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Abstract

Purpose To investigate the bioavailability of vitamin B,, from nori and to evaluate the required dosage for improving vita-
min B, nutritional status in vegetarians not using supplements.

Methods The study design is an open-label, parallel, dose-response randomized controlled trial. Thirty vegetarians were
assigned to control (no nori), low-dose (5 g nori, aiming to provide 2.4 pg vitamin B,, per day), or high-dose (8 g nori, aim-
ing to provide 4 pg vitamin B, per day) groups. The primary outcome was changes in vitamin B, status as measured by
serum vitamin B ,, holotranscobalamin (holoTC), homocysteine (Hcy), and methylmalonic acid (MMA), and a combined
score of these four markers (4cB12 score) during the four-week intervention. Dietary vitamin B, intakes were assessed at
baseline and end of the trial with a 17-item food frequency questionnaire designed for vitamin B,, assessment. General linear
model was used to compare least square means of changes in each biomarker of vitamin B,, status, among the three groups,
while adjusting for respective baseline biomarker.

Results After adjusting for baseline status, nori consumption led to significant improvement in serum vitamin B,, (among-
group P-value=0.0029), holoTC (P=0.0127), Hcy (P=0.0225), and 4cB12 (P=0.0094). Changes in MMA did not differ
significantly across groups, but showed within-group pre-post improvement in the low-dose group (median [p25, p75] =
-339 [-461, -198] nmol/L). Vitamin B,, status appeared to plateau at low dose (5 g of nori), which compared with control
group, improved serum vitamin B, (lease square mean [95% CI] =459 [25, 93] pmol/L, P=0.0014); holoTC (+28.2 [10.1,
46.3] pmol/L, P=0.0035); Hey (-3.7 [-6.8, -0.6] umol/L, p =0.0226); and 4cB12 score (+0.67 [0.24, 1.09], p=0.0036).
High-dose resulted in similar improvements. There was no significant difference between low-dose and high-dose groups in
all biomarkers of vitamin B ,.

Conclusions Consuming 5 g of nori per day for 4 weeks significantly improved vitamin B, status in vegetarians. A higher
dose (8 g) may not confer additional benefits.

Clinical trial registration ClinicalTrials.gov Identifier: NCT05614960. Date of registration: November 14th 2022.
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Introduction

Plant-based diets may be the most effective strategy and
a necessary step in keeping green-house gas emission and
other environmental burdens within the planetary bound-
ary [1]. In the EPIC-Oxford cohort, dietary green-house
gas emission of vegans was only 25% of high meat-eaters
[2]. However, global adaptation of vegetarian or vegan
diets could potentially worsen vitamin B, deficiency to
an unprecedented level [3, 4]. In a Taiwanese cohort, 26%
of vegetarians versus 1% of omnivores were found to be
vitamin B, deficient (plasma vitamin B, <200pg/mL) [5].
Before launching plant-based diets at a global scale to com-
bat climate change, local innovative food-based solutions
for vitamin B, are needed.

Edible algae and sea vegetables — common foods in East
Asian cultures — have long been a controversial source of
vitamin B, for vegetarians as some algae may contain
inactive analogues that compete for absorption and impair
vitamin By, status [6]. Amongst commonly consumed sea
vegetables, purple laver (Neopyropia sp, previously Por-
phyra sp.) used to make nori, had been found to contain true
vitamin B, rather than analogues, and at a level that could
easily achieve the recommended dietary allowance (RDA)
of 2.4 ng, that it has been suggested as a source of vitamin
B,, for vegetarians [7]. A previous study also showed that
feeding nori to vitamin B,-deficient Wistar rats rendered
urinary methylmalonic acid (MMA) — a functional marker
that decreases when deficiency is dissolved — undetectable
[8].

Western nutrition experts tend to advice against the use
of sea vegetables for vitamin B, [4, 9]. The vegetarian posi-
tion paper of the Academy of Nutrition and Dietetics stated:
“Fermented foods (such as tempeh), nori, spirulina, chlo-
rella algae, and unfortified nutritional yeast cannot be relied
upon as adequate or practical sources of B-12” [9]. In addi-
tion, a study suggested that while raw nori contains true B,
and dried nori may contain analogues [10]. In Taiwan, the
most commonly consumed form is roasted nori. Whether
vitamin B,, from roasted nori is bioavailable has never been
tested through a well-designed randomized controlled trial
in human. As each biomarker of vitamin B, has its own
limitation, inclusion of a panel of biomarkers — serum or
plasma vitamin B,,, holotranscobalamin (holoTC), homo-
cysteine (Hcy) and MMA [11] — is needed to rigorously
evaluate whether nori could be recommended as a food
source of vitamin B ,.

