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Abstract
Microbial transformation of the anti-inflammatory steroid medrysone (1) was carried out

for the first time with the filamentous fungi Cunninghamella blakesleeana (ATCC 8688a),

Neurospora crassa (ATCC 18419), and Rhizopus stolonifer (TSY 0471). The objective

was to evaluate the anti-inflammatory potential of the substrate (1) and its metabolites.

This yielded seven new metabolites, 14α-hydroxy-6α-methylpregn-4-ene-3,11,20-trione

(2), 6β-hydroxy-6α-methylpregn-4-ene-3,11,20-trione (3), 15β-hydroxy-6α-methylpregn-

4-ene-3,11,20-trione (4), 6β,17α-dihydroxy-6α-methylpregn-4-ene-3,11,20-trione (5),

6β,20S-dihydroxy-6α-methylpregn-4-ene-3,11-dione (6), 11β,16β-dihydroxy-6α-methyl-

pregn-4-ene-3,11-dione (7), and 15β,20R-dihydroxy-6α-methylpregn-4-ene-3,11-dione

(8). Single-crystal X-ray diffraction technique unambiguously established the structures of

the metabolites 2, 4, 6, and 8. Fungal transformation of 1 yielded oxidation at the C-6β,

-11β, -14α, -15β, -16β positions. Various cellular anti-inflammatory assays, including inhi-

bition of phagocyte oxidative burst, T-cell proliferation, and cytokine were performed.

Among all the tested compounds, metabolite 6 (IC50 = 30.3 μg/mL) moderately inhibited

the reactive oxygen species (ROS) produced from zymosan-induced human whole blood

cells. Compounds 1, 4, 5, 7, and 8 strongly inhibited the proliferation of T-cells with IC50

values between <0.2–10.4 μg/mL. Compound 7 was found to be the most potent inhibitor

(IC50 < 0.2 μg/mL), whereas compounds 2, 3, and 6 showed moderate levels of inhibition

(IC50 = 14.6–20.0 μg/mL). Compounds 1, and 7 also inhibited the production of pro-inflam-

matory cytokine TNF-α. All these compounds were found to be non-toxic to 3T3 cells

(mouse fibroblast), and also showed no activity when tested against HeLa (human epithe-

lial carcinoma), or against PC3 (prostate cancer) cancer cell lines.
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Introduction
Microbial transformation is an effective tool for structural derivatizations that are difficult to
achieve by conventional chemical methods. Microbial systems are also extensively employed in
the study of drug metabolism and bioremediation [1, 2].

Steroids are among the most widely marketed pharmaceutical products. Several steroids are
used as anabolic, contraceptive, anti-androgenic, anti-inflammatory, and anti-cancer agents.
Microbial hydroxylation of steroids is an efficient method for the synthesis of new hydroxysteroids
with high stereo- and regio-selectivity, and for study of the steroidal metabolism [1, 3–5]. The bio-
conversion of steroids was initiated in 1950. In 1952, progesterone was converted into 11α-hydro-
xyprogesterone, which was later used as an intermediate in the synthesis of cortisone [6].

During the last two decades, we have been focusing on the structural modifications of vari-
ous classes of steroids in search of their new bioactive analogues [7–22]. The aim of the current
study was to synthesize new anti-inflammatory metabolites of a synthetic corticosteroid,
medrysone (1) by biotransformation. Medrysone (11β-hydroxy-6α-methylpregn-4-ene-
3,20-dione) is an anti-inflammatory agent used in ophthalmic treatments. This is the first
report of the microbial transformation of medrysone (1) with the filamentous fungi, C. blake-
sleeana (ATCC 8688a), N. crassa (ATCC 18419), and R. stolonifer (TSY 0471). Fermentation of
medrysone with these fungi yielded seven new metabolites 2–8. Various cellular assays, such as
phagocyte oxidative burst, T-cell proliferation, and cytokines analysis, were performed on the
substrate 1, and metabolites 2–8 to evaluate their anti-inflammatory potential.

Experimental

General
Medrysone (1) was obtained from Sigma-Aldrich. Precoated TLC plates (silica gel, 20×20, 0.25 mm
thick PF254, Merck, Germany) were used for thin layer chromatography, ceric sulfate solution was
used as staining reagent. Column chromatography was performed on silica gel (70–230 mesh,
Merck). Recycling preparative HPLC separation was performed on a JAI LC-908W instrument,
equipped with YMC L-80 (4–5 μm, 20−50 mm i.d.) usingMeOH-H2O as the mobile phase, with
UV detection at 254 nm. Electron impact mass spectra (EI-MS) and high resolution electron impact
mass spectra (HREI-MS) were recorded on JEOL JMS600Hmass spectrometer (JEOL, Akishima,
Japan). Electrospray ionization mass spectra (ESI-MS) and high resolution electrospray ionization
mass spectra (HRESI-MS) were measured on QSTAR XLmass spectrometer (Applied Biosystem/
MDS Sciex, Darmstadt, Germany). 1H- and 13C-NMR spectra were recorded on a Bruker Avance
300 and 600MHz NMR spectrometers (Bruker, Zurich, Switzerland) in CDCl3, CD3OD and
DMSO-d6. Melting points (m.p.) were determined on Buchi-560 (Büchi, Flawil, Switzerland) appa-
ratus. Hitachi U-3200 (Hitachi, Tokyo, Japan) spectrophotometer was used to collect UV spectra
(nm). FT-IR-8900 (Shimadzu, Japan) and Bruker VECTOR 22 (Bruker, France) spectrophotometers
were employed to obtain infrared (IR) spectra (cm-1). Digital polarimeter JASCO P-2000 (JASCO,
Japan) was used to measure optical rotations in chloroform or methanol. Bruker SMARTAPEX II
single-crystal X-ray diffractometer, fitted with CCD detector, was used to collect X-ray data [23].
SAINT program was used to analyze data, solved with the aid of direct methods [24], and refined
with the help of SHELXTL-PC package [25]. The figures were plotted by ORTEP program [26].

Microorganisms and culture conditions
Fungal cultures for biotransformation were purchased from the American Type Culture Col-
lection (ATCC, Virginia, USA), and National Institute of Health Sciences (TSY, Tokyo, Japan).
Stock cultures of fungi were stored on Sabouraud dextrose agar (SDA) at 4°C.
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Glucose (60.0 g), glycerol (60.0 mL), peptone (30.0 g), yeast extract (30.0 g), KH2PO4 (30.0
g), and NaCl (30.0 g) were added to distilled H2O (6.0 L) to prepare the 6.0 L of media for C.
blakesleeana (ATCC 8688a).

