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ABSTRACT

Background: A dietary supplement developed in Japan, OM-X®, is the result of extended
fermentation of dozens of edible vegetables, fruits, seaweeds, mushrooms, and includes 12
strains of Lactic acid bacteria (LAB) and Bifidobacterium. The supplements powerful
antioxidant, anti-inflammatory properties, and regulatory effect on metabolizing liver enzymes
have been reported.

Senescence marker protein-30 (SMP30)/Gluconolactonase (GNL) Knockout (KO) mice,
which lack the ability to biosynthesize Vitamin C (VC) in the body, were used in this study. The
mice exhibited decreased antioxidant capacity in the blood, decreased liver function, and had
poor hair growth due to the VC deficiency. The aim of the study was to examine the effects of
oral administration of OM-X® on VC deficiency from the viewpoint of comprehensive analysis
of liver metabolism.

Methods: SMP30/GNL KO and C57BL/6 (WT) mice were used in this study. The KO mice
were divided into the following three groups: VC non-administration (VC minus), VC (0.15
W/V %) administration (VC plus), and no VC plus 0.6% OM-X® administration (OM-X")
groups (n = 6 per group). Mice were kept under experimental conditions until they were
euthanized at week 8 (age: 16 weeks old). Body weight and plasma biochemistry levels were
measured.. Metabolomic analyses of harvested livers were performed.
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Results: In the VC minus group, a significant decrease in body weight and significant changes in
plasma biochemistry parameters compared with the WT control or VC plus groups was
observed. In the OM-X® group, significant suppression or a suppressive trend was observed
compared with the VC minus group. Liver metabolomic analysis showed that total adenylate
levels decreased in the VC minus group, whereas OM-X® administration significantly elevated
total adenylate levels. In addition, the ratios of Glutathione (GSH)/ Glutathione disulfide (GSSG)
and S-adenosylmethionine (SAM)/ S-adenosyl-L-homocysteine (SAH) and total glutathione
levels were all significantly higher in the OM-X® group than in the VC minus group. The
glycerol 3-phosphate/ Dihydroxyacetone phosphate (DHAP) and putrescine/spermidine ratios
were elevated in the VC minus group, whereas it was significantly lower in the OM-X® group.

Conclusion: The results showed that in SMP30/GNL KO mice, some organ damage may have
occurred during VC deficiency, as indicated by weight loss, hepatic injury, and changes in
triglyceride-related markers. OM-X® had an effect on energy charge maintenance by elevating
total adenylate levels, inducing antioxidant capacity via enhancing glutathione levels, and
promoting protein synthesis, including polyamine synthesis. Altogether, the results revealed that
OM-X® prevents the adverse biological changes caused by VC deficiency in SMP30/GNL KO
mice.

Keywords: OM-X®, SMP30/GNL KO mice, Vitamin C, metabolomic analysis.

INTRODUCTION:

Vitamin C (VC) is essential for mammalian life. However, some species such as primates and
guinea pigs cannot synthesize VC in vivo, while other species such as mice and rats can. VC is
biosynthesized in the liver of most mammals and is involved in collagen synthesis [1] and
exhibits antioxidative effects in vivo [2-5]. It has been determined that the inability to synthesize
VC is due to mutations in the Gulono-gamma-lactone oxidase (GLO) gene. SMP30 was
originally discovered as a biomolecule wherein its levels decreased with age. However, it was
later found that SMP30 and GNL are the same and are involved in the penultimate step of the
VC biosynthesis pathway. SMP-30 is involved one step before GLO, which is the last step of the
VC biosynthesis pathway. Therefore, VC-deficient mice can be constructed by knocking out the
SMP30/GNL gene [6,7].

OM-X"® is a fermented dietary supplement developed by Dr. Tichiroh Ohhira in Japan.
OM-X® is made from many kinds of vegetables, fruits, seaweeds, and mushrooms fermented
using 12 strains of Lactic acid bacteria (LAB) and Bifidobacterium. OM-X® is strictly made in
compliance with the International Organization for Standardization (ISO) 9001 standard in an
exclusive, sanitary factory, BIOBANK Co., Ltd., (Okayama, Japan). Nutritionally, OM-X®
provides carbohydrates (oligosaccharides and dietary fiber), fats (short-chain fatty acids),
proteins, amino acids, some vitamins (except VC), and minerals. Our recent experiments have
shown that OM-X® regulates metabolic enzymes in the livers of mice. DNA microarray analysis
on OM-X® administered mice livers identified that 4 of 597 genes were upregulated and 23 of
597 genes were downregulated [8].

