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B Abstract

Milk thistle has been known for more than 2.000 years as a
herbal remedy for a variety of disorders. It has mainly been
used to treat liver and gallbladder diseases. Silibum mari-
anum, the Latin term for the plant, and its seeds contain a
whole family of natural compounds, called flavonolignans.
Silimarin is a dry mixture of these compounds; it is extracted
after processing with ethanol, methanol, and acetone. Sili-
marin contains mainly silibin A, silibin B, taxifolin, isosilibin
A, isosilibin B, silichristin A, silidianin, and other com-
pounds in smaller concentrations. Apart from its use in liver
and gallbladder disorders, milk thistle has recently gained
attention due to its hypoglycemic and hypolipidemic proper-
ties. Recently, a substance from milk thistle has been shown
to possess peroxisome proliferator-activated receptor y

(PPARYy) agonist properties. PPARy is the molecular target of
thiazolidinediones, which are used clinically as insulin sensi-
tizers to lower blood glucose levels in diabetes type 2 pa-
tients. The thiazolidinedione type of PPARy ligands is an
agonist with a very high binding affinity. However, this
ligand type demonstrates a range of undesirable side effects,
thus necessitating the search for new effective PPARy ago-
nists. Interestingly, studies indicate that partial agonism of
PPARy induces promising activity patterns by retaining the
positive effects attributed to the full agonists, with reduced
side effects. In this review, the therapeutic potential of milk
thistle in the management of diabetes and its complications
are discussed.

Keywords: type 2 diabetes - HbAlc - milk thistle - silibin -
anti-diabetic - bioavailability - PPAR gamma

1. Introduction

. i . considerable number of herbs have been
: ‘“’studled extensively regarding their hypogly-
. cemic properties, which may be useful in the
control of diabetes mellitus. Among them is milk
thistle (Silibum marianum), which was first con-
sidered as a therapeutic agent for liver disorders.
S. marianum and its seeds contain a whole family
of natural compounds, called flavonolignans. Milk
thistle is regarded as a potent agent against insu-
lin resistance and diabetes-induced hyperglycemia
(Figure 1) [1-3].

In organs that do not depend on insulin for glu-
cose transport, intracellular accumulation of sorbi-
tol takes place under conditions of high glucose
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concentration. This is aided by the enzyme aldose
reductase, with subsequent intracellular water ac-
cumulation and tissue damage. Silibin (aka silybin
or silibinin) acts as an inhibitor of aldose reduc-
tase. Therefore, it is suggested as an attractive
candidate for the prevention and treatment of dia-
betes and its complications. For the preparation of
this review, we have searched the Pubmed data-
base using the keywords “thistle” and “diabetes”,
and we considered articles dating from 1997 to
2014.

2. Taxonomy and chemical structure

During the renaissance, S. marianum was con-
sidered as a therapeutic agent for liver disorders.
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S. marianum and its seeds contain a whole family
of natural compounds, called flavonolignans. Sili-
marin is a dry mixture of these compounds, which
are extracted after processing with ethanol,
methanol, and acetone. Silimarin contains mainly
silibin A, silibin B, taxifolin, isosilibin A, isosilibin
B, silichristin A, silidianin, and other compounds
in smaller concentrations (Figure 2).

In 1959, the first member of this family was
discovered: silibin, which is the most extensively
researched one. Silibin is an equimolar mixture of
silibin A (2R,3R)-2-((2R,3R)-2,3-dihydro-3-(4-
hydroxy-3-methoxyphenyl)-2-(hydroxymethyl)-1,4-
benzodioxin-6-yl)-2,3-dihydro-3,5,7-trihydroxy-4H-
1-benzopyran-4-one and silibin B (2R,3R)-2-
(2S,3S)-2,3-dihydro-3-(4-hydroxy-3-
methoxyphenyl)-2-(hydroxymethyl)-1,4-
benzodioxin-6-yl)-2,3-dihydro-3,5,7-trihydroxy-4H-
1-benzopyran-4-one. Silibin is a compound that
oxidizes swiftly, even in atmospheric oxygen; it has
a low solubility in water which increases signifi-
cantly as pH and temperature rise [4].

