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Abstract

Silymarin, a characterized extract of the seeds of milk thistle (Slybum marianum), suppresses
cellular inflammation. To define how this occurs, transcriptional profiling, metabolomics, and
signaling studies were performed in human liver and T cell lines. Cellular stress and metabolic
pathways were modulated within 4 h of silymarin treatment: activation of Activating Transcription
Factor 4 (ATF-4) and adenosine monophosphate protein kinase (AMPK) and inhibition of
mammalian target of rapamycin (mTOR) signaling, the latter being associated with induction of
DNA-damage-inducible transcript 4 (DDIT4). Metabolomics analyses revealed silymarin
suppression of glycolytic, tricarboxylic acid (TCA) cycle, and amino acid metabolism. Anti-
inflammatory effects arose with prolonged (i.e. 24 h) silymarin exposure, with suppression of
multiple pro-inflammatory mRNASs and signaling pathways including nuclear factor kappa B (NF-
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«B) and forkhead box O (FOXO). Studies with murine knock out cells revealed that silymarin
inhibition of both mTOR and NF-xB was partially AMPK dependent, while silymarin inhibition
of mTOR required DDIT4. Other natural products induced similar stress responses, which
correlated with their ability to suppress inflammation. Thus, natural products activate stress and
repair responses that culminate in an anti-inflammatory cellular phenotype. Natural products like
silymarin may be useful as tools to define how metabolic, stress, and repair pathways regulate
cellular inflammation.

Natural products are used to prevent and treat a plethora of chronic, debilitating, and
inflammatory diseases. Over one-third of adults in the US reported self-medicating with
complementary and alternative medicines (CAM).1 Defining precise mechanisms of action
is a critical barrier to the optimal application of botanicals as CAMs and as pharmaceuticals.
Natural products, like the compounds contained in silymarin (a.k.a. milk thistle extract; from
the plant Slybum marianum [L.] Gaertn. [Asteraceae]), protect cells by various antioxidant,
anti-inflammatory, antiviral, immunomodulatory, proliferative, and metabolic effects,2:3
resulting in diverse protective phenotypes, both in vitro and in vivo. For example, silymarin
and silymarin-derived flavonolignans inhibit in vitro hepatitis C virus (HCV) infection of
human liver cell cultures, HCV-induced oxidative stress, NF-xB pro-inflammatory
signaling, and T cell activation and inflammatory cytokine production. Although there is a
clear precedence for silymarin and silbinin, the major component of silymarin, having anti-
cancer,® and cytoprotective effects,® an integrated view of the cellular responses and
pathways behind these phenotypes has not been established. While the anti-cancer activities
of silymarin arise via induction of cell death, it is not clear how non-toxic doses of silymarin
confer cellular protection in the form of reduced cellular inflammation.

Environmental cues such as energy restriction, oxygen depletion, and viral infection activate
stress responses in a cell. By triggering stress pathways, the cell initiates responses that
result in either adaptation (through reparative responses) or cell death (via apoptosis,
necrosis, or pyroptosis). Regardless of the final cellular fate, there exists common cellular
responses to stress such as early metabolic and cell cycle changes,” damage repair
processes,® and the initiation of protective mechanisms, such as induction of antioxidant
response genes.?

Cell responses to stress are initiated often with cross talk between key metabolic signaling
kinases and transcription factors. For example, the mammalian target of rapamycin (mTOR),
involved in approximately 80% of all cancers,10 is a major hub for several metabolic inputs
and cues. By sensing energy status, mTOR affords switching between anabolic (in a
nutrient-rich environment) and catabolic (during stress) cellular processes. Thus, when
nutrients are abundant, mTOR kinase activity leads to the phosphorylation of several
downstream targets including eukaryotic translation initiation factor 4E-binding protein
(4EBP-1) and S6 kinase (S6K), which promotes cellular anabolism. Conversely, mTOR
signaling is inhibited during amino acid depletion.11.12

mTOR receives input from multiple stress-sensing pathways. For example, when the 5
adenosine monophosphate-activated protein kinase (AMPK) pathway is activated and
phosphorylated by energy stress (i.e. decreased cellular ATP/ADP ratios), it inhibits the
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mTOR pathway.13 Moreover, the expression of DNA damage-inducible transcript 4 (DDIT;
also known as REDD1), a major negative regulator of mTOR activity, is induced during
stress.1415 During endoplasmic reticulum (ER) stress, the translational control factor
eukaryotic initiation factor 2-alpha (elF2a) becomes phosphorylated on a conserved serine
residue, leading to translational repression of most cellular mMRNAs with the exception of a
few key stress-response proteins, such as ATF4. Moreover, the mTOR pathway also
converges on the transcription factor FOXO3a, which plays pivotal roles in determining
cellular fates (adaptation vs. death) to environmental stress by altering metabolism, initiating
immune responses, and initiating apoptosis.16