This study aimed to answer two questions: (1) could nori
improve vitamin B, status and therefore be recommended
as a food source of vitamin B,, for vegetarians? (2) what
is the optimal dosage if nori were to be used as a source of
vitamin B, for vegetarians? This study planned to test two
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dosages: 2.4 ng/d (RDA of vitamin B, in USA and Taiwan)
[12, 13], and 4 pg/d (the adequate intake [Al] recommended
by European Food Safety Authority [EFSA]) [14].

Methods
Study design and participants

This dose-response trial utilized simple randomization to
assign eligible participants at a ratio of 1:1:1 to the follow-
ing groups: (1) control group; (2) low-dose group; (3) high-
dose group. A random sequence of numbers (1 or 2 or 3,
each corresponding to one group) was generated by the first
and last authors, using Microsoft Excel; participants were
enrolled following this random sequence, based on the time
they joined the study. There was no blinding as participants
had to consume provided nori (impossible to mask). The
study advertised for participant recruitment through social
media, including Facebook post of Taiwan Vegetarian
Nutrition Society and Campus-wide email system and post-
ers at Fu Jen Catholic University. Thirty vegetarians were
recruited in November 2022. The trial was conducted from
November to December 2022. Participants were asked to
complete a demographic questionnaire (including age, sex,
education, exercise habits, occupation, medical history, use
of alcohol, cigarettes, and betel nuts) at enrollment.

The inclusion criteria were: age 20 to 60 years old, being
vegetarian (vegan, ovo-vegetarian, lacto-vegetarian, lacto-
ovo vegetarian) for at least 1 year, did not use supplements
containing vitamin B, or folate or fortified nutritional yeast
in the past year. Participants were excluded if they reported
having anemia, gastrointestinal diseases and surgeries, tak-
ing antacids or metformin in the past week or were alco-
holic and not willing to abstain from alcoholic beverages.
The study was conducted at Fu Jen Catholic University
and the protocol was approved by the Institutional Review
Board (approval number: C110211) at this university. All
participants signed informed consent before joining the
study. The trial was pre-registered at ClinicalTrials.gov
(NCT05614960).

Intervention

The intervention lasted for four weeks. Control group
received no nori and were instructed not to start the habit of
consuming large amount of nori or any fortified foods and
supplements. The intervention groups were provided with
nori (for four weeks) on the day of first blood draw. Each
package contained 26 sheets of nori. Low-dose group par-
ticipants were provided with 5 packages and instructed to
consume 4 sheets per day (5 g, initially estimated to contain
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2.4 pg vitamin B,,, corresponding to RDA in Taiwan and
United States). High-dose group participants were provided
with 8 packages and instructed to consume and 7 sheets per
day (8 g, initially estimated to contain 4 pg vitamin B,,,
corresponding to Al in EFSA in European countries). Par-
ticipants were instructed not to share this nori with family
and friends, to maintain their usual diet, lifestyle and physi-
cal activities, and to continue avoiding any supplemental
form of vitamin B, (including multi-vitamins minerals)
and nutritional yeast during the study period. A reminder
of these study rules was printed on a post card (for partici-
pants) and on each package of nori provided. Participants
who previously consume eggs, dairy, and fortified plant-
milk were asked not to change the habits. The LINE smart
phone application (a social media similar to What’s App, and
widely used in Taiwan) had been used to regularly remind
the participants to consume their prescribed daily nori.

Assessment of vitamin B12 content in nori

Vitamin B, content of the nori samples were analyzed at
the United Graduate School of Agricultural Sciences, Tot-
tori University (Tottori, Japan). Nori samples were first
extracted by KCN-boiling method, and vitamin B, com-
pounds were eluted and purified from extracts using Sep-
Pak C18 cartridge and B, immunoaffinity column. The
purified compounds were analyzed using reversed-phase
HPLC, as previously described [15].

During the pre-planning stage, four brands of commer-
cially available unflavored roasted nori, and one fresh nori
harvested from Penghu island near Taiwan were purchased
and tested for vitamin B, content, and all of them contained
true vitamin B, (rather than analogues), as detailed in Table
S1. We chose one commercial brand with opaque packaging
and containing the highest vitamin B, (48.4 pug/100 g) for
the intervention, as transparent packaging may expose nori
to light and contribute to vitamin B,, photo-degradation.