3. Silibin’s anti-obesity and anti-
diabetic properties

3.1 In vitro studies

In organs and biological systems, which do not
depend on insulin for glucose transport, such as
testis, placenta, peripheral and central nerve sys-
tem, ophthalmic lens, and pancreatic islets, intra-
cellular accumulation of sorbitol takes place under
conditions of high glucose concentration. This
event occurs with the help of the enzyme aldose
reductase, subsequent intracellular water accumu-
lation, and tissue damage. Silibin acts as an in-
hibitor of aldose reductase, making it an attractive
candidate for prevention and treatment of cataract
and diabetic neuropathy. As far as diabetic neu-
ropathy is concerned, it was found that exposure of
SY5Y neuroblastoma cells to high glucose concen-
trations, a typical experimental model of diabetic
neuropathy, and subsequent treatment with 10
nM silibin, prevented glucose-induced reduction of
mono-ADP-ribosylation and protected the cells’
Na-K-ATPase transport activity. This effect could
not be observed with equal concentrations of fruc-
tose or galactose [5, 6].

In dihydroxyacetone (DHA)-perifused rat hepa-
tocytes and at a concentration of 25 pM (100 uM),
silibin decreases DHA gluconeogenesis by 33%
(49%) and also decreases glucolysis, as shown by
the drop in the rate of lactate plus pyruvate prod-
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Abbreviations:

ACE - angiotensin-converting enzyme

ADMA — asymmetric Ng, Ng-dimethyl-L-arginine

ADP — adenosine diphosphate

ALT - alanine transaminase

aP2 — adipocyte protein 2

ARB — angiotensin receptor blocker

AST — aspartate transaminase

ATP — adenosine triphosphate

CAP — cleavage activating protein

CAT - catalase

CCAAT - cytosine-cytosine-adenosine-adenosine-thymidine
C/EBP — CCAAT/enhancer-binding protein

CYP2EL — cytochrome P450, family 2, subfamily E, poly-
peptide 1

DHA - dihydroxyacetone

eGFR — estimated glomerular filtration rate

eNOS - endothelial nitric oxide synthase

GSH - glutathion

GSHPx — glutathione peroxidase

hIAPP — human islet amyloid polypeptide

HbA1c — glycosylated hemoglobin

HCV - hepatitis C virus

HDL - high-density lipoprotein

HOMA-IR — homeostasis model assessment insulin resis-
tance

ICAM-1 — intercellular adhesion molecule 1

Insig-1 — insulin-induced gene 1

ITT — insulin tolerance test

LDL - low-density lipoprotein

LPL — lipoprotein lipase

MDA - malondialdehyde

mRNA — messenger ribonucleic acid

NAD - nicotinamide adenine dinucleotide

NADH - nicotinamide adenine dinucleotide, reduced form
NASH — non-alcoholic steatohepatitis

Nkx6.1 - Nk6 homeobox protein 1

Pdx1 — pancreatic and duodenal homeobox 1

Per os — peroral (by mouth)

PK — pyruvate kinase

PPAR — peroxisome proliferator-activated receptor
Pref-1 — preadipocyte factor 1

RT-PCR - reverse transcription polymerase chain reaction
SOD - superoxide dismutase

SREBP1 — sterol regulatory element-binding protein 1
Substance P — neuropeptide powder

STZ — streptozotocin

TNFo — tumor necrosis factor o

duction. Besides, a reduced NADH/NAD redox
state and a reduction in the cytosolic ATP/ADP ra-
tio (the latter leading to decreased cellular oxygen
consumption) can be attributed to a silibin-induced
increase in the lactate:pyruvate ratio. Thus, silibin
inhibits gluconeogenesis in perifused hepatocytes
independently of the gluconeogenic substrate. Fur-
thermore, silibin inhibits glucose-6-phosphate hy-
drolysis in a variable manner, independently of the
carbohydrate source, but it does not seem to have
significant effects in the fructose cycle [7].
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In suitably cul-
tured 3T3L-1 cells,
silibin prevents the
differentiation of pre-
adipocytes to adipo-
cytes in a dose-
dependent manner,
with subsequent re-
duction in  their
triglyceride  concen-
tration, which is a
marker of lipid accu-
mulation and adipo-
cyte hypertrophy. It
was shown that sili-
bin plays this role
during the first 48