This study presents the first transcriptional and metabolomics profiling study of silymarin-
treated human liver-derived cells with protein and signaling validation in both human liver
and T cell cultures. It is shown that non-toxic doses of silymarin initially induce ER and
energy stress responses, and that instead of dying, the cell responds to these stresses with
adaptive and reparative responses. In this environment, cells adapt to the non-toxic stress by
establishing a cellular milieu that is anti-inflammatory. Moreover, metabolic pathways, like
AMPK, that are modulated by silymarin, are involved in suppression of mTOR and
inflammatory (i.e. NF-xB) signaling. Finally, other natural products induced similar stress
responses, which correlate with their ability to suppress inflammation. Using natural
products as tools to define how cellular stress links to inflammatory status may reveal
opportunities for selective reprogramming of cellular metabolism in order to alter immune
and inflammatory responses in both health and disease.

RESULTS AND DISCUSSION

This workflow of this study started with a whole genome microarray study of silymarin
versus DMSO solvent control treated human hepatoma Huh7.5.1 cells for four, eight, and 24
h. These time points were chosen in order to capture the earliest transcriptional changes in a
cell following exposure to silymarin. Preliminary whole genome microarray studies were
also performed following one h and four h of silymarin exposure. Unsupervised hierarchical
clustering of differentially expressed transcripts revealed that silymarin—specific clustering
only occurred with the 4h treatment (data not shown). Thus, four h was chosen as the
earliest time point. Gene expression data were then analyzed by various bioinformatics
software to identify key genes and pathways modulated by silymarin. Microarray results
were then validated by independent gene expression assays (quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR)) and protein expression by Western
blot. Gene expression analysis suggested silymarin was altering cellular metabolism. As
such, a metabolomics study was also performed. Pathways modulated by silymarin were
validated by signal transduction studies in Huh7.5.1 cells and Jurkat T cells. Huh7.5.1
human hepatoma cells and Jurkat T cells were chosen for this study because we have
previously shown that silymarin inhibits inflammatory signaling via NF-kxB in these cell
types*17, and they are also relevant model systems to study HCV and HIV infection-
associated inflammation.

In human hepatoma Huh7.5.1 cells, a non-toxic dose of 80 pM silymarin or DMSO for four
h resulted in the significant differential expression of 82 mRNAS, with 67 mRNAs
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significantly induced and 15 mRNAs significantly inhibited. The number of genes
modulated by silymarin treatment grew over time, with 98 and 58 genes significantly
induced and 165 and 188 genes significantly repressed at the eight and 24 h time points,
respectively.

There were two major patterns of transcriptional regulation induced by silymarin treatment.
As shown in the heat map in Figure S1, Supporting Information, 443 genes were
differentially expressed between the DMSO and silymarin treatments at four, eight, and 24
h. The first pattern (highlighted in the right third of the heat map) was a significant induction
of mRNAs by silymarin treatment at four h that remained elevated at eight and 24 h. The
second pattern of mRNA expression (highlighted in the left-most section of the heat map)
was unchanged at four h, decreased slightly by eight h and was strongly suppressed by the
24-h time point. Thus, the cellular response to silymarin treatment was biphasic: an initial
and sustained induction of gene expression, followed by progressive suppression of mMRNAs
with prolonged silymarin treatment.

Eighteen significantly up-regulated and down-regulated genes were further validated by
gRT-PCR (Figure S2A, Supporting Information). Genes were selected primarily if they
showed strong regulation by silymarin. Some genes were secondarily selected based on
biological relevance to the anti-inflammatory actions of silymarin. There was strong
correlation between array and gRT-PCR results of the gene expression patterns for all 18
genes compared across all time points (Figure S2B, Supporting Information). As shown in
Figure S3A, Supporting Information, DDIT4 (REDD1) mRNA was one of the most highly
induced transcripts observed with silymarin treatment. By gRT-PCR, DDIT4 mRNA was
significantly induced at four, eight, and 24-h post-silymarin treatment. Silymarin treatment
also induced DDIT4 protein in Huh7.5.1 cells (Figure S3B, Supporting Information). In
contrast, CXCL 10, a highly pro-inflammatory gene, was the most down-regulated mRNA
post-silymarin treatment. CXCL10 mRNA was most suppressed at the 24-h time point,
exemplary of the progressive temporal decline in gene expression due to silymarin treatment
(Figure S3C, Supporting Information). Furthermore, silymarin dose-dependently reduced
CXCL10 mRNA and CXCL10 protein expression in Jurkat cells co-stimulated by IFNy and
TNFa (Figure S3D, Supporting Information), demonstrating that silymarin treatment
inhibited induction of the chemokine CXCL10 in two distinct cell types.

