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Bilberry has been used for
centuries, both medicinally and
as a food in jams and pies. It is
related to the blueberry and is
native to Northern Europe. Bilberry
fruit contains chemicals known as
anthocyanosides, plant pigments
that have excellent antioxidant
properties. They scavenge damaging
particles in the body known as free
radicals, helping prevent or reverse
damage to cells. Antioxidants have
been shown to help prevent a num-
ber of long term illnesses, such as
heart disease, cancer, and an eye
disorder called macular degenera-

tion. Bilberry also contains vitamin
C, which is another antioxidant.

Not many studies have examined
bilberry specifically. Even fewer
studies have been done in humans.
Recommendations about bilberry
come from research on similar
antioxidants, or from test tube and
animal studies.

In Europe, health care professionals
use bilberry extracts to treat this
condition, which occurs when valves
in veins in the legs that carry blood
to the heart are damaged. Studies
have reported improvements in
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symptoms, but most were poorly
designed.

Traditionally, bilberry leaves have
been used to control blood sugar
levels in people with diabetes.
Research shows that all berries help
reduce the body’s glucose response
after eating a high sugar meal.
Studies suggest bilberry may be
effective for managing blood sugar
levels, particularly when combined
with oatmeal. More research is
needed. At this time, bilberry is
not recommended to help manage
diabetes.

Studies show that anthocyanosides
may strengthen blood vessels,
improve circulation, and prevent
the oxidation of LDL (“bad”)
cholesterol, a major risk factor for
atherosclerosis (plaque that blocks
blood vessels, leading to heart
attack and stroke). More research
is needed.

Bilberry has been used in European
medicine for nearly one thousand
years, primarily to treat diarrhea.
The fruit contains  tannins,
substances that act as both an
anti-inflammatory and an astringent
(constricting and tightening tissues).
Bilberry is believed to help people
with diarrhea by reducing intestinal
inflammation. No studies, however,
have examined bilberry’s use for
diarrhea.

Anthocyanosides found in bilberry
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fruits may also be useful for people
with vision problems. During World
War |, British fighter pilots reported
improved nighttime vision after
eating bilberry jam. Studies have
shown mixed results, however.
Bilberry has been suggested
as a treatment for retinopathy
(damage to the retina) because
anthocyanosides appear to help
protect the retina. Bilberry has also
exhibited protective effects against
macular degeneration, glaucoma,
and cataracts. However, studies are
lacking.

Bilberry is a perennial shrub that
grows to about 16 inches in height.
It has sharp-edged, green branches
and black wrinkled berries, which
are ripe for picking in late summer.
Bilberry is a relative of blueberry,
cranberry, and huckleberry, and its
fruit looks and tastes much like the
American blueberry.

The key compounds in bilberry fruit
are called anthocyanosides. These
compounds help build strong blood
vesselsand improve circulationtoall
areas of the body. They also prevent
blood platelets from clumping
together (helping to reduce the
risk of blood clots), and they have
antioxidant properties (preventing
or reducing damage to cells from
free radicals). Anthocyanidins boost
the production of rhodopsin, a
pigment that improves night vision
and helps the eye adapt to light
changes.

Bilberry fruit is also rich in tannins, a
substance that acts as an astringent.
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The tannins have anti-inflammatory
properties and may help control
diarrhea.

You may eat bilberries fresh or
dried, and you can make bilberry tea
using fresh or dried berries. Bilberry
extract should be standardized
to contain 25% anthocyanidin.
The extract contains the highest
percentage of anthocyanosides,
making it the strongest form of
bilberry.

The use of herbs is a time-honored
approach to strengthening the
body and treating disease. Herbs,
however, can trigger side effects
and can interact with other herbs,
supplements, or medications. For
these reasons, you should take
herbs under the supervision of a
health care provider.

Bilberry may be used in children
2 years of age and older for the
treatment of diarrhea, but only
under the supervision of your
doctor.

General: 80 - 120 mg 2 times per
day of standardized bilberry extract
(with 25% anthocyanidin)

Diarrhea: 5 - 10 g of crushed dried
bilberries in 150 mL (2/3 of a cup)
cold water, brought to a boil for
10 minutes, then strained. Only
dried bilberry should be used for
diarrhea. Do not use for more than
4 days.

Eye conditionsand circulation: 80-480

mgadayin 2 -3 divided doses of stan-
dardized bilberry extract (with 25%
anthocyanidin) in capsule form.

Bilberry fruit and extract are
considered generally safe, with
no known side effects. However,
bilberry leaf and extract should not
be taken in large quantities over an
extended period of time because
the tannins they contain may cause
severe weight loss, muscle spasms,
and even death. Taking bilberry may
change the way other remedies,
medicines, and even vitamins work,
and using these products together
may cause harmful effects.