However, when we sampled the nori from the batch used
for the actual trial, it contained a lower amount of vitamin
B, (38.6 nug/100 g). This value would actually change the
estimated vitamin B,, content to 1.9 and 3.1 pg for 5 g and
8 g of nori, respectively. These values were used for actual
computation when assessing vitamin B, intakes from nori.
We also sampled the same brand of nori at different time
throughout the year (Table S2).

Assessment of vitamin B12 nutritional status

The primary outcome of this trial was changes in vitamin
B,, nutritional status (serum vitamin B,,, holoTC, MMA,
Hcy, and a combined score of these four markers) over the
four-week intervention. Overnight fasting venous blood

were collected (refrigerated at 4°C immediately) and sent to
Chung-Yi Clinical Laboratory (New Taipei City, Taiwan) to
assess serum vitamin B,,, folate, and Hcy within the same
day. Serum vitamin B,, and folate concentrations were
analyzed using electrochemiluminescence immunoassay
(Roche cobas ¢601). Hey was analyzed using Chemilumi-
nescent microparticle immuno assay (Abbott ARCHITECT
1L71/ABRL004/R4). The remaining blood samples (for
MMA and holoTC) were centrifuged at 3000 rpm for
15 min at 4°C shortly after collection, and stored at a -80°C
freezer for analysis of serum MMA and holoTC at the end
of the trial. Serum MMA was analyzed by the Department
of Chemistry, Fu Jen Catholic University (New Taipei City,
Taiwan) using liquid chromatography with tandem mass
spectrometry (LC-MS-MS) (Sigma-Aldrich M54058).
Serum holoTC was analyzed using an ELISA kit (IBL-
International) by Yi-Her Laboratory (Yilan, Taiwan). The
Four combined index of vitamin B,, score (4cB12) score
was calculated according to published Eqgs. [16, 17] using
serum vitamin B, concentration, holoTC, Hcy, MMA, and
age, as shown below:

4e¢B12 = logy, J?IV;]IL(f/:leXHBci B 1 _,_3((172)20
‘ 230

As improvement in vitamin B, nutritional status would
result in increases in serum vitamin B, and holoTC, and
decreases in functional biomarkers including both MMA
and Hcy (raise during deficiency), the equation of 4cB12
score is a combined evaluation of all four biomarkers, and
its increase indicates improvement in vitamin B,, nutri-
tional status. A 4cB12 score < -1.5 indicates possible vita-
min B, deficiency [18]. The diagnosis cut points of vitamin
B,, deficiency used in this study were serum vitamin B,
concentration < 148 pmol/L [19-21], holoTC <35 pmol/L
[22, 23], Hcy>12 umol/L [24-26], MMA>271 nmol/L
[12, 13], 4cB12 score < -1.5 [18].

Assessment of adherence and dietary vitamin B12
intakes

A quantitative food frequency questionnaire (FFQ) — that
inquires both frequency and portion size — designed specifi-
cally to assess vitamin B, intake — had been administered
(through face-to-face interview) twice, once at baseline,
and once at the end of the 4-week intervention. The FFQ
includes use of supplements and nutritional yeast (in the
past one year); and in the past one month, consumption of
15 main sources of vitamin B, for vegetarians and vegans
in Taiwan: milk, liquid yogurt, yogurt, cheese, eggs, nori,
mushroom, kimchi, fermented tofu, and the six available
brands of plant-milk that are fortified with vitamin B,,.
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If participants reported use of any supplement that could
potentially contain vitamin B, (such as multi-vitamin or
B-complex supplements), they were asked to provide pho-
tos of the brand and nutrition label of the supplement to
ensure that it does not contain vitamin B,. Those who con-
sume supplemental vitamin B, in any form were excluded
from the study.

The adherence score was calculated by total intake of
nori from post-intervention FFQ, divided by the study-pre-
scribed amount of nori (according to study group assign-
ment) x 100%. Complete adherence (consuming all nori
assigned by the study) would result in a score of 100%
(maximum attainable), while consuming half of the nori
would result in a score of 50%.