Silymarin Induces Endoplasmic Reticulum Stress

The first focus was to determine the cell signaling events behind the initial and sustained
induction of gene expression. Bioinformatics analyses using IPA software (Figure S9,
Supporting Information) revealed that genes associated with endoplasmic reticulum (ER)
stress were significantly induced at four and eight h post-silymarin treatment, with many ER
stress genes remaining significantly up-regulated at the 24-h time point. IPA predicted that
ATF4, a key transcription factor involved in ER stress, was directly involved in the rapid
induction of gene expression following silymarin treatment. Twelve ATF4-regulated
mRNAs were induced at four h (Figure 1A), and most ATF4-regulated genes remained
induced at eight and 24 h post-silymarin treatment in Huh7.5.1 cells (Figure S4A and B,
respectively). ATF4 protein induction was verified by treating Huh7.5.1 and Jurkat cells
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with silymarin. Thapsigargin, a natural product, was included as a positive control for
induction of ER stress!8. Indeed, elF-2a, phosphorylation (Ser51) and ATF4 protein
expression were clearly induced in a dose-dependent manner after one h silymarin treatment
of Huh7.5.1 cells (Figure 1B). In Jurkat cells, both elF-2a phosphorylation and ATF4
protein expression were similarly increased with silymarin treatment in a dose-dependent
manner as early as 30 minutes post-silymarin treatment (Figure 1C).

Silymarin Activates AMPK and Inhibits mTOR

The activation of AMPK is a major sensor of cellular energy status that connects nutrient
sensing and ER stress pathways.1® As shown in Figure 2, silymarin caused dose-dependent
activation of AMPK (measured as increased phosphorylation at position Thr172) in
Huh7.5.1 (Figure 2A) and Jurkat cells (Figure 2B). AMPK activation was observed as early
as one h after silymarin treatment in both Huh7.5.1 and Jurkat cells.

Since DDIT4 is a known negative regulator of mTOR, 1> and DDIT4 mRNA and DDIT4
protein were strongly induced as early as four h post-silymarin treatment (Figure S4A,
Supporting Information and Figure 1B, respectively), the mTOR pathway was tested for
inhibition by silymarin. Silymarin inhibited serum-induced phosphorylation and activation
of mTOR (Ser2448), 4EBP-1 (Thr37/46), and p70S6 Kinase (referred to as S6K) (Thr389)
in Huh7.5.1 (Figure 2C). Moreover, silymarin treatment (80 uM) modestly inhibited mTOR
signaling in Jurkat cells cultured in complete medium (Figure 2D).

Silymarin Modulates Cellular Metabolism

To better understand the mechanism by which silymarin treatment induced stress signaling
in cells, metabolomics analyses were performed on a derivative of Huh7 cells that express
Toll-like Receptor 3 (TLR3).20 These cells were chosen because they express functional
retinoic acid inducible gene 1 (RIG-1) and TLR3, the two pathogen recognition receptors for
HCV2L.22 Huh7-TLR3 cells were treated with silymarin (80 pM) for four, eight, and 24 h.
Silymarin treatment caused statistically significant (p < 0.05) decreases (up to four-fold) in
abundances at one or more time points for nearly half of 95 measured metabolites, including
glycolytic and TCA cycle intermediates, amino acids, and sugars (Table 1, Figure S5,
Supporting Information). However, no statistical differences were observed in the
abundances of nucleobases, nucleosides, and related metabolites, or in free fatty acids,
suggesting that cell metabolism was not uniformly affected (Table 1). Interestingly,
pantothenic acid (vitamin B5) was the only metabolite that showed statistically significant (p
< 0.001) increases (over two-fold) in abundance at all time points.

Silymarin Inhibits Inflammatory Signaling

The next focus was to determine the signaling events behind the second component of the
biphasic cellular response to silymarin treatment: the progressive, temporal suppression of
gene expression. IPA predicted that silymarin treatment inhibited the inflammatory response
(Figure 3A). For example, IPA revealed NF-kB as a key upstream regulator involved in
silymarin treatment signaling. Widespread, silymarin-induced suppression of NF-xB-
dependent gene expression in Huh7.5.1 cells is shown in Figure 3B, where silymarin
treatment resulted in the significant modulation of 32 mRNAs, with many having pro-
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inflammatory functions. Moreover, IPA predicted cross talk between the ATF4, FOXO3
(see below), and NF-xB pathways, suggesting that stress pathways communicate to pro-
inflammatory pathways (Figure 3C).