Anticoagulants (blood-thinning
medication) -- In theory, because
the anthocyanosides in bilberry
may stop blood from clotting, there
may be an increased risk of bleeding
if you take bilberry with blood-thin-
ning medication, including aspirin.
The whole fruit may be safer in
these instances. Ask your doctor
before taking bilberry if you take
blood-thinning medication.
Medication for diabetes -- Because
bilberry appears to lower blood
sugar, it could make the effects of
diabetes medication stronger. Also,
taking bilberry with other herbs that
also lower blood sugar may result
in hypoglycemia (low blood sugar).
Herbs that also lower blood sugar
include ginger, ginseng, fenugreek,
and garlic. Do not take bilberry if
you take medications for diabetes.
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Oral benfotiamine plus a-lipoic acid

normalises complication-causing

pathways in type 1 diabetes

Abstract

Aims/hypothesis We determined
whether fixed doses of benfotiamine
in combination with slow-release
a-lipoic acid normalise markers of
reactive oxygen species-induced
pathways of complications in
humans.

Methods Male participants with
and without type 1 diabetes were
studied in the General Clinical
Research Centre of the Albert
Einstein College of Medicine.
Glycaemic status was assessed
by measuring baseline values
of three different indicators
of hyperglycaemia. Intracellu-
lar AGE formation, hexosamine
pathway activity and prostacyclin
synthase activity were measured
initially, and after 2 and 4 weeks of
treatment.

Results Inthe nine participants with
type 1 diabetes, treatment had no
effect onany of the three indicators
used to assess hyperglycaemia.
However, treatment with
benfoti-amine plus a-lipoic acid
completely normalised increased
AGE formation, reduced increased
monocyte hexosamine-modified
proteins by 40% and normalised
the 70% decrease in prostacyclin
synthase activity from 1,7091586
pg/ml 6-keto-prostaglandin Fla to
4,696+533 pg/ml.
Conclusions/interpretation ~ These
results show that the pre-viously
demonstrated beneficial effects of
these agents on complicationcausing
pathways in rodent models of
diabetic complications also occur in
humans with type 1 diabetes.

Trial registration: NCT00703989

Funding: Juvenile Diabetes
Research Foundation grant
8-2003-784 and GCRC grant MO1-
RR12248.
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PGF prostaglandin F
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Introduction

Benfotiamine blocks three major
pathways of  hyperglycae-mic
damage and prevents diabetic
retinopathy and incipient
nephropathy in  experimental
models [ 1, 2]. In cultured vascular
cells, it also reduces aldose
reductase gene expression and
activity, as well as sorbitol levels
[ 3]. It does so by activating the
enzyme transketolase. a-Lipoic
acid, a potent antioxidant, has also
been reported to reduce diabetic
microvascular and macrovascular
complications in animal models. To
determine whether benfotiamine
in combination with a-lipoic
acid would normalise markers of
reactive oxygen species-induced
pathways of complications in
humans, we performed a pilot
study in participants with type 1
diabetes using one daily dose of
benfotiamine in combination with
a-lipoic acid.

Methods

After protocol approval by
the Committee on Clinical
Investigations at the Albert

Einstein College of Medicine,
men with type 1 diabetes and
matched healthy controls were
recruited. Participant criteria
included (in diabetic participants)
diabetes duration between 0 and
15 years, current insulin therapy
and no evidence of proliferative
retinopathy,  microalbuminuria,
symptomatic diabetic
neuropathy or cardiovascular
disease. Participants taking any

medications and those with a
history of smoking were excluded.
Age of enrolled participants
was 28.9+8.6 vyears, duration
of diabetes was 25.5+7.9 years
and BMI was 20.3#3.1 kg/m2.
All  participants gave written
informed consent.

The glycaemic status of study
patients was  assessed by
measuring baseline values of
HbAlc, fructosamine and fasting
plasma glucose. Mean HbA1lc was
8.740.7%, mean fructosamine
was 421+29 umol/l (normal
range 174— 286 pumol/l) and mean
fasting blood glucose was 11+ 0.49
mmol/I.

At day O, levels of markers of two
benfotiamine-sensitive pathways
were determined in participants:
(1) intracellular AGE formation, as
reflected by a marker of increased

intracellular methylgloxal
adducts in endothelial cells,
angiopoietin 2, and (2)
hexosamine pathway activity,

measured by determination of
N-acetylglucos-amine-modified
protein in circulating monocytes.
Protein kinase C (PKC) activity in
circulating monocytes could not
be measured because the amount
of blood required exceeded that
approved by the Committee on
Clinical  Investigations.  Serum
levels  of  6-keto-prostaglan-
din F (PGF)la, a stable product
produced by the non enzymatic
hydration of the antiatherogenic
mediator prostacyclin, were also
determined.

