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Purrosk. 1-Methylfolate, pyridoxal 5'-phosphate, and methylcobalamin, individually have been
reported to have beneficial effects on diabetes-induced defects. The possibility that
combining these therapeutic approaches might have additional benefit led us to investigate
the effect of Metanx against development of early stages of diabetic retinopathy in a mouse
model.

Mernobs. C57BL/6] mice were made diabetic with streptozotocin, and some were given
Metanx (a combination food product) mixed in the food at a dose of 5 mg/kg of body weight.
Mice were killed at 2 months and 10 months of study for assessment of retinal function,
retinal vascular histopathology, accumulation of albumin in neural retina, and biochemical
and physiological abnormalities in retina.

Resurts. Two months of diabetes significantly increased leukostasis within retinal vessels and
superoxide generation by the retina. Diabetes also significantly increased expression of
intercellular adhesion molecule-1 JCAM-1) and phosphorylation of IkB. Daily consumption of
Metanx significantly inhibited all of these abnormalities. Ten months of diabetes significantly
increased the degeneration of retinal capillaries and impaired visual function (spatial
frequency threshold (SFT) and a parameter of contrast sensitivity) compared to nondiabetic
controls. Daily consumption of Metanx for 10 months inhibited impairment of SFT but had no
significant beneficial effect on capillary degeneration, pericyte loss, or the estimate of contrast
sensitivity.

Concrusions. Metanx inhibited a diabetes-induced defect in retinal spatial frequency threshold
and inhibited measures of oxidative stress and inflammation. It had no significant effect on
contrast sensitivity or retinal capillary degeneration. Nutritional management with Metanx
may help inhibit diabetes-induced defects in visual function.

Keywords: diabetic retinopathy, inflammation, Metanx, oxidative stress

Retinopathy is a common complication of diabetes and is the
principal cause of blindness in the adult population.
Available evidence strongly suggests that the processes leading
to diabetic retinopathy (DR) are initiated by hyperglycemia, and
reduction in glycemia has been found to inhibit the develop-
ment and progression of the retinopathy. Nevertheless,
improved achievement of glycemic control has been difficult
for many patients, so effective supplemental therapies still are
needed to inhibit the retinopathy.

Many efforts to inhibit diabetic retinopathy and other
complications of diabetes have focused on highly specific
therapeutic approaches to inhibit vascular lesions in the retina.
Clinically, anti-VEGF therapies have had dramatically beneficial
effects on macular edema. Preclinically, genetic approaches to
alter expression of single enzymes (such as the inducible
isoform of nitric oxide synthase [iNOS], 5-lipoxygenase, PPARa,
and superoxide dismutase!~>) or pharmacologic inhibitors to
target specific proteins (such as RAGE, p38 MAPK, and NADPH
oxidase®-®) have shown significant inhibition of retinal capillary

degeneration or permeability.

An alternate approach is to identify treatment regimens that
work via multiple or less specific mechanisms. Metanx is a
prescription medical food product that contains 1-methylfolate,
pyridoxal 5-phosphate, and methylcobalamin, which are the

active forms of vitamins By, Bg, and B;,. The active metabolite
of folate, 1-methylfolate, is known to stabilize and enhance
production of tetrahydrobiopterin, a cofactor of iNOS, which
inhibits uncoupling and associated superoxide generation.®¢
Methylcobalamin (a coenzyme form of vitamin B,,) reacts with
superoxide and inhibits glutathione depletion and peroxynitrite
generation.!! Pyridoxal phosphate has been reported to inhibit
formation of advanced glycation end products (AGE), act as a
metal chelator, and show antioxidant properties in diabetes'?
and has been studied as a potential treatment for neuropathy in
diabetes and other conditions.!>!° Consistent with these
separate effects, Metanx has been reported to have beneficial
effects on endothelial dysfunction and on peripheral nerves in
diabetic rodents and patients.'>1%1819 Thus, Metanx therapy
has shown effects that might be beneficial for diabetic
retinopathy. A pilot clinical trial in which Metanx was
administered daily as an intervention for 6 months to 7 patients
with early to intermediate diabetic retinopathy?® reportedly
had statistically significant but modest effects on diabetes-
induced alterations of retinal threshold sensitivity or central
retinal thickness. Whether administration of this therapy for a
longer duration or administration from the onset of diabetes
would have had more favorable effects is not clear. In the
present study, we evaluated the effects of Metanx on the
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development of diabetes-induced alterations in retinal physiol-
ogy, inflammation, histopathology, and visual function in mice.

