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A B S T R A C T   

Some plants used in Traditional Chinese Medicine serve as treatment for disease states where a suppression of the 
cellular immune response is desired. However, the compounds responsible for the immunosuppressant effects of 
these plants are not necessarily known. 

The immunosuppressant compounds in the roots of Scutellaria baicalensis, one of the most promising plants 
identified in a previous screening, were tracked by HPLC activity profiling and concomitant on-line spectroscopic 
analysis. Compounds were then isolated by preparative chromatography, and structures elucidated by spectro
scopic methods. Twelve flavonoids (5–16) were identified from the active time windows, and structurally related 
flavones 2, 4, and 17, and flavanones 1 and 3 were isolated from adjacent fractions. All flavonoids possessed an 
unusual substitution pattern on the B-ring, with an absence of substituents at C-3 and C-4. Compounds 11, 13, 
14, and 16 inhibited T-cell proliferation (IC50 values at 12.1–39 μM) at non-cytotoxic concentrations. The 
findings may support the use of S. baicalensis in disorders where a modulation of the cellular immune response is 
desirable.   

1. Introduction 

The immune system is built to discriminate self from non-self anti
gens. The loss of immunological tolerance to antigens can produce 
autoreactive immune responses [1]. Immunosuppressive agents are an 
option for treating this condition. Since T-lymphocytes are a 
self-centered network in the immune system, most immunosuppressant 
drugs target the mechanism of enormous diversity in T-cells receptor 
and signaling pathways. An over-stimulated CD28 pathway (cos
timulatory pathways in T-cells) causes excessive proliferation and dif
ferentiation of naïve T-cells. The dysfunction of these costimulatory 
pathways triggers autoimmune diseases such as type-I diabetes and 
rheumatoid arthritis [2]. 

We recently screened an extract library prepared from 435 tradi
tional Chinese herbal drugs for their ability to inhibit T-cell proliferation 
without concomitant cytotoxicity [3,4]. One of the promising hits in this 
screening was a dichloromethane (DCM) extract from roots of Scutellaria 

baicalensis Georgi (Lamiaceae) which exhibited an IC50 of 12.9 µg/mL. 
Huang Qin (黄芩; Scutellariae baicalensis radix) is a widely used herbal 
drug in Traditional Chinese Medicine, and monographs have been 
published in the Chinese Pharmacopoeia (2015), the European Phar
macopoeia (EP 9.0), the British Pharmacopoeia (BP 2018), and the 
United States Pharmacopeia (USP 2020). The drug has been tradition
ally used for the treatment of nausea and vomiting in febrile diseases, 
dysentery, epistaxis, hemorrhage, inflammation, and respiratory in
fections [5]. Flavonoids are the major secondary metabolites in the 
roots, and flavone glycosides (wogonin glucoside, baicalin, oroxyloside) 
and their aglycones (wogonin, baicalein, oroxyloside) have been iden
tified [6]. We here report on the activity-driven identification of com
pounds responsible for the immunosuppressant activity of the extract, 
and on the further evaluation of their activity. 
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2. Materials and methods 

2.1. General 

HPLC-grade acetonitrile (Scharlau) and water (Barnstead EASY-pure 
II water purification system) were used for HPLC separations. For 
analytical separations HPLC solvents contained 0.1% formic acid 
(Scharlau). DMSO (Scharlau) was used for dissolving the samples for 
HPLC analysis. Solvents used for extraction, column chromatography, 
and recrystallization were of technical grade (Romil Pure Chemistry) 
and were redistilled before use. Silica gel 60 F254 coated aluminum TLC 
plates and silica gel (0.063–0.200 mm) for column chromatography 
were from Merck. TLC plates were visualized under UV light and by 
spraying with 1% vanillin (Roth) in EtOH, followed by 10% sulfuric acid 
(Scharlab) in EtOH and heating at 110 ◦C. Reagent grade aluminium 
chloride (Sigma-Aldrich) and reagent grade 36% hydrochloric acid 
(Hänseler) were used to prepare UV/Vis shift reagents. HPLC-grade 
methanol (Scharlau) was used for UV, optical rotation and ECD mea
surements. Deuterated solvent (DMSO-d6) for NMR was purchased from 
Armar Chemicals. Evaporation of microfractions was done with a Gen
evac® EZ-2 plus vacuum centrifuge (Avantec). 

