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Abstract: Vitamin K is a fat-soluble group of vitamers consisting of phylloquinone (PK) and
menaquinones (MKs). To date, only a daily reference intake for PK is set; however, in the last
decade, research studying the correlation between MKs intake and improvement of health in regards
to cardiovascular diseases, bone metabolism, and chronic kidney disease has been conducted. MKs
are synthesised by bacteria in the fermentation process of foods, e.g., cheeses. The content and
bioaccessibility of vitamin K vitamers (PK, MK-4, MK-5, MK-6, MK-7, MK-8, MK-9, and MK-10) were
assessed in eight different cheese products differing in ripening time, starter culture, fat content, and
water content. The bioaccessibility was assessed using the static in vitro digestion model INFOGEST
2.0. Variation of the vitamin K content (<0.5 ug/100 g-32 png/100 g) and of the vitamin K bioacces-
sibility (6.4-80%) was observed. A longer ripening time did not necessarily result in an increase
of MKs. These results indicate that the vitamin K content and bioaccessibility differs significantly
between different cheese products, and the ripening time, starter culture, fat content, and water
content cannot explain this difference.
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1. Introduction

Vitamin K was first discovered by the Danish scientist Henrik Dam as a coagulation
factor in chicken [1]. It is now known that vitamin K describes a group of fat-soluble
vitamers that all contain a 2-methyl-1,4-naphthoquinone ring structure with an isoprenyl
side chain situated at position 3 varying in length and saturation (Figure 1) [2]. Vitamin K
can be divided into two groups: phylloquinone (PK) (Figure 1A) and menaquinones (MKs)
(Figure 1B).
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Figure 1. Structure of phylloquinone (PK) (A) and menaquinones (MKs) (B).
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Phylloquinone is produced by plants and phototropic cyanobacteria where it func-
tions as an electron transporter in photosystem I, whereas menaquinones are produced
by animals (MK-4), archaea, and bacteria (long chained MKs) where they are a part of the
anaerobic respiratory and photosynthetic electron transport chain in the membrane [2,3].
MKSs are most commonly found as MK-4 to MK-10, but MK-1 to MK-14 have been discov-
ered in nature [4]. Vitamin K vitamers are co-factors that activate the vitamin K-dependent
s-glutamyl carboxylase that converts specific peptide-bound glutamate (Glu) residues
into y-carboxyglutamate (Gla) residues which are, hereby, activated and now can bind
calcium [5,6]. These proteins are also referred to as Gla-proteins. Gla proteins are not
only proteins that are associated with coagulation but also with bone and cardiovascular
mineralisation, diabetes, cancer, and immune response [5,7]. The same associations are
not found for phylloquinone [8-10]. These differences in response to phylloquinone and
menaquinones intake have not been fully elucidated and need further study.

To date, only an adequate intake of PK is set (70 ug/day for adults), and this is only
based on the coagulation ability of phylloquinone [11,12]. It is stated by EFSA that the
knowledge of MKs in food and the bioavailability of these are too limited for EFSA to set a
daily reference intake [12].

Vitamin K, together with other highly lipophilic compounds (logP > 8), is thought to
be incorporated into mixed micelles in the small intestinal so as they can be transported
over the mucus layer and are available for absorption by the epithelial cells in the small
intestine [13-16].

The main dietary sources for PK are green vegetables, whereas the main source of
MK-4 is meat and other animal products. Long chained MKs are found in fermented food,
such as cheese, sauerkraut, and natto [17-22]. However, the content of different types of
cheese is varying significantly from product to product and between different production
locations [17-19].

The bioavailability of a compound depends on the bioaccessibility, absorption, distri-
bution, metabolism, and excretion [15]. The bioaccessibility is typically the rate-limiting
effect of the bioavailability for highly lipophilic compounds, such as vitamin K [15], and is,
therefore, of outmost importance. The bioaccessibility of phylloquinone from vegetables is
thought to be low, whereas the bioaccessibility of animal products and fermented products
is higher. Because of the amount of cheese present in the diet, it is thought that cheese con-
tributes to a significant amount of MKs in the diet [17,23]. Thus, the focus of this study was
to investigate the bioaccessibility of vitamin K in cheese in order to investigate if difference
in bioaccessibility should be taken into account when estimating, e.g., dietary intake based
on the content of the vitamin K in the food product and the relation to health effects.

The aim of this study was to quantify the content of eight vitamin K vitamers (PK,
MK-4, MK-5, MK-6, MK-7, MK-8, MK-9, and MK-10) in eight different cheese products and
to assess if there is a difference between batches of the same cheese product. We further
aimed to assess the bioaccessibility of the eight vitamin K vitamers in the five different
cheese products using the static in vitro digestion model INFOGEST 2.0 [24].

