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Reduction of neutral lipid reservoirs,
bioconversion and untargeted metabolomics
reveal distinct roles for vitamin K isoforms on lipid
metabolism+
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Vitamin K isoforms are known as co-factors for the synthesis of blood-clotting proteins, but several other
bioactivities were reported. In this work, we isolated a vitamin K1-analogue (OH-PhQ) from the cyanobac-
terium Tychonema sp. LEGE 07196 with lipid reducing activity. OH-PhQ reduced neutral lipid reservoirs
with an ECsq value of 31 pM after 48 h exposure in zebrafish larvae, while other vitamin K isoforms had
ECso values of 21.1 pM (K2) and 1.2 uM (K3). No lipid reducing activity was observed for K1 up to 50 pM.
The presence of vitamin K isoforms was studied in zebrafish after exposure (OH-PhQ, K1, K2 and K3), and
a clear preference for bioconversion was observed to retain K1 and OH-PhQ. Untargeted metabolomics
revealed different biological effects for vitamin K isoforms on the subclass and metabolite level, but simi-
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larities were present on the compound class level, particularly on the regulation of glycerophospholipids.
Our data showed for the first time a lipid reducing activity of OH-PhQ and performed a comparative ana-
lysis of vitamin K isoforms, which could be important for the development of future nutraceuticals or
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Introduction

The prevalence of obesity is continuously increasing over the
years, and transversally to all age groups. Obesity represents a
serious health risk, leading to the emergence of chronic dis-
eases, such as the metabolic syndrome, diabetes and cardio-
vascular diseases, amongst others." Recent reports showed
that non-communicable diseases are responsible for as much
as 71% of all deaths globally.”> Obesity and its related meta-
bolic dysfunctions are largely contributing to these numbers,
and focusing on the prevention may be effective to overcome
this epidemic.

Vitamins are fundamental micronutrients for organisms
and are mainly obtained through the diet. The vitamin K
family was first discovered in 1935.° These compounds have a
common polar naphthoquinone ring, named menadione, and
a variable aliphatic side-chain. Vitamin K1 (phylloquinone)

“Interdisciplinary Centre of Marine and Environmental Research (CIIMAR/CIMAR),
University of Porto, Avenida General Norton de Matos, s/n, 4450-208 Matosinhos,
Portugal. E-mail: rurbatzka@ciimar.up.pt; Tel: +351-223-401-818

bFCUP, Faculty of Science, Department of Biology, University of Porto, Rua do Campo
Alegre, 4169-007 Porto, Portugal

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3f002915h

2170 | Food Funct, 2024, 15, 2170-2180

and K2 (menaquinone) are the two naturally occurring com-
pounds. Vitamin K1 is mainly produced by plants, algae and a
few species of cyanobacteria, and primarily found in human
diet in green leafy vegetables, vegetables oils and some fruits.
Vitamin K2 is produced by anaerobic bacteria and found in
animal-based and fermented foods.? In mammals, vitamin K2
(MK-4) is mostly obtained from the systemic conversion of K1
in gut microbiota and in certain tissues by the UbiA prenyl-
transferase domain-containing protein 1 (UBIAD1) enzyme.>®
Although often named as vitamin K3, menadione is not a
naturally produced compound, but a product of K1 catabolism
and a circulating precursor of K2, and as such, is more ade-
quately classified as a pro-vitamin.” The vitamin K family is
mostly known for its key role in coagulation disorders by
serving as a co-factor for the synthesis of blood-clotting pro-
teins, however, recent reports have linked this vitamin family
to new beneficial biological activities, including bone metab-
olism, prevention of cardiovascular diseases, neuronal, anti-
oxidant, and anti-inflammatory activities.®

Zebrafish is increasingly used as a relevant model in biome-
dicine, and its larvae are suitable for drug discovery, fitting
into microwell plates and allowing medium-throughput bioac-
tivity screening. The zebrafish larvae Nile red fat metabolism
assay was successfully applied in our laboratory to discover
lipid-reducing compounds from chemically modified plant

This journal is © The Royal Society of Chemistry 2024
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polyphenols® and different organisms, such as fungus,
sponges,'’ or cyanobacteria.'> Zebrafish is a complex in vivo
model with physiological relevance and homology of lipid
metabolism with mammals.’® In the present study, we aimed
to identify novel cyanobacterial secondary metabolites with
lipid reducing activity. Herein, we report the isolation of a
vitamin K1-analogue from the cyanobacterium Tychonema sp.
LEGE 07196, and for the first time its bioactivity on reducing
neutral lipid reservoirs in zebrafish larvae. The lipid reducing
activity was compared to other vitamin K isoforms (K1, K2,
and K3), which revealed an interesting structure-activity
relationship of the vitamin K backbone. Additionally, the bio-
conversion of the vitamin K isoforms was analysed by whole
larvae metabolite extraction and LC-MS/MS analysis. The bio-
logical effects of vitamin k isoforms were studied by evaluating
the alterations of the zebrafish metabolome. The presented
data demonstrate significant differences between the members
of the vitamin K family, which could be important for the
future development of nutraceuticals.