METHODS

Experimental Animals

Male C57BI/6] mice were randomly assigned to become
diabetic or remain as nondiabetic controls. Diabetes was
induced by five sequential daily intraperitoneal injections of a
freshly prepared solution of streptozotocin in citrate buffer
(pH 4.5) at 60 mg/kg of body weight (BW). After hyperglyce-
mia was verified at least three times during the second week
after streptozotocin, diabetic mice randomly were assigned to
remain as untreated diabetic controls or to be administered
Metanx. Animals were divided equally among 4 groups
(nondiabetic control, nondiabetic-fed Metanx, diabetic control,
and diabetic-fed Metanx). All animals were fed Teklad 7004 diet
(Harlan Laboratories, Indianapolis, IN, USA) ad libitum with or
without Metanx. Metanx was provided by Pamlab, Inc. (Carson
City, NV, USA) and was mixed into the food at a dose of 5 mg/
kg of BW. Insulin was given as needed to prevent weight loss
without preventing hyperglycemia and glucosuria (0-0.2 units
of neutral protamine Hagedorn (NPH) insulin subcutaneously,
0-3 times per week). Glycohemoglobin (GHb) was measured
using total glycated hemoglobin assay (Bio-Rad; Hercules, CA,
USA) every 2 to 3 months and just before animals were killed.
Food consumption and body weight were measured weekly.
Treatment of animals conformed to the Association for
Research in Vision and Ophthalmology Resolution on Treat-
ment of Animals in Research, as well as to institutional
guidelines. Animals were studied for durations of 10 months
or 2 months of diabetes in order to investigate effects of the
therapy on retinal histopathology or molecular and physiologic
changes, respectively. All experimental groups for the long-and
short-term studies had » =20 and »n = 12 mice, respectively, at
the start of the experiment. We observed no adverse effects of
the therapy on body weight gain of the diabetic mice.

Lucigenin Assay of Superoxide

Superoxide was measured chemically using lucigenin (bis-N-
methylacridinium nitrate) as we published previously.*721-23

Leukostasis

At 2 months of diabetes, blood was removed from the vasculature
of anesthetized animals by complete perfusion with PBS via a
heart catheter. Animals were then perfused with fluorescein-
coupled concanavalin A lectin (20 pg/mL in PBS; Vector
Laboratories, Burlingame, CA, USA), as we and others have
described previously.?%24-2¢ Flat-mounted retinas were imaged
by fluorescence microscopy, and the number of leukocytes
adhering to the vascular wall were counted.

Accumulation of Albumin in Neural Retina

The amount of leakage of albumin into neural retina was used
to estimate vascular permeability. At 2 months of diabetes, eyes
were cryosectioned (10-um slices), fixed in methanol for 10
minutes, and washed four times in PBS. Each section was
incubated in sheep anti-mouse serum albumin (catalog no.
AB8940, 1:2000 dilution; Abcam, Cambridge, MA, USA) for 2
hours. After being washed, sections were incubated in FITC-
labeled secondary antibody for 90 minutes (catalog no. AB
6743, 1:1000 dilution; Abcam). Using fluorescence microsco-
py, we determined the average amount of fluorescence in each
of four retinal layers (inner plexiform layer, inner nuclear layer,
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outer plexiform layer, and outer nuclear layer). Measurements
were made in three replicate areas in each retinal layer, both at
midretina and by optic nerve. The amount of fluorescence in
each site was the average of 10 replicate measurements
measured by software (NIS Elements BR version 3.00; Nikon,

Tokyo, Japan).