The following ingredients were used for the media preparation of R. stolonifer (TSY 0471):
glucose (80.0 g), peptone (20.0 g), KH2PO4 (20.0 g), and yeast extract (12.0 g), pH 5.6 in dis-
tilled water (4.0 L).

The culture medium (6.0 L) for N. crassa (ATCC 18419) was prepared by adding the follow-
ing ingredients: glucose (90.0 g), sucrose (90.0 g), peptone (30.0 g), KH2PO4 (6.0 g), KCl (5.0
g), MgSO4 (3.0 g), and FeSO4 (0.06 g mL) into distilled water (6 L).

General fermentation and extraction protocol
Biotransformation studies were carried out by using stage II fermentation protocol [27]. Stage I
cultured flasks were prepared by transferring the spores from 3 day old slants, which were then
incubated for 4 days on a rotary shaker (128 rpm) at 25–28°C. Aliquots (5 mL) from the stage I
cultured flask were then transferred to the remaining flasks, and incubated on a rotary shaker
(128 rpm) at 25–28°C. After 2 days, compound 1 was dissolved in acetone, and evenly distrib-
uted among all the flasks. Fermentation was continued and time course studies were performed
after different time intervals to assess the degree of transformation. After completion of 12–14
days, the broth was filtered to separate mycelia and washed with dichloromethane. The filtrate
was then extracted with the same solvent i.e. dichloromethane. The solvent was dried with
anhydrous sodium sulfate (Na2SO4), and evaporated under reduced pressure to obtain the
crude extract. Two parallel control experiments were also performed as positive (media with
compound only), and negative (media with fungus only) controls.

Fermentation of medrysone (1) with C. blakesleeana (ATCC 8688a). Compound 1 (900
mg/30 mL acetone) was distributed in a total of 60 flasks containing the culture of C. blake-
sleeana (ATCC 8688a) and left on a rotary shaker for 8 days at 27°C. The medium was sepa-
rated from the mycelium by filtration. The filtered medium was then extracted with
dichloromethane (6 × 3 L), dried over anhydrous sodium sulfate (Na2SO4), and evaporated on
a rotary evaporator to afford a brown crude extract (0.90 g). The extract was subjected to gradi-
ent elution with acetone and petroleum ether to obtain four main fractions (1–4). These frac-
tions were purified by using recycling reverse phase HPLC to obtain compounds 2–8 (Fig 1).
Fraction 1 was subjected to recycling RP-HPLC (L80, MeOH: H2O = 2:1, 4 mL/min) to afford
pure compounds 2 (17 mg, Rt: 38 min), and 3 (14 mg, Rt: 38 min). Compounds 4 (10 mg, Rt:
38 min), and 5 (15 mg, Rt: 36 min) were obtained from fraction 2 by using recycling RP-HPLC
(L80, MeOH: H2O = 2:1, 4 mL/min). Similarly, fraction 3 yielded compounds 6 (5.8 mg, Rt: 36
min), and 7 (6 mg, Rt: 42 min) by using recycling RP-HPLC (L80, MeOH: H2O = 2:1, 4 mL/
min). Compound 8 (11 mg, Rt: 70 min) was obtained from fraction 4 by using recycling
RP-HPLC (L80, MeOH: H2O = 1:1, 4 mL/min).

14α-Hydroxy-6α-methylpregn-4-ene-3,11,20-trione (2). Colorless crystalline solid: m.

p.: 209–210°C; ½a�25D : +251 (c = 0.1, CHCl3); UV (MeOH) λmax nm (log ⊰): 248 (6.0); IR (KBr)
νmax cm

-1: 3466 (OH), 1700 (C = O), 1662 (C = C = O); 1H-NMR (CDCl3, 300 MHz):
Table 1; 13C-NMR (CDCl3, 150 MHz): Table 2; EI-MSm/z (rel. int., %): 358 [M+] (84.3), 340
(69), 269 (37), 177 (100), 161 (63), 136 (73), 43 (62); HREI-MS m/z (mol. formula, calcd.
value): 358.2128 (C22H30O4, 358.2139); Single-crystal X-ray diffraction data: Empirical
formula = C22H30O4, Mr = 358.46, Crystal system: Orthorhombic, space group: P212121, Unit
cell dimensions: a = 6.1067(8) Å, b = 13.813(2) Å, c = 23.065(3) Å, Volume: 1945.6(5) Å3,
Z = 4, ρcalc = 1.224 Mg/m3, F(000) 776, Crystal size: 0.32 × 0.10 × 0.10 mm, θ range for data
collection: 1.72 to 25.50°, Total 11,616 reflections were collected, out of which 3,620
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Fig 1. Biotransformation of medrysone (1) withCunninghamella blakesleeana.

doi:10.1371/journal.pone.0153951.g001
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reflections were judged observed (Rint = 0.0509). Final R indices were, R1 = 0.0587 for [I>2σ
(I)], wR2 = 0.1333, R indices were R1 = 0.0982, wR2 = 0.1581 for all data, largest difference
peak and hole: 0.471 and -0.185 e. Å-3. Crystallographic data for compound 2 was deposited
in the Cambridge Crystallographic Data Center (CCDC 1053672).

6β-Hydroxy-6α-methylpregn-4-ene-3,11,20-trione (3). Colorless amorphous solid; ½a�25D :
+32 (c = 0.1, CHCl3); UV (MeOH) λmax nm (log ⊰): 248 (6.0); IR (CHCl3) νmax cm

-1: 3479
(OH), 1707 (C = O), 1678 (C = C = O); 1H-NMR (CDCl3, 300 MHz): Table 1; 13C-NMR
(CDCl3, 100 MHz): Table 2; EI-MSm/z (rel. int., %): 358 [M+] (4), 315 (100), 175 (5), 149 (7),
123 (6), 85 (8), 43 (39); HREI-MSm/z (mol. formula, calcd value): 358.2115 (C22H30O4,
358.2139).

15β-Hydroxy-6α-methylpregn-4-ene-3,11,20-trione (4). Colorless crystalline solid; m.p.:

185–186°C; ½a�25D : +28 (c = 0.14, CHCl3); UV (MeOH) λmax nm (log ⊰): 248 (5.9); IR (CHCl3)
νmax cm

-1: 3423 (OH), 1703 (C = O), 1658 (C = C = O); 1H-NMR (CDCl3, 300 MHz): Table 1;
13C-NMR (CDCl3, 125 MHz): Table 2; EI-MSm/z (rel. int., %) 358 [M+] (63), 343 (44), 259
(24), 161 (30), 136 (100), 121 (25), 43 (62); HREI-MSm/z (mol. formula, calcd. value):
358.2126 (C22H30O4, 358.2139); Single-crystal X-ray diffraction data: Empirical
formula = C22H30O4,Mr = 358.46, Crystal system: Triclinic, space group: P1, Unit cell

Table 2. 13C-NMR chemical shift data of compounds 1–8.