Materials and methods
Chemicals and reagents

HPLC or MS grade chemicals were purchased from VWR
Chemicals (part of Avantor, Radnor, PA, USA), Fisher Scientific
Chemicals (division from Thermo Fisher Scientific, Hampton,
NH, USA), Honeywell (Charlotte, NC, USA) or PanReac
AppliChem ITW Reagents (Barcelona, Spain). Vitamin K1, K2
(MK-4) and K3 analytical standards were purchased from
Sigma-Aldrich (St Louis, MO, USA). Deuterated dimethyl sulf-
oxide (DMSO-ds, (CD3),SO; 99.96%, NMR analytical grade) was
obtained from Eurisotop (subsidiary of Cambridge Isotope
Laboratories, Inc. (CIL), Tewksbury, MA, USA). Piperazine-1,4-
bis(2-ethanesulfonic acid) (PIPES) and N-(9-fluorenylmethoxy-
carbonyl)-L-proline (Fmoc-Pro-OH) were supplied by Sigma-
Aldrich (St Louis, MO, USA).

OH-phylloquinone isolation and structure elucidation

The vitamin isoform was extracted and isolated from freeze-
dried biomass of the cyanobacteria strain Tychonema sp. LEGE
07196, following first a bioassay-guided and later a MS-guided
fractionation. Briefly, 70 g of biomass was extracted by MeOH
to yield 11 g of crude extract. After 5 rounds of chromato-
graphic separation (VLC, flash chromatography, SPE, HPLC)
the compound 5"-OH-phylloquinone was isolated, yielding
6.48 mg of pure compound. One- and two-dimensional (1D
and 2D) NMR analysis, together with LC-HR-ESI-MS and MS/
MS analysis, was performed to confirm the identification.
More details can be found in Appendix B (App. B) of the ESL.T
5"-OH-phylloquinone  (OH-PhQ). Yellow-greenish  oil,
LC-HR-ESI-MS m/z 467.3531 [M + H]', calculated for C3;H,c03
(466.3447), LC-HR-ESI-MS/MS m/z 489.3342 [M + Na]*, 449.
3416 [M - H,0]", 933.6982 [2M + HJ, 253.1222 [M -
Cy17H3,0]%, 241.1225 [M — C44H3;30]", 223.0911 [M — Cy6Hs,]",
225.0898 [M — C;5H30,]%, 187.0743 [M — C1oH;,0 + HJ; °C
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and 'H NMR (600 MHz, DMSO-d;) data (see App. B,
Table S17); for NMR and ESI-MS spectra, see App. B, Fig. S2—-
S10 (ESIY).

Zebrafish Nile red fat metabolism assay

The lipid reducing activity of compounds was analysed using
the zebrafish Nile red assay as previously described.” An
approval by an ethics committee was not necessary for the pre-
sented work, since chosen procedures are not considered
animal experimentation according to the EC Directive 86/609/
EEC for animal experiments. In brief, zebrafish larvae were
exposed from 3-5 days post-fertilization (DPF) to cyanobacter-
ial fractions at a final concentration of 10 pg mL™" in a 48-well
plate with a density of 6-8 larvae per well (n = 6-8). Neutral
lipids were stained with Nile red overnight at the final concen-
tration of 10 ng mL™". For imaging, the larvae were anesthe-
tized with tricaine (MS-222, 0.03%) for 5 min and fluorescence
analysed with a fluorescence microscope (Leica Microsystems,
DM6000B Motorized Microscope, Wetzlar, Germany). In
further assays, the half maximal effective concentration (ECs,)
values of the purified compound OH-PhQ and of commercial
vitamins K1, K2 and K3 analytical standards were determined
by dose-response curves using a dilution series from 0.7 pM to
50 pM in seven dilution steps for K1, OH-PhQ and K2, and
from 0.05 pM to 3.13 pM for K3.

Sample preparation and metabolite extraction

Obtained ECs, values from lipid reduction assays were used
for the following experiments. Zebrafish were exposed to
50 uM K1, 31.3 uM Ki-analogue, 21.1 pM K2 and 1.2 pM K3.
The exposure of zebrafish larvae was done for 48 h (3-5 DPF)
and two solvent controls 0.1% DMSO and 1:1 n-hexane/EtOH
(n-Hex/ethanol) were included. Zebrafish larvae were anesthe-
tized, and 50 larvae were pooled for each replicate. Pools were
washed with assay medium prior to collection, and the
medium completely removed before freezing. A total of three
biological replicates were prepared for each treatment group.
The samples were stored at —80 °C for the following metabolo-
mics analyses.