Expression of Inflammatory Proteins

Retinas were isolated, sonicated, and centrifuged in the
presence of protease inhibitors, and the supernatant was used
for Western blot analysis. Samples (50 pg) were fractionated by
SDS-PAGE and electroblotted to nitrocellulose membrane, and
membranes were blocked in Tris-buffered saline containing
0.02% Tween 20 and 5% nonfat milk. Antibodies for ICAM-1
(1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), inducible isoform of nitric oxide synthase (iNOS, 1:1000
dilution; Santa Cruz Biotechnology), heme oxygenase 1 (HO-1,
1:200 dilution; Santa Cruz Biotechnology), IxkBa and p-IxBa
(1:500 and 1:200 dilution, respectively; Santa Cruz Biotechnol-
ogy), eNOS (1:500 dilution; BD-Transduction Laboratories,
Franklin Lakes, NJ, USA), and MCP-1 (1:1000 dilution; Abcam)
were applied for 1 hour, followed by secondary antibody for 1
hour. After samples were washed, results were visualized by
enhanced chemiluminescence. All data for protein expression
from Western blot analysis were expressed as a protein of
interest-to-actin ratio in the same sample.

Spatial Frequency Threshold and Contrast
Sensitivity

Spatial frequency threshold was determined as described
originally by Prusky et al.?” The spatial frequency started at
0.1 cycle/degree (c¢/d) with 100% contrast, and was systemat-
ically increased (0.1, 0.2, 0.3, and 0.4 ¢/d) until the animal no
longer responded, then the interval between the two last
stimuli (last stimulus seen and stimulus not seen) was reduced
by half until the animal could again detect the stimulus, at
which point the staircase reversed. The response threshold
was crossed three times. Reported spatial frequency threshold
was determined with a precision of =0.001 ¢/d. One staircase
was done for each direction of rotation of the optokinetic
stimulus, with the resulting two thresholds averaged. An
abbreviated assay for contrast sensitivity (measured at the
single point (0.064 ¢/d) was measured to detect functional
defects in spatially sensitive retinal cells or in higher visual
pathways. It was determined as the inverse of Michelson
contrast, without correction for luminance of the monitors and
was plotted on a log-log graph. Animals were not anesthetized
and were initially placed in the device without recording the
response to allow animal training. Each measurement was
repeated several times to evaluate the reproducibility of
responses. Spatial frequency threshold and abbreviated mea-
sure of contrast sensitivity were measured in wild-type diabetic
animals and in diabetic animals treated with Metanx (and age-
matched nondiabetic controls) at 10 months of diabetes. Our
previous studies?® demonstrated reductions in spatial frequen-
cy threshold and contrast sensitivity in diabetic mice.

Diabetes-Induced Retinal Histopathology

After 10 months of diabetes, eyes were fixed in formalin, and
one retina from each animal was isolated, washed in running
water overnight, and digested for 2 hours in Difco crude
trypsin solution (catalog no. 15090-046; Invitrogen Corp.,
Burlington, ON, Canada) as we have reported previously.”-2%-30
When totally cleaned of neural cells, the isolated vasculature
was laid out on a glass microscope slide, dried overnight,
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Diabetes (D) of 2 months’ duration causes oxidative stress in retinas of mice compared to nondiabetic (N) controls, and Metanx (1-

methylfolate, pyridoxal 5’-phosphate, and methylcobalamin) mixed into the food at a dose of 5 mg/kg BW significantly inhibited the diabetes-
induced increase in retinal generation of superoxide (a) and caused upregulation of the protective enzyme heme oxygenase 1 (HO-1) in the retina
(b). Superoxide was assayed by the lucigenin method, and HO-1 expression was assessed by Western blot analysis. Data are means = SD; n=5 to 10

in all groups.

stained with hematoxylin and periodic acid-Schiff stain,
dehydrated, and coverslipped. Degenerated (acellular) capil-
laries were quantitated in 6- to 7-field areas corresponding to
the midretina (Magnification: X200) in a masked manner.
Acellular capillaries were identified as capillary-sized vessel
tubes having no nuclei anywhere along their length, and were
reported as per square millimeter of retinal area. Pericyte
ghosts were estimated from the prevalence of protruding
“bumps” in the capillary basement membranes from which
pericytes had disappeared. At least 1000 capillary cells
(endothelial cells and pericytes) in 5 field areas in the midretina
(Magnification: X400) in a masked manner were examined.
Ghosts on any already acellular vessel were excluded.