By 24 h post-silymarin treatment, silymarin—induced suppression of inflammation extended
to inhibition of multiple CC and CXC pro-inflammatory cytokine and chemokine mRNAS in
Huh7.5.1 cells. For example, silymarin treatment resulted in the significant down-regulation
of CCL20, CXCL1, CXCL10, CXCL5, and CXCL6 mRNAs. Moreover, IPA predicted the
inhibition of several cytokine and chemokine upstream regulators, receptors, and complexes
including interleukin-6 (IL-6), interleukin-17A (IL-17A), and transforming growth factor
beta (TGFp) (Figure S6A-C, Supporting Information). Silymarin treatment also caused
significant suppression of many non-chemokine, non-cytokine mRNAs that are involved in
the inflammatory response, such as nucleotide-binding oligomerization domain containing 2
(NOD?2), a protein expressed in peripheral blood leukocytes, and interleukin-1 receptor-
associated kinase 4 (IRAK4), a kinase that activates NF-xB in both the Toll-like receptor
and T-cell receptor signaling pathways, respectively (Figure S6D and S7E, Supporting
Information). Moreover, IPA predicted the silymarin-inhibition of many upstream regulators
involved in the immune regulation known to be involved in the lipopolysaccharide (LPS)
response (Figure S6F, Supporting Information).

IPA also predicted that silymarin treatment modulated the FOXO3 transcription factor.
Specifically, FOXO3- regulated genes became progressively inhibited at eight and 24 h
post-silymarin treatment (Figure S7A, Supporting Information). Since FOXO3 activity is
inhibited by phosphorylation,23 the effect of silymarin treatment on FOXO3
phosphorylation (Ser256) was examined. Silymarin treatment resulted in increased
phosphorylation of FOXO3 (Figure S7B, Supporting Information). Thus, silymarin
treatment suppressed FOXO3 activity and FOXO3- dependent gene expression in liver and
T cell cultures.

Collectively, the data indicate that prolonged exposure of cells to silymarin results in global
suppression of multiple, interconnected inflammatory signaling pathways.

Silymarin Induction of Stress Signaling is Linked to Suppression of Inflammation

Next explored were the connections between the induction of stress responses (i.e.
suppression of mTOR, activation of AMPK) and the inhibition of inflammatory signaling
(i.e. NF-xB) that occurred with silymarin treatment. Firstly, since silymarin induced DDIT4
protein, and mTOR is known to be inhibited by DDIT4,24 silymarin’s ability to suppress
mTOR in DDIT4 knockout mouse (KO) embryo fibroblasts (MEFs)2® was evaluated. In
wild type (WT) MEFs, cobalt chloride, known to up-regulate DDIT4,2% induced DDIT4
protein, which was associated with inhibition of phosphorylation of the mTOR target S6K.
Cobalt chloride also increased the mobility of 4EBP1 (i.e. the protein migrated faster in the
polyacrylamide gel; Figure 4A). Since phosphorylated 4EBP1 migrates slower and produces
a gel shift in polyacrylamide gels,2’ the increased/faster mobility of 4EBP1 with cobalt
chloride treatment indicates a reduction in 4EBP1 phosphorylation. As expected, cobalt
chloride did not inhibit S6K and 4EBP1 phosphorylation in DDIT4 KO MEFs. In WT
MEFs, silymarin modestly induced DDIT4 protein and also reduced S6K phosphorylation as
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well as increased the mobility of 4EBP1 (i.e decreased phosphorylation). Similarly to cobalt
chloride, in DDIT4 KO MEFs, silymarin treatment no longer induced DDIT4 protein nor
reduced S6K phosphorylation nor increased 4EBP1 mobility (Figure 4A). The data suggest
that silymarin inhibits mTOR signaling via induction of DDIT4.

Secondly, to investigate silymarin inhibition of mMTOR via the AMPK signaling axis, MEFs
containing WT or a double KO of AMPKal and a2 subunits?® were used. The phenotypes
of WT and AMPK KO cells was confirmed by measuring levels of phosphorylated AMPK
and Acetyl-CoA Carboxylase (ACC), an AMPK target, upon silymarin exposure (Figure S8,
Supporting Information). In WT MEFs, both silymarin and rapamycin treatment, a mTOR
inhibitor, reduced phosphorylation of mMTOR and S6K, as well as increased the mobility of
4EBP1 (Figure 4B). In contrast, in AMPK KO MEFs, silymarin treatment no longer
inhibited mTOR phosphorylation or increased the mobility of 4EBP1, although higher doses
of silymarin still partly inhibited S6K phosphorylation (Figure 4B). Rapamycin suppression
of mTOR was unaffected by deletion of AMPK, as expected for a direct mTOR inhibitor.
The data suggest that silymarin inhibits mTOR via the AMPK pathway.