The metabolite extraction was performed using two distinct
protocols. The general extraction was adapted from Lin et al.,**
as followed: 500 pL of Ripa buffer was added, together with
125 pL of Fmoc-Pro-OH as IS1 (internal standard 1). The
samples were homogenized for 2 min (Precellys, Bertin
Precellys®24, Montigny-le-Bretonneux, France). 250 pL of ACN
was added, the samples were placed on ice for 10 min, centri-
fuged at 15 000g for 10 min at 4 °C, and the supernatant col-
lected. Next, samples were evaporated to dryness and reconsti-
tuted with 100 pL of 1:1 v/» ACN/H,O containing 5 uL of
PIPES as IS2. The samples were filtered through 0.2 um filters
(Sartorius Minisart®, Gottingen, Germany), and stored at
—20 °C until the LC-ESI-HRMS analysis. The targeted extrac-
tion was adapted from Hirota et al.,'® as followed: 1 mL of 1:9
v/v EtOH/acetone was added. The samples were homogenized
for 2 min (Precellys). The lysates were vortexed for 3 min and
allowed to stand for 5 min on ice. This procedure was repeated
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three times. The resulting mixture was centrifuged at 3000
rpm for 5 min at 4 °C, and the supernatant evaporated to
dryness. The residue was dissolved in 800 pL of 1:3 v/v HyO/
n-Hex, thoroughly mixed for 10 s, and centrifuged at 3000 rpm
for 5 min at 4 °C to collect the supernatant. Next, the samples
were evaporated to dryness, reconstituted with 100 uL of
MeOH containing 5 pL of Fmoc-Pro-OH (IS1), filtered through
0.2 pm filters, and stored at —20 °C. An aliquot of each treat-
ment of each extraction procedure was subjected to
LC-ESI-HRMS analyses as described in App. A, ESL.{

vitamin K quantification. Samples from targeted extraction
were used for quantification of vitamin K isomers. LC/MS
data, including retention time, m/z, and ion intensity were ana-
lysed with Xcalibur 4.1. software. All mass spectra were aligned
with a mass tolerance of 5 ppm, retention time window of
0.20 min, and normalized to the intensity of an external stan-
dard. Triplicates were performed for each treatment group (50
pooled larvae/replica), and mean values for vitamin isoforms
are presented in pM/replicate. Standard dilution curves of
vitamin K isoforms were run to transform the ion intensities
into molarity (App. C, Fig. S13, ESIT). The identifications were
based on MS1 data (retention time (RT) and m/z values) and
MS2 data (fragmentation pattern) (App. C, Table S3, ESIt). The
MS1 identification of mass peaks was supported by MS2 data,
when MS1 ionization intensity was superior to 1E5. In our
dilution curves from pure vitamin K standards, the lowest MS2
signal was obtained with MS1 ion intensity higher than 1E05.
The raw data were submitted to the MassIVE platform (Mass
Spectrometry Interactive Virtual Environment) (https:/massive.
ucsd.edu/; access via the following identifier MSV000091918
and link: https:/ftp:/MSV000091918@massive.ucsd.edu).

Untargeted metabolomics analysis. Samples from general
extraction were used for untargeted metabolomics analyses.
MSConvert was used to convert mzML files, using the para-
meters recommended for the Global Natural Product Social
Molecular Networking (GNPS).'® MZmine 2 v.2.53 (https:/
mzmine.github.io/) was used to generate the quantification
file for the statistical and functional analysis of MetaboAnalyst
5.0 (https:/www.metaboanalyst.ca/) (used parameters can be
found in App. C, Table S2, ESIf). For the statistical analysis,
the data were filtered using the interquartile range (IQR), nor-
malized by the reference feature of the Fmoc-Pro-OH IS, log
transformed, and auto scaled, with missing values being
replaced as default by 1/5 of min positive values of their corres-
ponding variables. The statistical differences of the detected
metabolites for each treatment versus control were evaluated
with the unpaired T-test using Tukey’s/Fisher’s post hoc test
with a p-value (p) threshold of 0.05. These changes were also
examined by Fold Change and Volcano plots with a threshold
of log2 fold change > 2 (App. C, Fig. S14, ESI}). Additionally,
Principal Component Analysis (PCA) was performed for all
exposure groups. Only the top twenty metabolites with statisti-
cal differences were manual dereplicated using online data-
base resources, such as Dictionary of Natural Products 30.1
Chemical Search (https:/dnp.chemnetbase.com), METLIN
Metabolite Database (https:/metlin.scripps.edu), Human
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Metabolome Database'” and Sirius.'® The putative identifi-
cation of mass peaks was confirmed by MS2 data, when match-
ing ionization intensity superior to 1E5, and adducts were
checked using Xcalibur software (App. C, Tables S4-S11, ESIf).
The functional enrichment was evaluated using the GSEA
algorithm with p < 0.05 from the overall rank based on t.score,
and for the Danio rerio (zebrafish) KEGG library (App. C,
Fig. S15t). Only significant pathways (p < 0.05) were con-
sidered, with an Enrichment Factor (EF) between 0.05 and 0.3.

Statistics

The Gaussian distribution of data was tested by a Kolmogorov-
Smirnov normality test (p < 0.05), and homogeneity of variance
was determined by Bartlett’s test. Depending on the outcome,
one-way ANOVA was used followed by Dunnett’s post hoc test
(parametric distribution) or Kruskal-Wallis followed by
Dunn’s post hoc test (non-parametric distribution). Statistically
significant differences were considered with p < 0.05. The data
from dose-response curves were used to determine ECs,
values for lipid reducing bioactivity. A non-linear regression
was applied with a variable slope and least squares fitting to
calculate the ECs, values from the dose-response curves.