Carbon 1a 2b 3c 4d 5e 6b 7e 8e

1 35.8 35.0 36.4 34.9 37.3 36.3 35.7 35.7

2 34.3 33.2 33.7 33.5 34.4 33.6 34.3 34.2

3 202.7 199.9 200.7 199.9 203.5 200.9 202.7 202.7

4 119.8 122.0 123.6 122.1 124.0 123.5 119.9 122.1

5 179.6 171.0 168.5 171.6 172.1 168.8 179.4 176.2

6 34.5 33.3 71.0 33.2 71.2 71.1 34.5 34.7

7 43.4 36.1 45.7 40.1 47.1 45.7 43.3 41.4

8 32.6 40.0 31.9 32.7 33.0 31.7 32.2 33.8

9 57.4 56.9 62.5f 63.1 63.2 62.3 57.3 63.6

10 40.9 38.0 38.4 38.6 39.6 38.3 40.9 39.9

11 68.6 209.0 207.9 207.6 212.3f 209.3 68.4 211.9

12 48.6 50.5 56.7 57.7 51.8 57.1 48.6 58.8

13 44.5 51.0 46.9 46.6 47.2 45.7 46.9 46.4

14 58.6 83.5 54.7 59.3 50.4 54.5 56.4 60.0

15 25.3 32.4 23.9 69.2 24.1 25.8 36.4 69.4

16 23.6 22.1 23.4 36.7 34.2 23.6 72.5 40.8

17 64.9 58.0 62.1f 62.0 90.0 57.0 74.9 58.2

18 16.1 18.9 14.3 16.7 16.2 13.6 17.5 16.1

19 22.6 18.2 19.6 18.0 19.9 19.6 22.6 18.6

20 212.5 208.5 207.7 206.6 212.3f 69.4 210.5 70.2

21 31.4 31.0 31.2 31.2 27.3 23.4 31.9 23.8

22 18.5 18.8 29.2 18.3 28.9 29.2 18.5 18.5

a 125 MHz, CD3OD
b 150 MHz, CDCl3
c 100 MHz, CDCl3
d 125 MHz, CDCl3
e 150 MHz, CD3OD

doi:10.1371/journal.pone.0153951.t002
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dimensions: a = 6.5208(6) Å, α = 97.416(2)°, b = 7.4210(6) Å, β = 101.439(2)°, c = 10.9061(9)
Å, γ = 107.064(2)°, Volume: 484.52(7) Å3, Z = 1, ρcalc = 1.229 mg/m3, F(000): 194, Crystal size:
0.55 × 0.38 × 0.30 mm, θ range for data collection: 1.94 to 28.29°. Total 6,591 reflections were
collected, out of which 4,741 reflections were judged observed (Rint = 0.0118). Final R indices
were, R1 = 0.0461 for [I>2sσ (I)], wR2 = 0.1169, R indices were R1 = 0.0503, wR2 = 0.1213 for
all data, largest difference peak and hole: 0.295 and -0.187 e. Å-3. Crystallographic data for
compound 4 was deposited in the Cambridge Crystallographic Data Center (CCDC 1402957).

6β,17α-Dihydroxy-6α-methylpregn-4-ene-3,11,20-trione (5). Colorless crystalline solid;

m.p.: 289–291°C; ½a�25D : -81 (c = 0.05, CHCl3); UV (MeOH) λmax nm (log ⊰): 248 (6.3); IR (CHCl3)
νmax cm

-1: 3450 (OH), 1699 (C = C = O); 1H-NMR (CDCl3, 300 MHz): Table 1; 13C-NMR
(CD3OD, 150 MHz): Table 2; EI-MSm/z (rel. int., %): 374 [M+] (58), 356 (68), 303 (54), 270 (62),
255 (63), 220 (45), 175 (42), 43 (100); HREI-MSm/z (mol. formula, calcd. value): 374.2068
(C22H30O5, 374.2088).

6β,20S-Dihydroxy-6α-methylpregn-4-ene-3,11-dione (6). Colorless crystalline solid; m.

p.: 229–230°C; ½a�25D : +126 (c = 0.1, CHCl3); UV (MeOH) λmax nm (log ⊰): 247 (5.7); IR
(CHCl3) νmax cm

-1: 3445 (OH), 1742 (C = O), 1662 (C = C = O); 1H-NMR (CDCl3, 600 MHz):
Table 1; 13C-NMR (CDCl3, 150 MHz): Table 2; HRESI-MS [M+H]+m/z: 361.2382
(C22H32O4+H requires 361.2378); Single-crystal X-ray diffraction data: Empirical
formula = C22H32O4,Mr = 360.48, Crystal system: Orthorhombic, space group: P212121, Unit
cell dimensions: a = 6.0392(8) Å, α = 90°, b = 13.5095(16) Å, β = 90°, c = 23.795(3) Å, γ = 90°,
Volume 1941.3(4) Å 3, Z = 4, ρcalc = 1.233 mg/m3, F(000): 784, Crystal size: 0.50 × 0.24 × 0.13
mm, θ range for data collection: 1.71 to 25.49°. Total 11,559 reflections were collected, out of
which 2,108 reflections were judged observed (Rint = 0.1006). Final R indices were R1 = 0.0548
for for [I>2siσ (I)], wR2 = 0.0933, R indices were R1 = 0.1153, wR2 = 0.1163 for all data largest
difference peak and hole: 0.142 and -0.123 e. Å-3. Crystallographic data for compound 6 was
deposited in the Cambridge Crystallographic Data Center (CCDC 1053673).

11β,16β -Dihydroxy-6α-methylpregn-4-ene-3,11-dione (7). Colorless crystalline solid;

½a�25D : +375 (c = 0.1, CHCl3); UV (MeOH) λmax nm (log ⊰): 247 (6.0); IR (CHCl3) νmax cm
-1:

3402 (OH), 1703 (C = O), 1662 (C = C = O); 1H-NMR (CD3OD, 300 MHz): Table 1; 13C-NMR
(CD3OD, 150 MHz): Table 2; HRESI-MS [M+H]+ m/z: 361.2374 (C22H32O4+H requires
360.2378).