hours of cell treat-
ment, with only mi-
nor effects after-
wards. The afore-

mentioned effects can
be attributed to sili-
bin’s variable action
on the expression of
several genes specific
for adipocytes; lower
expression of C/EBP,
PPARa, aP2, FAS,
LPL, and SREBP1c mRNA and higher expression
of pref-1, a pre-adipocyte marker, which normally
disappears during differentiation of pre-adipocytes
to mature adipocytes. Also, silibin’s effects are re-
lated to increased expression of insig-1 and insig-2.
Insig-1 precludes the expression of the adipocyte
gene sterol response element binding protein
(SREBP) and its subsequent action on gene tran-
scription through binding to cleavage activating
protein (CAP). Insig-2 action is similar to the ac-
tion of insig-1, but its isoform SREBP1c also acti-
vates PPARYy, a key adipogenesis transcription fac-
tor [8].

In the vast majority of patients with type 2 dia-
betes, the formation of human islet amyloid poly-
peptide deposits in pancreatic beta-cells plays a
crucial role in the decreasing capacity to produce
insulin. Silibin seems to be capable of increasing
the viability of pancreatic beta-cells by inhibiting
fibrillation, improving oligomerization, and de-
creasing beta-cell cytotoxicity of human islet amy-
loid polypeptide (hlAPP) in a dose-dependent
manner [9]. Isosylibin A was recently identified as
the first PPARy flavonoglycan agonist. At a con-
centration of 30 ug/ml, it demonstrated a 19% ac-
tivation in a PPARy-driven luciferase reporter
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Figure 1. Milk thistle from the island of Samos, Greece.

gene assay, while the rest of silimarin’'s compounds
(silibin A, silibin B, isosilibin B, silichristin, silid-
ianin and taxifolin) did not produce an activation
[10].

3.2 Animal ex vivo studies

It was shown that silibin decreases hepatic glu-
colysis through the inhibition of pyruvate kinase
(PK) and reduction of DHA phosphorylation, which
can be attributed to a decrease in ATP content.
Even at a low dose of 10 uM, silibin inhibits ROS
production due to DHA metabolism; the full anti-
oxidant potential is unfolded at concentrations be-
tween 25 pM and 100 pM [11]. Although silibin
does not affect blood glucose levels, it is able to
prevent excessive protein mono-ADP-ribosylation
and the decline of substance P-like immune-
reactivity axonal transport in the sciatic nerve of
alloxan-induced diabetic rats at a concentration of
1 pM [12]. This capability puts it on the list of pos-
sible candidate compounds for treatment of dia-
betic neuropathy.

Another study demonstrated better glycemic
control after 60 days of silimarin administation in
rats with STZ/nicotinamide-induced diabetes. In
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Figure 2. The chemical structure of isosilibin, silibin, silichristin and silidianin

compounds.

this study silimarin treatment was linked with
beneficial effects on kidney function, which were
based on a significant decrease in serum
creatinine, urine volume, and urine albumin level.
This effect on renal function has been confirmed by
renal biopsies of diabetic rats treated with low-
dose silimarin, where regenerated tubular epithe-
lium and moderate intertubular hemorrhage was
noted. In the high-dose group, normal tubules, in-
tact epithelium, and scarce presence of erythro-
cytes were seen [13].

3.3 Animal in vivo studies

In alloxan-induced diabetic rats, silibin reduced
serum glucose levels and protected the pancreas of
rats from alloxan-induced lipid peroxidation by
maintaining levels of malondialdehyde (MDA) and
glutathione lower [14]. In silimarin-treated dia-
betic rats, normalization of glucose levels began
after the first week of administration and reached
the values of controls nine weeks afterwards, while
insulin levels normalized after 7 days of treat-
ment. RT-PCR amplification for insulin and Pdx1
(a critical regulator of insulin promoter activity)
genes yielded similar mRNA content in silimarin-
treated and control groups, followed by restoration
of Langerhans islet morphology in the former
group [15].