Results
Isolation of 5"-OH-phylloquinone

The biomass of the cyanobacterium Tychonema sp. LEGE
07196 was extracted by methanol followed by several rounds of
chromatographic fractionations. The bioactivity/MS-guided iso-
lation yielded a yellow-greenish oil compound, shown in
Fig. 1. The molecular formula C;;H,60; was established based
on LC-HR-ESI-MS data, m/z 467.3531 [M + H]" (calculated
C31H,4,03, A1.6 ppm), demanding five degrees of unsaturation.
The monoisotopic value and the molecular formula were con-
sistent with the previously known 5'-OH-phylloquinone iso-
lated from a cyanobacteria (OH-PhQ)."> 1D and 2D NMR
experiments (including 'H and "*C spectra, App. B, Table S1,
Fig. S2-S61) and LC-HR-ESI-MS/MS analysis also corroborated
this assignment, revealing the typical resonances and corre-
lations of this vitamin Kl-analogue.’®*' This included the
presence of the additional hydroxy moiety, comparing the
LC-HR-ESI-MS/MS data: the difference between the monoisoto-
pic m/z 467.3531 [M + H]' value and the fragment at m/z
449.3387 [M — H,0]". The reported m/z value for K1 is 451.4
[M + H]+.ZZ

The relative and absolute stereochemistry of OH-PhQ was
analyzed by ROESY and ECD experiments (App. B, Fig. S7,
ESIt) and compared to literature data. The comparison indi-
cates that the protons of the hydroxy group have alpha («)
orientation. Additionally, the isolated compound showed a
—23.98° OR (optical rotation), however the obtained spectrum
of ECD did not show clear results. Consequently, the 5'S
stereochemistry configuration was assigned through compari-
son of ROESY and literature data. More detailed information is
available in App. B, ESL}

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Planar chemical structures of the isolated 5Y-OH-phylloquinone and other vitamin K isoforms.

Lipid reducing activity of OH-PhQ and other vitamin K
isoforms in zebrafish larvae

The zebrafish larvae, which were exposed to OH-PhQ at 10 g
mL~" from 3 to 5 DPF, displayed a significant reduction of
neutral lipids in the yolk sac/intestine region compared to the
solvent control 0.1% DMSO (Fig. 2A). Dose-response curves
indicated an ECs, value of 31.3 uM (Fig. 2B and C).

A

DMSO 0.1% REV 50 uM

OH-PhQ
1501

Additionally, other vitamin K isoforms were tested for the
same bioactivity. Due to the lipophilicity of vitamin K1, a
mixture of 1:1 v/v n-Hex/EtOH was used as solvent control at
0.1%. In accordance to results of the DMSO solvent control,
this mixture neither caused any observable toxicity nor malfor-
mations of the zebrafish larvae. K1 did not reduce the neutral
lipids in any of the tested concentrations (up to 50 uM), in con-
trast to K2 and K3 that had ECs, values of 21.1 and 1.2 pM,

OH-PhQ 10 pg/mL K3 0.13 pg/mL

ECsovalue = SD (uM)

Compound

100

MFI [%)

T gob®te®

n
v

T T T
O G\ & Y A A & v v
& & & AT AST A A\ \E
o7 S c,@;,%,@; @*’i »°

Phylloquinone, K1 Not significant

Menaquinone, K2 21.1+0.9
Menadione, K3 1.2+0.9
OH-phylloquinone, OH-PhQ 313+11

Fig. 2 Zebrafish Nile red fat metabolism assay. (A) Representative images of the assay (overlay of bright field and red fluorescence channel). (B)
Box-whisker plots of lipid reducing activity in the zebrafish larvae after 48 h exposure. Solvent control was 0.1% dimethyl sulfoxide (DMSO) and posi-
tive control 50 pM resveratrol (REV). Values are expressed as percentage of mean fluorescence intensity (MFI) relative to the DMSO group and are
derived from six to eight individual larvae per treatment group (n = 6-8). Asterisks highlight significant altered fluorescence intensities vs. the
solvent control that indicate changes of neutral lipid level (**** p < 0.0001; *** p < 0.001). (C) ECs5q values of vitamin K isoforms, derived from two
independent assays and shown in pM + standard deviation (SD).
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respectively, as shown in Fig. 2C and App. C, S11, ESLfT
However, zebrafish larvae exposed to K3 at concentrations
higher than 7.6 uM showed clear signs of toxicity with mor-
tality at 24 h of exposure (data not shown).

The supplementation with vitamin K isoforms clearly
showed different effectivity on lipid reduction in vivo, which
highlights the importance of the distinctive chemical struc-
tures. The naphthoquinone ring, even if toxic at higher con-
centrations without the presence of the side-chain, as well as
the impact of the saturation and polarity of the aliphatic side-
chain were important for the observed structure-activity
relationship.