Participants then took
benfotiamine (300 mg twice a
day; Advanced Orthomolecular
Research, Calgary, AB, Canada),
together with slow-release a-lipoic
acid (600 mg twice a day; MRI, San
Francisco, CA, USA) for 28 days.
Blood was obtained at days 0, 15
and 28.

however

Data were analysed using
one-factor analysis of variance
to compare the means of all
the groups. The Tukey—Kramer
multiple comparisons procedure
was used to determine which
pairs of means were different.

Results

An initial study was performed
with  benfotiamine alone to
determine whether the selected
dose was sufficient to activate
transketolase.

In circulating monocytes, the
dose of benfotiamine increased
transketolase activity by two-fold
to threefold within 2 weeks
(1.4540.17 vs 3.49% 0.22 nmol
min-1 [mg protein]-1, meantSEM),
an effect similar to that observed in
long-term diabetic rat models.
Following this, we examined the
effect of combined treat-ment
on angiopoietin-2, a marker of
increased intracellular methylgloxal
adducts in endothelial cells. Type
1 diabetes was associated with
a 1.8-fold increase in circulating
angiopoietin-2 levels (Fig. 1a).

Treatment with benfotiamine
plus o-lipoic acid completely
normalised angiopoietin-2

levels by 2 weeks (2,416+312 vs
1,062+176 pg/ml, meantSEM).
Treatment had no effect on any of
the three variables used to assess
hyperglycaemia in this study (data
not shown).

Next, we examined the effect of
combined treatment on hexosamine
pathway activity by measuring total
N-acetylglucosamine-modified
proteins in circulating monocytes
(Fig. 1b). Type 1 diabetes was
associated with a 2.8-fold increase
in hexosamine pathway activity
(3,838t 765 vs 1,3801616 arbitrary
units, meantSEM). Two weeks of
combined benfotiamine and lipoic
acid treatment reduced this value
by 40%.

Finally, type 1 diabetes was associated
with a 70% decrease in activity of the
critical endothelial anti-atherogenic
enzyme prostacyclin synthase from
5,775+294  pg/ml  6-keto-PGFla,
(meantSEM) to 1,709£586 pg/ml
6-keto-PGFla (meantSEM) (Fig.1c).
Treatment with benfotiamine plus
a-lipoic acid normalised 6-keto-PGFla
activity by 4 weeks (4,696£533 pg/ml
6-keto-PGFla, meanSEM).

Discussion
Increased hyperglycaemia-induced
superoxide  causes  gly-colytic

intermediates to be shunted into the
major pathways of hyperglycaemic
damage.

These intermediates, which activate
intracellular AGE formation, the

hexosamine pathway and PKC,
are also the final products of the
transketolase reaction. Because
of this, increasing trans-ketolase
activity via benfotiamine blocks
these complications-causing
pathways.

Although the damaging pathways
inhibited by benfotiamine
have been a major focus of
complications research, it is
important to recognise that excess
superoxide can damage vascular
cells without involvement of any
of these pathways.

An  important example s

-
®
c the oxidative inactivation of
- — prostacyclin synthase, a critical
& E anti-atherosclerosis  endothelial
2 a X5 e Q Blurred enzyme. For this reason, we
a B ~_- ::., g E ; i E £ E o W = o : combined the antioxidant a-lipoic
s mmm £ "3 Symptoms ¢ i3 T D 5 %“ ? 5. oo acid with benfotiamine.
oitner 012 gm dl sea SE Rend {D n QO EZEES young In this pilot study we report that
- W o : - 2 b I O ; i
infection fifferer E c bk L g 8 E &t treatment with oral benfotiamine
porone : OJ = e v . SES lus a-lipoic acid normalises
st | 3@ IS bloodwn 3 St o
OT...0 53 § w E =8 several complications-causing
age move g 'ég H E energy older atheicity though EE pfathways in patients with type 1
th 299 : immune help :nnmhnn_ e dlabetfes. o
d d"- ﬁ :m:mﬂlﬂ'! enwrnnmunul I E The incomplete normalisation
prﬂ uceag destruction Dg f the h . h .
i o m_._,, Sys — of the hexosamine pathway in
famlly - -t-l m =7 oot b d > 2 monocytes, which contrasts with
h IStDr - o it o ¢ digeation 0 y ( ) BE its complete normalisation in rat
y g; Q 'm 3 Q@ = facto rS aged 5 E z retina, may reflect differential
E o "W'I‘lﬂ-. O o Em $ Q United atomatiealy LSt @ G accumulation of benfotiamine
.; bt 3 o 3 a n C rea S in different cell types or a slow
]ftgr?ﬁ Q : - Q3D -] Epreventlf?r. p turnover of monocyte intracellular
E (o = E g . o Owervaw proteins. Together, these results
g IE . m il PrE‘VEI‘ItII'IQ e show that the beneficial effects of
% "E 3 7 althoug! S these agents on these pathways,
= w ssmsond £ e £ as seen in rodent models of
furns