Statistical analysis

Statistical analysis was performed using SAS version 9.4
Software (SAS Institute, Cary, NC, USA). Intention-to-
treat (ITT) approach was used to analyze data. Continu-
ous variables of baseline characteristics were presented as
mean + SD or median (p25, p75), and categorical variables
were expressed as frequencies and percentages. Compari-
son of baseline characteristics among three groups were
performed using the ANOVA or Kruskal-Wallis test (con-
tinuous variables) and Fisher’s exact test (categorical vari-
ables). The within- and among-group changes in medians
of dietary vitamin B,, intakes and biochemical param-
eters were compared using the Wilcoxon-signed rank test
and Kruskal-Wallis test, respectively. P-values below 0.05
were considered statistically significant. Post-hoc compari-
sons between groups were conducted using Dwas, Steel,
Critchlow-Fligner procedure when Kruskal-Wallis tests
were significant. General linear model was used to compare
least square means of changes in each biomarker of vita-
min B,,, while adjusting for respective baseline value (for

Fig. 1 Flow chart of study
participants

example, comparing changes of holoTC in three groups as
outcome, while adjusting for baseline holoTC). Log trans-
formation was applied to improve normality when the resid-
uals of linear regression showed deviation from normality
as per graphical inspection.

G*Power version 3.1.9.4 was used to perform sample
size estimation. For fixed-effect one-way ANOVA, alpha
error=0.05, power=0.80, a sample size of 24 participants
were needed to detect an effect size of 0.74 — estimated
based on our preliminary data of another study (in which
vegetarian participants adopting a vegan diet were instructed
to consume 5 g of nori per day). We therefore planned for
30 participants (10 in each group), allowing potential drop
out or non-adherence. We also conducted post-hoc power
analysis for each of the vitamin B, biomarkers using the
effect size derived from the current study.

Graphical plots (violin plots and bar charts) were made
using Matplotlib (version 3.8.3) in Python (version 3.12.2)
[27].

Results

Figure 1 shows the flow chart of the study. All partici-
pants (ten in each group) completed the study. Adherence
was good for all participants (consuming more than 85%
of study-prescribed nori), except for one individual in the
high-dose group who consumed only 30% of the prescribed
nori (due to tiredness of the taste). No one reported any
adverse events throughout the study. All participants were
included in the analyses.

Participant characteristics

Table 1 presents the baseline demographic and nutritional
characteristics of participants. 70% of the participants were
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—

A 4

Randomization
(n=30)

Excluded (n = 33)
@ Unable to contact (n = 4)
® Did not meet inclusion criteria (n = 17)
® Unavailable for personal reasons (n = 12)

Y

| Control group (n = 10) |

| Low-dose group (n = 10) |

| High-dose group (n = 10)|

|Completed study (n = 10)|

| Completed study (n = 10) |

| Completed study (n = 10) |

A4

Y Y

[ Included in analysis (n = 10)| |Included in analysis (n = 10) |

[Included in analysis (n = 10)|

@ Springer




European Journal of Nutrition (2024) 63:3269-3279 3273
Table 1 Baseline characteristics Characteristics Control group Low-dose group High-dose group ~ P-value
of study participants (n=10) (n=10) (n=10)
Women, n (%) 8 (80.0) 7 (70.0) 6 (60.0) 0.88
Age (years) 33.4+10.0 31.3+83 29.7+9.8 0.68
Weight (kg) 56.5+11.3 541+73 62.1+17.6 0.37
Body mass index (kg/mz) 21.0+2.6 19.5+2.6 22.0+4.0 0.21
Active physical activity”, n (%) 1(10.0) 3(30.0) 5(50.0) 0.20
Duration of vegetarian diets (years) 19.4+11.9 11.5+£7.0 14.0+7.1 0.15
Vegan, n (%) 2(20.0) 3(30.0) 1 (10.0) 0.85
Serum vitamin B, (pmol/L) 242.1 [206.6, 174.5 [155.7, 183.4[163.8, 0.17
282.7] 203.7] 233.9]
Continuous variables were HoloTC (pmol/L) 3591(21.7,48.7] 37.1[11.2,44.2] 29.0[14.1,53.3] 0.63
compared using ANOVA for Hcy (umol/L) 13.5[12.2,17.2] 11.4[10.2,17.3] 14.9[11.2,20.6] 0.80
mean +SD or Kruskal Wallis MMA (nmol/L) 671.8 [632.2, 864.6 [548.2, 398.4 [221.6, 0.44
test for median [p25, p75]. Cate- 789.6] 934.3] 1165.8]
gorical variables were compared 4.1 score 08[-12,-07]  -0.9[-2.0,-0.6] -09[-12,-0.5]  0.80
using Fisher’s exact test and Serum folate (nmol/L) 153[13.8,21.5] 23.0[19.9,283] 23.7[18.1,27.2] 0.06
expressed as frequency (percent-
age). "Defined as =3 physical Vitamin B, deficiency, n (%)
activities per week. Abbrevia- Serum vitamin B}, <148 pmol/L 1 (10.0) 2 (20.0) 1(10.0) 1.00
tions HoloTC holotranscobala- HoloTC < 35 pmol/L 5(50.0) 5(50.0) 7 (70.0) 0.72
min, Hey, homocysteine; MMA Hey> 12 pmol/L 8 (80.0) 5(50.0) 7 (70.0) 0.50
methylmal.onlc 'ac1d; 4cB1‘2 score MMA > 271 nmol/L 10 (100.0) 9.(90.0) 7 (70.0) 029
four combined index of vitamin
B12 score 4cB12 score < -1.5 1(10.0) 3(30.0) 2(20.0) 0.85
Table 2 Dietary intakes of vitamin B, in control and intervention groups
Control group Low-dose group High-dose group Among-
(n=10) (n=10) (n=10) group
Median P25 P75 Median P25 P75 Median P25 P75 P-value®
Total dietary intakes of vitamin B,, including nori (ug/day)” Pre 0.8 07 24 03 02 1.0 05 04 0.8 0.21
Post 0.9 03 1.6 20" 19 28 357 33 41 0.0003
Dietary intakes of vitamin B,, from foods other than nori Pre 0.8 07 24 02 02 1.0 05 03 08 0.16
(ng/day) Post 0.9 03 1.6 02 01 1.0 04 03 09 0.10