Bioconversion of the vitamin K family in zebrafish larvae

The vitamin K isoforms were quantified in the corresponding
zebrafish exposure groups by LC-MS/MS, and the bioconver-
sion patterns into the other isoforms were studied (Fig. 3). The
presented quantification values correspond to the mean of the
three biological replicates (50 pooled larvae per replica) from
each treatment group. The mean concentration quantified for
vitamins K1, OH-PhQ, K2 and K3 in the corresponding zebra-
fish exposure groups were 5.52 pM, 2.14 pM, 0.14 pM and
0.01 pM, respectively. In the K1 and K2 exposure groups, 0.2%
of OH-PhQ was detected, while in the K2 supplementation

08

Vitamin K isoforms exposure
(and vehicle controls: DMSO and Hex/EtOH)

of non-polar solvents

Targeted extraction with mixture

View Article Online
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group a higher molarity of K1 was present than K2. In contrast,
K2 was not detected in the K1 exposure group. OH-PhQ
exposure led to the detection of low amounts of K1 and
K2 metabolites, 4.6% and 0.02%, respectively. The K3 isoform
was only detected when the larvae were supplemented with K3,
with retention of only 4.2%, and bioconversion into K1
(93.5%), K2 (1.4%) and OH-PhQ (0.8%) isoforms (Fig. 3C).
Moreover, the K2 and OH-PhQ supplementation generated the
same isoforms, even though detected at different percentages.
No vitamin K isoforms were detected in either of the two
control samples (DMSO and n-Hex/EtOH).

Untargeted metabolomic analysis

After exposure to different vitamin K isoforms, metabolites
were extracted from zebrafish larvae using both targeted and
general extraction procedures and were forwarded to LC-HRMS
analyses. Here, metabolomics data from the general extraction
are shown, while data from the targeted extraction can be
found in ESI (App. C, Fig. S12 and S14 and Tables S8-S117).
Data were processed by MZmine, and a total of 2498 metab-
olites for each vitamin group and extraction procedure were
considered for further analyses (App. C, Table S2, ESI}). Partial
Least Square-Discriminant Analysis (PLS-DA) (Fig. 4A) demon-
strated that the metabolome could be clearly distinguished

miz

LC-MS data analysis and vitamins quantification

LC-ESI-HRMS analysis

B K1 detection K2 detection
3
. (=]
: C
s . Expiosed Quantification of vitamins K isoforms {%)
zebrafish
" = samples K1 K2 K3 OH-P
2 ]
° ) O 2 K1 99.8 0 0 0.2
i - Rl
K3 detection OH-PhQ detection K2 89.5 103 0 0.2
. K3 93.5 14 4.2 0.8
3 OH-P 4.6 0.02 0 97.6
- ~N
S
= 2 3
° o ° ° S 3 s °

K1 K2 K3

g8
=

OH-PhQ _Solvent control K1 K:
[DMSO/ Hex:EtOH)

Exposed zebrafish larvae samples Exposed zebrafish larvae somples

3 OH-PhQ _Solvent control

[DMSO/Hex:EtOH]

Fig. 3 Quantification of vitamin K isoforms in exposed zebrafish larvae. (A) Representation of the experimental design starting with exposure of
zebrafish larvae to vitamin K isoforms for 48 h (50 pooled larvae per replicate, 3 biological replicates per treatment), followed by targeted extraction
of metabolites and metabolomics analyses. (B) Detection of vitamins K isoforms from the exposed zebrafish larvae and quantification in each treat-
ment group (each dot represents the quantification in pM per replica, 50 pooled larvae). (C) Table of putative bioconversion of the 4 isoforms based
on the detection in molarity. Data is expressed as percentage value relative to the supplementation of the corresponding vitamin K isoform.
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Fig. 4 Untargeted metabolomics from zebrafish larvae exposed to vitamin K isoforms for 48 h (50 pooled larvae per replicate, 3 biological replicas
per treatment, n = 3). (A) Data is presented as Partial Least Squares-Discriminant Analysis (PLS-DA) plot comparing the 4 treatment groups to control
samples (DMSO and n-Hex/EtOH) and Venn's diagram with a statistical significance of 0.05 (ANOVA — T-test using Tukey's/Fisher’s post hoc test). (B)
Radar chart representation of the chemical taxonomy (class and subclass) of the top 20 metabolites (p-value <0.05 and >4-fold difference). Values
are expressed as percentage value of the identified metabolites classes/subclasses in the 4 treatment groups. Labeled classes: glycerolipids (GL), gly-
cerophospholipids (GP), sphingolipids (SG), steroids and derivatives (ST), carboxylic acids and derivatives (CA), dinucleotides (DN), fatty acyls (FA),
prenol lipids (PL), organooxygen compounds (OC); labeled subclasses: monoacylglycerols (MG), diacylglycerols (DG), CDP-diacylglycerols
(CDP-DQ), triacylglycerol (TG), glycerophosphoglycerols (GPG), glycerophosphoinositols (GPI), glycerophosphoinositol phosphates (GPIP), glycero-
phosphoserines (GPS), glycerophosphoethanolamines (GPE), glycerophosphocholines (GPC), glycosphingolipids (GS), glycerophosphate (GP), lyso-
glycerophosphate (LGP), phosphosphingolipids (PS), phosphoglycerophosphate (PG), phosphatidylglycerol (PTG), fatty acids and conjugates (FA),
fatty acid esters (FAE), fatty alcohol esters (FAAE), bile acids, alcohols and derivatives (Bl), stigmastanes and derivatives (ST), oligopeptide (OP),

peptide (P), dinucleotides (DN), vitamin D and derivatives (VD), monoterpenoids (MT), carbonyl compounds (CP), N-acylamides (NA).

between each vitamin K exposure group. Volcano plots for
vitamin K exposure groups versus control (App. C, Fig. S14,
ESIt) demonstrated 57, 54, 57 and 63 increased metabolites,
while 7, 56, 24 and 19 decreased after OH-PhQ, K1, K2 and K3
exposure, respectively. Venn’s diagrams of these data showed
that few metabolites are shared between the exposure groups
(Fig. 4A). Overall, supplementation with each vitamin K
isoform altered a different set of metabolites.