diabetic complications, also occur
in humans with type 1 diabetes.
Replication of these results in
a much larger study population
after optimisation of benfotiamine
and o-lipoic acid doses will be
necessary in order to determine
whether this treatment may help
prevent diabetic retinopathy and
nephropathy in human patients,
as it does in diabetic animal
models.
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Fig. 1 a Angiopoietin-2 levels in serum of non-diabetic and type 1 diabetic
participants before and during treatment with benfotiamine and a-lipoic
acid. b Intracellular N-acetylglucosamine-modified protein (GIcNAc) in
monocytes from non-diabetic and type 1 diabetic participants before and
during treatment as above (a). ¢ 6-keto-PGFla levels in serum of non-dia-
betic and type 1 diabetic participants before and during same treatment
(a). Non-diabetic group n=12; type 1 diabetic group n=9; **p<0.01 com-
pared with control; Tp<0.01 compared with week 0. AU, arbitrary units
enzyme prostacyclin synthase from 5,775+294 pg/ml 6-keto-PGFla,
(meantSEM) to 1,709+586 pg/ml 6-keto-PGFla (mean+SEM) (Fig. 1c).
Treatment with benfotiamine plus a-lipoic acid normalised 6-keto-PGFla
activity by 4 weeks (4,696+533 pg/ml 6-keto-PGFla, meanSEM).
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Preventive effects of benfotiamine
In chronic diabetic complications

ABSTRACT

Aims/Introduction:

In diabetes, increased oxidative stress
as a result of damage to the electron
transport chain can lead to tissue injury
through upregulation of multiple
vasoactive factors and extracellular
matrix proteins. Benfotiamine, a lipid
soluble thiamine derivative, through
reducing mitochondrial  superoxide
production, blocks multiple pathways

leading to tissue damage in
hyperglycemia.

We investigated if treatment with
benfotiamine can prevent

diabetes-induced production of
vasoactive factors and extracellular
matrix proteins, and whether such
effects are tissue-specific. We also
examined  whether  effects  of
benfotiamine are mediated through a
nuclear mechanism.

Materials and Methods: Retinal, renal
and cardiac tissues from the
streptozotocin-induced diabetic rats
were examined after 4 months of
follow up. mRNA levels were quantified
using real-time RT-PCR. Protein levels
were quantified using western blot and
ELISA.  Cellular  expressions  of
8-Hydroxy-2'-deoxyguanosine, a marker
of nuclear DNA damage and
Phospho-H2AX were also examined.
Results:  Diabetic animals showed
hyperglycemia, glucosuria, increased
urinary albumin/creatine ratio and loss
of bodyweight. In the kidneys, heart and
retina, diabetes caused increased
production of endothelin-1,
transforming growth factor-B1, vascular
endothelial  growth  factor and
augmented extracellular matrix proteins
(collagen, fibronectin [FN] and its splice
variant extradomain B containing FN),
along with evidence of structural
alterations, characteristic of
diabetes-induced tissue damage.

Such changes were prevented by
benfotiamine.

Furthermore, benfotiamine prevented
diabetes-induced oxidative DNA
damage and upregulation of p300, a
histone acetylator and a transcription
coactivator.

Conclusions: Data from the present
study suggest that benfotiamine is
effective in preventing tissue damage in
diabetes and at the transcriptional level
such effects are mediated through
prevention of p300 upregulation.

() Diabetes Invest, doi:
10.1111/j.2040-1124.2010.00077.x, 2010)

Keywords:
Benfotiamine, Diabetic complications,
DNA damage

INTRODUCTION
Hyperglycemia in diabetes causes
numerous  chronic  complications

affecting microvasculature in the retina,
kidney, heart and peripheral nerve.

Oxidative stress is an important
mechanism causing chronic diabetic
complications. Several groups have
shown that hyperglycemia initiates
increased mitochondrial superoxide
production, which damages the electron
transport chain leading to accumulation

Benfotamine is more

of glycolytic metabolites by inhibiting
glyceraldehydes-3-phosphate
dehydrogenase. Hyperglycemia affects
the hexosamine pathway, causes polyol
pathway activation, increases advanced
glycation end-product formation and
activates the diacylglycerol-protein
kinase C pathway4. At the nuclear level,
these pathways increase histone
acetylation through p300 and activate
transcription factors upregulating gene
expression of vasoactive factors and
extracellular matrix (ECM) proteins.
These molecules include, endothelin-1
(ET-1), wvascular endothelial growth
factor (VEGF), fibronectin (FN) and its
splice variant extradomain B containing
FN (EDB+FN), collagen etc. It is of further
interest that there are regulatory
relationships among these vasoactive
factors and ECM proteins. Among these,
ECM protein EDB+FN is absent in normal
mature adult tissues, but is expressed in
diabetes.

