sterols from the sea cucumber Psolus fabricii. implications for holothurin biosynthesis. Tetrahedron Lett. 1985, 26, 3513–3516. [Google Scholar] [CrossRef]

	37. 
Cordeiro, M.; Djerassi, C. Biosynthetic studies of marine lipids. 25. Biosynthesis of delta-9(11)-sterols and delta-7-sterols and saponins in sea cucumbers. J. Org. Chem. 1990, 55, 2806–2813. [Google Scholar] [CrossRef]

	38. 
Ballantine, J.; Williams, K.; Burke, B. Marine sterols. 4. C21 sterols from marine sources. Identification of pregnane derivatives in extracts of sponge Haliclona rubens. Tetrahedron Lett. 1977, 18, 1547–1550. [Google Scholar] [CrossRef]

	39. 
Wachter, G.; Franzblau, S.; Montenegro, G.; Hoffmann, J.; Maiese, W.; Timmermann, B. Inhibition of Mycobacterium tuberculosis growth by saringosterol from Lessonia nigrescens. J. Nat. Prod. 2001, 64, 1463–1464. [Google Scholar] [CrossRef]

	40. 
Elenkov, I.; Milkova, T.; Andreev, S.; Popov, S. Sterol composition and biosynthesis in the black sea sponge Dysidea fragilis. Comp. Biochem. Physiol. B 1994, 107, 547–551. [Google Scholar]

	41. 
Pinheiro, A.; Dethoup, T.; Bessa, J.; Silva, A.; Kijjoa, A. A new bicyclic sesquiterpene from the marine sponge associated fungus Emericellopsis minima. Phytochem. Lett. 2012, 5, 68–70. [Google Scholar] [CrossRef]

	42. 
Ramos-Ligonio, A.; López-Monteon, A.; Trigos, A. Trypanocidal activity of ergosterol peroxide from pleurotus ostreatus. Phytother. Res. 2012, 26, 938–943. [Google Scholar] [CrossRef]

	43. 
Truong, N.B.; Pham, C.V.; Doan, H.T.; Nguyen, H.V.; Nguyen, C.M.; Nguyen, H.T.; Zhang, H.J.; Fong, H.H.; Franzblau, S.G.; Soejarto, D.D.; et al. Antituberculosis cycloartane triterpenoids from Radermachera boniana. J. Nat. Prod. 2011, 74, 1318–1322. [Google Scholar] [CrossRef]

	44. 
Palermo, J.; Brasco, M.; Hughes, E.; Seldes, A.; Balzaretti, V.; Cabezas, E. Short side chain sterols from the tunicate Polizoa opuntia. Steroids 1996, 61, 2–6. [Google Scholar] [CrossRef]

	45. 
Carlson, R.; Popov, S.; Massey, I.; Delseth, C.; Ayanoglu, E.; Varkony, T.; Djerassi, C. Minor and trace sterols in marine invertebrates. 6. Occurrence and possible origins of sterols possessing unusually short hydrocarbon side chains. Bioorg. Chem. 1978, 7, 453–479. [Google Scholar] [CrossRef]

	46. 
Lorente, S.O.; Rodrigues, J.C.; Jiménez Jiménez, C.; Joyce-Menekse, M.; Rodrigues, C.; Croft, S.L.; Yardley, V.; de Luca-Fradley, K.; Ruiz-Pérez, L.M.; Urbina, J.; et al. Novel azasterols as potential agents for treatment of leishmaniasis and trypanosomiasis. Antimicrob. Agents Chemother. 2004, 48, 2937–2950. [Google Scholar] [CrossRef]

	47. 
Song, Z.; Nes, W.D. Sterol biosynthesis inhibitors: Potential for transition state analogs and mechanism-based inactivators targeted at sterol methyltransferase. Lipids 2007, 42, 15–33. [Google Scholar] [CrossRef]

	48. 
Reeves, E.K.; Hoffman, E.P.; Nagaraju, K.; Damsker, J.M.; McCall, J.M. Vbp15: Preclinical characterization of a novel anti-inflammatory delta 9,11 steroid. Bioorg. Med. Chem. 2013, 21, 2241–2249. [Google Scholar] [CrossRef]





© 2014 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/).







media/file4.png





nav.xhtml


  marinedrugs-12-02937


  
    		
      marinedrugs-12-02937
    


  




  





media/file5.png
Determination of MIC against T. brucei inati i
20,

marinum
120
Sterol 1 -terol 1
m-sieroi2 st 2
100 st 100 -stenl3
80
60
40
2.
2
o
02 04 08 16 31 63 125 280 500 °To2 o4 o8 €3 125 250 600 1000

Concentration (ug/mL) Concentration (ug/mL)

(a) (b)





media/file3.png
v

T T T
1.00 0.95 0.90

T
1.05

f2 (ppm)





media/file0.png
28

27
26 (1)
HO 23
A\
OH
27

(3)






media/file1.png





media/file2.png
{5.32,42.21}

¥

HO

fs5

54

5.2

50 48 46 44

a2

a0

38 36 34

32 30 28 26 24 22 20 18 16 14 12 10 08 06
£2 (ppm)





media/file6.png
Sterol 1 10 uM Sterol 2 10 uM Sterol 3 10 uM

Control cells Sterol 1 30 uM Sterol 2 30 uM Sterol 3 30 uM

Sterol 1 100 uM Sterol 2 100 uM Sterol 3 100 uM