The top 20 metabolites for each vitamin K isoform (10 most
increased and 10 most decreased with lowest p-value and great-
est log2 fold change from volcano plots) were selected for
manual dereplication, using several online databases resources

This journal is © The Royal Society of Chemistry 2024

(App. C, Tables S4-S11, ESIf). The major classes of identified
compounds were glycerophospholipids, glycerolipids, sphingo-
lipids, and steroids and derivatives (Fig. 4B). Supplementation
with OH-PhQ, K1, K2 and K3 mainly altered the same class of
compounds - glycerophospholipids. Sphingolipids
increased in the supplementation with OH-PhQ and K1, and
additionally, fatty acyls compounds were increased with sup-
plementation of the more bioactive vitamins (K2 and K3)
(Fig. 4B). However, the identified metabolites of such classes
were not the same between the treatment groups. This differ-
ence is already noticeable at the subclasses level. A prominent
alteration of diacylglycerols observed in OH-PhQ
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(increased), of sphingolipids in K1 (decreased), phosphoetha-
nolamines, phosphoinositols and phosphoserines in K2
(decreased), and glycerophosphates in K3 (decreased). Only
one shared subclass of compounds was observed between all
supplementation groups, namely triacylglycerol’s, being
reduced in the vitamins K1, K2 and K3 groups. Additionally,
shared subclasses were observed between vitamins with lipid
reducing activities, in particular between K2 and K3 sup-
plementation. Cytidine diphosphate diacylglycerol (CDP-DG)
and the vitamin D derivative/carbonyl compound were
increased, while phosphoglycerophosphates, glycerophosphate
and glycerophosphocholines were reduced (Fig. 4B). Overall,
on the level of metabolites, only two monoisotopic values are
shared between supplementation groups in the top 20 list:
1208.7729 m/z in OH-PhQ and K3 treatments identified as car-
diolipin, and 327.2681 m/z in K2 and K3 treatments identified
as becocalcidiol or 1-phenyl-1,3-heptadecanedione (App. C,
Tables S4, S6 and S7, ESIY).

Alterations of such metabolites could indicate the involve-
ment of different metabolic pathways, leading to the observed
lipid reducing activities. Consequently, a functional enrich-
ment analysis was performed in the MetaboAnalyst platform
(App. C, Fig. S15, ESI}). Both K1 and K3 supplementation trig-
gered arachidonic acid metabolism and galactose metabolism.
K1 and K2 triggered ubiquinone and other terpenoid-quinone
biosynthesis. In contrast, the OH-PhQ supplementation shared
no enriched pathways with any of the other vitamins K groups
(App. C, Fig. S15, ESIT). Overall, these data confirm the pre-
vious results in the activation of different metabolic pathways
networks in response to vitamin K family exposure. However,
understanding the network interaction in detail will require
further investigations in the future.

Discussion

To date, three types of vitamin K isoforms have been found in
nature, identified in different photosynthetic organisms.
OH-PhQ contains a hydrophilic phytyl side-chain, with the
hydroxyl group at position C-5', thus being a polar analogue of
K1. In fact, this analogue was firstly isolated in 1965 from the
cyanobacterium Synechococcus elongatus or Synechococcus sp.
PCC 7942, but only recently efforts have been made to better
understand its function and bioactivity.

To the best of our knowledge, this is the first report of iso-
lation of hydroxy-phylloquinone, specifically 5-hydroxy-phyllo-
quinone, from the cyanobacterium Tychonema sp. LEGE
07196. The confirmation of this molecule assignment was
done through spectroscopy (1D and 2D experiments) and spec-
trometry (fragmentation pattern) techniques and compared to
literature data (App. B, Fig. S1 to S10, ESIt). The absolute con-
formation of the aliphatic side-chain was achieved and con-
firmed as 2'-3'-trans-(7'R,11'R),’® and studies in rats revealed
the trans double bond configuration of vitamin K1 as key to
display the required biological function.”® Based on the simi-
larities, the 2'-3'-trans configuration of the herein isolated
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OH-PhQ can be assumed. Only more recently, the stereo-
chemistry of this unique analogue performed.
Stereoisomeric mixtures and asymmetric synthesis were used
to aid the stereochemical assignment of the hydroxy group at
C-5" position.>* The elucidation of the 5'S-OH conformation
was successful, however the stereochemistry of the groups at
positions C-7" and C-11’ was assumed to be the same as from
the natural K1 vitamin, meaning that the hydroxy group
protons have an a orientation and the carbons R confor-
mation. The ROESY correlations allowed the confirmation of
the 5'S-OH designation, which revealed that the hydroxy group
was on the same side of the molecule plane as the carbons at
C-1' and C-2' positions and on the opposite position of C-7"
(App. B, Fig. S7, ESIf). However, the biochemical synthesis
pathway in vivo in photosynthetic organisms is still not com-
pletely clear.**