Since AMPK sensing of cellular energy status influences NF-kB activity,2? it was next
determined whether silymarin inhibition of NF-xB was dependent on AMPK. Silymarin
treatment caused significant, dose-dependent inhibition of TNF-a induced NF-xB-
dependent transcription in WT MEFs (p<0.02; Figure 4C). In contrast, in the AMPK KO
MEFs, silymarin suppression of NF-xB-dependent transcription was significantly attenuated
(p<0.02). Collectively, the data suggest that silymarin suppression of mTOR signaling is in
part dependent on both AMPK and DDIT4, while silymarin suppression of NF-xB is in part
AMPK dependent. Therefore, silymarin-induced stresses are relayed via metabolism-sensing
signaling pathways to suppress cellular inflammation.

The First Phase: Induction of Stress Responses

In this report, it was shown that the biphasic response to silymarin treatment was initiated
with several cellular stress responses: activation of AMPK signaling, induction of DDIT4
mMRNA and protein expression, inhibition of mTOR signaling, and induction of ER stress.
Our data are consistent with previous studies showing that silibinin inihbits the mTOR
pathway upstream of tuberous sclerosis 2 (TSC2) and downstream of phosphatase and tensin
homolog (PTEN).30 This is the first demonstration that silymarin may control mTOR via
DDITA4. In addition, it is shown for the first time that silymarin treatment also activates
AMPK, further supporting the role of silymarin treatment in inducing ER stress pathways.
Herein, it is also shown that silymarin treatment resulted in a reduction of cellular
metabolism, which has been shown to lead to AMPK activation.3!

Transition of the Biphasic Response from Stress and Repair to Blockade of Inflammation

This study reveals that AMPK is a key mediator involved in transducing the signal from
silymarin-induced stress to anti-inflammatory effects. Indeed, numerous studies have shown
the correlation between AMPK, mTOR, and their interplay with NF-xB, FOXO, and
chemokine signaling, as well as their links to metabolism in chronic inflammation and
disease.32-36 |t was also shown that silymarin inhibited FOXO3: a key conduit between cell
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metabolism, growth, and inflammation and immunity.3” Silymarin also inhibited the mTOR
pathway in Jurkat cells, consistent with previous studies in activated T cells.38 Silymarin
and compounds within the extract, particularly silibinin, inhibit NF-xB, a pivotal
transcription factor involved in inducing the expression of many pro-inflammatory
genes.#3%-41 Furthermore, the use of WT and KO MEFs revealed that silymarin activation
of AMPK signaling was partially responsible for silymarin inhibition of both mTOR and
NF-xB signaling. AMPK-regulated sensing has also been shown to directly regulate
inflammation: as cellular energy levels drop, AMPK becomes activated, which inhibits
energy-consuming (anabolic) pathways, including cellular inflammation.24:2942:43 Thys,
silymarin treatment resulted in the regulation of cellular stress responses to control
inflammation and immunity.2

Phase: Inhibition of Inflammation

It was also demonstrated that the initial stress response of silymarin treatment transitions
over time into the anti-inflammatory half of a biphasic response, and this is associated with
suppression of many inflammatory genes such as CXCL10, in both liver and T cell cultures.
These findings may be of relevance in inflammatory diseases since enhanced tissue
expression of CXCL10 has been associated with many autoimmune diseases.** Furthermore,
CXCL10 over-expression has been shown to correlate with disease progression in several
chronic infectious diseases such as HCV29:4546 and human immunodeficiency virus-1
(HIV-1) infections.#” Thus, natural products like silymarin may be useful tools to dissect
how stress signaling regulates pro-inflammatory signaling and cytokine production.

Natural Products that Suppress Inflammation also Induce Stress Responses

Chemically distinct, plant-derived natural products display anti-inflammatory, anti-
proliferative, and anti-oxidant responses that are similar to those induced by silymarin
treatment.1048-52 For example, curcumin and epigallocatechin gallate (EGCG) induce anti-
inflammatory effects, modulate mTOR/PI3K signaling, and activate antioxidant
pathways.#9:5354 |n addition, many natural products such as resveratrol, EGCG, capsaicin,
and curcumin affect AMPK pathways.>® Other polyphenols also modulate inflammatory
pathways®®, and EGCG modulates FOX03.57 IPA revealed that many mRNAs that were
significantly regulated by silymarin overlapped with many of the known gene expression
changes induced EGCG and curcumin (Figure 5A). For example, the significant suppression
of inflammatory mRNAs with silymarin treatment overlapped with the anti-inflammatory
transcriptional changes reported for EGCG and curcumin (e.g. suppression of CXCLS,
CXCL10, and NFKB1A mRNAs). Given that silymarin induction of stress is at least partly
involved in suppression of inflammation (Figure 4C), it was determined whether EGCG and
curcumin also induce similar stress responses. In Figure 5B, EGCG and curcumin treatment
in Huh7.5.1 cells resulted in an upregulation of ATF4 (a marker of ER stress), DDIT4 (a
marker for mTOR inhibition), and phosphorylated AMPK (a marker of reduced cellular
metabolism) protein expression. Thus, chemically distinct natural products appear to induce
similar cellular stress responses, which correlates with their ability to suppress
inflammation.
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The data presented in this study suggest that non-toxic doses of silymarin induce
cytoprotection via a biphasic process that initially involves suppression of cellular
metabolism and activation of stress pathways, followed temporally by progressive down-
regulation of inflammatory signaling. The response to silymarin treatment observed in this
study was not limited to liver cells, as silymarin treatment of T cells caused similar
responses. The biphasic transcriptional response to silymarin treatment is reminiscent of
temporal hormesis,®8 the process by which initial administration of a chemical exerts
cellular stress, followed by beneficial and protective effects with prolonged exposure.58
Similar to the findings in the present study, other natural products have been shown to
induce biphasic dose responses.9.60