Data are presented as median, p25, p75. "P-value < 0.05; “"P-value < 0.01 for within-group changes between post-intervention and pre-interven-
tion calculated by Wilcoxon signed-rank test. * Among-group P-value comparison using Kruskal-Wallis test. T Total dietary intake of vitamin
B,, at post-intervention included intakes from both non-nori sources and study-prescribed nori provided for intervention groups (nori vitamin

B,, calculated using 38.6 ug/100 g assessed by our study)

women, and the majority had normal body weight (83%
participants had BMI < 24 kg/m?, mean + SD: 20.9 +3.2 kg/
m?). Age ranged from 20 to 50 (mean + SD: 31.4 +9.2) years
old. The average duration of a vegetarian diet was 15.0+9.3
years. Most of the participants (80%) were lacto-ovo veg-
etarians. The median 4cB12 scores in the three groups were
at the level of low vitamin B, status. Among the chosen cut
points of deficiency, MMA > 271 nmol/L showed the high-
est proportion of participants with vitamin B,, deficiency.
All baseline variables among three groups showed no sig-
nificant differences.

Dietary vitamin B12 intake
Table 2 summarizes dietary intakes of vitamin B,, as

assessed by FFQ. Dietary vitamin B,, intake at baseline
were similar in all three groups, and all had median intakes

substantially lower than the RDA (2.4 pg/day). After 4
weeks of intervention, significant differences among groups
were found mainly attributable to nori consumption. Dietary
vitamin B, intake increased from 0.3 pg/day to 2.0 ug/day
(1.9 pg from nori) for low-dose and from 0.5 ug/day to
3.5 pg/day (3.1 pg from nori) for high-dose groups. Vitamin
B, from non-nori sources were almost the same before and
during the intervention in all groups.

Changes in the number of participants with vitamin
B12 deficiency

Figure 2 presents the changes in the number of participants
with vitamin B,, deficiency over the study. The proportion
with vitamin B,, deficiency was reduced after interventions
in both low-dose and high-dose groups in all biomarker-
diagnostic criteria. In contrast, the changes in number of
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Fig. 3 Violin plots of distribution in changes in serum (a) vitamin B ,,
(b) holotranscobalamin, (¢) homocysteine, (d) methylmalonic acid,
(e) 4cB12 score, and (f) folate. *P-value <0.05; **P-value<0.01 for
within-group changes comparing pre- and post-intervention, calcu-
lated by Wilcoxon signed-rank test. Across-group comparison were

participants with vitamin B,, deficiency were inconsistent
across different biomarkers in the control group.