Benfotiamine, a lipid-soluble thiamine
derivative, blocks several
aforementioned, hyperglycemia-induced
pathways of tissue damage in the
retina and causes a reduction in
superoxide production. Benfotiamine
also acts as a direct antioxidant. It has
been shown that treatment with
benfotiamine prevents functional and
structural changes in the retina.
Benfotiamine has been shown to have
protective effects on non-diabetic
vascular injury. In a recent study,
benfotiamine was shown to prevent
cardiac dysfunction in diabetes through
modulating PI3 kinase-AKT pathway.

Hence, through affecting oxidative
stress, a common  pathogenetic
pathway, benfotiamine might

potentially prevent multiple chronic
diabetic complications. In contrast, the
tissue microenvironment might alter
such responses, as local milieu
influences the pathogenetic process and
treatment response in chronic diabetic
complications. In keeping with this
notion, it has been shown that
glucose-exposed vascular cells from
various sources respond differently
when incubated with benfotiamine.

The purpose of the present study was to
investigate whether treatment with

benfotiamine can prevent
diabetes-induced augmented local
production of multiple vasoactive

factors and ECM proteins responsible
for the pathogenesis of chronic diabetic
complications. We further investigated
the mechanism of action of
benfotiamine at the nuclear level.

MATERIALS AND METHODS

Animal Model and Tissue Collection
We carried out the investigations in the
streptozotocin (STZ)-induced diabetic
rats. STZ-induced diabetic rat is a well
established animal model of type |
diabetes, as the drug causes B-islet cell
destruction,  hypoinsulinemia  and
hyperglycemia. The present authors and
others have previously shown that these
animals develop characteristic
biochemical, structural and functional
abnormalities affecting the retina,
kidney and heart in diabetes. Hence,

« fat-soluble

male Sprague-Dawley rats (Charles
River Canada, Senneville, QC, Canada),
weighing approximately 200 g, were
randomly divided into three groups
(n=10/group): non-diabetic controls (C),
diabetic animals (D) and diabetic animals
treated with benfotiamine  (DB).
Diabetes was induced by a single
intravenous injection of streptozotocin
(STZ; 65 mg/kg in citrate buffer,
pH = 5.6), whereas the control
animals received the same volume of
citrate buffer. Benfotiamine was given
(80 mg/kg/day; Doctor’s Best, San
Clemente, CA, USA) by oral gavage3.
The dose of benfotiamine was based on
previous studies on rats. The animals
were monitored daily for ketonuria and
were given small doses of insulin
(1.0 U/day using Linplant; Linshin
Canada, Toronto, ON, Canada) to
prevent ketosis. The animals were
further regularly evaluated with respect
to bodyweight and blood glucose
concentrations. This time-point was
chosen as in our previous studies, we
have found that at this time-point,
changes characteristic of chronic
diabetic complications develop in the
retina, heart and kidneys. After
4 months of treatment, the animals
were killed. Systolic blood pressure was
measured by tail plethysmography
before the animals were killed, and
blood and urine were collected. Blood
glucose and serum creatinine were
measured. Urine was used for albumin
(Nephrat Il Aloumin ELISA kit; Exocell,
Philadelphia, PA, USA) and creatinine
measurements (Creatinine Companion;
Exocell)  following  manufacture’s
instructions, and the albumin creatinine
ratios (ACR) were calculated. Retinal,
renal and heart tissues were dissected
out. Parts of the tissues (retina, left
ventricular myocardium and renal
cortex) were snap-frozen in liquid
nitrogen for gene expression analysis.
Small portions of these tissues were
fixed in 10% neutral buffered formalin.
They were embedded in paraffin for
histological and immunocytochemical
analysis. All animals were cared for
according to the Guiding Principle in the
Care and Use of Animals. All experiments
were approved by the University of
Western Ontario Council on Animal Care
Committee.