Further research into how natural products alter cellular metabolism and initiate stress
signaling, to favor repair and survival over cell death, and how these pathways connect to
inflammatory signaling, may reveal novel avenues for exploiting the health promoting
effects of natural products via CAM approaches, as well as for the development of new
chemotherapeutics that quell pathogenic inflammation.

EXPERIMENTAL SECTION

Cells and Reagents

Huh7.5.1 and Huh7-TLR3 cells are derived from Huh7 cells®1:62, They were cultured as
described.®3 Jurkat T cells were cultured as described.1” WT and DDIT4 knock out murine
embryo fibroblasts (MEF) were obtained from Leif Ellisen, while WT and AMPK knock out
MEFs were obtained from Benoit Viollet. Powdered extract (Product No. 345066, Lot No.
286061) of the seeds (achenes) of Slybum marianum [L.] Gaertn. was obtained from
Euromed, S.A. (Barcelona, Spain), which is a part of the Madaus Group (Cologne,
Germany). To eliminate stability concerns with freeze-thawing solutions of silymarin and
the hygroscopic nature of DMSQ, single use aliquots of silymarin were prepared as follows.
The extract was reconstituted to a concentration of 10 mM in MeOH (based on a molecular
weight of 482 g/mol for the seven main flavonolignan diastereoisomers). Then, 100 pL of
this solution was dispensed into 0.7 mL miniature centrifuge tubes and allowed to dry
overnight; this imparts 0.482 mg of silymarin per tube. The dried aliquots were stored at
—20°C. For each experiment, aliquots of silymarin prepared as described above and in64
were reconstituted in 40 uL of DMSO and extensively vortexed to generate a 25 mM stock
solution. For all experiments, freshly prepared silymarin stock solutions were used once and
then discarded. DMSO solvent controls were used for all experiments; for the microarray
study the maximum DMSO concentration was 0.32%, while for some short duration
signaling studies, when higher doses of silymarin were tested, the maximum DMSO
concentration was 0.8-1.6%.

Microarray Design

Huh7.5.1 cells were plated at 75,000 cells/well were plated in 24-well plates, and the
following day, media was replaced and incubated with 0.32% dimethylsulfoxide (DMSO)
solvent control or silymarin at 83 uM (40 g/mL), a non-toxic dose.%3 Toxicity was
monitored by ATPlite assay as described.* Each condition was performed in triplicate. Total
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cellular RNA was isolated at four, eight, and 24 h post-silymarin exposure, with each
triplicate condition being pooled. The study was performed on 4 separate technical
replicates.

Microarray Analyses

Microarray data were background corrected, normalized and summarized using a robust
multi-array average (RMA),55 implemented in the Bioconductor oligo package.®6 Data were
summarized at the transcript level. Comparisons at each time point were made by first fitting
a weighted one-way analysis of variance (ANOVA) model,8” and then computing empirical
Bayes adjusted contrasts, using the Bioconductor limma package.®® Transcripts were chosen
with an unadjusted p-value < 0.05 and an absolute fold change > 1.5.

Various quality control plots were generated to ensure that both raw and summarized data
fulfilled expectations. Density plots of the raw data indicated that the raw data were all
distributed similarly, so a quantile normalization was warranted. False color images of each
array showed no gross defects on the arrays, nor any entrapped bubbles. Plots of normalized
unscaled standard errors (NUSE) from the RMA summarization step and relative log
expression (RLE) plots were within expected ranges, and there were no outlier arrays on a
principal components analysis (PCA) plot.

A weighted analysis of variance (ANOVA) model was used, which smoothly down-weights
arrays that diverge from arrays with similar sample types. An unadjusted p-value < 0.05 and
an absolute fold change > 1.5 was the selection criteria. These criteria were more
conservative than using something more conventional such as a false discovery rate (FDR)
of 5%. As an example, for the four-h contrast using a 5% FDR, there were 1882 significant
genes. Using this criteria, only 308 genes were selected, thereby focusing on biologically
significant genes by incorporating the additional fold change criterion.