In this study, we investigated the effects of orally administered OM-X® in VC-deficient
SMP-30/GNL KO mice on blood markers and liver metabolites. In addition, we aimed to
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delineate the preventive effects of OM-X® on low antioxidant activity and the negative metabolic
impact caused by VC deficiency.

MATERIALS AND METHODS

Treatment of OM-X® in Mice

SMP-30/GNL KO mice were previously generated by gene targeting techniques. Heterozygous
female mice (SMP30 +/-) were mated with male KO mice (SMP30Y/-) to produce SMP30 KO
(SMP30 Y/-) and WT (SMP30 Y/+) littermates. Mouse pairs were obtained from the Tokyo
Metropolitan Institute of Gerontology, Japan (Japan). C57BL/6 (WT) control mice were
purchased from Sankyo labo co., LTD (Japan).

Mice were bred at the Faculty of Pharmaceutical Science, Hokkaido University of Science
(Hokkaido, Japan). Throughout the experiments animals were maintained on 12 h light/dark
cycles in a controlled environment held at 23°C + 1°C and 55% + 15% relative humidity.

OM-X"® (BIOBANK, Okayama, Japan) was dissolved in purified water at 0.6% (W/V).
Seven-week-old male SMP30/GNL KO C57BL/6 mice were divided into the following three
groups: 1) mice had free access to purified water without VC (VC minus group, n = 6), 2) mice
had free access to purified water containing VC 0.15% (W/V) (VC plus group, n = 6), and 3)
mice had free access to purified water without VC but contained the OM-X® solution (OM-X®
group, n = 6). Age-matched male C57BL/6 (WT) mice (n = 6) were used as controls. These mice
were kept under the above-mentioned experimental conditions for 8 weeks. At the end of the
experimental period (age: 16 weeks old), the mice were weighed and euthanized. Plasma and
livers were then collected and stored at —80°C for analysis (Figure 1).
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Plasma biochemical analysis was performed at Oriental Yeast Co., Ltd. (Japan) for Aspartate
aminotransferase (AST), aminotransferase (ALT), Glucose (Glu), Total cholesterol (T-Cho),
Triglyceride (TG), and Creatinine (Cr) levels. In addition, Diacron-reactive oxygen metabolite
(d-ROM) levels to assess plasma antioxidants and Biological antioxidant potential (BAP) levels
were measured using the manufacturer’s kit (Wismerll, Japan).

Liver Metabolomic analysis

Acetonitrile solution (50%, V/V) and the internal standard solution (52 cationic and 64 anionic
substances: total 116) were added to frozen liver specimens obtained from the VC minus, VC
plus, and OM-X® groups (each n = 3), which were subjected to cell disruption, centrifugation
(2,300 xg, 4°C, 120 min), and filtration. The filtrate was dried, dissolved in the ultra-pure water,
and used for downstream metabolomic analysis. Absolute quantification of 116 metabolites was
calculated by CE-TOFMAS (acetolactate synthase) (Agilent CE-TOFMS System Machine No. 3,
Agilent Technologies, USA) and CE-QqQMS (Agilent CE System, Agilent 6460 Triple Quad
LC/MS Machine No. QqQ3, Agilent Technologies), and Principal component analysis (PCA),
Hierarchical clustering analysis(HCA) heatmap generation and metabolic parameter analyses
were performed. Liver metabolomic analysis was conducted by Human Metabolome
Technologies Co., Ltd. (Japan).

Statistical analysis
All results are expressed as mean + SEM. Statistical significance was determined using the
Tukey’s test to compare relative plasma biochemical analyses, and the Dunnett’s multiple
comparison tests were used to compare relative liver metabolomic analyses. *p < 0.05,% < 0.01,
and °p < 0.01 were considered statistically significant with the VC (-) or WT groups. *p < 0.05
and **p < 0.01 were considered statistically significant with the VC (+) group.

PCA, HCA heatmap generation of liver metabolomic analyses were carried out using
statistical analysis software manufactured by Human Metabolome Technologies Co., Ltd.
(Japan).