HPLC-PDA-ELSD-MS analyses and HPLC-based microfractionation 
were performed with an instrument consisting of a degasser, quaternary 
pump (LC-20 CE), column oven (CTO-20AC), PDA detector (SPD- 
M20A), and triple quadrupole mass spectrometer (LCMS-8030) (all 
Shimadzu), connected via a T-split to an ELSD 3300 detector (Alltech). A 
SunFire® C18 column (3.5 µm, 3.0 × 150 mm) equipped with a guard 
column (3.0 ×10 mm) (Waters) was used for analytical separations. Data 
acquisition and processing were performed using lab solution software 
(Shimadzu). 

Flash chromatography was carried out on a Puriflash® 4100 system 
(Interchim). A glass column (25 ×460 mm i.d.) was used. Semi- 
preparative HPLC was carried out with an Agilent 1100 Series instru
ment with a PDA detector, and with a Waters 2690 instrument consisting 
of a degasser, binary high pressure mixing pump, column oven, and a 
Waters 996 photodiode array detector. A SunFire® Prep C18 column (5 
µm, 10 ×150 mm) equipped with a guard column (10 ×10 mm) (Waters) 
was used for separation. 

NMR spectra were recorded with a Bruker Avance® III spectrometer 
operating at 500.13 MHz for 1H and 125.77 MHz for 13C. 1H NMR ex
periments and 2D homonuclear and heteronuclear NMR spectra were 
measured with a 1 mm TXI probe at 18 ◦C. 13C NMR spectra were ob
tained in 3 or 5 mm tubes with a BBO probe at 23 ◦C. Data were analyzed 
using ACD/Spectrus Processor 2017.1.3. 

Optical rotations were measured in MeOH on a P-2000 digital 
polarimeter (Jasco) equipped with a sodium lamp (589 nm) and a 10 cm 
temperature-controlled microcell. Electronic circular dichroism (ECD) 
spectra were recorded, at a concentration of 0.1 mg/mL in MeOH, on a 
Chirascan CD spectrometer with 1 mm path precision cells (110 QS, 
Hellma Analytics). UV/Vis absorption spectra were recorded with a 
Lambda 35 spectrometer (PerkinElmer), either in pure MeOH and after 
addition of AlCl3/HCl [7]. 

2.2. Plant material 

Dried roots of Scutellaria baicalensis Georgi (Scutellariae baicalensis 
radix EP 9) were purchased in November 2017 from Lian Chinaherb 
(Wollerau, Switzerland), lot number S1310444C. A voucher specimen 
has been deposited at the Division of Pharmaceutical Biology, University 
of Basel, under plant number 1020. 

2.3. Microfractionation for activity profiling 

For microfractionation of the extract an FC 204 fraction collector 
(Gilson) adapted for 96-deepwell plates was connected to the LC-MS 
8030 system (Shimadzu). Three injections of the extract (10 mg/mL in 

DMSO) were carried out: 2 × 30 μL (corresponding in total to 0.6 mg of 
extract) with only the PDA detector for collection of microfractions, and 
1 × 10 μL with PDA-ELSD-ESI-MS detection for recording of on-line 
spectroscopic data. Water with 0.1% formic acid (A) and acetonitrile 
with 0.1% formic acid (B) were used as mobile phase. The gradient was 
20–100% B in 30 min, followed by 10 min at 100% B. Microfractions of 
1 min each were collected from minute 2 to minute 35, whereby cor
responding microfractions of the two runs were collected into the same 
well. The deepwell plate was dried in a Genevac EZ-2 evaporator, and 
residues re-dissolved in DMSO prior to the bioassay. 

2.4. Extraction and isolation 

Powdered S. baicalensis roots (160 g) were extracted at room tem
perature and under stirring with 2 × 400 mL DCM for two days each. The 
combined extracts were evaporated under reduced pressure to afford 
1.4 g of dry residue. The extract was chromatographed on a silica gel 
column (25 ×460 mm) at a flow rate of 25 mL/min, using a step gradient 
(n-hexane, n-hexane/EtOAc, EtOAc, EtOAc/MeOH and MeOH). A total 
of 35 fractions were collected. Compounds detected in the active time 
window of the HPLC activity profile were localized in fractions 10, 13, 
16, 18, 21, and 26, respectively. These fractions were further purified by 
semi-preparative HPLC and recrystallization. 