Statistical Analysis

Data are means * SD. Statistical analysis was performed using
ANOVA, followed by Fisher’s test. A P value of <0.05 was
considered statistically significant.

RESULTS

Glycemia was elevated in all diabetic groups to a similar
amount. Average glycated hemoglobin over the entire duration
of the 10-month experiment was 3.3 * 0.2%, 3.4 = 0.2%, 12.0
* 0.9%, and 12.2 £ 0.7% for the nondiabetic groups treated
without and with Metanx and diabetic groups treated without
and with Metanx, respectively. Final BW in these same groups
were 46 = 5,49 = 7,27 = 3 and 26 * 2 g, respectively. Data
from the 2-month experiment were similar (but not shown).
Administration of Metanx had no adverse effect on the health
of animals. During the long-term experiments, some animals
treated with Metanx (three nondiabetics and five diabetics)
died; cause of death was not determined.

Diabetes-induced increases in oxidative stress and local
inflammation have been strongly implicated in the pathogen-
esis of early stages of diabetic retinopathy. Thus, we measured
the effect of Metanx on parameters of these abnormalities in
retinas of diabetic mice at 2 months after induction of diabetes.

Generation of superoxide by the retina in diabetes is a well-
accepted indicator of oxidative stress in retinal tissue. In this
experiment, there was a clear increase in this retinal
superoxide generation by diabetes, and Metanx strongly
inhibited that increase (Fig. 1a). HO-1, a prosurvival enzyme

induced under several conditions of oxidative stress3'-3%
tended to be decreased in retina by diabetes (although not
significantly) but was significantly induced by Metanx (Fig. 1b).

Because increased expression of adhesion molecules on
endothelial cells plays a prominent role in inflammation via
adhesion of white blood cells to the vessel wall (leukostasis),
we measured the effects of diabetes and therapy on leukostasis
and expression of ICAM-1 in retina. Figure 2 shows that
diabetes of 2 months’ duration resulted in a significant increase
in leukostasis (P < 0.001) and significantly increased expres-
sion of retinal ICAM-1. Consistent with the increase in ICAM-1
expression, diabetes of 2 months’ duration significantly
increased the phosphorylated IkB-to-total IkB ratio in retinas.
ICAM-1 expression is regulated by NFxB, and IxB is an
important regulator of NFkB activation. Metanx significantly
inhibited all of these diabetes-induced abnormalities. Diabetes
did not significantly alter expression of several other inflam-
matory proteins in the retina (iNOS, eNOS, MCP-1) at the
duration of diabetes evaluated in this experiment, so we could
not assess the effect of Metanx on those parameters (not
shown).

We also assessed the effects of the therapy on long-term
complications in retinal neural function and vascular structure.

Visual Function

Diabetes of 10 months’ duration significantly inhibited spatial
frequency threshold, a psychophysical measure that assesses
function of both retinal and central visual pathways (P < 0.01)
(Fig. 32), and Metanx significantly inhibited this defect in visual
function (P < 0.01). An abbreviated assay for contrast
sensitivity (measured at a single point [0.064 c/d]) also was
measured, and diabetes likewise induced a significant reduc-
tion also in this parameter (P < 0.05), but Metanx had no
demonstrable effect on this abnormality (Fig. 3b).

Vascular Structure and Function

As expected, diabetes caused the expected degeneration of
retinal capillaries and capillary pericytes (both, P < 0.01) (Figs.
4a, 4b). Metanx did not significantly inhibit either of these
characteristic histopathologic signs of diabetic retinopathy.
Accumulation of plasma protein in the neural retina tended to
be increased in the group of mice that were diabetic for 10
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Ficure 2. Diabetes of 2 months’ duration caused a proinflammatory state in the retina, and Metanx inhibited those abnormalities. An example of
leukostasis (leukocyte adherent to the vascular wall [white arrow]) in a retinal capillary of a diabetic mouse is shown (a), and the number of
adherent leukocytes per retina was quantitated (b). Leukostasis and the vascular wall are visualized by infusion of concanavalin A-FITC. Leukostasis
(b), IkB activation (a regulator of the proinflammatory transcription factor NFkB) (¢), and expression of ICAM-1 (adhesion molecule that leukocytes
adhere to in leukostasis) (d) were all significantly increased above normal levels in the retina by 2 months after diabetes onset, and Metanx
significantly inhibited all of these abnormalities. NFkB activation was estimated from the increased phosphorylated IkB alpha (p-IkB-o)-to-total IxB-o
ratio. The brightness of the photomicrograph of leukostasis was enhanced to aid viewing, but no other changes were made to the photo. Data are