Raw data (CEL files) and RMA summarized data have been submitted to the Gene
Expression Omnibus (GEO) as GSE50994.

Validation of Microarray Results

Microarray results were confirmed by quantitative (Q)-RT-PCR using primer probe sets
from Life Technologies shown in Table S1, Supporting Information. RNA was extracted
with RNeasy extraction kit (Qiagen, Valencia, CA). Eighteen “Assay on Demand” gene
expression assays (Applied Biosystems Inc., Hercules, CA) were run using the 96.96 Gene
Expression Dynamic Array IFC (Fluidigm, South San Francisco, CA) according to the
manufacturer’s instructions. All gene expression levels were measured in quintuplicate and
normalized to beta-actin.

Bioinformatics Analyses, Protein Validation, and Signaling Studies

Ingenuity Pathway Analysis (IPA) software was used to predict and generate plausible
regulatory networks (e.g. transcription factors or signaling kinases) to help explain changes
observed in this study’s gene expression profile. Potential up- and down-regulators induced
by silymarin-treatment were based on relationships in the molecular pathways (hetworks)
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represented by published and experimentally observed gene expression, transcription events,
and function annotation data, as well as the statistical likelihood of their association (i.e.,
p<value). To target regulators of interest, Z-scores were used to score and prioritize potential
up- or down-regulators. Specifically, priority was given to Z-scores < -2 and = 2 of
silymarin-induced gene expression data. The upstream regulator figures (a.k.a. “pinwheels™)
were generated using IPA Path Designer (for legend see Figure S9, Supporting Information).

Based on IPA, protein induction/repression by silymarin was validated using Luminex kits
(for CXCL10; Invitrogen) and western blots (for all other non-secreted proteins). Signaling
studies assessed the level of phosphorylation of cellular proteins, using commercially
available antibodies, and all blots shown in this study are representative of at least two
independent experiments. Graphs of protein band pixel intensities were calculated by using
J-Image. Band intensities were represented as fold-change of phosphorylated protein of total
protein if total protein band intensity was available or, where specified, fold-change of the
protein of interest of actin band intensity. The antibodies used are listed in Table S2,
Supporting Information. Reporter gene assays were performed as described.* Reporter gene
results were analyzed by one-tailed Student’s T-tests.

Metabolomics Analyses

For metabolomics studies, 1.5x108 Huh7TLR3 cells were plated in 60 mm dishes. After 2 d
of cell growth, medium containing DMSO or 80 uM of silymarin was added to cells (n = 4,
each). For harvesting, a quenching solution (60% methanol, 0.85% ammonium bicarbonate,
stored at —80°C before use) was added to the dish for 1 min to quench metabolism. The
quenching solution was then removed, 150 mM ammonium bicarbonate was added, and
cells were scraped and moved into a 1.5 mL siliconized tube, which was then snap frozen in
liquid nitrogen and stored at —80°C. Metabolites were extracted using chloroform/methanol
(2:1 v/v) and chemically derivatized for analysis by gas chromatography-mass spectrometry
(GC-MS), as previously described.5%-"1 An Agilent 7890A gas chromatograph coupled with
a single quadrupole 5975C mass spectrometer (Agilent Technologies, Santa Clara, CA) was
used for metabolomics analyses, and metabolomics data were processed using
MetaboliteDetector, as previously described.89-72

The integrated peak areas of identified metabolites were z-score transformed and visualized
as a heat-map using InfernoRND (http://omics.pnl.gov/software/infernordn).”3:74

