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Figure S1. Concentration- and time-dependent effects of silymarin and silybin on cellular PE levels.
(A, B) HepG2 cells were treated with silymarin, silybin or vehicle (ethanol for silymarin, DMSO for
silybin) at the indicated concentrations for 24 h (A) or with silymarin (10 pg/ml), silybin (20 uM) or
vehicle (ethanol for silymarin, DMSO for silybin) for the indicated incubation times (B). Independent
datasets connected by lines; n =3 (A, B, silymarin) or n = 4 (B, silybin). *P < 0.05, **P < 0.01 vs.

vehicle control for the respective time point; two-tailed paired Student’s #-test.
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Figure S2. Effects of silymarin and silybin on cell number, membrane integrity and cell viability.
HepG2 cells were treated with silymarin and silybin (at the indicated concentrations), staurosporine
(STS, 1 uM) (C), or vehicle (ethanol for silymarin, DMSO for silybin and STS) for 24 h. (A) Cell
numbers. Individual values and mean + SEM; n = 3 (silymarin), or n = 4 (silybin). (B) Membrane
intactness measured by trypan blue staining. Individual values and mean + SEM; n = 3; effects of
silymarin (200 pg/ml) and silybin (300 uM) were assessed in independent experiments (A, B). (C)
Cell viability determined by MTT assay. Individual values and mean + SEM; n =3 (silybin) orn=4
(silymarin and STS). *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle control; ordinary one-way
ANOVA + Tukey HSD post hoc tests (C) and two-tailed paired Student’s #-test (A and B, 200 pg/ml

silymarin and 300 pM silybin, C, STS).
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Figure S3. Influence of DGAT and ATGL inhibition on the phospholipid and TG content of
hepatocytes. HepG2 cells were treated with the DGAT inhibitor PF 06424439 or the ATGL inhibitor
atglistatin for 24-30 h. Total amounts of PE and TG were determined by UPLC-MS/MS. Individual
values and mean + SEM; n = 3. *P < 0.05 vs. vehicle control; two-tailed unpaired Student’s #-test.
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83  Figure S4. Blood glucose levels. Mice received silybin hemisuccinate (‘silybin’; 200 mg/kg, i.p.) or
84 vehicle (0.9% NaCl) trice at 0, 12, and 24 h and were sacrificed after 37 h. Individual values and mean
85  from n = 8 mice/group, *P < 0.05 vs. vehicle control; two-tailed unpaired Student’s #-test.
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silymarin or silybin. (A, B) Human primary monocytes (A) and HepG2 cells (B) were treated as
described in Figure 1. Heatmap showing the absolute abundance of phospholipid and TG species.
Values are given as nmol / 1x10° cells, for PC and units / 1x10° cells, for PE. PS, PI, PG, SM and TG.

Data are presented as mean = SEM. The color indicates percentage changes relative to control. Data

and the number of experiments are identical to Figure 1.
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108  Figure S6. Phospholipid, TG and CE profile of mouse liver upon gavage of silybin. Mice were treated
109 as described in Figure 1. Heatmap showing the absolute abundance of phospholipid, TG and CE

10 species. Values are given as nmol for PC and units for PE, PS, PI, PG, SM and TG. Data are presented

11 as mean + SEM. The color indicates percentage changes relative to control. Data and the number of - -{ hat geldscht: normalized to the cell number (in relative units)
112 experiments are identical to Figure 1.
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117  Figure S7. (Lyso)phospholipid content of silymarin in comparison to hepatocytes. Absolute abundance
118  of (lyso)phospholipids in 10 pg silymarin or 3x10° HepG2 cells, which corresponds to the treatment
119  of hepatocytes with 10 pg/ml under our experimental conditions. Lipid analysis of HepG2 cells

120 focused on those species from Figure S5 and S6 that are present in silymarin, i.e., PC(16:0/18:2).