In this work, the tested vitamin K isoforms displayed
different potency on the reduction of the neutral lipid reser-
voirs in the zebrafish model, and this lipid reducing activity of
the vitamin K1-analogue was reported for the first time. To the
best of our knowledge, this is the first report assessing the
potential of OH-PhQ on any bioactivity not related to photo-
synthetic functions. Among the naturally occurring vitamin
K’s, K2 showed the stronger activity with an ECs, value of
21.1 pM. In agreement to our data, the supplementation of
600 mg kg™* of vitamin K1 and MK-4 (K2) in rats significantly
reduced the total fat mass, by ca. 30% and 15%, respectively,
and serum triglyceride levels by ca. 40% and 60%, respect-
ively.”® In the Caenorhabditis elegans model, the vitamin K2
regulated fat metabolism genes; K2 enhanced fat degradation
and digestion, and in particular fatty acid f-oxidation (fatty
acid CoA synthetase family - acs-18, acyl-coenzyme A oxidase —
acox-1.2, A9-fatty acid desaturase - fat-5, fatty acid elongase —
elo-2, 3-hydroxyacyl-CoA dehydratase 1 - hacd-1, acyl CoA dehy-
drogenase - acdh-8).>® In concordance, data confirmed a lipid
reducing activity of vitamin K2 across various organisms with
huge evolutionary distance on the phylogenetic tree (C.
elegans, D. rerio, R. norvegicus), pointing to a similar interspe-
cies response to the exposure of this vitamin.

Vitamin K1 in this study did not show significant lipid redu-
cing activity on zebrafish larvae, in contrast to Sogabe et al in
which a correlation existed in rats between a high dose of K1 sup-
plementation and obesity markers.”® A further study on fattened
male mice showed that a supplementation of 5 pg per kg™* BW of
K1 significantly reduced the gain in body weight, circulating lipid
levels (triglyceride and cholesterol) and the accumulation of fat
droplets in the liver.”” However, in several studies on humans
with mean intakes ranging from 109 to 330 pg day *, no corre-
lation was found between K1 intake and lipid profiles.”®*°
Observed disparities regarding K1 supplementation require
further investigation to fully answer the eventual beneficial role of
vitamin K1 in metabolic dysfunctions; interestingly the zebrafish
model and human studies consistently did not demonstrate a
lipid lowering effect.

Few studies did a comparative analysis of various vitamin K
isoforms and hence, their differences on bioactivities are not
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well known. Bernardini et al. demonstrated the different
effects of these vitamins on the energy metabolism of the
porcine intestinal cells (IPEC-J2).*° Vitamin K3 inhibited the
oxidative phosphorylation and glycolysis, while K1 increased
ATP production via glycolysis, and K2 increased ATP pro-
duction via oxidative phosphorylation. In accordance, our data
demonstrated significant differences for all studied vitamin K
isoforms on lipid lowering effects, while toxicity was detected
for K3 at concentrations higher than 7.6 uM. Strong toxicity
(hemolytic anemia) was reported for vitamin K3 in humans,
which led to a ban for the usage as food supplement by the
FDA in the USA.’" Recently, exposure to 15 pM of vitamin K3
in 3T3-L1 cells showed significant inhibition of adipocyte
differentiation with lower intracellular lipid accumulation.’
Contrary to our observed toxicity in zebrafish larvae, vitamin
K3 did not display cytotoxicity up to 25 uM in non-cancerous
cells.*®* The isolated Kil-analogue, OH-PhQ, showed an
improved activity (ECso 31.3 pM) comparing to its most struc-
turally related compound, vitamin K1 (which was inactive up
to 50 pM), but no further reports on its lipid lowering activity
were found. The different bioactivity of vitamin K isoforms on
lipid reduction revealed an important link to the structure-
activity relationship (Fig. 2C): both the increased desaturation
and the lack of side-chain demonstrated to be relevant for the
observed bioactivity. For many years the intertwined metab-
olism has been known between quinones, such as vitamin K3
and glutathione. A biphasic response in total glutathione is
described after quinone exposure: an initial drop related to the
mediated conjugation with quinones as major elimination
route, followed by an increase.** A previous study with male
rats reported that glutathione deficiency influenced lipogen-
esis and reduced hepatic triacylglycerols (TG).>> Glutathione
also served as co-factor for glutathione peroxidase 1 (GPX1)
with reported dual roles in glucose and lipid metabolism.>®
Glutathione levels shift and related functions may explain the
high potency here reported for vitamin K3. The reported differ-
ences between vitamin K isoforms may be important for med-
icinal chemistry in order to synthesize novel vitamin K ana-
logues with increased efficiency and safety.