Compound 11 (26.0 mg) was obtained from fraction 16 (47.2 mg) via 
recrystallization from a methanol/ethanol mixture. Fraction 10 (31.4 
mg) was separated by semi-preparative RP-HPLC [H2O + 0.1% formic 
acid (A), MeCN + 0.1% formic acid (B); 44% B (0–20 min); flow rate 4 
mL/min] to afford 16 (17.0 mg, tR 15.1 min). Fraction 13 (8.5 mg) 
(semi-preparative RP-HPLC [H2O + 0.1% formic acid (A), MeCN + 0.1% 
formic acid (B); isocratic 42% B (0–25 min); flow rate 4 mL/min]) 
afforded compound 13 (2.1 mg, tR 14.1 min), and fraction 18 (16.0 mg) 
[H2O + 0.1% formic acid (A), MeCN + 0.1% formic acid (B); 43–45% B 
(0–25 min); flow rate 4 mL/min] yielded compounds 11 (1.6 mg, tR 12.0 
min), 12 (3.5 mg, tR 12.5 min), 15 (5.8 mg, tR 13.5 min), and 17 (5.4 mg, 
tR 15.6 min). Fraction 21 (70.4 mg) (semi-preparative RP-HPLC [H2O +
0.1% formic acid (A), MeCN + 0.1% formic acid (B); 38–42% B (0–25 
min); flow rate 4 mL/min]) yielded compounds 10 (6.0 mg, tR 14.9 min), 
and 14 (50.0 mg, tR 18.2 min), fraction 26 (25.5 mg) [H2O + 0.1% 
formic acid (A), MeCN + 0.1% formic acid (B); 38–42% B (0–25 min); 
flow rate 4 mL/min] afforded compounds 3 (1.1 mg, tR 12.9 min), 4 (0.6 
mg, tR 17.9 min), 5 (1.3 mg, tR 21.3 min), 8 (3.4 mg, tR 24.3 min), 6 (0.3 
mg, tR 26.1 min), 7 (0.2 mg, tR 27.4 min), and 9 (1.0 mg, tR 28.0 min), 
and fraction 29 (17.5 mg) [H2O + 0.1% formic acid (A), MeCN + 0.1% 
formic acid (B); 21–24% B (0–24 min); flow rate 4 mL/min] gave 
compounds 1 (0.5 mg, tR 9.1 min) and 2 (1.0 mg, tR 19.1 min). 

(2 S)− 7,2′,6′-Trihydroxy-5-methoxyflavanone (1): yellowish amor
phous solid, [α]25

D = 11.2 (c 0.03, MeOH); ECD (MeOH, c 0.1 mg/mL, 
1 mm path length)) λmax (Δε): 223 (+3.5), 278 (− 1.3), 332 (+0.9); 1H 
and 13C NMR, see Table S1, Supplementary Material; ESIMS m/z 303 
[M+H]+. 

5,7,3′,6′-Tetrahydroxy-8,2′-dimethoxyflavone (Viscidulin III) (2): pale 
yellow amorphous solid, 1H and 13C NMR, see Table S2, Supplementary 
Material; ESIMS m/z 347 [M+H]+. 

(2 S)− 5,7,2′,6′-Tetrahydroxyflavanone (3): yellowish amorphous 
solid, [α]25

D = 20.7 (c 0.02, MeOH); ECD (MeOH, c 0.2 mg/mL, 1 mm 
path length)) λmax (Δε): 223 (+2.9), 284 (− 1.9), 325 (+0.5); 1H and 13C 
NMR, see Table S1, Supplementary Material; ESIMS m/z 289 [M+H]+. 

5,2′,6′-Trihydroxy-7,8-dimethoxyflavone (4): yellow amorphous solid 
1H and 13C NMR, see Table S3, Supplementary Material; ESIMS m/z 331 
[M+H]+. 

5,2′,6′-Trihydroxy-6,7,8-trimethoxyflavone (5): yellow amorphous 
solid, 1H and 13C NMR, see Table S3, Supplementary Material; ESIMS m/ 
z 361 [M+H]+. 