121 Single value or mean + SEM; n = 1 (silymarin) or n = 3 (HepG2 cells).
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droplets. HepG2 cells were incubated with silymarin (10 ug/ml), silybin A (20 uM) or vehicle control
(ethanol for silymarin, DMSO for silybin A) for 24 h. (A) Cell diameter of HepG2 cells determined
with a Vi-Cell™ XR cell counting system. Individual values and means + SEM; n = 3. (B-D) Labeling
of Golgi with CellLight™ Golgi-GFP (B), ER with ER-Tracker™ Red (BODIPY™ TR
Glibenclamide) (C) and lipid droplets with BioTracker™ 488 Green Lipid Dye Biotracker (D): nuclei
were stained with Hoechst 33342 (blue). Violine plots show quantification of the mean intensities for
130 control cells (ethanol), 122 silymarin-treated cells, 551 control cells (DMSO), and 335 silybin A-
treated cells (B); and for 127 control cells (ethanol), 131 silymarin-treated cells, 404 control cells
(DMSO), and 366 silybin A-treated cells (C) from n = 3 independent experiments. Median and
interquartile range are indicated as doted lines. Quantification of the number and size of lipid droplets
using the "Analyze Particles" tool in ImagelJ for 103 control cells (ethanol), 126 silymarin-treated
cells, 105 control cells (DMSO), and 120 silybin A-treated cells (D) from n = 3 independent
experiments. The statistics were performed on the mean values of n = 3 independent experiments. (E)
Relative lipid droplet content analyzed by Oil Red O staining. Individual values and mean + SEM: n =
3. *P < 0.05 vs. vehicle control. Two-tailed paired Student’s #-test on raw data (A, B, C. E). Scale bar
50 pm.
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and lipid droplets. HepG2 cells were incubated with silymarin (10
pg/ml), silybin (20 uM) or vehicle control (ethanol for silymarin,
DMSO for silybin) for 24 h. (A) Cell diameter (um) of HepG2 cells
determined with a Vi-Cell™ XR cell counting system. Individual
values and mean + SEM; n = 3. (B and C) Immunofluorescence
staining of Golgi (B) and ER (C): anti-GM130 (red) was used as
Golgi marker and anti-calnexin (red) as ER marker; nuclei were
stained with DAPI (blue). (D) Left panel: Staining of lipid droplets
with Oil Red O. Scale bar 50 pM. Right panel: Relative lipid droplet
content. Individual values and mean + SEM; n=3. *P < (.05 vs.
vehicle control. (E) Immunofluorescence staining of lipid droplets
with BODIPY493/503 (green); nuclei were visualized with DAPI
(blue). Lipid droplets were counted in three independent experiments
for 100 cells (each). Images are representative out of 3 independent
experiments; magnified BODIPY493/503-stained section: 40x20 pm.
Individual values and mean + SEM; n = 3. *P < 0.05 vs. vehicle
control. Two-tailed paired Student’s #-test (A, D, E).
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Figure S9. Effect of silybin derivatives on cell number and cell membrane intactness. HepG2 cells
were treated with the indicated compounds (20 pM) or vehicle (DMSO) for 24 h. (A) Cell numbers;
(B) membrane intactness measured by trypan blue staining. Individual values and mean + SEM; n =3
(B) orn=4 (A). P values vs. vehicle control; repeated measures one-way ANOVA + Tukey HSD post
hoc tests.
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A Microarray — HepG2 B Microarray — Huh7.5.1  silymarin (40 pg/ml)
silymarin (25 pM, 24 h)