RNA Extraction and Real-Time RT-PCR
RNA was isolated from the heart, retina
and renal cortex as described previously
using Trizol reagent (Invitrogen Canada,
Burlington, ON, Canada). cDNA was
synthesized from RNA The mRNA levels
of VEGF, transforming growth factor-p1
(TGF-B1), EDB+FN, FN, collagen type IV
alpha 1 (COLal[lV]) and p300 were
quantified using the LightCycle (Roche
Diagnostics Canada, Laval, QC, Canada).
In each reaction tube, the following
reagents were added for a final volume
of 20 uL: 10 plL of LC DNA Master
SYBR Green 1 (Roche Diagnostics
Canada), 1.6 uL of 25 mmol/L of
MgCl2, 1 uL each of 10 mmol/L
forward and reverse primers (Table 1),
uL of H20, and 1 uL of cDNA. The
primer sequences are described
in Table 1. The mRNA levels were

(easily penetrate into the inside of cells)

+ Dbio-available

than Thiamine (VitaminB1)

physiologically active

quantified using the standard curve
method.  Standard  curves  were
constructed by using a serially diluted
standard template. ET-1 transcript was
quantified by Tagman probe (Applied
Biosystems, Foster City, CA, USA), which
was designed using primer express v2.0
(Applied Biosystems).The data was
normalized to 18S rRNA to account for
differences in reverse transcription
efficiencies.

Protein Analysis

Total proteins from rat tissues (retina,
heart and renal cortex) were isolated
using complete RIPA buffer as previously
described (NaCl 0.877 g, deoxycholate
1 g 1 mol/L Tris—=HCl pH 7.5 5 mL
and 10% sodium dodecyl sulfate 1 mL;
volume adjusted to 100 mL using
ddH20) and protease inhibitors. Protein
levels were quantified using Bio-Rad
protein assay procedure (Bio-Rad
Laboratories, Mississauga, ON, Canada).
Collagen was analyzed by western blot
using anti-collagen al(lV) polyclonal
antibody (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA, USA).
Detections were carried out by ECL-PLUS
kit (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). The blots were
quantified by densitometry. For FN
quantification, ELISA were carried out
using FN ELISA Kit (Millipore Upstate,
Temecula, CA, USA) according to the
manufacturer’s instructions.

The developed color was measured at
450 nm wavelength with the Bio-Rad
micro plate reader (Bio-Rad
Laboratories, Hercules, CA, USA).

Microscopic Analysis

Formalin-fixed tissues were embedded
in paraffin. Paraffin-embedded tissues
were sectioned (5 pm)and transferred
onto positively charged slides. The
slides were stained using hematoxylin
and eosin. Furthermore, the slides were
stained for fibrous tissue using a
trichrome stain. A PAS stain was carried
out to examine mesangial expansion.
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Immunohistochemistry and
Immunofluorescence
Immunocytochemical  investigations
were carried out using the Vectastain
Elite  Kit  (Vector  Laboratories,
Burlington,  ON, Canada) and
monoclonal antibodies against 8-OHdG
(8-Hydroxy-2'-deoxyguanosine,  1:50;
Japan Institute for the Control of Aging,
Fukuroi, Japan) using previously
described methodology.

The chromagen, 3'-3' diaminobezine
(DAB; Sigma-Aldrich Canada, Oakuville,
ON, Canada) was used to detect staining
showing oxidative damage. Staining
with non-immune rabbit serum instead
of primary antibodies was used as
negative controls. For the detection of
histone damage, tissues were stained
for phosphorylated histone 2AX
(Phospho-H2AX, 1:200; Abcam,
Cambridge, MA, USA) and FITC-labeled
secondary antibody as previously
described. Phospho-H2AX is a sensitive
marker of nuclear damage. DAPI counter
stains were used to locate the nuclei.

Statistical Analysis
Thedataareexpressedatmean + SEM
and were analyzed byANOVA FOLLOWED
BY STUDENT'S T-TEST AND POST-HOC
ANALYSIS. STATISTICAL DIFFERENCES WERE
CONSIDERED SIGNIFICANT WHEN A P-VALUE
OF <0.05 WAS OBTAINED.

Go to:

RESULTS

Diabetes Caused
Abnormalities in the Animals
Diabetic animals showed hyperglycemia,
reduced  bodyweight gain and
glucosuria. The final bodyweights and
blood glucose levels are shown
inTable 2. After a further 4 months,
diabetic animals showed increased
heart weight, as well as heart weight to
bodyweight ratio (Table 2). Benfotiamine
treatment had no significant effect on
blood glucose levels. Although the
benfotiamine treated rats showed a
mild improvement in bodyweight, they
were not significantly different from the
controls (Table 2). There were no

Metabolic

Table 1 | Prirmer sequences for real dme HI-PCH

Rat gere

Sequence 5T — 3

185 HNA GTAACCCGTTOAMCCCCATT
COATCCAANCGOTAGTAGLG

IGF-f GTAGCTCTTGLCATOGOG
GAAGTOCCGTOAARL TG

WEGF GECCTOCGAAACTATGAALCTTTCT

CCGGEOTCACCGC

ET-1 GO TOCTOU T CTUUTTGATG
CTOGETCTATGTAAGTCATGG

EDETFN AGTTAGTTGUGGLAGGAGAAG
COGOCATTAATGAGAGTGAT

FN CLAGLLACTOALTAL ARLA

CATGATACCAGCAAGGAGTT
L ATGAGRAGA

ALCEEEGTGTGTTAGTTALG

GCCARGTGTC

Collagen =iV

GEOACTAACCAATGGTEGTG
ATTOHGAGAAGTCAAGLCIG

i
Pl

EDBTFN, extrzdornain B containing fibronecting E1-1, endothelin-;
FN, fibwonecting TGF-B, tensforming growth faaor-f; VEGF, vascular
endothelial growth factor.