15β,20R-Dihydroxy-6α-methylpregn-4-ene-3,11-dione (8). Colorless solid; m.p.: 274–

275°C; ½a�25D : +117 (c = 0.1, CHCl3); UV (MeOH) λmax nm (log ⊰): 247 (6.0); IR (CHCl3) νmax

cm-1: 3431 (OH), 1703 (C = O), 1662 (C = C = O); 1H-NMR (CD3OD, 300 MHz): Table 1;
13C-NMR (CD3OD, 150 MHz): Table 2; EI-MSm/z (rel. int., %): 360 [M+] (17), 342 (9), 225
(9), 177 (16), 136 (55), 105 (33), 91 (61), 55 (100); HREI-MSm/z (mol. formula, calcd. value):
360.2295 (C22H32O4, 360.2295); Single-crystal X-ray diffraction data: Empirical formula = C22

H34 O5,Mr = 378.49, Crystal system: Monoclinic, space group: P21, Unit cell dimensions: a =
9.3482(14) Å, α = 90°, b = 9.4131(14) Å, β = 102.433(3°, c = 12.0508(17) Å, γ = 90°, Volume
1035.5(3) Å3, Z = 2, ρcalc = 1.214 mg/m3, F(000): 412, Crystal size: 0.45 × 0.38 × 0.16 mm, θ
range for data collection: 1.73 to 25.49°. Total 6,011 reflections were collected, out of which
3,508 were judged observed (Rint = 0.0152). Final R indices were R1 = 0.0378 for [I>2sσ (I)],
wR2 = 0.0899, R indices were R1 = 0.0434, wR2 = 0.0936 for all data, largest difference peak and
hole: 0.205 and -0.144 e. Å-3. Crystallographic data for compound 8 was deposited in the Cam-
bridge Crystallographic Data Center (CCDC 1053674).

Fermentation of medrysone (1) with R. stolonifer (TSY 0471). Compound 1 (600 mg/
20 mL of acetone) was evenly transferred among 40 flasks containing 4 days old culture of R.
stolonifer TSY (0471). After 14 days of fermentation, the biomass was separated from the
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medium by filtration and then washed with dichloromethane. The medium was then extracted
with the same solvent i.e. dichloromethane, dried with anhydrous sodium sulfate (Na2SO4),
and evaporated to obtain a brown gum (1.4 g). The gum was then subjected to silica gel column
chromatography with the mobile phase consisting of petroleum ether and acetone. Three main
fractions (1–3) were obtained and purified to acquire compounds 2, 3, and 5 by recycling
RPHPLC (L80, MeOH: H2O = 2:1, 4 mL/min) (Fig 2).

Fermentation of medrysone (1) with N. crassa (ATCC 18419). Compound 1 (900 mg/ 60
mL of acetone) was distributed among 60 flasks, containing the fungal culture ofN. crassa
(ATCC 18419). These flasks were then kept on a shaker at 27°C for 15 days. After fermentation,
the medium was filtered and extracted with dichloromethane. The extract was dried over anhy-
drous sodium sulfate (Na2SO4), and evaporated under reduced pressure to obtain brown a
gummymaterial. The crude mass was then subjected to column chromatography using petro-
leum ether and acetone as the mobile phase. Three main fractions were thus purified to yield
compounds 4, 6, and 8 by recycling RPHPLC (L80, MeOH: H2O = 2:1, 4 mL/min) (Fig 3).

Biological activity
Oxidative burst inhibition assay. Oxidative burst assay was carried out by chemilumines-

cence technique using luminol as a probe to determine the effect of test compounds on the

Fig 2. Biotransformation of medrysone (1) with Rhizopus stolonifer.

doi:10.1371/journal.pone.0153951.g002
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production of reactive oxygen species (ROS) from phagocytes, employing Helfand et al.
method with slight modifications [28]. Briefly, 25 μL of whole blood was diluted in Hanks bal-
anced salt solution (HBSS++) supplemented with calcium and magnesium and incubated with
three different concentrations (1, 10, and 100 μg/mL) of the test compounds for 15 min at
37°C, followed by addition of 25 μL (20 mg mL-1) of zymosan (Sigma Chemical Co., St. Louis,
MO, USA) and 25 μL (7 × 105 M) of luminol (Sigma Chemical Co., St. Louis, MO, USA).
HBSS++ alone was run as a negative control. The level of ROS was measured as RLU (relative
light units) with a luminometer (Labsystem Luminoskan RS, Finland). The luminometer was
used in repeated scan mode with 50 seconds interval, and one second point measuring time.

T-Cell proliferation inhibition assay. The T-Cell proliferation inhibitory activity of com-
pounds was evaluated by following the reported method of Nielsen et al. (1998) with slight
modifications [29]. Peripheral blood mononuclear cells (PBMC) were isolated from healthy
human donors with their consent by Ficoll-Hypaque density gradient centrifugation. The
study was carried out after approval from independent ethics committee, ICCBS-UoK, No:
ICCBS/IEC-008-BC-2015/Protocol/1.0.

The cells were adjusted to a final concentration of 2 × 106 cells/mL in 5% FBS (fetal bovine
serum) containing RPMI 1640 media and added with 5 μg/mL phytohemagglutinin (PHA) in

Fig 3. Biotransformation of medrysone (1) withNeurospora crassa.

doi:10.1371/journal.pone.0153951.g003
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96-well round bottom plates. Each compound was added in triplicate using four concentrations
(0.2, 1, 5, and 25 μg/mL). Positive control wells contained cells and PHA, whereas cells alone
served as a negative control. The plate was incubated in 5% CO2 at 37°C for 72 h, and cells
were pulsed with 25 μL of tritiated thymidine (0.5 μci/well). The incubation was continued for
further 18 h. The cells were finally harvested on a glass fiber filter, and the plate was read as
count per minute (CPM) using β-scintillation counter.

Cytokine inhibition assay. THP-1 (Human monocytic leukemia cells) was purchased
from ECACC (85011428, European Collection of Cell Cultures, UK). The cells were main-
tained in endotoxin free RPMI-1640 containing 5.5 mmol/L glucose (BioM Laboratories,
Chemical Division, Malaysia), 50 μmol/L mercaptoethanol Merck (Damstadt, Germany), 10%
FBS (fetal bovine serum), 2 mmol/L L-glutamine (PAA Laboratories, GmbH, Pasching, Aus-
tria), 1 mmol/L sodium pyruvate (GIBCO, Grand Island, N.Y., U.S.A.), and 10 mmol/L HEPES
(MP Biomedicals, lllkirch, France). Upon reaching 70% confluency, 2.5×105 cells/mL cells were
plated in 24 well tissue culture plates. The cells were differentiated using 20 ng/mL phorbol
myristate acetate (PMA) (SERVA, Heidelberg, Germany) for 24 hours. The cells were stimu-
lated by adding 50 ng/mL of Escherichia coli lipopolysaccharide B (DIFCO Laboratories, U.S.
A.) and treated with compound (25 μg/mL). The incubation was continued for 4 hours at 37°C
in 5% CO2. The supernatants collected were analyzed for the level of pro-inflammatory cyto-
kine TNF-α, and quantification was performed by human TNF-α kit (R&D Systems, Minneap-
olis, U.S.A.), according to manufacturer’s instructions.