The GC-MS data were logsg transformed and processed similarly to remove metabolites
with inadequate information for statistical analyses and identify outlier GC-MS analyses.
Metabolites were removed if they did not meet the minimum requirements for a t-test.”>
However, the data processing of the GC-MS raw files did not return any metabolites with
inadequate data for statistics in either control or silymarin-treated cells at any time point.
Extreme behavior in GC-MS datasets (outliers) was identified using a combination of
correlation, principal component analysis (PCA), and an approach based on a robust
Mahalanobis distance (rMd) to assess the reproducibility of the distribution of metabolite
abundance values across biological replicates.”® Strategies for normalization of the
identified metabolite and unidentified metabolite feature abundances in each data matrix
were evaluated using the Statistical Procedure for the Analyses of Normalization Strategies
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(SPANS) protocol.”” In particular, a Rank Invariant set as defined by a non-parametric test
at a threshold of 0.05 was utilized to derive median values, and the data was subsequently
median centered. Comparisons across time were performed by Analysis of Variance
(ANOVA) with a Dunnett test correction to determine significance of each time point from
the 1 h time point. Comparisons between DMSQO and silymarin at a given time point were
compared with a standard two-sample t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Silymarin induces ER stress. A, ATF4-regulated genes (as shown on the outside of these
pinwheels with the log-fold [top] and p-value [bottom] data located next to each gene) were
all up-regulated (blue) in Huh7.5.1 cells at four h post-silymarin treatment. B, Huh7.5.1 cells
were treated with DMSO (D) thapsigarin (TP; 100 nM), and the indicated uM doses of
silymarin (SM) for one h prior to whole cell protein extraction. Whole cell lysates were
analyzed by Western blot and probed for ER stress targets: P-elF2-a(Ser51), elF2-q total,
and ATF4, as well as Actin (loading control). C, Jurkat cells were treated as described
above, harvested at one-h post silymarin-treatment, and the expression of ER stress targets
were analyzed. Below panels B and C are fold-change of protein band pixel intensity
between D versus TP or silymarin treatments.
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Figure2.
Silymarin treatment activates AMPK and inhibits mTOR signaling. Huh7.5.1 (panel A) and

Jurkat cells (panel B) were treated with DMSO (D) or the indicated doses of silymarin (uM)
for one-h followed by whole cell protein extraction and Western blotting for AMPK
activation (i.e. phosphorylation on Thr172) and Actin targets. Panel C, Huh7.5.1 cells were
serum-starved overnight, then treated with DMSO (D), rapamycin (R; 10 nM), or the
indicated micromolar (uM) doses of silymarin (SM) for one h, before cells were serum-
activated with FBS (10% final) for 10 minutes. Whole cell protein extracts were harvested,
analyzed by Western blot, and probed for mTOR substrate targets: P-mTOR, mTOR total,
P-S6K, S6K total, P-4EBP-1, and 4EBP1 total, as well as Actin. Panel D, Jurkat cells were
cultured in complete medium followed by treatment with D, R, or 80 uM silymarin (SM) for
two h prior to protein harvest.
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Figure 3.

Silymarin suppresses inflammatory signaling. A, IPA predicted silymarin treatment to be
involved in the inflammatory response based on the down-regulation of many inflammatory-
related genes. B, Silymarin treatment results in the significant down-regulation of NF-«xB-
related genes. C, Many of the genes significantly regulated with silymarin treatment in

Huh7.5.1 cells by 24 h are shared between the ATF4, FOXO03, and NF-xB pathways.
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Figure4.
Silymarin inhibits mTOR in part via DDIT4 and AMPK, and silymarin inhibits NF-xB in

part via AMPK. A, Silymarin suppression of mTOR is partially dependent on DDIT4. Wild
type (WT) and DDIT4 knockout (DDIT4 KO) MEFs were treated with DMSO (D), cobalt
chloride (CC, 200 uM) or silymarin (SM) at 80 or 200 uM; labeled as 80 and 200 in the
figure. Cell lysates were harvested at four h and probed for DDIT4 and the indicated mTOR
proteins. B, Silymarin suppression of mTOR is partially AMPK dependent. WT or AMPK
KO MEFs were treated with DMSO (D), 10nM rapamycin (R), or silymarin at 80 or 200
UM. Cell lysates were harvested at four h and probed for the indicated mTOR proteins. C,
Silymarin suppression of NF-«xB activation is partially dependent on AMPK. WT or AMPK
KO MEFs were transfected with pRDII-luc, a plasmid that express luciferase under control
of the NF-xB site from the IFN- promoter. Twenty h later, cells were treated with silymarin
(80 or 200 pM) or D for one h prior to stimulation with 100 ng/mL TNF-a for three h. The
data shown represent the mean averages and standard deviations of four independent
technical repeats. Single asterisk (*) denotes p values of < 0.02 from one-sided T tests of
silymarin-treated samples relative to D control for AMPK WT MEFs. Double asterisk (**)
denotes p values of < 0.02 from one-sided T tests of silymarin-treated samples relative to D
control for AMPK KO MEFs. Triple asterisk (***) denotes p values of < 0.02 from one-
sided T tests of silymarin treated WT vs. AMPK KO MEFs.
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Figure5.
Chemically distinct natural products engage similar stress responses. A, IPA predicted that

other natural products, such as EGCG and curcumin, induce similar gene expression
changes in comparison to silymarin treatment in Huh7.5.1 cells at 24 h post-silymarin
treatment. B, Huh7.5.1 cells were treated with EGCG, curcumin, or DMSO (D) solvent
control for 0.5, two, or four h and whole cell protein lysates were analyzed by Western
blotting with the indicated antibodies. The uM doses of each compound are EGCG: 18, 60,
and 180, and Curcumin: six, 20, and 60.
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