RESULTS

Body weight and serum biochemical analysis

Weights of VC minus group mice were significantly lower than body weights observed in the
other groups. For plasma biochemical analysis, ALT and AST (indicators of liver function) levels
were both significantly higher in the VC minus group than the levels in the other groups. In
addition, Cr, (an indicator of renal function) values were elevated compared with other groups.
Glu and TG, (indicators of respectively sugar and lipid metabolism) levels were lower in the VC
minus group compared with others. As for antioxidant indicators, increased dROM and
decreased BAP levels were observed in the VC minus group compared with levels in the other
groups. However, OM-X"® administration in mice demonstrated the opposite effect than observed
in the VC minus group. Body weight and plasma biochemical analysis of each group are shown
in Table 1.

Table 1. Effects of OM-X® on SMP30/GNL KO mice.

WT VC (+) VC (9 OM-X

Body Weight (g) 25.62 £ 1.79° 2522 + 1.67° 13.54 + 2.76 23.32 £ 1.34%
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AST (IU/L) 154 +
ALT (IU/L) 48 +
T-Cho (mg/dL) 81 +
TG (mg/dL) 64.7 +
Glu (mg/dL) 1437 +
Cr (mg/dL) 0.11 +
BAP (uM/L) 2727.83 +
d-ROM (U.CARR) 1035 =

26.23°
8.39°
18.03
19.86°
35.84
0.01°

297.43*

4.80°

250 + 75.63
66 + 9.98°
64 + 16.93
245 £+ 12.24%
184 + 16.4°
0.12 =+ 0.01*
2859.8+ 187.92°
91.25 + 4.35°

486 + 389.43
2423 £+ 22536
64 + 9.20
4.5 + 1.76
93.7 + 39.70
0.15 + 0.03
20054 + 326.45
127.5 + 13.13

Page 99 of 110

200 + 46.83°
64 + 18.07%
62.8 =+ 8.04

127 + 1.52¢
154 =+ 46.09
0.11 =+ 0.02*

2416.7+ 154.04

95 + 9.13°

Body weight and plasma biochemical parameters aspartate aminotransferase (AST), alanine

aminotransferase (ALT), glucose (Glu), total cholesterol (T-Cho), triglyceride (TG), and

creatinine (Cr) were assessed in control and experimental groups. In addition, diacron-reactive
oxygen metabolite (d-ROM; 1 U.CARR=0.08 mgH202/dL) and biological antioxidant potential
(BAP) levels were measured at 16 weeks old (mean + S.E.). ap < 0.05 vs. VC(-), bp < 0.01 vs.

VC(-) and cp < 0.01 vs. WT.

Liver Metabolomic analysis

PCA, HCA heatmap generation data are shown in Figures 2 and 3.
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Figure 3. HCA Heat map of differentially expressed metabolites of liver. Each column corresponds
to one sample (total 9 samples), and each row corresponds to a metabolite (total 116 metabolites). For 116
metabolites, red indicates metabolites expression and green indicates metabolites suppression. The
metabolites are hierarchically clustered by similarity of expression profiles over the set of samples, and
the samples are hierarchically clustered by similarity of expression patterns over their features. VCm: VC
minus group, VCp: VC plus group, and OMX: OM-X® group, each n=3).

From 116 metabolites obtained by this metabolomic analysis, it is possible to narrow down to 30
metabolic parameters by statistical analysis, as below:
Adenylate Energy Charge, Citrulline/Ornithine, Fischer's Ratio, G6P/R5P, GSH/GSSG,
Glu/2-Oxoglutarate, Glycerol 3-phosphate/DHAP, Guanylate Energy Charge,
Lactate/Pyruvate, Malate/Asp, NADH/NAD+, NADPH/NADP+, Putrescine/Spermidine,
SAM/SAH, Total Acetyl CoA-related Amino Acids, Total Adenylate, Total Amino Acids,
Total Aromatic Amino Acids, Total BCAA, Total Essential Amino Acids,
Total Fumarate-related Amino Acids, Total Glu-related Amino Acids,
Total Glucogenic Amino Acids, Total Glutathione, Total Guanylate,
Total Ketogenic Amino Acids, Total Non-essential Amino Acids,
Total Oxaloacetate-related Amino Acids, Total Pyr-related Amino Acids,
Total Succinyl CoA-related Amino Acids