Cytotoxicity assay. The cytotoxicity of the test compounds against various cell lines was
evaluated by MTT (3-[4, 5-dimethylthiazole-2-yl]-2, 5-diphenyl-tetrazolium bromide] colori-
metric assay in 96-well flat-bottomed microplates [30]. The prostate cancer PC3 (ATCC CRL-
1435), and mouse fibroblast 3T3 (ATCC CRL-1658) cell lines were purchased from the Ameri-
can Type Culture Collection (ATCC, Virginia, USA). The human epithelial adenocarcinoma
HeLa cells were kindly provided by Prof. Dr. Anwar Ali Siddiqui from Aga Khan University,
Karachi, Pakistan. Dulbecco’s Modified Eagle Medium (DMEM), added with 5% of fetal bovine
serum (FBS), 100 IU/mL of penicillin, and 100 μg/mL of streptomycin was used for culturing
of the HeLa (human epithelial carcinoma), PC3 (prostate cancer), and 3T3 (mouse fibroblast)
cell lines. The cells were grown in 75 cm3 flask and incubated at 37°C in 5% CO2 incubator.
After incubation 100 μL/well cells were introduced in 96-well plate with the concentration of
5×104 cells/mL and incubated again on the same parameters mentioned above. After 24 h incu-
bation, the old media was removed and various concentrations of test compounds (1–30 μM),
diluted in 200 μL of fresh media, were added. The plates were further incubated for 48 h, fol-
lowed by addition of 200 μL MTT (0.5 mg/mL). After 4 h of incubation, 100 μL of DMSO was
introduced into each well. The absorbance was measured by microplate reader (Spectra Max
plus, Molecular Devices, CA, USA) at 570 nm for the extent of MTT reduction to formazan
within cells. The cytotoxicity was recorded as concentrations causing 50% growth inhibition
(IC50) for HeLa, PC3, and 3T3 cell lines. The results (% inhibition) were processed by using
Soft- Max Pro software (Molecular Devices, CA, USA).

% Inhibition ¼ 100�ðOD of test compound�OD of negative controlÞ
ðOD of positive control�OD of negative controlÞ � 100

Results and Discussion
Microbial transformation of anti-inflammatory corticosteroid, medrysone [11β-hydroxy-6α-
methylpregn-4-ene-3,20-dione (C22H32O3)] (1), was carried out for the first time. Fermenta-
tion of 1 with C. blakesleeana (ATCC 8688a), R. stolonifer (TSY 0471) and N. crassa (ATCC
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18419) yielded seven new metabolites 2–8. Previously we have reported the biotransformation
of several steroids for the synthesis of new anti-inflammatory compounds [31–33].

Structure elucidation
The HREI-MS of metabolite 2 showed an M+ peak atm/z 358.2128 indicating the formula
C22H30O4 (calcd. 358.2139), consistent with eight degrees of unsaturation. The IR absorbance at
3466, 1700, and 1662 cm-1 indicated the presence of hydroxyl, ketonic carbonyl, and α,β-unsatu-
rated ketonic carbonyl moieties, respectively. The 1H-NMR spectrum (Table 1) showed the C-12
methylene protons as AB doublets at δ 3.15 (J12α, 12β = 12.3 Hz) and 2.35 (J12β, 12α = 12.3 Hz),
indicating an oxidation at C-11. The 13C-NMR spectrum (Table 2) further showed the presence
of two additional quaternary carbons at δ 209.0 (C = O) and δ 83.5 (C-OH). The 2JHMBC corre-
lations of H2-12 (δ 3.15, 2.35) and H-9 (δ 2.52) with a ketonic carbon (δ 209.0) and

3J correlation
of H-19 (δ 1.39) with C-9 (δ 56.9) indicated the presence of a ketonic carbonyl at C-11. Further-
more, the presence of an OH group at C-14 was deduced from the 3JHMBC correlations of H-18
(δ 0.72) with C-14 (δ 83.5) and C-17 (δ 58.0) (Fig 4). The structure of compound 2 was unambig-
uously deduced by single-crystal X-ray diffraction analysis. The ORTEP diagram indicated that
the molecule consists of four fused rings, i.e. A (C-1—C-5/C-10), B (C-5—C-10), C (C-8—C-9/
C-11—C-14) and D (C-13—C-17). Ring A exists in a half chair conformation. Trans fused rings
B, C, and D exist in chair/chair, and envelope conformations, respectively. The acetyl substituent,
attached to C-17, adopts pseudo equitorial orientations. In contrast, the C-14 hydroxyl substitu-
ent has α (axial) orientation (Fig 5). Finally the new metabolite 2 was identified as 14α-hydroxy-
6α-methylpregn-4-ene-3,11,20-trione.

The HREI-MS of metabolite 3 supported the formula C22H30O4 [M
+ =m/z 358.2115 (calcd.

358.2139)] with eight degrees of unsaturation. The IR spectrum showed the presence of hydroxyl
(3479 cm-1), ketonic carbonyl (1707 cm-1), and α,β-unsaturated ketonic carbonyl groups (1678
cm-1). The 1H-NMR spectrum (Table 1) showed a downfield shift of H-9 signal (δ 2.70), and the
appearance of two downfield AB doublets for H2-12 at δ 2.74 (J12α,12β = 12.3 Hz) and 2.45
(J12β,12α = 12.3 Hz) which indicated a ketonic carbonyl at C-11. Furthermore, the appearance of
CH3-22 as a singlet (instead of a doublet) indicated the hydroxylation at vicinal C-6. The
13C-NMR spectrum (Table 2) showed two new quaternary carbon signals at δ 207.9 and 71.0. 2J
HMBC correlations of H-9 (δ 2.70) and H2-12 (δ 2.74, 2.45) with δ 207.9. This supported the
presence of a ketonic functionality at C-11. Similarly, 3JHMBC of H-4 (δ 6.00), and 2J correla-
tions of H2-7 (δ 2.02, 1.35) with C-6 (δ 71.0) indicated the presence of an OH hydroxyl group at
C-6 (Fig 4). The stereochemistry of C-6 was deduced as β on the basis of NOESY correlations
(DMSO-d6) between OH (δ 4.88) and H-19 (δ 1.26) (Fig 6A). The structure of new metabolite 3
was thus deduced as 6β-hydroxy-6α-methylpregn-4-ene-3,11,20-trione.