@ T 4h T 8h @ 24h
§1.5 51.5 ;1.5 5145
s s s s
3 S S s
o Q Q o
< 1.0 - 1.0 - 1.0 - 1.0
2 1 1 1
i i3 @ °
2 2 2 2
so0s5 so0s So0s so0s
3 S S S
=) > > >
S S o °
- e T 0.0+—————— 7 0.0 we—— T 0.0 - —
4-3-2-101234 -1 0 1 -1 [ 1 -1 0 1
logo(fold change) logyo(fold change) logqo(fold change) logqg(fold change)
Human h from HCV-inf d
C RNAseq - Caco-2 D chimeric mice

silybin (30 uM, 24 h) silymarin (30 pg/ml, 24 h) silybin (265-469 mg/kg, i.v.)
s s s - 3d - 14d
5 15 ] cvpiar” 3 15 E 1'5] 3 s
s s s s s
S 2 150 S 3 3
o o o Q Q
'81‘0 K 31.0 ?'1.0 ELO
® ® 100 ® B ®
2 2 2 2 2
Bos5 3 805 Sos 2os
=3 S 50 =3 =3 =3
k) =) > o =) o
<] o o ¥ o S oo o
To. - = T 0.0 w— 7 0.0 - 0.0-

-1 0 1 4-32-101234 -1 0 1 2 4 0 1 2 4 0 1 2

log,(fold change) log(fold change) log,(fold change) logyg(fold change) logyg(fold change)

Figure S10. Volcano plots showing the data from Fig. 6A-D adjusted for multiple comparisons.
Statistical calculations were performed by pairwise comparison of treatment and control groups using
the GEO2R interactive webtool (https://www.ncbi.nlm.nih.gov/geo/geo2r/)!.

Adjusted P values were calculated by multiple #-tests, with correction for multiple comparisons
according to Benjamini and Hochberg (false discovery rate 5%) and autodetection for log-
transformation. The dashed line indicates an adjusted P value of 0.05.
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Figure S11. Lipid metabolic enzymes differentially regulated by silymarin/silybin. Comparative
analysis of transcriptome data from silymarin-treated HepG2 and Huh7.5.1 hepatocarcinoma cells,
silybin-and silymarin-treated CaCo-2 colon carcinoma cells, and hepatocytes derived from HCV-
infected mice receiving silybin. Radar plots indicating the fold change in PLA2G6, MBOAT?2, PLDI,
DGAT?2, LPIN2, PNPLA3, HSHI17B1, MVK, CYP4F2, HADH, ACOX2, and CYP2C19 expression by
silymarin (HepG2, Huh7.5.1, CaCo-2) or silybin (hepatocytes, CaCo-2) relative to vehicle control.
Non-adjusted P values given vs. vehicle control; multiple two-tailed unpaired Student’s #-tests. Data
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F igure S12. Remodeling of de novo phospholipid biosynthesis and TG metabolism. (A-C) HepG2
cells were incubated with silymarin (10 pg/ml), silybin (20 uM) or vehicle (ethanol for silymarin,
DMSO for silybin) for 24 h; (A) mRNA levels of LPLAT/LPAATI-3 normalized to -actin
(LPLATs/LPAATs silybin) or GAPDH (LPLATs/LPAATs silymarin). Individual values and mean +
SEM as fold-change of control; n =3 (LPLATS/LPAATs silymarin, LPLAT1/LPAATI silybin) and n
=4 (LPLATs/LPAATS: silybin except LPLATI/LPAATI). (B) Protein expression of DGAT1, DGAT2,
ATGL/PNPLA2, ACC1/2 and FASN, phosphorylation of ACC1/2. Individual values and mean +
SEM; n =3 (DGATI1, DGAT2, ATGL, FASN silybin), n = 4 (pACC silybin, FASN silymarin), and n
=5 (ACC, pACC silymarin) Individual values and mean + SEM; n = 3. Representative Western blots