Changes in biochemical parameters throughout the
study

The violin plots in Fig. 3(a) to (e) show the distribution
of crude changes in vitamin B, nutritional biomarkers
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performed using Kruskal-Wallis test (y* and P-value shown in lower
left corner); when this test is significant, between-group differences
were calculated using Dwass, Steel, Critchlow-Fligner procedure.
Abbreviations: 4cB12 score, Four combined index of vitamin B,
score

throughout the study. Most of the biomarkers were approxi-
mately normal with only Hcy in low-dose group and MMA
in high-dose group violating normality by Shapiro-Wilk test
(P<0.05). Significant difference across groups (as assessed
by Kruskal Wallis test) was observed for serum vitamin
B,,, holoTC, and 4cB12 score. In control group, none of
the biomarkers showed significant changes. Improvement in
vitamin B, nutritional status was evident in the low-dose
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group, as significant pre-post increases in serum vita-
min B, (median [p25, p75]: +49.8 [36.9, 77.5] pmol/L),
holoTC (+27.3 [19.8, 31.1] pmol/L) were accompanied by
significant decreases in Hey (-1.7 [-5.3, -1.2] umol/L) and
MMA (-339 [-461, -198] nmol/L), and together resulted
in a significant increase in 4cB12 score (+0.9 [0.6, 1.1]).
All participants showed improvement in all four vitamin
B,, biomarkers except one participant who experienced a
slight increase in MMA; however, this participant had a
very low MMA value to begin with, and that both pre- and
post- MMA concentration (from 49 to 142 nmol/L) were
well below the cut point for deficiency (>271 nmol/L). The
detailed changes of biomarkers for each individual could
be found in Fig. S1. The high-dose group generally showed
similar trends of improvement, though statistically signifi-
cant pre-post improvement was observed only in serum
vitamin B, (+62 [31, 76] pmol/L) and Hcy (-3.5 [-5.3,
-0.7]). For all the vitamin B, nutritional biomarkers, there
were no significant differences between low-dose and high-
dose groups. Both within-group and among-group changes
in serum folate were insignificant, as shown in Fig. 3(f).
Figure 4(a) to (e) illustrate the least square means (stan-
dard errors) of changes in vitamin B, biomarkers estimated

(a) vitamin B12
120 &0

(b) holotranscobalamin

through general linear model while adjusting for respective
baseline status. Log transformation was applied to MMA
to improve normality of the residuals. Significant differ-
ences across the groups were observed for serum vitamin
B,,, holoTC, Hcy, 4cB12 score but not log (MMA). Com-
pared with control group, low-dose (5 g nori) group showed
significant improvement in serum vitamin B, (lease
square mean [95% CI]=+59 [25, 93] pmol/L, P=0.0014);
holoTC (+28.2 [10.1, 46.3] pmol/L, P=0.0035); Hey (-3.7
[-6.8, -0.6] pmol/L, P=0.0226); and 4cB12 score (+0.67
[0.24, 1.09], P=0.0036). High-dose group showed simi-
lar effects with statistical significance in serum vitamin
By, (+50 [16, 84] pmol/L, P=0.0051), Hey (-4.11 [-7.24,
-0.98] umol/L, P=0.0121), and 4cB12 (+0.51 [0.08, 0.94],
P=0.0209) compared with control. We conducted post-
hoc power analyses using the effect size and sample size of
this current study, with alpha=0.05, the power (in bracket)
for each of the vitamin B}, biomarkers: serum vitamin B,
(0.93), holoTC (0.78), Hcy (0.71), log-transformed MMA
(0.16), and 4cB12 (0.82). Both within-group and among-
group changes in serum folate were insignificant, as shown
in Fig. 4(f).

(c) homocysteine
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Fig. 4 General linear model estimated least square means of changes
in (a) serum vitamin B,,, (b) holotranscobalamin, (¢) homocysteine,
(d) methylmalonic acid, (e) 4cB12 score, and (f) folate, while adjust-
ing for respective baseline levels. *P-value <0.05; **P-value<0.01

for within-group changes comparing pre- and post-intervention, by t
test provided by the general linear model. Abbreviations: 4cB12 score,
Four combined index of vitamin B, score
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Discussion

This study suggests that at 5 g per day, nori may improve
vitamin B,, nutritional status for vegetarians, as evidenced
by improvement in serum vitamin B;,, holoTC, Hcy, and
4cB12 score. A higher dose (8 g/d) did not confer additional
benefits though no apparent harm either.

Bioavailability of vitamin B12 from nori

Our result provides clinical evidence to support previous
chemical analyses that nori contains true vitamin B,, rather
than inactive analogues [28]. If nori contains substantial
amount of harmful analogues as previously suggested [6],
functional markers such as Hcy and MMA would have
worsen. The lowering of Hey was unlikely influenced by
folate nutritional status as serum folate did not change.

Dagnelie’s study over 30 years ago showed that five
vegan children consuming algae experienced an increase
of mean corpuscular value, indicating worsening of mac-
rocytic anemia [6]. Participants in this study did not con-
sume just nori but also spirulina and wakame, which had
been reported to contain pseudo-vitamin B, [29] and could
negatively impact vitamin B, status. The study used a FFQ
to assess dietary intake, and potential error for misreporting
could occur if the participants could not distinguish between
different types of sea vegetables.