The 6/30 metabolic parameters (Bold) involved in liver detoxification, antioxidation, energy
production, and protein synthesis, were significantly different between the VC plus or VC minus
group and the OM-X® group (Figures 4(A)—(F)). This figure shows also significant changes in
total adenylate (ATP + ADP + AMP) levels, total glutathione (GSH + 2GSSG) levels,
glutathione reduction rate (GSH/GSSG), glycerol 3-phosphate/DHAP, SAM/SAH and

putrescine/spermidine ratios.
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2(GSSG); (E) SAM/SAH ratio; (F) Putrescine/Spermidine ratio. Results are expressed as mean +
SE. Statistical significance was determined using the Dunnett’s tests. *p < 0.05 and **p < 0.01
regarding the VC (+) group.

DISCUSSION

SMP30/GNL KO mice cannot synthesize VC. According to a report by Ishigami A [9], VC in
plasma and organs is fully consumed about one month after VC administration is discontinued.
VC deficiency in humans is referred to as “scurvy,” and symptoms include hypoplasia of
connective tissue and gums and subcutaneous bleeding. However, recent studies have shown that
SMP30/GNL KO mice not only present with scurvy but other symptoms such as
underdevelopment, defective hepatic metabolism, and hair growth insufficiency [10-13].

We investigated the effect of VC deficiency on the liver and the effectiveness of OM-X® in
VC-deficient mice, which has been reported to improve the intestinal environment, modulate
liver metabolic enzymes, and exert antioxidant and anti-inflammatory effect [8, 14 -16].

Changes to body weight and coat condition were seen in the mice throughout the study.
Weight increase gradually decelerated in the VC minus group after VC administration was
discontinued compared with other groups, and poor coat appearance was noted. At the time of
dissection, the OM-X® group showed significantly increased body weight compared with the VC
minus group, and this group also had good coat condition.

Plasma biochemical analysis revealed decreased antioxidant activity, increased dROM and
decreased BAP levels, liver damage (elevated AST and ALT values), and kidney damage
(elevated Cr values). These findings suggested that serum antioxidant activity decreased due to
lack of VC, and liver and kidney damage occurred because of reduced reactive oxygen
scavenging capacity. According to a report by Maruoka H [17] et al., serum dROM increases
and BAP decreases nine weeks after VC administration was discontinued in SMP30/GNL KO
mice.

Meanwhile, these biochemical parameters in the plasma of OM-X® group mice were less
deviated from normal values compared with values in the VC minus group, suggesting that
OM-X® administration prevented liver and kidney damage. As a possible mechanism of
underlying organ protection, administered OM-X® may have directly or indirectly removed
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reactive oxygen species in the body to compensate for the antioxidant function of VC, given a
previous study demonstrated that OM-X® has the capacity for antioxidant activity [18].

According to the analysis by the manufacturer, the nutritional value in OM-X® was
approximately carbohydrate (56%), lipid (0.2%), protein (8%), dietary fiber (4.1%), ash (2.1%).
However, vitamin C was not detected. OM-X" itself has active oxygen scavenging activity, and
its components that contribute to its antioxidant activity include total polyphenols (0.94 g/ 100
g) and organic acids (quinic acid, citric acid, lactic acid, malic acid, formic acid, acetic acid, and
succinlc acid) have been reported. These antioxidant components may play an antioxidant role in
VC-deficient mice[18].

Moreover, liver metabolomic analysis revealed clear differences in the abundance of hepatic
metabolites between the OM-X® administration and VC minus groups. In particular, the cluster
analysis confirmed that the levels of many metabolites in the OM-X® administration group were
close to those in the VC plus group.

In other words, each metabolites change can be understood by focusing on the difference in
the color of the HCA Heat map. For 116 metabolites, red indicates metabolites expression and
green indicates metabolites suppression. The heat map visually indicates that the metabolites
changing between the OM-X® and VC plus groups are similar. The 6/30 metabolic parameters
involved in liver detoxification, antioxidation, energy production, and protein synthesis, were
significantly different between the VC plus or VC minus group and the OM-X® group.

The total adenylate level (ATP + ADP + AMP) is shown as the sum of ATP, ADP, and AMP
levels. It is considered to change according to the levels of de novo synthesis [19,20]. For
example, ATP is used in reaction systems, such as glycolysis, muscle contraction, active
transport, and RNA synthesis. Accordingly, OM-X® administration is suggested to be beneficial
to the maintenance of vital activities related to ATP-producing systems, since it suppresses
decreased adenylate levels in VC-deficient livers.