The HREI-MS of metabolite 4 supported the molecular formula C22H30O4 [M
+ =m/z

358.2126 (Calcd. 358.2139)] with eight degrees of unsaturation. The IR absorptions at 3423,
1703, and 1658 cm-1 were due to the hydroxyl, ketonic carbonyl, and α,β-unsaturated ketonic
carbonyl moieties, respectively. The 1H-NMR spectrum (Table 1) showed an additional down-
field methine signal at δ 4.40, indicating hydroxylation at that position. The two AB doublets
of H2-12 at δ 2.58 (J12β,12α = 12.0 Hz) and 2.48 (J12α,12β = 12.0 Hz), showed oxidation of the C-
11 OH into a ketonic carbonyl. The 13C-NMR (Table 2) spectrum showed an additional down-
field methine signal at δ 69.2, indicating that hydroxylation had occurred at that carbon. A new
ketonic carbonyl carbon signal also appeared at δ 207.6 in the spectrum. The 2JHMBC correla-
tions of H-9 (δ 1.97) with C-11 (δ 207.6) and C-10 (δ 38.6) supported a ketonic group at C-11.
Furthermore, the 3JHMBC correlations of H-15 (δ 4.40) with C-13 (δ 46.6) and C-17 (δ 62.0)
supported an OH at C-15 (Fig 4). NOESY correlations of H-15 (δ 4.40) with H-14 (δ 1.60) and
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H-17 (δ 2.66) supported the stereochemistry of OH group as C-15 as β (pseudo axial) (Fig 6B).
Single-crystal X-ray diffraction analysis was carried out to unambiguously deduce the structure
of metabolite 4. The X-ray studies showed that the molecule consists of four fused rings, i.e.
ring A (C-1—C-5/C-10), B (C-5—C-10), C (C-8—C-9/C-11—C-14) and D (C-13—C-17).
Ring A exists in a half-chair conformation. Trans fused rings B, C and D exist in chair, chair
and envelope conformations, respectively. The acetyl substituent attached at C17 adopts a

Fig 4. Key HMBC (H!C) correlations in newmetabolites 2–8.

doi:10.1371/journal.pone.0153951.g004
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pseudo axial orientation, whereas the OH at C-15 is β (pseudo-axial) (Fig 7). Compound 4 was
characterized as a new metabolite, 15β-hydroxy-6α-methylpregn-4-ene-3,11,20-trione.

The HREI-MS of metabolite 5 showed the M+ peak atm/z 374.2068, in agreement with the
formula C22H30O5 (calcd. 374.2088) with eight degrees of unsaturation. The IR spectrum
showed absorptions at 3450 and 1699 cm-1 for hydroxyl and α,β-unsaturated ketonic carbonyl
moieties, respectively. The 1H-NMR spectrum (Table 1) showed a downfield shift of H-9 signal
(δ 2.07), and the presence of AB doublets of C-12 methylene protons at δ 2.97 (J12β, 12α = 12.6
Hz), and 2.12 (J12α, 12β = 12.6 Hz), supported the presence of a ketonic carbonyl at C-11. Sec-
ondly, the appearance of CH3-22 as a singlet indicated a hydroxylation at the C-6 position. The
13C-NMR spectrum (Table 2) showed three additional quaternary carbons resonating at δ 71.2,
212.3, and 90.0. 2JHMBC correlations of H-9 (δ 2.07) and H2-12 (δ 2.97, 2.12) with C-11 (δ
212.3) supported the presence of a ketonic carbonyl at C-11. The position of the hydroxyl
group at C-6 was inferred from 3J and 2JHMBC correlations of H-4 (δ 5.98) and H2-7 (δ 1.98,
1.45) with C-6 (δ 71.2). An OH at C-17 was deduced on the basis of 3JHMBC correlations of
H-18 (δ 0.56, s), and H-21 (δ 2.17) with C-17 (δ 90.0) (Fig 4). The stereochemistry of the OH-
group at C-6 was deduced as β on the basis of NOESY correlations (DMSO-d6) between OH (δ
4.88) and H-19 (δ 1.25). Similarly, the stereochemistry of the OH at C-17 was deduced as α on
the basis of NOESY correlation (DMSO-d6) between OH (δ 5.64) and H-14 (δ 2.07) (Fig 6C).
Compound 5 was thus identified as a new metabolite (6β,17α-dihydroxy-6α-methylpregn-
4-ene-3,11,20-trione).

The ESI-MS of 6 exhibited the [M+H]+ atm/z 361.2382 (C22H32O4+H, requires 361.2378),
16 a.m.u. greater than that of substrate 1, suggesting the multiple oxidation of the substrate.
The IR spectrum showed absorptions at 3445, 1742, and 1662 cm-1 for hydroxyl, ketonic car-
bonyl, and α,β-unsaturated ketonic carbonyl moieties, respectively. The downfield shift of H-9
(δ 1.85) and the appearance of the C-12 methylene as AB doublets at δ 2.49 (J12α, 12β = 12.5
Hz), and 2.22 (J12β. 12α = 12.5 Hz) indicated oxidation at C-11 (Table 1). Furthermore, the
CH3-22 appeared as a singlet, due to hydroxylation at C-6. The appearance of CH3-21 as a dou-
blet, supported the reduction of the C-20 ketonic functionality into an OH. The 13C-NMR

Fig 5. ORTEP Diagram of metabolite 2. Hydrogen atoms are omitted for clarity.

doi:10.1371/journal.pone.0153951.g005
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spectrum (Table 2) showed two new quaternary carbons i.e. C-11 (δ 209.3) and C-6 (δ 71.1).
The presence of new methine OH-containing C-20 (δ 69.4) was deduced from upfield chemical
shift of vicinal C-21 (δ 23.4). In the HMBC spectrum, 2J correlations of H-9 (δ 1.85) and H2-12
(δ 2.49, 2.22) with C-11 (δ 209.3) supported a ketonic group at C-11. Furthermore, 3J correla-
tion of H-19 (δ 1.60) with C-9 (δ 62.3) also supported C-11 C = O. 3JHMBC correlation of H-
4 (δ 6.0), and 2J correlation of H2-7 (δ 2.01, 1.33) with C-6 (δ 71.1), were used to place an OH
at C-6. 2J and 3JHMBC correlations of H-21 (δ 1.20) with C-20 (δ 69.4) and C-17 (δ 57.0),
respectively, were used to deduce the position of an OH-bearing methine at C-20 (Fig 4). Sin-
gle-crystal X-ray diffraction analysis of metabolite 6 indicated that the molecule consists of
four fused rings i.e. rings A (C-1—C-5/C-10), B (C-5—C-10), C (C-8—C-9/C-11—C-14). and
D (C-13—C-17). The stereochemistry at C-20 appeared as S, and the hydroxyl group at C-6
was β oriented (Fig 8). The structure of the new metabolite 6 was finally characterized as
6β,20S-dihydroxy-6α-methylpregn-4-ene-3,11-dione.