The bioavailability of natural vitamins K1 and K2 from food
is influenced by the length and degree of saturation of the iso-
prene units of the side-chain, with longer-chain K2 being
almost completely absorbed. Both follow a similar intestinal
absorption pathway, where vitamin K1 is quickly removed
from circulation and preferentially accumulated in the liver, in
contrast to K2, which is delivered to extra-hepatic tissues. Only
after the discovery of UBIAD1 enzyme function, the mecha-
nisms of vitamin K recycling and K2 (MK-4) biosynthesis in
the organism were clear.’ By oral route, K1 is converted to K2
(MK-4) via integral side-chain removal by the UBIAD1 enzyme
as follows: K3 precedes K2 in the intestine follow by prenyla-
tion in the target tissues.?® Later studies confirmed K2 (MK-4)
accumulation on tissues, however, suggested that K1 was
absorbed and entered the blood circulation in its original
form, and only small traces of K1 are converted to K3 and K2
in the intestine.’® Our study in zebrafish larvae demonstrated

This journal is © The Royal Society of Chemistry 2024
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that K1 was not transformed into K2, while K2 supplemen-
tation led to a strong conversion to K1. Additionally, our study
indicated that K3 has a high conversion rate and was majorly
converted into K1 (Fig. 3B and C). In contrast, no vitamin K
isoforms were detected in zebrafish larvae at 5 DPF from the
solvent control group (larvae exposed to vehicle DMSO or
n-Hex/EtOH). A previous study reported a natural abundance
of 3.64 pM K1 and 3.37 pM K2 in pools of zebrafish embryos
at 72 hours post-fertilization (HPF).>” However, 72 HPF zebra-
fish embryos still retain the yolk sac that contains many nutri-
ents to support the growth and development of the embryo,
while the yolk sac of 5 DPF larvae is almost completely
depleted, which may explain the observed differences. An early
report stated that UBIAD1/ubiadl mutations in zebrafish
caused cardiac oedema and cranial hemorrhages.® UBIAD1
deficient mice died during embryonic development, but the
embryonic lifespan could be partially extended with vitamin
K2 (MK-4) administration to the pregnant mice.’® Thus, it
could be speculated that different level of vitamin K isoforms
are due to the different phylogenetic models (mice and zebra-
fish), and phases of development (72 HPF and 5 DPF) used in
the studies.

The mechanisms of action of vitamin K isoforms for
glucose and fat metabolism are under research, but it is
hypothesized that they are modulated by an intricate network
starting with the activation of osteocalcin, lectin and adiponec-
tin (reviewed in ref. 40). Our metabolomics analyses demon-
strated that exposure to each vitamin K isoform significantly
altered different sets of metabolites. A survey of human
studies identified metabolomic signatures related to obesity
phenotypes, including the metabolomic signatures of weight
loss.*! Overall, comparing obese to lean subjects revealed that
the main altered metabolites belonged to steroids, amino
acids (AA) and proteins, acylcarnitine (AC), lipids (long-chain
PUFA, MUFA, phospholipids, sphingolipids), carbohydrates,
nucleosides and bile acids classes. Comparing to our results,
the metabolomic signatures from zebrafish larvae are quite
resembling, with major alterations of complex lipids as glycer-
ophospholipids, sphingolipids, glycerolipids, and other modi-
fied FA, and steroids and derivatives. High-fat diet mice had
decreased levels of serum non-esterified fatty acids after K2
exposure,’® in parallel with a reduction of TG serum levels,
while in vitro studies determined an increase of TG and a
marked elevation in diacylglycerol 20:4."* In agreement, the
TG levels of zebrafish in this work were altered, demonstrating
an increase in the bioactive K3 group, a reduction in the non-
active K1 group, and both an increase and reduction for
different TG species in the bioactive K2 group. A correlation
between plasma levels of more complex lipids, as lysophospha-
tidylcholine, sphingomyelins and phosphatidylcholines was
suggested with obesity, although the pathways are not yet com-
pletely understood.** Sphingolipids are essential lipids for cel-
lular dynamics and signaling, and plenty evidence exist of the
highly connected metabolism with glycerophospholipids.*® In
fact, sphingolipids are described to regulate lipid homeostasis,
including GP biosynthesis, via SREBP1 activation (involved in
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hepatic and adipocyte lipid synthesis regulation). In accord-
ance, a marked alteration of GP was observed in our study
after vitamin K2 and K3 supplementation (with lipid reducing
activities). Some health benefits were reported for marine food
enriched with GP, since these complex lipids suppressed
plasma and hepatic triacylglycerol and cholesterol levels
mediated by SREBP1/PPAR« action.*® The effect of an extract
of gut microbiota on reducing obesity in high-fat-diet mice
was related to the alterations in GP metabolism, with a
marked reduction in GPC.*” Significant alterations in several
GP species, such as reduction of lyso-GPC, lyso-GPE and GPS
and increased GPC, lyso-GPE and GP were also found. To be
noted that K2 supplementation led to an evident GPC
reduction in this work, along with other GP species.
Alterations of these complex lipids may suggest different func-
tions for the regulation of the lipid metabolism, which need to
be further studied in the future.

Conclusions

In our study, the different vitamin K isoforms were compared
for the first time in vivo, assessing the effects on neutral lipid
level and the metabolome, as well as on the possible biocon-
version of these vitamins. Striking differences were observed
for their lipid lowering properties, their bioconversion pattern
and alterations on metabolite profiles, in particular on the
subclass or individual levels. However, further research is
necessary to fully elucidate the differences of vitamin K iso-
forms on their biological effects. Asserting this final piece of
the puzzle would lay the ground to develop a future nutraceuti-
cal or food supplement with lipid reduction activity.
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