Table 2
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significant differences in systolic blood
pressure between the control and
diabetic animals, and benfotiamine
treatment had no effect on blood
pressure. In contrast, diabetes caused
increased albumin excretion and
increased albumin creatinine ratios,
which were corrected by benfotiamine
treatment (Table 2).

Diabetes-Induced Increased Vasoactive
Factor

Production ~ was  Prevented by
Benfotiamine We first examined
whether diabetic animals develop

upregulation of specific vasoactive
factors, characteristic of tissue injury in
the target organs affected by chronic
diabetic complications. To this extent,
we examined three transcripts that are

established biomarkers of tissue
damage in diabetes. These factors are
known to be increased in chronic

diabetic complications and mediate
tissue damage. Hence, chronically
diabetic animals were examined after
4 months to examine possible changes
in the mRNA expression of ET-1, TGF-B
and VEGF. In all tissue examined, mRNA
expression of ET-1, VEGF and TGF-B
were significantly upregulated. It is,
however, of interest to note that the
levels of such augmentation were
variable. VEGF mRNA upregulation was
the highest (2.8-fold) in the retina of the
diabetic animals followed by the kidneys
(2.5-fold), and VEGF mRNA upregulation
was lowest in the heart (1.6-fold). In
contrast, although similar levels (2-fold)
of ET-1 upregulation were seen in the
retina and heart, such levels were higher
in the kidneys (3-fold) in diabetes
(Figure 1). The levels of TGF-B mRNA
were comparable in all tissues in
diabetes. We then examined the effects
of benfotiamine on such prevention.
Treatment with benfotiamine was more
effective in preventing all gene
expression in the retina and the heart,
bringing them down to close to the
normal levels. However, in the kidneys,
the efficacy (fold reduction) was less
pronounced with respect to VEGF and
ET-1 mRNA (Figure 1).

Diabetes Induced Augmented ECM
Protein Production was Prevented by
Benfotiamine

We then expanded our studies and
investigated specific ECM proteins of
interest in the target organs of chronic
diabetic complications. Both ET-1 and
TGF-B are known regulators of ECM
proteins that are changed in response to
diabetic dysmetabolism. Hence, we
examined FN, EDB+FN and collagen
al(lV) mRNA. These ECM proteins are
increased in all chronic diabetic
complications. Real-time PCR analysis
showed that all three of these
transcripts were significantly
upregulated in diabetes in all tissues
examined (Figure 2). However, similar to
the vasoactive factors, there was
variability ~ among  tissues. FN
expressions were more pronounced in
the retina (3.7-fold) and kidneys
(>4-fold), and were relatively less
increased (2.7-fold) in the heart. In
contrast, EDB+FN upregulation was
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more robust in the retina (>12-fold) compared with the heart
(5-fold) and kidney (7-fold). Similarly, Collagen al(lV) mRNA
levels were more pronounced in the kidneys (3.6-fold) in
diabetes compared with others. Benfotiamine treatment
prevented augmented expression of all such transcripts
(Figure 2). Such preventive effects appeared to be more
pronounced (based on the fold reduction) in the retina. To
further confirm such ECM protein upregulation, we carried out
an assay for FN protein using ELISA. In keeping with the RT-PCR
data, FN protein levels were highest in the kidney followed by
retina and were least increased (although significant) in the
heart (Figure 3). Suchincreases were prevented by benfotiamine.
We further carried out western blots on the renal tissues for
collagen a1(1V), as more tissues were available from the kidneys.
Diabetes-induced increased renal collagen al1(IV) protein levels
were also prevented by treatment with benfotiamine (Figure 3).
These data, along with the functional data (e.g. urine albumin,
ACR and serum creatinine), show that benfotiamine prevented
diabetes-induced renal functional and structural abnormalities
(Table 2).

Benfotiamine Prevents Diabetes-Induced Structural Changes in
Tissues

Structurally increased ECM proteins, when deposited in the
tissue in diabetic complications, manifest as mesangial
expansion (a characteristic of early diabetic nephropathy) and
focal fibrosis (a feature of diabetic cardiomyopathy). Hence, we
examined such parameters microscopically using PAS stain for
mesangial expansion and trichrome stains for focal myocardial
fibrosis. Chronic diabetes caused mesangial expansion and focal
myocardial fibrosis after 4 months (Figure 4). Treatment with
benfotiamine prevented such changes.