Fig 6. Key NOESY correlations in new metabolites (A) NOESY correlation in metabolite 3 supporting β-OH (axial) at C-6 (B) NOESY correlations in
metabolite 4 supporting β- OH at C-15 (C) NOESY correlations in metabolite 5 supporting β-OH (axial) at C-6, and α-OH at C-17 (D) NOESY correlations in
metabolites 7 supporting β-OH at C- 11(axial), and C-16; and (E) NOESY correlation in metabolite 8 supporting β-OH at C-15.

doi:10.1371/journal.pone.0153951.g006
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The ESI-MS of compound 7 showed the [M+H]+ atm/z 361.2374 (C22H32O4+H, calcd.
361.2378), 16 a.m.u. greater than the substrate 1. The IR absorptions appeared at 3402, 1703,
and 1662 cm-1 were for the hydroxyl, ketonic carbonyl, and α,β-unsaturated ketonic carbonyl
moieties, respectively. The 1H-NMR spectrum (Table 1) showed a downfield signal at δ 4.72 (t,
J16α, 15αβ/17α = 7.3 Hz) due to the hydroxylation of the substrate 1. The 13C-NMR spectrum
(Table 2) showed a new methine carbon at C-16 (δ 72.5) as compared to the substrate 1. An

Fig 7. ORTEP Diagram of metabolite 4 representing final X-ray structure. Hydrogen atoms are omitted for clarity.

doi:10.1371/journal.pone.0153951.g007

Fig 8. ORTEP Diagram of metabolite 6, representing final X-ray structure.

doi:10.1371/journal.pone.0153951.g008
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OH group at C-16 was placed on the basis of 3JHMBC correlations between H-16 (δ 4.72) and
C-14 (δ 56.4) and C-20 (δ 210.5) (Fig 4). The β (pseudo equatorial) orientation of OH group at
C-16 was deduced on the basis of NOESY correlation between geminal H-16 (δ 4.72) and H-17
(δ 2.49). The stereochemistry of the newly generated OH at C-11 was also deduced to be β
(axial) on the basis of NOESY correlation between H-11 (δ 4.34) and H-9 (δ 1.10) (Fig 6D).
Metabolite 7 was hence identified as 11β,16β -dihydroxy-6α-methylpregn-4-en-3,20-dione.

The HREI-MS of compound 8 exhibited the M+ atm/z 360.2295 which supported the for-
mula as C22H32O4 (calcd. 360.2295), with seven degrees of unsaturation. The IR absorptions at
3431, 1703, and 1662 cm-1 were due to hydroxyl, ketonic carbonyl, α,β-unsaturated ketonic
carbonyl moieties, respectively. The 1H-NMR spectrum (Table 1) showed two downfield
methine proton signals at δ 4.32 (t, J15α,14α/16α = 5.7 Hz), and 3.66 (m), due to the hydroxyl-
ation at the two sites. The appearance of an additional doublet for H3-21 at δ 1.11 (J21, 20β = 6.3
Hz) indicated the reduction of the vicinal C-20 ketonic carbonyl into a CH-OH. The 13C-NMR
spectrum (Table 2) showed a new quaternary carbon signal at δ 211.9, placed at C-11 based on
the downfield shifts of neighboring C-9 (δ 63.6), and C-12 (δ 58.8). Two new methine signals
appeared at C-15 (δ 69.4) and C-20 (δ 70.2). 3JHMBC correlations of H-15 (δ 4.32) with C-8
(δ 33.8) and C-17 (δ 58.2) further indicated the presence of an OH at C-15. The presence of an
OH at C-20 (δ 70.2) was deduced on the basis of 2J and 3JHMBC correlations of H-20 (δ 3.66)
with C-17 (δ 58.2) and C-16 (δ 40.8), respectively. 3JHMBC correlation of H-18 with C-12 (δ
58.8) further supported a carbonyl at C-11 (Fig 4). The stereochemistry of the C-15 OH was
assigned to be β (pseudo axial) based on NOESY correlations between H-15 (δ 4.32) and H-14
(δ 1.62) (Fig 6E). Single-crystal X-ray diffraction analysis indicated that the molecule consists
of four fused rings i.e. ring A (C-1—C-5/C-10), B (C-5—C-10), C (C-8—C-9/C-11—C-14) and
D (C-13—C-17). The stereochemistry at C-20 appeared as R and the hydroxyl group at C-15
was β oriented, respectively (Fig 9). The structure of the new metabolite 8 was therefore
deduced as 15β,20R-dihydroxy-6α-methylpregn-4-en-3,11-dione.

Anti-inflammatory activity. To explore the anti-inflammatory effects of medrysone (1),
and its metabolites 2–8, different assays, such as phagocyte oxidative burst, T-cell proliferation,
and cytokine inhibition assays were employed.

Effect on phagocytes oxidative burst. The production of reactive oxygen species (ROS)
plays a key role in the development of many inflammatory disorders. This includes endothelial
dysfunction and tissue injury by an enhanced ROS generation by polymorphonuclear neutro-
phils (PMNs) at the site of inflammation. In our study the luminol-enhanced chemilumines-
cence assay was used for the measurement of the production of ROS. Metabolites 2–8 were
evaluated for the inhibition of the production of intracellular ROS (OH, O2

˗, H2O2, HOCl) by
using luminol as a probe and zymosan as an activator [34–36]. The results indicated that all the
tested compounds were found to be inactive, except metabolite 6 (IC50 = 30.3 ± 8.8 μg/mL),
which showed moderate activity against the zymosan-induced oxidative burst in PMNs
(Table 3).

Effect on T-cell proliferation. T-Lymphocytes are the main cells of adaptive immune
responses and are known to play a central role in pathogenesis of various autoimmune diseases.
During chronic inflammation the cytokines secreted by activated T-cells are known to activate
and proliferate the population of various other immune cells. They are also involved in graft
rejection process during transplantation, where they destroy the graft directly through cell
mediated lysis or indirectly by enhancing antibody production or by activating complement.
Hence the inhibition of proliferation of T-cells provides strong immunosuppressive approach
for the treatment of various autoimmune diseases and transplantation rejection [37]. During
this study, medrysone (1), and its metabolites 2–8 were evaluated for the inhibition of T-cell
proliferation by using PBMCs, activated with PHA. The results indicated that compounds 1, 4,
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Fig 9. ORTEP Diagram of metabolite 8 is representing final X-ray structure.Water of solvation is visible.

doi:10.1371/journal.pone.0153951.g009

Table 3. Effect of compounds 1–8 on luminol enhanced oxidative burst using zymosan activated
PMNs.