mean + SEM; n =5 (silybin, malonyl-CoA and 1011,‘1 chain acvl CoAs) andn= 6 (silymarin, malonyl-
CoA and long-chain acyl-CoAs), n = 7 (silymarin, FFA) or n = 8 (silybin, FFA). *P < 0.05 vs. vehicle
controls; two-tailed paired Student’s t-tests.
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Figure S13. Incorporation of sodium acetate-'3C», ds into phospholipid and TG species of human
HepG?2 cells treated with silymarin or silybin A. (A-D) Human HepG?2 cells were treated as described
in Figure 41 and J. (A, B) The heatmap and bar charts display the absolute amount of isotopically-
labeled PE species, corrected for naturally occurring isotopes and normalized to internal standard and
cell number in nmol / 1x10° cells, as mean + SEM. with color indicating percentage changes to the
vehicle control. Data and the number of experiments are identical to Figure 41. (C, D) The heatmap
and bar charts display the absolute amounts of isotopically labeled TG species, corrected for naturally
occurring isotopes and normalized to the internal standard and cell count in nmol / 1x10° cells. Data
are presented as mean = SEM. The colors represent percentage changes relative to the vehicle control.
Data and the number of experiments are identical to Figure 4J. Fatty acids that incorporated
isotopically labeled sodium acetate (M+3) are indicated with asterisks (*) and fatty acids that remained

in the molecule after fragmentation are indicated with primes ('). (B, D) Individual values and means +

SEM:n=3.*P <0.05, *P <0.001 vs. vehicle controls; two-tailed paired Student’s ¢-tests.
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models of MAFLD and acute lipotoxicity. (A) HepaRG cells were treated with 0.1 mM palmitate (PA)
or a mixture of PA/oleate (OA) in a 1:2 ratio (in total 1 mM) together with vehicle (DMSO, 0.5%) or
compounds for 48 h. Relative lipid droplet content was determined by Oil Red O staining. (B-D)
HepaRG cells were either pre-treated with 0.1 mM palmitate (PA) or a mixture of PA/oleate (OA) in a
1:2 ratio (in total 1 mM) for 24 h followed by vehicle (DMSO, 0.5%) or silybin A (20 uM) treatment
or cells were directly co-treated with vehicle (DMSO, 0.5%) or silybin A (20 uM), and the incubation
was prolonged for a further 24 h. Total levels of TG (B), PE (C), and PC (D) determined by UPLC-
MS/MS. (E) Cell viability measured by MTT assay. (F) Viable cell numbers. (G) Cell membrane
integrity determined by trypan blue staining. Individual values and mean + SEM or + SEM, n =2 (E,
0.1 mM PA) or n =3 (A-G, except D, 0.1 mM PA). *P < 0.05, ***P <0.001 vs. control; two-tailed

unpaired Student’s z-test.
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A Microarray — HepG2 B Microarray — Huh7.5.1  silymarin (40 pg/ml)
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metabolism. Comparative analysis of transcriptome data from silymarin-treated HepG2 and Huh7.5.1
hepatocarcinoma cells, silybin- and silymarin-treated CaCo-2 colon carcinoma cells, and hepatocytes
derived from HCV-infected mice receiving silybin. (A-C) Volcano plots compare the expression of
proteins involved in drug metabolism upon silymarin (A-C) or silybin (C) treatment vs. vehicle
control. Statistical calculations were performed by pairwise comparison of treatment and control
groups using the GEO2R interactive webtool (https://www.ncbi.nlm.nih.gov/geo/geo2r/)!. P-values
were calculated by multiple #-tests without correction for multiple comparisons. The dashed line
indicates a P-value of 0.05. (D) Radar plots indicating the fold change in CYP2C9 by silymarin
(HepG2, Huh7.5.1, CaCo-2) or silybin (hepatocytes, CaCo-2) relative to vehicle control. Non-adjusted
P values are given vs. vehicle control; multiple two-tailed unpaired Student’s #-tests.
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densitometric data shown in Figure 8C are representative of n = 5 mice/group; (B) Protein
concentration of the 9,000xg supernatant of the liver homogenate. Individual values and mean + SEM;
n = 8 mice/group. **P < 0.01 vs. vehicle control; two-tailed unpaired Student’s #-test.
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Supplementary Notes
Supplementary Note 1: Cholesterol and CE metabolism

The effects of silybin/silymarin on CEs, the second major neutral lipid in lipid droplets after