5,7,2′-Trihydroxy-8-methoxyflavone (Scutevulin) (6): pale yellow 
amorphous solid, 1H and 13C NMR, see Table S3, Supplementary 
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Material; ESIMS m/z 301 [M+H]+. 
5,7,2′-Trihydroxyflavone (7): yellow amorphous solid, 1H and 13C 

NMR, see Table S3, Supplementary Material; ESIMS m/z 271 [M+H]+. 
5,7,6′-Trihydroxy-8,2′-dimethoxyflavone (8): yellow amorphous solid, 

1H and 13C NMR, see Table S2, Supplementary Material; ESIMS m/z 331 
[M+H]+. 

5,7,2′-Trihydroxy-6-methoxyflavone (Tenaxin II) (9): yellow amor
phous solid, 1H and 13C NMR, see Table S4, Supplementary Material; 
ESIMS m/z 301 [M+H]+. 

5,6′-Dihydroxy-7,8,2′-trimethoxyflavone (Rivularin) (10): yellow 
amorphous solid, 1H and 13C NMR, see Table S2, Supplementary Ma
terial; ESIMS m/z 345 [M+H]+. 

Wogonin (11): yellow needles, 1H and 13C NMR, see Table S4, Sup
plementary Material; ESIMS m/z 285 [M+H]+. 

5,7-Dihydroxy-6,8-dimethoxyflavone (12): yellow amorphous solid, 
1H and 13C NMR, see Table S4, Supplementary Material; ESIMS m/z 315 
[M+H]+. 

Chrysin (13): yellow amorphous solid, 1H and 13C NMR, see Table S4, 
Supplementary Material; ESIMS m/z 255 [M+H]+. 

Skullcapflavone II (14): yellow amorphous solid, 1H and 13C NMR, see 
Table S2, Supplementary Material; ESIMS m/z 375 [M+H]+. 

Skullcapflavone I (15): yellow amorphous solid, 1H and 13C NMR, see 
Table S5, Supplementary Material; ESIMS m/z 315 [M+H]+. 

Oroxylin A (16): yellow amorphous solid, 1H and 13C NMR, see 
Table S5, Supplementary Material; ESIMS m/z 285 [M+H]+. 

5,2′-Dihydroxy-6,7,8-trimethoxyflavone (Tenaxin I) (17): yellow 
amorphous solid, 1H and 13C NMR, see Table S5, Supplementary Ma
terial; ESIMS m/z 345 [M+H]+. 

2.5. Quantification of compounds 11, 13, 14, and 16 in the extract 

Stock solutions of compounds 11, 13, 14, and 16 were prepared at 
concentration of 100 µg/mL in DMSO. The solutions were mixed to yield 
a stock containing the four analytes at 25 µg/mL each. Serial dilutions 
with concentrations of 25, 12.5, 3.13, 1.56, and 0.78 µg/mL were pre
pared from this stock. Concentrations of 100 µg/mL and 50 µg/mL 
directly from the stock solutions and after a twofold dilution of stock 
solutions, respectively. Quantification was performed with a Shimadzu 
HPLC-MS 8030 system equipped with a SunFire® C18 column (3.5 µm, 
3.0 ×150 mm) and a electrospray ionization (ESI) interface with a 
nebulizer gas flow of 3 L/min. Water with 0.1% formic acid (A) and 
acetonitrile with 0.1% formic acid (B) were used as the mobile phase. 
The gradient was 35–40% B in 30 min, and retention times were 22.2, 
23.7, 24.5, and 25.5 min for 11, 13, 14, and 16, respectively. Analysis 
was performed in positive ion mode and with multi reaction monitoring 
(MRM). The observed transitions in MRM were m/z 285 → 168 (quan
tifier) and 270 (qualifier) for 11 (wogonin), m/z 255 → 59, 98 (quan
tifier), and 153 (qualifier) for 13 (chrysin), m/z 375 → 197 (quantifier) 
and 345 (qualifier) for 14 (skullcapflavone II), m/z 285 → 168 (quan
tifier) and 270 (qualifier) for 16 (oroxylin A). 

2.6. Preparation and cultivation of human peripheral lymphocytes 

Peripheral blood mononuclear cells (PBMCs) were isolated from the 
blood of healthy adult donors obtained from the Blood Transfusion 
Centre (University Medical Centre, Freiburg, Germany). Venous blood 
was centrifuged on a LymphoPrep® gradient (density: 1.077 g/cm3, 
20 min, 500 g, 20 ºC; Progen). After centrifugation, cells were wash 
twice with phosphate-buffered saline (PBS) and subsequently cultured 
in RPMI 1640 medium supplemented with 10% heat-inactivated fetal 
calf serum (GE Healthcare Life Sciences), 2 mM L-glutamine, 100 U/mL 
penicillin, and 100 U/mL streptomycin (all from Life Technologies). The 
cells were cultured at 37 ºC in a humidified incubator with a 5% CO2/ 
95% air atmosphere. 