In partially pancreatomized rats, silibin (at a
dose of 200 mg/kg per os) continued to demon-
strate a significant reduction in serum glucose lev-
els compared with control and beta-cell neogenesis

Rev Diabet Stud (2014) 11:167-174
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two months after the
procedure [16]. Neogenesis
could be attributed to an
increase in gene expression
oH of Nkx6.1 (a factor playing
a crucial role in differ-
rentiation, maintenance
and beta-cell neogenesis)
and insulin [16].
Asymmetric Ng, Ng-
dimethyl-L-arginine
(ADMA), inhibits  the
production of endothelial
nitric oxide synthase
(eNOS), which plays a
central role in endothelial
dysfunction  related to
diabetes mellitus. Silibin
decreases ADMA levels in
db/db mice to a level that is
lower than in their hetero-
zygous lean counterparts
(db/m), which served as controls [17]. In experi-
mentally induced diabetic retinopathy, silibin
seems to have a favorable effect as vascular leu-
kostasis and levels of retinal ICAM-1 are signifi-
cantly reduced [18].

Use of silibin nanoparticles greatly enhances its
hypoglycemic activity in STZ-induced diabetic
mice compared with its conventional variant. Also,
the levels of HbAlc, insulin, cholesterol, triglyc-
eride, liver enzyme levels, and antioxidant status
parameters (including superoxide dismutase
(SOD), catalase, and glutathion (GSH)) are close to
that of healthy controls when compared with ani-
mals treated with conventional silibin. In another
study, silimarin succeeded in restoring SOD, glu-
tathione peroxidase (GSHPx), and catalase (CAT)
values to approximately those of the control group,
providing another strong indication that it is a
free-radical scavenger, able to protect the pancreas
from further alloxan-induced damage [19, 20].

Non-alcoholic steatohepatitis (NASH) is a com-
mon finding in obese patients with type 2 diabetes.
A 5-week regimen with 200 mg/kg silibin demon-
strated a beneficial effect on rats with NASH.
Firstly, a decrease in liver weight and liver index
compared to the NASH group was noted in the
silibin-treated group. Secondly, although glucose
levels were not reduced significantly, insulin and
homeostasis model assessment of insulin resis-
tance (HOMA-IR) values were decreased as well as
total cholesterol and triglyceride levels. Thirdly,
grade 0 or 1 steatosis was observed in over 60% of

Ol
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the rats in the silibin-treated group, compared to
the NASH group, which included only animals
with grade 2 and 3 steatosis. Also, silibin reduced
oxidative stress demonstrated by lower levels of
MDA and GSH compared to the non-silibin treated
NASH group. Furthermore, silibin significantly
reduced tumor necrosis factor o (TNFa) levels,
which are elevated under conditions of obesity-
related inflammation, leading ultimately to insulin
resistance. However, silibin in this study failed to
reduce liver enzymes significantly and to reverse
mitochondrial dysfunction, and it failed to prevent
both increased expression of cytochrome P450 2E1
(CYP2EL1) and decreased expression of PPAR« [21].
Nevertheless, although liver enzymes were not
significantly reduced, this was not the case in an-
other study, conducted under similar conditions,
where a statistically significant reduction of
alanine transaminase (ALT) and aspartate
transaminase (AST) was noted [22].

Given the fact that visceral obesity is a risk fac-
tor in the development of insulin resistance and
type 2 diabetes, animals on a high fat diet treated
with silibin demonstrate a significantly lower body
weight, with lower visceral and subcutaneous fat,
decreased visceral fat to total body weight ratio,
and reduced insulin resistance, demonstrated by a
decrease in HOMA-IR and increased insulin toler-
ance test (ITT) slope, compared with the control
group [23]. Despite the fact that 20 mg/kg/day dose
of silimarin produced a significant increase in body
weight after 15 days of treatment, from the second
day of administration onwards, blood glucose lev-
els of rats with STZ-induced diabetes were reduced
[23]. This effect was sustained for two weeks, with
even some events of hypoglycemia occurring in
both the control and the diabetic group [23]. In
contrast to another in vitro study, no differences in
basal insulin levels were seen. These observations
may lead to the hypothesis that silimarin's hypo-
glycemic effect is mainly due to the inhibition of
hepatic glucose production and/or increased glu-
cose utilization by muscle and adipose tissue [24].
However, an in vitro study did not support this
hypothesis [25]. Other hypotheses include restora-
tion of normal insulin sensitivity or inhibition of
tubular renal glucose re-absorption, but they have
not yet been verified.