Glycerol 3-phosphate plays a central role in the glycerol phosphate shuttle and an important
role in muscular organs. The glycerol 3-phosphate/DHAP ratio serves as an indirect indicator of
the energy state in an organ. Furthermore, a low glycerol 3-phosphate/DHAP ratio indicates that
consumption of glycerol 3-phosphate is enhanced, meaning increased production of DHAP or
ATP. In this study, our results suggested that OM-X® administration is beneficial in maintaining
vital activities through ATP production [21, 22].

Glutathione acts as an antioxidant to remove excess reactive oxygen species (ROS), thereby
protecting cells. Glutathione is found in all cells, and in its reduced form accounts for >90% of
total glutathione in normal cells. A decreased reduced/oxidized glutathione ratio (GSH/GSSG)
suggests a burden of oxidative stress. Aside from antioxidant activity, reported functions of
glutathione include DNA synthesis and repair, protein synthesis, removal of carcinogens, and
detoxification [23-27].

The elevated ratio of reduced glutathione (GSH) to oxidized glutathione (GSSH) (i.e.,
predominance of the reduced form) in the OM-X® administration group suggested that OM-X®
can reduce cellular oxidative stress levels, prevent oxidative organ stress and disease due to
excessive ROS accumulation.

The SAM/SAH ratio is used as an index of methylation potential in cells. SAM is also
involved in detoxification metabolism mechanisms through methylation of catechol compounds
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and other substances in the liver. Moreover, a recent study suggested that SAM levels contribute
to extended life span in Drosophila [28-33].

Putrescine and spermidine are representative polyamines. The capacity of polyamine
synthesis is known to decrease as age advances.. In particular, the reported effects of spermidine
include promoting protein synthesis, anti-inflammation, antioxidation, and promoting hair
growth. [34- 37] In terms of elevated SAM levels, the significance of OM-X® administration is
expected to be not only activation of detoxification but also promotion of protein synthesis and
anti-aging effects of spermidine.

Thus, OM-X® in VC deficient mice was found to restore changes in liver metabolites.
Particularly, it is useful from the viewpoint of liver detoxification, antioxidation, energy
production, and protein synthesis. However the role of OM-X® in maintenance of the liver
metabolites is not clear. On the other hand, it is expected that these metabolites may contribute
to maintenance of the general state, protection of organ damage, and blood antioxidant activity of
the VC deficient mice.

Finally, the maintenance of metabolites by administration to OM-X® will be discussed in
terms of improving the intestinal environment. According to recent studies, melanoidin is a
characteristic component found in OM-X®, and it has been reported that this component may
improve intestinal microflora [38]. Changes in the intestinal flora affect the metabolism of amino
acids and glutathione in the mouse host, and are considered to be a starting point for studies on
metabolic disease and the intestinal environment. In fact, since OM-X® has the function of
suppressing intestinal inflammation, it is expected that studies will be conducted on the effects
on metabolic function in vivo through improvement of intestinal flora in the future.

CONCLUSION

It is suggested that VC deficiency disrupts the complex liver metabolic system. OM-X"
administration may help to maintain organ function, liver metabolite changes, body weight
change and coat condition. However, the mechanism of action for OM-X" is very complicated.
In the future, research targeting a small number of metabolites is needed.
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Adenosine monophosphate (AMP), Aspartate aminotransferase (AST), Adenosine triphosphate
(ATP), Biological antioxidant potential (BAP), Capillary electrophoresis-time-of-flight mass
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(CE-QqQMS), Creatinine (Cr), Dihydroxyacetone phosphate (DHAP), Diacron-reactive oxygen
metabolite (d-ROM), Gulono-gamma-lactone oxidase (GLO), Glucose (Glu), Gluconolactonase
(GNL), Glutathione (GSH), Glutathione disulfide (GSSG), Hierarchical clustering analysis
(HCA), International organization for standardization (ISO), Knockout (KO), Lactic acid
bacteria (LAB), Nicotinamide adenine dinucleotide (NADH or NAD+), Principal component
analysis (PCA), Reactive oxygen species (ROS), S-adenosyl-L-homocysteine (SAH),
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