2.7. T cell proliferation assay 

The proliferation of T lymphocytes was determined using CFSE- 
stainings, as described earlier [8]. Lymphocytes were isolated, washed 
twice in cold PBS, and resuspended in PBS at concentration of 5 × 106 

cells/mL. Cells were stained for 10 min at 37 ºC with carboxyfluorescein 
diacetate succinimidyl ester (CFSE; 5 μM: Sigma-Aldrich, St. Louis, MO, 
USA). The staining was stopped by washing twice with complete me
dium. Stained lymphocytes (2 ×106 cells/mL) were stimulated with 
anti-human CD3 (clone HIT3a) and anti-human CD28 (clone 28.2) mAbs 
(each 100 ng/mL; eBioscience) in the presence of either medium, 
cyclosporine A (CsA; 4.16 μM; Novartis Pharma), camptothecin (CPT; 
300 μM; Tocris), or plant extracts/single compounds (concentration 
range 0.01 – 100 μg/mL) and incubated for 72 h. The negative control 
remained unstimulated. Flow cytometric analysis of the cell division was 
performed using a FACSCalibur® instrument (BD Biosciences). 

2.8. Determination of apoptosis and necrosis of T cells 

Apoptosis and necrosis induction of T lymphocytes were determined 
via analysis of phosphatidylserine expression of apoptotic cells and, PI 
permeability of necrotic cells [9]. Lymphocytes were isolated, washed 
twice in cold PBS, and resuspended in medium at a concentration of 
2 × 106 cells/mL. Cells were stimulated with anti-human CD3 (clone 
HIT3a) and anti-human CD28 (clone 28.2) mAbs (each 100 ng/mL; 
eBioscience) in the presence of either medium, camptothecin (CPT; 
300 μM; Tocris), 0.5% Triton-X 100, or plant extracts/single compounds 
(concentration range 0.01 – 100 μg/mL) and cultivated for 48 h. The 
negative control remained unstimulated. Cultured cells were washed 
with PBS and stained with annexin V-FITC using the apoptosis-detection 
kit (eBioscience) according to the manufacturer’s instructions. Propi
dium iodide (eBioscience) was added, and cells were stained for 15 min 
at room temperature in the dark. Apoptosis and necrosis rates were 
determined by flow cytometric analysis using a FACSCalibur® instru
ment (BD Biosciences). 

2.9. Testing of microfractions 

The dried microfractions in 96-deepwell plates were redissolved in 
25 μL of DMSO by sonication and mixing with a pipette. Of each stock 
solution, 1 μL was diluted in 100, 300, 900, 2700, 8100, and 24,300 μL 
of cell suspension, respectively, and tested for inhibition of T-lympho
cyte proliferation as described above. Each microfraction was scored 
based on the number of dilutions showing ≥50% inhibition of prolif
eration relative to the positive control. Dilutions showing inhibition 
≥50% were scored with 1, and those with inhibition ≤50% were 
considered as inactive and scored with 0. 

2.10. In silico predictions 

Physicochemical and ADME properties for all isolated compounds 
were calculated utilizing Percepta® (ACD/Labs, ACD/Percepta Plat
form, 12.10, 2012). 

2.11. Analysis of data 

For statistical analysis, data were processed with Microsoft Excel and 
SPSS software (Version 22.0, IBM, Armonk, USA). Statistical signifi
cance was determined with the SPSS software by one-way ANOVA fol
lowed by Dunnett’s post hoc pairwise comparisons. Values are presented 
as mean ± standard deviation differences from controls (*p < 0.05). 
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3. Results and discussion 

3.1. HPLC-based activity profiling and identification of compounds 

The dichloromethane (DCM) extract from the roots of S. baicalensis 
inhibited T-lymphocyte proliferation with an IC50 of 12.9 µg/mL 
(Fig. S1) without concomitant cytotoxicity. Compounds responsible for 
the activity of the extract were localized with the aid of HPLC-based 
activity profiling [10]. The extract was submitted to analytical HPLC, 
and one-minute microfractions were collected and tested. An overlay of 
the activity profile and the HPLC chromatogram is shown in Fig. 1. 
Fractions eluted at tR 14 and 17 min were scored with the highest ac
tivity, followed by at the fraction at tR 10 min. The fraction at tR 31 min 
was not considered given that no peak was detected in the 
chromatogram. 