Benfotiamine Acts by Preventing Diabetes-Induced Oxidative
Stress, Oxidative DNA Damage and p300 Upregulation
Diabetes-induced oxidative stress might lead to DNA damage
and initiate epigenetic mechanisms, such as p300-mediated
acetylation. As benfotiamine is a known antioxidant, we

proceeded to examine if this is one of the mechanisms by
which benfotiamine might prevent development of
diabetes-induced changes. Diabetic animals showed
increased nuclear stain of 8-OHDG, an established
marker for oxidative stress and oxidative DNA damage in
all three tissues (Figure 5). We further examined
Phospho-H2AX. This is a known marker for oxidative
histone damage. Augmented stains of Phospho-H2AX
were seen in all examined tissues in diabetes affected
animals (Figure 6). Benfotiamine treatment prevented
such alteration (Figures 5 and 6). We then examined
whether such effects are mediated through nuclear his-

tone acetylator p300 modification. P300 is a known = 't

regulator of the majority of the vasoactive factors and

ECM proteins under investigation. Analysis of p300 mRNA
expression showed a diabetes-induced increased p300 mRNA
expression in the retina, kidney and in the heart. Benfotiamine
treatment prevented such upregulation (Figure 7).

DISCUSSION

In the present study, we have shown upregulation
of vasoactive factors and ECM proteins in the
retina, heart and kidneys of the diabetic animals,
along with augmented oxidative stress and
structural damage in these tissues. Such changes
were prevented by treatment with the lipid soluble
thiamine derivative, benfotiamine. Benfotiamine
further prevented renal functional alterations as
determined by ACR, a well established marker of
diabetic renal damage. We have further shown that
such action of benfotiamine is mediated by the
prevention of oxidative DNA and histone damage,
and the activation of transcription coactivator
p300.

Benfotiamine has been shown to have
vasoprotective effects in endothelial injury caused
by various agents. In diabetes, benfotiamine has been
previously shown to prevent retinal damage. It has also
been shown to prevent neuropathic and nephropathic
changes in diabetes. The present authors and others have
previously shown that increased ECM proteins and
vasoactive factors, under investigation in the present
study, are key mediators of tissue damage in diabetes.
Although these factors appear isolated, in fact, there is
extensive interdependent regulation among them. For
example, both TGF-B and ET-1 are known to regulate FN
and EDB+FN in diabetes. In contrast, FN, EDB+FN and
collagen are capable of sending outside in signaling
through integrins leading to VEGF and ET-1 upregulation,
and causing endothelial proliferation and differentiation.
In the present study, we have found that diabetes causes
oxidative DNA and histone damage. We used 8-OHDG and
Phospho-H2AX for such analysis. These two are well established
markers of oxidative nuclear damage. We have previously
shown that hyperglycemic nuclear damage activates histone
acetylases (HAT) in the nucleus. P300 is a well established
transcriptional coactivator with HAT activity, regulating multiple
transcription factors. These acetylators are extremely
important in the regulation of gene transcription. It has been
shown that in the absence of transcription coactivators,
transcription factors, such as NF-kB, remain silent even after
nuclear translocation. It is possible that p300 might represent
such a common pathway, which regulates glucose-induced gene
transcription at the level of the nucleus through a master switch
controlling expression of several transcription factors. There
are no previous studies directly showing that, mechanistically,
benfotiamine acts by preventing DNA damage in the organs by
chronic diabetic complications. Our data are, however, in
keeping with a previous study in which the preventive effects of
benfotiamine on angiotensin-induced DNA damage has been
shown in vitro in the renal cells. The mechanism of
benfotiamine’s prevention of diabetes induced Phospho-H2AX

expression, and p300 activation could
possibly be through its preventive effects
on oxidative stress. However, possibilities
of additional direct effects cannot be
excluded and further investigations are
needed. Nevertheless, the present study
has for the first time shown a possible
mechanism of benfotiamine’s action by
influencing histone acetylation through
the prevention of p300 upregulation.

Another interesting phenomenon noted in
the present study is that, although
statistically significant in all tissues, the
amount of upregulation of some molecules
of interest was somewhat different in
various organs. This was most pronounced
in the case of FN. The exact cause of such
discrepancies is not known. It is, however,

possible that although there are some general similarities, the
types of structural and functional changes in various organs are
somewhat different in diabetes. In keeping with these results,
we have previously shown that the activation of transcription
factors, such as NF-kB and AP-1, is a key mediator of
glucose-induced increased production of ECM proteins and
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vasoactive factors. Hence, these findings might suggest the
possible additional role of tissue microenvironment, such as
blood flow, oxygen tension, metabolism and so on in the
pathogenesis of tissue specific damage. However, such notions
need further validation by definitive experiments.
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