Yamada’s study fed raw and dried nori to college stu-
dents and found that 40 g of dried nori increased urinary
MMA and suggested that the drying process may have
converted vitamin B, to harmful analogues [10]. We used
roasted nori (also quite dry) in our study but are unsure of
how the detailed processing of nori in Taiwan and those
Yamada used differ. We found that 8 g of unflavored nori
was already beyond what some people could comfortably
consume in a day that it is impractical to suggest vegetar-
ians to consume the amount tested in Yamada’s study (40 g),
though we could not rule out that at such an extreme intake
(and with different food processing techniques), substantial
analogues could be a problem.

Improvement in vitamin B, relevant biomarkers in our
study is comparable to (and perhaps better than) other vege-
tarian/vegan studies supplementing milk [30] whey powder
[31] or vitamin B,,-fortified toothpaste [32] in vegetarians
and vegans. The responses in vitamin B,, biomarkers in our
study were also comparable to those found in a meta-anal-
ysis of trials using oral vitamin B, supplements (dosage
ranging from 10 to 1500 pg/d), for MMA (-280 nmol/L) and
Hcy (-3.3 umol/L), though less potent for serum vitamin B,
(185 pmol/L) [33].

Overall, nori consumption improved vitamin B, bio-
markers — including both total and active vitamin B,

@ Springer

concentrations and functional markers — at levels compa-
rable to other reliable sources, such as dairy, fortified tooth-
paste, and vitamin B, supplements.

Possible reasons for lack of dose-response effect

The effect on vitamin B, status appear to plateau at low-
dose (5 g of nori per day), and there appears to be a lack of
dose-response effect. Two reasons may potentially explain
this observation.

First, vitamin B, absorption is dependent on binding
to the intrinsic factor (IF). The IF-B, complex is absorb
by cubilin-amnionless receptor via the endocytosis route
in the ileum and this route is saturated at 2 pg of vitamin
B, per meal [11, 34]. According to our FFQ assessment,
6 of 10 participants (60%) in the low-dose group and 7 of
9 adherent participants (77%) in the high-dose group con-
sumed all daily nori in one incidence. The dose of 5 g of
nori (estimated to contain 1.9 pg vitamin B,,/day) in one
meal likely had reached the saturation point of vitamin B,
while a higher dose would have past the saturation point
that the surplus may not be well absorbed. Our finding is
echoed by another trial that found similar effects in low dose
(350 pg/week) and high dose (2000 pg/week) vitamin B,
supplements in restoring vitamin B, status in vegetarians
and vegans with marginal deficiencies [35].

Second, there may potentially be variation in each pack-
age of nori, as these are natural food products rather than
supplements or medication that could be manufactured with
a high dosage precision. We surveyed the vitamin B, con-
tent of the same brand of nori purchased on different dates,
and found the vitamin B, content ranged from 23.1 to
52.8 ug/100 g dry weight (Table S1 and S2).

Is nori a reliable food source of vitamin B12?

Most plant foods — tempeh or other fermented products,
organic vegetables grown with manure fertilizers — are unre-
liable sources of vitamin B,,, as their vitamin B,, contents
depend on haphazard contamination or adventitious pres-
ences of vitamin B ,-producing microbes. On the contrary,
Takenaka et al.’s experiment showed that purple laver cul-
tured aseptically (treated with antibiotics) in medium devoid
of vitamin B, contained 50 +2 pg of vitamin B,, per 100 g
dried weight, suggesting that vitamin B, in purple laver is
not by contamination and that purple laver may be able to
biosynthesize cobalamin from within [36].

One possible objection to recommending nori as a food
source of vitamin B, is the variability of vitamin B,
contents. We sampled and tested vitamin B, contents of
all major brands we could find and at six different times
throughout the year and all of them appeared to contain
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substantial amount of vitamin B,,. Even the sample with
the lowest amount (23.1 pg/100 g), if consumed at 5 g/d,
could provide about 1.2 ug (50% RDA). Other published
data also consistently showed similar levels, ranging from
28.9 (seasoned and toasted) to 133.8 ug/100 g (dried purple
laver) [15, 28, 36]. Although more sampling and testing are
always warranted, the consistency of the results suggests
that nori is likely a reliable source of vitamin B,. Our study
found that 5 g of nori per day improved vitamin B, intakes
(from a meagre 0.3 ug to 2.0 pg [83% RDA]) in vegetarians,
accompanied by improvement in vitamin B, biomarkers.