Preparative flash chromatography of the extract on a silica gel col
umn afforded 41 fractions. Compounds that were initially detected in 
the windows of activity of the activity profile were tracked by HPLC- 
PDA-MS analysis of these fractions, and purified by semi-preparative 
RP-HPLC. 

The UV spectra of compounds 1–17 exhibited absorption maxima in 
the region of 260–284 nm, and either a broad shoulder at 300–380 nm 
or a second absorption maximum between 313 and 340 nm, suggesting 
the presence of flavonoids [7]. The ESIMS (positive ion mode) showed 
[M+H]+ adduct ions at m/z 255–375 which were in line with the mo
lecular weight of typical flavonoid aglycones. The 1H NMR spectra of 
compounds 1–17 exhibited resonances between δH 5.50 and 7.00 ppm 
that were characteristic for protons of ring A, while signals between δH 
6.00–8.00 ppm were characteristic for the protons on ring B [7]. With 
exception of 3, 7, and 13, the spectra showed singlets at δH 
3.50–4.10 ppm (3 H each) that were indicative of one to four aromatic 
methoxy groups. Flavones 2, and 4–17, and flavanones 1 and 3 were 
readily differentiated based on characteristic 1H and 13C NMR signals 
attributable to ring C (Fig. 2; Tables S1-S5). In flavones, H-3 appeared as 
a singlet at δH 6.20–7.10 ppm and C-3 at δC 100.0–111.0 ppm, the 
quaternary carbon C-2 at δC 159.0–164.0 ppm, and carbonyl carbon C-4 

at δC 181.0–184.0 ppm. In flavanones, H-2 appeared at δH 5.80 (dd, J =
15.0 and 2.0 Hz), and the diastereotopic methylene protons at C-3 as 
two dd at δH 2.00–4.00 (J = 14.0–18.0 and 2.0–4.0 Hz). The resonances 
of C-2 and C-3 were at δC 40.0 and 71.0 ppm, respectively, and carbonyl 
carbon C-4 at δC 188.8–197.6 ppm. 

Complete NMR spectral assignments were achieved by 1D and 2D 
NMR. The flavones appearing in the active time windows of the activity 
profile (Fig. 1) were identified as viscidulin III (2) [11,12], 5,2′, 
6′-trihydroxy-6,7,8-trimethoxyflavone (5) [13], scutevulin (6) [11,14], 
5,7,2′-trihydroxyflavone (7), 5,7,6′-trihydroxy-8,2′-dimethoxyflavone 
(8) [15], tenaxin II (9) [16], rivularin (10) [12], wogonin (11) [17], 5, 
7-dihydroxy-6,8-dimethoxyflavone (12) [18], chrysin (13) [19], skull
capflavone II (14) [20], skullcapflavone I (15) [21], and oroxylin A (16) 
[22]. Two flavones, 5,2′,6′-trihydroxy-7,8-dimethoxyflavone (4) [23] 
and tenaxin I (17) [16], and two flavanones, (2 S)− 7,2′,6′-trihydrox
y-5-methoxyflavanone (1) [15] and (2 S)− 5,7,2′,6′-tetrahydroxy
flavanone (3) [24], were located in adjacent fractions of the activity 
profile. The position of hydroxy or methoxy groups at C-5 in flavanones 
1 and 3 was established with the aid of UV/Vis shift reagents [7]. In the 
UV/Vis absorption spectrum of 3, addition of AlCl3/HCl led to a bath
ochromic shift of band II (24 nm), whereas no shift was observed in case 
of 1. The absolute configuration of flavanones 1 and 3 was determined 
by ECD (Fig. S2). The ECD spectrum of 1 exhibited positive cotton effects 
at 223 and 332 nm, and a negative cotton effect at 278 nm. Positive 
cotton effects at 223 and 325 nm along with a negative cotton effect at 
284 nm were observed for 3. Thus, both compounds had a (2 S) 
configuration [11,24]. 