In Psammomys obesus, a sand rat of the gerbil
family and an animal model of human obesity and
diabetes, 100 mg/g/day silibin per os for 7 weeks
reversed high triglyceride levels, reduced insulin
resistance, restored antioxidant status, and par-
tially reversed liver steatosis [26]. In rats with
diabetic neuropathy, formalin-induced hyperalge-
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sia was significantly reduced, thermal hyperalge-
sia restored, and motor nerve conduction deficit
reversed in the treatment group [27].

3.4 Human studies

In patients with diabetes and alcoholic liver cir-
rhosis, a silimarin daily dose of 600 mg for 6
months produced a significant reduction in fasting
blood glucose and mean daily glucose levels from
the second month of treatment onwards, without
any increase in episodes of hypoglycemia, com-
pared with the period before silimarin treatment.
Insulin requirement was also decreased by 20%,
suggesting an alleviation of insulin resistance due
to silimarin treatment. A significant decrease of
0.5% in HbAlc levels and a decrease in levels of
MDA were also noted after 6 months of treatment,
with a patient satisfaction rate of 100% [28].

Diabetic patients with end-stage renal disease
received a 350 mg intravenous bolus dose of silibin
over 24 hours. In the treated patients, the cellular
surface thiol status in peripheral blood lympho-
cytes was restored. The same phenomenon oc-
curred at the intracellular level 48 hours later,
with subsequent improvement in T cell activation
and reduction of TNF« levels and inflammation.
These effects can be attributed to the activation of
y-glutamyl transferase in the lymphocyte’s mem-
brane and to functional improvement of intracellu-
lar y-glutamyl-cysteine synthetase and/or glu-
tathione synthetase that regulates GSH synthesis
[29].

A randomized, controlled study consisted of a
sample of 60 patients with type 2 diabetes who
presented at baseline with diabetic macroalbu-
minuria (urinary albumin excretion > 300 mg/24h
in two occasions), estimated glomerular filtration
rate (eGFR) > 30 ml/min/1.73 m2, HbAlc < 10%,
and blood pressure < 160 / 100 mmHg [30]. The
patients were on maximum doses of angiotensin-
converting enzyme (ACE) inhibitor or angiotensin
receptor blocker (ARB) for at least 6 months. A
dose of 140 mg of silimarin three times a day led to
a 50% reduction in urinary albumin excretion, uri-
nary TNFa« levels, and urinary and serum MDA
levels in almost half of the patients in the treat-
ment group [30].

In a sample of 25 patients, treated for four
months with 200 mg silimarin three times a day
before meals, there was a significant reduction in
blood glucose levels (from 156 + 46 mg/dl to 133 +
39 mg/dl), compared to an increase in the placebo-
treated group. In the same period, HbAlc levels
fell from 7.82 £ 2.01% to 6.78 £ 1.05%. This result

Rev Diabet Stud (2014) 11:167-174



172 The Review of DIABETIC STUDIES

Kazazis et al.

Vol. 11 [(No. 2 (2014

confirms the aforementioned hypothesis concern-
ing the in vivo animal study that silimarin reduces
blood glucose levels via mechanisms that are inde-
pendent of insulin production. Also, total choles-
terol, HDL cholesterol, LDL cholesterol, triglyc-
eride, AST, and ALT levels were significantly re-
duced [31]. Finally, silimarin demonstrated a syn-
ergistic hypoglycemic effect when administered as
a fixed combination with an alkaloid derived from
Berberis aristata in patients with type 2 diabetes
[32].

3.5 Safety

Oral administration of 140, 280, 560, and 700
mg of silimarin every 8 hours for 7 days in non-
cirrhotic patients with chronic hepatitis C did not
produce any adverse reactions or abnormal find-
ings from follow-up, which included physical ex-
amination, biochemical tests, and electrocardio-
gram. Two reported events of nausea and head-
ache were unrelated to silimarin administration
[33].