2. Materials and Methods
2.1. Samples

Representative samples of eight cheese samples were send from Arla Foods amba,
Viby J, Denmark (Arla) to the Technical University of Denmark, Kgs. Lyngby, Denmark.
Specification on the shipped amount of cheese is described in Table Al. The cheese product
names were as follows: Castello Danablu Extra Creamy with ripening time of 3 months
(Danablu 3 M), Castello Danablu Extra Creamy with ripening time of 8 months (Danablu
8 M), Mild Cheddar Cheese with a ripening time of 3 months (Cheddar 3 M), Mature
Cheddar Cheese with a ripening time of 12 months (Cheddar 12 M), a hard cheese of the
Danbo type (Tistrup) with ripening time of 40 weeks (Tistrup 40 weeks), Tistrup with
a ripening time of 10 weeks (Tistrup 10 weeks), Castello Brie Extra Creamy (Brie), and
Hirtenkdse (Hirtenkdse). Information about the ripening time, starter culture, fat, and
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water content of the cheese products were received from Arla. A detailed overview of the
samples is found in Table 1. Each sample was cut into approximately 1 cm® cubes, frozen in
liquid nitrogen, and homogenised in a coffee grinder (EGK 200, Rommelsbacher, Germany)
for 20 s. The frozen cheese powder was mixed separately in a 5 L glass beaker, divided into
50 mL amber plastic containers, and stored at —20 °C until analysis.

Table 1. Cheese cultures with ripening time, starter culture, fat content, and water content.

Cheese Product Ripening Time ! Starter Culture ! Fat (%) ! Water (%) 2
3 months 41
Danablu e i ] ] 37 38
Lactococcus lactis lactis,
Tistrup 10 weeks Lactococcus. lactis. cre'moris, . 2% 44
40 weeks Lactococcus lactis lactis diacetylactis, 39
Brie 3 weeks Leuconostock mesenteroides cremoris 39 42
Hirtenkéise 1 week 28.6 57
3 months Lactococcus lactis lactis, 36
ST e, 12 months Lactococcus lactis cremoris = 37

! Information from Arla. 2 Analysed in triplicate.

2.2. Determination of Water in the Cheese Products

The water content of each cheese product was determined, by weighing an alufoil
container wherein 5 g of cheese was added. The sample was then heated in an incubator
at 102 °C for 18 h. The cheese sample was hereafter weighed, and the percentage loss of
weight was defined as the water content of the cheese type. The water content was assessed
in triplicates.

2.3. In Vitro Digestion of Cheese Products

The digestion of the cheese samples were done using the static in vitro digestion
model INFOGEST 2.0 according to the published procedure [24]. In brief, the enzyme
activity was assessed, solutions prepared, and pH tests of samples performed. The first
phase of the in vitro digestion system is the oral phase, where 1 g of cheese was weighed
into a 15-mL amber Eppendorf tube, and 1 mL of simulated salivary fluid was added. The
sample was hereafter incubated for 37 °C for 2 min in an overhead rotator. The gastric
phase began now by addition of 2 mL of simulated gastric fluid, together with gastric
lipase (60 U/mL) and pepsin (2000 U/mL), and the pH was adjusted to 3.0. The sample
was then incubated at 37 °C for 2 h in an overhead shaker. In the intestinal phase, 4 mL
of simulated intestinal fluid was added to the sample, together with pancreatin (trypsin
activity of 100 U/mL) and bile (10 mM bile salt), and the pH was adjusted to 7.0. Followed
by incubation at 37 °C for 2 h in an overhead shaker. AT last, centrifugation for at least
30 min at 37 °C at 5500x ¢ was performed until the solid phase was separated from the
micellar phase. The micellar phase was transferred to another amber 15-mL Eppendorf
tube, and the weight of the micellar phase was recorded. The micellar phase was now ready
for analysis of vitamin K vitamers by the LC-ESI-MS/MS method described in Section 2.4.
Bioaccessibility of each cheese product was assessed in triplicate.

2.4. Extraction and Quantification of Vitamin K Vitamers

The extraction and quantification was performed according to a previously published
method [25], with few modifications, as described in Appendix B. In brief, 0.5 g samples
(either sample of cheese or the micelle phase from the digestion model) was weighed in,
and 125 ng of internals standards (IS) were added (deuterium labelled (d) PK (d7-PK),
d7-MK-4, d7-MK-7, and d7-MK-9 (IsoScience LLC, Ambler, PA, USA)). Vitamin K and
the IS was extracted from the food matrix using 2-propanol, n-heptane, and water. The
fat was then removed from the sample using lipases, followed by a silica solid phase
extraction clean-up step. The sample was dissolved in methanol and quantified using
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LC-ESI-MS/MS, as described elsewhere [26]. The LC-ESI-MS/MS MRM parameters are
described in Table A2.

2.5. Statistical Analysis

LC-ESI-MS/MS instrument control and acquisition was done using Mass Hunter
Workstation software (LC/MD data Acquisition version B08.00, Quantitative Analysis
version B0701, Qualitative Analysis version B07.00, Agilent Technologies, Santa Clara,
CA, USA).

The bioaccessibility (B,) of vitamin K vitamers in the different cheese were calculated
using the following equation:

Bace(%) = "™ 4100 1)
mp
where my describes the content of the vitamin K vitamer in the micelle phase at the end of
the intestinal phase of the INFOGEST 2.0 model, and ; describes the total amount of the
vitamin K vitamer in the cheese used for the INFOGEST 2.0 model.