TGs, are less consistent. In some settings, silybin/silymarin stimulates cholesterol

initially increased levels of sterols, which then bind to the cholesterol sensor /NSIG1 (Figure
S6 D and E) and suppress SREBP1 signaling (along with target protein expression) without

necessarily interfering with SREBP1 expression. In addition to canonical cholesterol

biosynthesis, increased lipoprotein and sterol uptake (LRP2) (Figure 4B and C) and possibly

accumulation of intracellular CE. In strong support of this hypothesis, silymarin
administration to mice substantially elevated the hepatic CE content (Figure 1D). However,
the increase in esterified cholesterol levels did not seem to be translated into enhanced
cholesterol metabolism, as the expression of various sterol-metabolizing enzymes (CYPIAI,
CYPIBI, CYP2CS8, CYP3A44, CYP7Al, CYP11B2, CYP17A1, CYP1941, CYP27A1, ABCBI11,
SLC10A41, SLC27A45, HSD3B2, HSD17B1, HSD17B3, AKRIDI1, AKRIC3, EBP, BAAT, STS)

consistently downregulate anabolic and catabolic sterol metabolism, while exerting complex,

partially opposite effects on cholesterol biosynthesis.
Supplementary Note 2: Vitamin A metabolism

In addition, silymarin/silybin differentially regulates a significant number of genes related to

vitamin A metabolism, including retinoic acid biosynthesis (CYPIB1, CYP3A44, ADHIB,
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Vitamin A is stored as retinyl esters in lipid droplets in the liver and shares common

PNPLA3, and ATGL/PNPLA?2, which participate in retinol ester synthesis and degradation’*.

Vitamin A plays a central role in the regulation of hepatic lipid metabolism, including

lipogenesis, lipid transport, and lipid catabolism®, and disturbed vitamin A metabolism has

analysis revealed that numerous genes involved in vitamin A metabolism (including CYPIBI,

CYP344, ADHIB, ADH6, CYP2C18, CYP3A5, CYP26A1, CYP2CS8, DGATI, PNPLA2/ATGL

and possibly PNPLA3) are subject to regulation by silybin/silymarin. Further studies are

needed to explore whether the interference with vitamin A metabolism by silymarin/silybin

affects hepatic lipid metabolism and influences the development and/or progression of

References

1

2

Barrett, T. et al. NCBI GEO: archive for functional genomics data sets--update.
Nucleic Acids Res 41, D991-995, doi:10.1093/nar/gks1193 (2013).

Yang, T. et al. Crucial step in cholesterol homeostasis: sterols promote binding of
SCAP to INSIG-1, a membrane protein that facilitates retention of SREBPs in ER.
Cell 110, 489-500, doi:10.1016/s0092-8674(02)00872-3 (2002).

Engelking, L. J., Cantoria, M. J., Xu, Y. & Liang, G. Developmental and extrahepatic
98-109, doi:10.1016/j.semcdb.2017.07.011 (2018).

Chen, Y. et al. Maturation and activity of sterol regulatory element binding protein 1
doi:10.1371/journal.pone.0049906 (2012).

Saeed, A. et al. Impaired Hepatic Vitamin A Metabolism in NAFLD Mice Leading to
Vitamin A Accumulation in Hepatocytes. Cell Mol Gastroenterol Hepatol 11, 309-
325 €303, doi:10.1016/j.jcmgh.2020.07.006 (2021).

Saeed, A., Dullaart, R. P. F., Schreuder, T., Blokzijl, H. & Faber, K. N. Disturbed
Vitamin A Metabolism in Non-Alcoholic Fatty Liver Disease (NAFLD). Nutrients 10,
d0i:10.3390/nu10010029 (2017).

- [ hat geldscht: S

. [ hat geloscht: S

- [ hat geldscht: S

- [hat formatiert: Franzosisch (Frankreich)

- [hat formatiert: Franzdsisch (Frankreich)