All compounds possess an unusual substitution pattern of the B-ring, 
with an absence of substituents at C-4′, but substituents at C-2′ and C-6′

[7]. Likewise, substituents at C-6 or C-8 are also not very common in 
flavonoids [6]. 

3.2. Immunosuppressant activity 

All flavonoids in the active time windows of the activity profile 
(Fig. 1) were flavones with rare substitution patterns. Compounds that 

Fig. 1. HPLC chromatogram of the DCM extract of S. baicalensis roots (SunFire C18, 3.5 µm, 3.0 ×150 mm i.d.); solvent A: water + 0.1% formic acid, solvent B: 
acetonitrile + 0.1% formic acid, 20–100% B in 30 min, 100% B for 5 min; flow rate 0.5 mL/min; detection at 254 nm. Microfractions of 1 min each were collected. 
The bars above the chromatogram show the inhibition scores of microfractions. 
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were available in sufficient amounts (2, 4, and 8–17) were tested for a 
concentration-dependent inhibition of T-cell proliferation (Fig. 3,  
Table 1). FACS analysis of forward and side scatter and cell proliferation 
were used to assess toxicity and immunosuppressive activity. Com
pounds 9 and 10 were weakly active, as they showed notable inhibition 
of T-cell proliferation only at concentrations ≥ 25 µg/mL. Compounds 
2, 4, 8, and 12 showed intermediate activity, with IC50’s of 55.9, 45.9, 
61.6, and 50.2 µM, respectively. High immunosuppressant activity was 
determined for compounds 11, 13, 14, and 16, with IC50 values of 20.2, 
22.2, 12.1, and 39.0 µM, respectively. All compounds showed cytotox
icity at high concentrations. Compounds 1, 3, and 5 - 7 could not be 
tested due to the limited amount of material. 

The four most active flavones in the extract were quantified by 
HPLC-MS-MS in MRM mode, and concentrations of 5.9%, 0.5%, 4.7%, 
and 3.1%, were found for wogonin (11), chrysin (13), skullcapflavone 
(14), and oroxylin A (16), respectively (Figs. S3 and S4, and Table S6). 

The antiproliferative activity of wogonin (11) and chrysin (13) and 
the underlying mechanisms have been investigated in different tumor 
cell lines [25–31], but little evidence has been provided so far for their 
ability to inhibit primary human immune cell responses. Chrysin 
reportedly suppresses inflammatory cytokine release of human periph
eral blood mononuclear cells [32] and has the potential of diminishing 
an overactivated immune system [33,34]. Skullcapflavone (14) and 
oroxylin A (16) have been studied for their antiproliferative effects in 
different tumor cell lines [35–38], but not in primary human immune 
cells. 

For a number of structurally diverse flavonoids an inhibition of T- 
lymphocyte proliferation has been reported. Examples include simple 
flavones such as luteolin and apigenin [39], methoxyflavones such as 
hispidulin and nepetin [40], prenylated flavones such as artelastin [41], 
simple flavonols such as quercetin [42,43] and fisetin [44], prenylated 
flavonol glycosides such as baohuoside-1 [45,46] and icariin [47], 
acylated kaempferol derivatives [48], isoflavones such as genistein [49], 
flavonolignans such as silibinin [50], and delphinidin [51], a widely 
occurring anthocyanin. 

Attempts have been made previously at establishing structure- 
activity relationships for immunosuppressant flavonoids. For example, 
a Δ2,3-double bond and a carbonyl group at C-4 were considered as 
relevant for activity, and flavones decreased T-cell proliferation of mu
rine and human T-cells more strongly than flavonols [39,52]. With 

respect to substituents at the B-ring, the activity increased from mono
hydroxy to di- and trihydroxy substituted flavonoids [52]. However, 
given the highly diverse substitution patterns of the A- and B-rings in our 
compound series it was not possible to draw firm conclusions on 
structure-activity relationships. 