means * SD; n =3 to 6 in all groups.

months, but the increase was not statistically significant (not
shown), so we are unable to conclude anything about effects of
Metanx on this parameter.

DISCcUSSION

Preclinical evidence shows that targeting of specific enzymes
can have considerable beneficial effect in a variety of diseases,
including diabetes. Nevertheless, extensive testing and re-
sources are needed to demonstrate the selectivity and safety of
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such therapies. Complications of diabetes develop slowly, so
we tested the possibility that a combination of therapies, each
potentially having less specific and powerful effects, might
inhibit development of the complications such as retinopathy.

Metanx is a medical food that has been prescribed for the
clinical dietary management of endothelial dysfunction. It
contains high concentrations folate (3 mg), vitamin B12 (2 mg),
and vitamin B6 (35 mg). The rationale for this preparation in
diabetes is that tissue function might be impaired by nutrient
deficiencies, especially of water soluble nutrients that are lost
during polyuria. Vitamin B;, deficiencies are common in
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Ficure 3. Diabetes impairs visual function in diabetic mice, and Metanx has beneficial effects. At 10 months, diabetes significantly impaired (a) the
spatial frequency threshold (a marker of visual acuity) and (b) an abbreviated assay for contrast sensitivity (measured at 0.064 ¢/d) in mice. Daily
consumption of Metanx significantly inhibited the defect in spatial frequency threshold but had no apparent effect on the defect in contrast
sensitivity, measured at 0.064 c¢/d. Data are means = SD; n =4 to 5 in all groups.
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Fiure 4. Administration of Metanx for 10 months did not significantly inhibit the diabetes-induced increase in (a) degenerated (acellular)
capillaries or (b) pericyte loss (as indicated by “ghosts,” where pericytes used to be). Both of these lesions are characteristic of diabetic retinopathy

in animals and patients. Data are means = SD; 7 = 8 in all groups.

patients with diabetes, especially those using metformin, since
metformin inhibits the absorption of cobalamin (the precursor
to vitamin B;).!7

Previous studies demonstrated that Metanx corrected nitric
oxide synthase uncoupling and oxidative stress in vascular
endothelium and peripheral nerve,'® and it also inhibited
diabetes-induced defects in sensory (but not sciatic motor)
nerve conduction velocity, and thermal and mechanical
hypoalgesia. Metanx also increased intraepidermal nerve fiber
density in the diabetic animals. Metanx has been shown to
have benefit also for diabetic peripheral neuropathy in
patients.'>'® A multicenter, randomized, double-blind, place-
bo-controlled trial of Metanx involving 214 patients with type 2
diabetes and neuropathy was conducted for 24 weeks of
treatment.!® Patients receiving the therapy consistently report-
ed symptomatic relief and improved quality-of-life scores,
although the therapy did not show a significant effect on
vibration perception threshold during this duration.