However, consuming 5 g of nori a day did not completely
eliminate vitamin B,, deficiency (depending on deficiency
diagnosis criteria) in four weeks in our study, as this amount
(providing 1.9 pg/day) may be insufficient. Studies using
both factorial approaches and intakes associated with opti-
mal biomarker levels had suggested that 420 pg per day
may be needed to compensate for daily lost and to optimize
vitamin B, nutritional status [37, 38]. A trial also showed
that supplementing 5.6 pg vitamin B, per day (2.8 pg,
twice daily) either through supplements or whey powder,
for 8 weeks, improved but did not normalize vitamin B,
status in Indian lacto-ovo-vegetarians [31]. On the other
hand, vegetarians and vegans in Adventist Health Study-2
showed excellent vitamin B, status (even better than non-
vegetarians of the same cohort), attributable to vitamin B,
from supplements and fortified foods [39]. Inclusion of vita-
min B, fortified foods could greatly increase food varieties
(lessen the likelihood of consumption fatigue of nori), pro-
viding different options for different meals, and the increase
in consumption frequency may enhance total vitamin B,
absorption.

One word of caution is that our study supports only the
bioavailability of vitamin B,, in nori. Other algae, such as
spirulina and wakame, have been found to contain ana-
logues [29, 40] and should not be confused with nori. As
the amount of vitamin B, and analogues could vary sub-
stantially amongst different sea vegetables, each sea vege-
table needs to be tested and recommended individually, and
not lumped together as one food group. Besides nori, other
promising sea vegetables, such as Wolffia globosa duck-
weed [41] and Taiwanese laver (hong-mao tai) [42] have
been shown to increase vitamin B, biomarker in human
and warrant more rigorous testing.

Strengths and limitations

This study has several strengths. First, the randomized con-
trolled dose-response design enabled us to investigate the
effect of nori on vitamin B, nutritional status with less
bias than previous observational studies, and allowed us to
identify an optimal dosage for recommendation and future

research. Second, the biomarkers analyzed in our study
were comprehensive and reliable for assessing vitamin B,
status. Third, the selection long-term vegetarians (not taking
any vitamin B,, supplements) as participants enabled us to
test effect of nori in correcting low vitamin B,, status due
to inadequate intakes rather than malabsorption; most par-
ticipants were highly motivated, collaborative, interested in
the research question, and had good adherence. Moreover,
at the time of this study, there were only very few foods
fortified with vitamin B,, (only a few imported plant-based
milks and none of the meat analogues) in Taiwan, that the
chance of confounding by other fortified foods were low.
In addition, we analyzed the vitamin B, content in nori of
major brands commercially available, and at different sea-
sons throughout the year to evaluate the variation of vitamin
B,, content in nori to support our understanding on the reli-
ability and the generalizability of nori as a source of vitamin
B,,.

There are some limitations in the current study. First,
the small sample was inadequately powered to detect the
among-group differences in MMA. Second, blinding was
difficult, as this was a food-based trial that it was impos-
sible to create placebo identical in looks and tastes. Third,
we tested only the duration of 4 weeks and thus unable to
conclude on long-term effects. Fourth, vitamin B,, related
biomarkers may be affected by genetics, gut microbiome,
and other absorptive problems beyond our team’s capacity
to assess, though we think these confounders would likely
bias the findings toward the null. Fifth, the FFQ used in this
study has not undergone a formal validation; however it
included nearly all available food sources of vitamin B,
for vegetarians, and its correlations with biomarkers in an
initial assessment in the present study (»=0.30 for holoTC,
r=—0.46 for Hcy) were comparable to previous validation
of FFQs (r=0.33 for holoTC) [43] and (»=—0.44 for Hcy)
[44]. Sixth, vegetarian diets may contain analogues from
other foods that hampers vitamin B, nutritional status. Pre-
vious studies have reported analogues in wakame, spirulina,
lion’s mane mushroom, and even sea animals such as aba-
lone and escargot [29, 40, 45], but database of analogues
is lacking and not well studied. Lastly, participants in this
study were young and our results may not be applicable to
older individuals.

Conclusion

This study suggests that that nori — in contrast to other algae
— may improve vitamin B, nutritional status of vegetarians
at 5 g per day in 4 weeks, and may potentially be a novel
option to support vitamin B, needs for those choosing
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plant-based diets. Future studies using this dosage on larger
sample sizes are warranted.
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