In another study, patients with chronic hepati-
tis C received 600 mg and 1200 mg/day silimarin
treatment 20% (n = 5) for 12 weeks. The patients
reported symptoms from the gastrointestinal tract;
two patients reported headache/dizziness, and one
pruritus [34]. Similarly, in patients with primary
sclerosing cholangiitis, a silimarin dose of 140 mg
three times a day for 7 to 221 months caused dys-
pepsia in some patients, with one reporting diar-
rhea, which disappeared after silimarin’'s discon-
tinuation [35]. Silimarin seems to reverse in-
creased AST levels induced by maca, such that it
can be safely co-administered with the latter for 90
days in patients with the metabolic syndrome [36].
Furthermore, 420 mg/day of micronized silimarin
(BIO-C) was administered to 25 healthy lactating
mothers for 63 days and did not cause dropout
from the study as compliance and tolerability were
described as “very good” [37]. Also, no side-effects
were reported after local application of a silimarin-
based cream for melasma treatment [38]. Finally,
patients with hepatitis C virus (HCV) infection
awaiting transplantation showed similar side-
effects as those mentioned in the above studies af-
ter intravenous silibin treatment for 21 days. Also,
a transient increase in bilirubin levels was docu-
mented, which at the end of the study returned to
levels similar to the placebo group [39].

Generally, silimarin is considered safe, even in
doses as high as 13 g/day, with no interactions at
low concentrations (10 uM) with chemotherapeutic
agents like vincristine or L-asparaginase. How-
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ever, in higher concentrations (30 pM) a synergis-
tic effect with the latter was noted. At doses as
high as 20 g/day, asymptomatic liver toxicity was
documented [40].

3.6 Pharmacokinetics and bioavailability

Silibin is rapidly absorbed from the stomach,
but absorption is low due to low water solubility.
The use of labeled silibin in the rat has enabled to
show that the intestinal absorption of 20 mg/kg
amounts to approximately 35%. Peak radioactivity
is found in the plasma 30 minutes after ingestion
[41]. Bioavailability is also low due to high reactiv-
ity with phase Il conjugation in the liver. Ap-
proximately 90% of the circulating silibin is conju-
gated with sulfates and glucuronides.

Because of the potential inactivation of CYP3A4
and CYP2C9, silibin should be carefully co-
administered with drugs (e.g. nifedipine, metroni-
dazole, irinotecan, indinavir), and should be
cleared by drugs, especially in high doses. Elimi-
nation of conjugated and unconjugated forms is
equally fast with a mean elimination half-life of
6.32 hours. Also, silibin’s excretion in the urine
ranges from 1 to 7% [42]. Bioavailability of silibin
can be enhanced up to three fold eight hours after
consumption of a phytosome form, i.e. a complex of
a natural active ingredient and a phospholipid, in
healthy individuals [43]. Parenteral administra-
tion of silibin seems to be better when using a
phosphatidyl choline-bile salt-mixed micelles for-
mulation.

Silibin B and silichristin demonstrate non-
linear pharmacokinetics compared to the rest of
silimarin’s compounds. This is attributable to the
saturation of conjugating enzymes and delayed
elimination as a result of the extensive entero-
hepatic cycling of the aforementioned conjugates of
the silibin compounds. Peak concentrations were
achieved for all doses after 2 hours and silimarin
compounds’ half-life ranged from 0.8 to 2.4 hours.
The highest bioavailability was documented for
silibin A at the 700 mg dose [44].

Comparison of 3 silibin-containing preparations
(liverman capsule, legalon capsule, and silimarin
tablet) revealed best absorption and bioavailability
by the liverman capsule [45].

4. Conclusions

Milk thistle contains flavonolignans like silibin
A. An isoform of silibin, isoform 3, has been dem-
onstrated to possess partial PPARy agonist effects.
Being a newly discovered PPARYy activator, isoform
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3 may serve as a prototype for future development
of new PPARy agonists. It cannot be terminally
answered, whether PPARy activation by milk this-
tle compounds is clinically relevant and suggests
the use of silimarin as an herbal remedy. The an-
swer needs further investigation.

Silibin has also demonstrated beneficial effects
on several diabetic complications, including dia-

betic neuropathy, diabetic nephropathy, and non-
alcoholic steatohepatitis, mainly by means of its
anti-oxidant properties. Future research should
focus on the potential of this component of milk
thistle to control diabetes and its complications,
and on improving the bioavailability of the plants
compounds.

Disclosures: The authors report no conflict of interests.
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