Based on these findings in peripheral nerve, we speculated
that this nutrient-based therapy might have beneficial effects
also in diabetic retinopathy. Diabetes is known to cause
oxidative and nitrosative stress in the retina, and these
abnormalities have been implicated in development of early
vascular lesions of diabetic retinopathy in animals.?> The
present study demonstrated that the combination of 1-
methylfolate, pyridoxal 5’-phosphate, and methylcobalamin
had significant beneficial effects on several diabetes-induced
molecular and functional abnormalities of diabetic retinopathy.
Specifically, Metanx significantly inhibited the diabetes-induced
increase in generation of superoxide and induction of
molecular abnormalities that are characteristic of inflammation
in the retina (leukostasis, ICAM-1 expression, and p-IkB-to-IkB
ratio). The effects of Metanx on these abnormalities were
measured at 2 months of diabetes but not in the long-term
studies (the tiny retinas were reserved for histopathology
analyses in the long-term studies), so we cannot say whether
effects of the therapy became weaker or stronger with time, or
if superoxide generation is causally related to the diabetes-
induced defects in visual function. After 10 months of Metanx
therapy, diabetes-induced alterations in the function of retinal
neurons were significantly less in the Metanx-treated group (as
shown by the inhibition of the impairment of SFT in diabetes),
but despite randomization into experimental groups, it is
possible that the animals selected to get Metanx always had
lower SFT.

Although Metanx had a statistically significant effect on SFT
in our study, it had no similar effect on an abbreviated
parameter of contrast sensitivity. This seems surprising,
because visual acuity (which SFT approximates) is related to

contrast sensitivity at maximal contrast. Diabetes impairs SFT,
especially at high spatial frequencies,?® so the effects of
therapy on contrast sensitivity at the spatial frequency tested in
these studies might not be reflective of results at higher spatial
frequencies, or it seems possible that SFT is more sensitive to
oxidative stress than is contrast sensitivity.

Metanx also has been reported to have some benefit for the
retina in a small series of type 2 diabetic patients having mild to
moderate nonproliferative diabetic retinopathy.?° In that open-
label, uncontrolled, prospective 6-month study, five of the
seven patients that completed the trial showed statistically
significant (but modest) improvements in mean threshold
retinal sensitivity and mean central retinal thickness. Whether
or not longer duration of treatment or a higher dose might
yield better therapeutic results was not tested.

Very little of the retina is occupied by blood vessels, so the
diabetes-induced defects in superoxide and inflammation
observed in the present study likely resides within retinal
neuroglia. Nevertheless, therapies which inhibited those
retinal defects in previous studies have been found also to
inhibit retinal vascular degeneration,!~32535-37 suggesting a
link between oxidative stress, inflammation, and degeneration
of retinal capillaries in diabetes. The present study thus yielded
unexpected results, in that inhibition of the diabetes-induced
increase in superoxide, leukostasis, activation of NFkB and
expression of ICAM-1 by Metanx was not associated with
protection of the retinal vasculature. These results seem at
odds with previous findings that diabetics lacking ICAM-1 or
over-expressing antioxidant enzymes were protected from the
vascular degeneration,!?>38 suggesting that perhaps much
more complete elimination of ICAM-1 (such as by genetic
deletion) or superoxide is required to inhibit the vascular
histopathology, whereas partial inhibition using Metanx was
not sufficient to be vasoprotective. The present findings are
not sufficient to conclude that oxidative stress or inflammation
are not related to the capillary degeneration or impaired visual
function in diabetes.

Previous research?® provided evidence that therapies that
significantly inhibited retinal capillary degeneration in diabetic
rodents do not necessarily have a comparable effect on
contrast sensitivity or SFT (except for animals deficient in
aldose reductase, which resulted in both defects being
inhibited). In the present study, the opposite is reported, in
that a parameter of neural function (SFT) was inhibited by a
therapy that had no effect on capillary degeneration. Findings
from both studies are consistent with the possibility that the
pathogenesis of the vascular lesions of diabetic retinopathy
might differ in some respects from the pathogenesis of the
visual function defects in diabetes.
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Treatment regimens that work by multiple mechanisms
have potential to be of benefit especially in slowly developing
complications, such as in diabetes, because individual path-
ways might not need to be strongly inhibited. Nevertheless,
this premise remains to be clearly demonstrated. The present
studies demonstrated the concept that poly-therapy using a
nutritional food might have relevance for the inhibition of
aspects of diabetic retinopathy. Whether or not additional
benefits will become evident at higher doses or at longer
durations of study remain to be demonstrated, for the present
effect was only partial. Good glycemic control is still the
important therapeutic goal, but treatments such as with
Metanx may provide additional functional protection for those
unable to achieve or maintain such perfect glycemic control.
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