3.3. Physicochemical and ADME properties of compounds 

Given that no clear structure-activity relationship could be derived 
for our series of flavonoids, the physicochemical and ADME properties, 
as defined by Lipinski and Veber rules [53–55], were calculated 
(Table S7). None of the flavonoids exhibited any violations of Lipinski’s 
Rule of Five, with clog P values between 1.73 and 3.11, a molecular 
weight ranging from 270 to 346 g/M, with 2–4 H donor and 4–8 H 
acceptor sites, 1–4 rotatable bonds, and 3 rings. ADME profiling showed 
that predicted solubility ranged from 0.33 mg/mL (soluble) to 
0.005 mg/mL (highly insoluble). Caco-2 permeability ranged from 
122×106 cm/s (highly permeable) to 3×106 cm/s (moderately perme
able), and a 100% human intestinal absorption (HIA) was predicted for 
all compounds. Predicted plasma protein binding (PPB) of compounds 
was moderate to extensive (76–97%), while CNS penetration was weak 
to absent. Taken together, flavanone 1 had the best overall ADME 
properties when considering solubility, permeability and plasma protein 
binding, followed by flavanone 2, and flavones 4, 5, 9 and 10. The other 
compounds showed low solubility and extensive plasma protein bind
ing. The most active flavones 11 and 14 both had high predicted 
permeability and intestinal absorption, but a very low calculated solu
bility, and strong to extensive plasma protein binding. 

4. Conclusion 

With the aid of an HPLC-based activity profiling approach the 
compounds in a lipophilic extract of S. baicalensis responsible for a non- 
cytotoxic inhibition of human T lymphocyte proliferation were located 
and identified. Skullcapflavone II (14) and wogonin (11) were the major 
compounds responsible for the activity of the extract, given their 
abundance and IC50 values, while oroxylin A (16) and chrysin (13) 
contributed to a somewhat lesser extent. While the in vitro active 
compounds showed no Lipinski violations, some unfavorable ADME 
properties, such as low solubility and high plasma protein binding were 

Fig. 2. Structures of isolated compounds.  
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Fig. 3. Inhibitory effects on T-cell proliferation of compounds 
2, 4, and 8–17. Data of three independent experiments are 
depicted as means ± standard deviation in relation to the 
untreated, stimulated cells as positive control (PC; = 100% ±

SD). Non-stimulated cells were used as the negative control 
(NC), cyclosporine A (CsA; 5 µg/mL) was used as a known 
inhibitor of T cell proliferation, and camptothecin (CPT; 
300 µM) was used as a known inducer of apoptosis. The as
terisks represent significant differences from PC (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001.   
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indicative of a low oral bioavailability which certainly limits their po
tential use as pure compounds. 

This is in line with previous pharmacokinetic and bioavailability 
studies on single Scutellaria flavonoids. The absolute bioavailability of 
wogonin (11) in beagle dogs was found to be less than 1%, whereby poor 
solubility and rapid glucuronidation were seen as the major reasons 
[56]. The oral bioavailability of chrysin (13) in rodents was reportedly 
low due to poor aqueous solubility and significant presystemic elimi
nation [57]. The flavonoid also showed low oral bioavailability in 
humans, mainly due to extensive phase 2 metabolism (glucuronidation, 
sulphatation) and efflux of metabolites back into the intestine. The au
thors estimated a maximal oral bioavailability of 0.02% [58]. Oroxylin A 
(16) also exhibited low oral bioavailability in Beagle dogs, and extensive 
phase 2 metabolization (mainly sulfatation, less glucuronidation) [59]. 
Likewise, the oral bioavailability of oroxylin A (16) in rats was low, as 
even with a dose of 360 mg/kg BW the maximum plasma concentrations 
did not exceed 30 ng/mL [60]. To our knowledge no pharmacokinetic 
data have been reported for skullcapflavone (14). 

A further exploration of the immunosuppressive properties may be 
warranted under the perspective of S. baicalensis as a source for phyto
medicines. It has been shown that ADME properties of poorly soluble 
and poorly bioavailable pharmacologically active natural products are 
significantly improved if they are tested and/or administered in the form 
of a herbal extract [61–63]. Unfortunately, published bioavailability 
data for flavonoids in Scutellaria extracts are somewhat conflicting. For a 
standardized Scutellaria extract, Fong et al. [64] reported a low oral 
bioavailability in rats of bacalein, wogonin (11) and oroxylin A (16). In 
a similar study, only phase 2 conjugates of bacalein and wogonin (11) 
were detected in rat plasma after oral administration of the extract. 
Interestingly, free bacalein and wogonin (11) were found, together with 
their phase 2 conjugates, in liver, kidney and lung tissue [65]. Thus, 
further bioavailability studies would be required to clarify the issue. 
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