Compounds IC50
a
μg/mL

1 >100

2 >100

3 >100

4 >100

5 >100

6 30.3 ± 8.8

7 >100

8 >100

Ibuprofen (Standard) 2.5 ± 0.6

aThe IC50 values were obtained using various concentrations of test compounds, and readings are

presented as mean ± SD of triplicates.

doi:10.1371/journal.pone.0153951.t003
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5, 7, and 8 possess strong inhibitory activity with an IC50 values between< 0.2 to 10.4 μg/mL.
Among them compound 7 was the most potent inhibitor (IC50< 0.2 μg/mL) of T-cell prolifer-
ation. Compounds 2, 3, and 6 were found to be moderately active with an IC50 ranges between
14.6–20.0 μg/mL as compared with the standard drug prednisolone (IC50 < 3.1 μg/mL)
(Table 4).

Effect on TNF-α
Cytokines are regulators of host responses to infection and inflammation, while the presence of
pro-inflammatory cytokines worsens the disease condition. TNF-α is a pro-inflammatory cyto-
kine, which promotes systemic inflammation. Blocking of TNF-α during overwhelming infec-
tion can improve the disease condition. During our studies, the substrate and transformed
products 2–8 were evaluated against the production of TNF-α [38]. Among them, compound
1 (IC50 = 30.54 ± 1.69 μg/mL), and its metabolite 7 (IC50 = 28.6 ± 11.5 μg/mL) were found to
be moderate inhibitors of TNF-α production (Table 5).

These results have helped us to identify compounds with potential anti-inflammatory activ-
ity. Compounds 1–8 were analyzed for their immunomodulatory effect on different parameters
of both innate and adaptive immune responses, including their effect on generation of ROS,

Table 4. Effect of compounds 1–8 on PHA activated T-cells proliferation.

Compounds IC50
a μg/mL

1 2.9 ± 0.04

2 20.0 ± 0.9

3 14.6 ± 2.1

4 9.2±0.7

5 1.2 ± 0.02

6 15.2 ± 2.4

7 <0.2

8 10.4 ± 0.42

Prednisolone (Standard) <3.1

aThe IC50 values were obtained using various concentrations of test compounds, and readings are

presented as mean ± SD of triplicates.

doi:10.1371/journal.pone.0153951.t004

Table 5. The table represents % effect of compounds 1–8 (25 μg/mL) on TNF-α produced by LPS acti-
vated THP-1 cells.

Compounds TNF-α % inhibitiona (μg/mL)

1 30.54 ± 1.69

2 -4.04 ± 0.2

3 -2.69 ± 5.08

4 -7.49 ± 1.27

5 6.44 ± 0.21

6 4.4 ± 9.6

7 28.6 ± 11.5

8 -8.23 ± 2.75

aResults are presented as mean ± SD of triplicates. The level of TNF-α was monitored using ELISA kits.–

ve sign = indicates increase in the cytokine level as compared to activated cells without test compound.

doi:10.1371/journal.pone.0153951.t005
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proliferation of T-cells, and production of pro-inflammatory cytokine TNF-α. During an
innate immune response, the phagocytes release several chemical mediators like reactive oxy-
gen species (ROS) and cytokines, which perpetuate the inflammatory process and activate the
adaptive immune responses. During the current study, compound 6 exhibited moderate inhibi-
tory activity on ROS produced from professional phagocytes, activated with the serum opso-
nized zymosan (as an antigen) by myeloperoxidase dependent pathway. It also showed
moderate inhibition of proliferation of PHA activated T-cells. Compounds 1, 4, 5, 7, and 8
strongly inhibited the PHA activated proliferation of T-cells, whereas compounds 2, 3, and 6
were found to be the moderate inhibitors. Compound 7 was found to be the most potent inhib-
itor of T-cells proliferation from this group. These results indicate that all compounds have the
potential to inhibit cellular immune responses and might be useful in suppressing various
chronic inflammatory and autoimmune disorders as well as for treatment of transplantation
rejection. Among all compounds, the compounds 1, and 7 were also found to inhibit pro-
inflammatory cytokine TNF-α produced from LPS activated macrophages. The blockade of
TNF-α proved to be beneficial in many pathological conditions including rheumatoid arthritis
(RA), inflammatory bowel disease (IBD), and psoriasis. All compounds showed their suppres-
sive effects on various parameters of innate and adaptive immune responses, and can provide
valuable insight for the treatment of different chronic inflammatory and autoimmune illnesses.

Cytotoxicity activity
Substrate 1 and its metabolites 2–8 were evaluated for their cytotoxicity against HeLa (human
epithelial carcinoma), PC3 (prostate cancer), and 3T3 (mouse fibroblast) cells. All the com-
pounds were found to be non-cytotoxic against above mentioned cell lines.

Conclusion
In conclusion, this is the first report of the fungal transformation of steroidal anti-inflamma-
tory drug medrysone (1) into several new derivatives 2–8 with C. blakesleeana (ATCC 8688a),
N. crassa (ATCC 18419), and R. stolonifer (TSY 0471). Through this study we identified an effi-
cient route towards the synthesis of C-6β, 11β, 14α, 15β, 16β, and 20β oxidation products. Sin-
gle-crystal X-ray diffraction analyses were performed to unambiguously deduce the structures
of metabolites 2, 4, 6, and 8. Among all the metabolites, compound 6 (IC50 = 30.3 μg/mL)
showed moderate inhibitory activity against the zymosan-induced oxidative burst in human
whole blood cells whereas rest of the compounds were found to be inactive. When tested for
their effects on proliferation of T-cells, compounds 1, 4, 5, 7, and 8 showed a strong inhibitory
activity against these cells. Compound 7 (IC50< 0.2 μg/mL) was the most potent inhibitor of
T-cell proliferation. The compounds 2, 3, and 6 showed moderate levels of inhibition with an
IC50 values ranges between 14.6 to 20.0 μg/mL. When tested for their effect on production of
pro-inflammatory cytokine, TNF-α, compounds 1, and 7 showed moderate levels of inhibition
while remaining compounds showed no inhibitory activity. All the compounds were found to
be non-toxic when tested on 3T3 (mouse fibroblast) cells and showed no activity when tested
against HeLa (human epithelial carcinoma), and PC3 (prostate cancer) cell lines. The work
presented here can be helpful for the study of in vivometabolism of medrysone (1), as well as
for the identification of new anti-inflammatory agents, based on bio-catalysed structural trans-
formation of various steroids.
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