One-way ANOVA tests was used to test for significant (p-value < 0.05) differences
between batches of the same cheese product, and linear regression was used to tests if the
ripening time, fat, or water content significantly (p-value < 0.05) affected the content of
vitamin K vitamers and the bioaccessibility of vitamin K vitamers.

The PK equivalence (PKeq) was calculated based on the differences in molecular
weight of the vitamers to express the total amount of vitamin K in the cheeses.

All statistical work was performed using RStudio (© 2009-2019 RStudio, Inc., Version
1.2.1335, Northern Ave, MA, USA) and Excel (Microsoft® Excel® 2016 (16.0.5017.1000), Mi-
crosoft, Redmond, WA, USA). Results are in general given as mean =+ standard deviation (SD).

3. Results
3.1. Content of Vitamin K in Cheese Products

In this study, eight cheese products were studied. A detailed overview of the different
cheese types with ripening time, starter culture, fat content, and water content is shown
in Table 1.

The content of vitamin K vitamers in the different cheese products and ripening times
were quantified and are shown in Figure 2A. The content of PK ranged from 16 ng/g
cheese to 38 ng/g cheese, the content of MK-4 ranged from 57 ng/g cheese to 83 ng/g
cheese, the MK-5 content ranged from <5 ng/g to 25 ng/g, no MK-6 was found in any of
the samples, the content of MK-7 ranged from <5 ng/g to 32 ng/g, the content of MK-8
ranged from <10 ng/g to 169 ng/g, the MK-9 content ranged from <10 ng/g to 323 ng/g,
and no MK-10 was found in any of the samples (Table A3). The total vitamin K content of
the cheeses ranged from 153 ng PKeq/g to 476 ng PKeq/g. A serving of cheese (1 slice of
approximately 28 g) could, therefore, contribute 4.3 pg to 13 pg, corresponding to 6% to
19% of the adequate intake set for PK. These vitamin K vitamer contents were comparable
with what has been found by others; however, there is a great variation between and within
cheese types produced in different places in Europe, [17,19,27,28]. Remarkably higher
content of vitamin K vitamers were found in a study of cheese from the U.S., indicating
that the production location may significantly affect the vitamin K [18].

It was tested whether the content of the vitamin K vitamers correlated with the fat
and water content in the cheeses using linear regression. Based on the statistical analysis
(Section 2.5), it was concluded that the starter culture, fat, and water content cannot alone
explain the vitamin K content in the cheese.
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Figure 2. Vitamin K content (ng/g cheese) in the different cheese products (A) and the bioaccessible fraction of vitamin K in
1 g of digested cheese (B). Error bars depicts the standard deviation. Each sample was analysed in triplicates (n = 3).
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3.2. Development of Vitamin K Content during Ripening of Cheese

It was further tested whether the content of vitamin K was dependent on the ripening
time of the cheese. Three cheese products (Tistrup, Danablu, and Cheddar) were analysed
at different ripening times. For Tistrup with a ripening time of 10 weeks and 40 weeks, it
was observed that the content of PK, MK-8, and MK-9 increased significantly from 10 to
40 weeks of ripening time (Figure 3A). For the Danablu cheese, it was observed that the
content of MK-4, MK-7, and MK-9 increased significantly from 3 to 8 months of ripening
time (Figure 3B). In the cheddar cheese, a significant decrease in content of MK-5, MK-7,
and MK-9 was observed from 3 to 12 months of ripening (Figure 3C).
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Figure 3. Vitamin K vitamer content in three different cheese products at different ripening times. (A): Tistrup cheese, 10
and 40 weeks ripening. (B): Danablu cheese, 3 and 8 months ripening. (C): Cheddar cheese, 3 and 12 months ripening.

Error bars depicts SD for the three replicates.

vitamin K vitamer.

*: indicate significant difference between the two ripening times for the same

The content of PK and MK-4 are assumed to originate from the milk from which the
cheese is produced and not from the bacteria in the cheese [29]. The significant difference in
PK and MK-4 content observed in Danablu and Tistrup cheese may be due to loss of water
that is observed between the two ripening times of 5 months and 30 weeks, respectively
(Table 1). The milk used for the production of cheeses may influence the content of PK
and MK-4 of the cheese, as seasonal changes has been observed for the PK content in
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milk [30,31]. However, the influence of the origin of milk on the produced cheese was not
investigated in this study.

The Danablu and Tistrup cheeses were made based on the same starter culture,
whereas the cheddar cheese were made with a different starter culture (Table 1). Others
have observed that different starter cultures result in a difference in content of vitamin K
vitamers [28]. It has further been observed that the content of vitamin K in cheese may
decrease for some vitamers and increase for others dependent on the bacteria species
present in the cheese [28]. The ability for production of different vitamin K vitamers differs
between bacteria species and even between strains [19,28,32]. Others have found that
the ripening time of the Norwegian Gamalost does not significantly affect the vitamin K
content [32]. The vitamin K content seems to depend not only on the ripening time, but
more studies are needed to fully understand the processes taken place during ripening
of cheese.

3.3. Differences between Different Batches

It was tested whether there was a significant difference in the content of vitamin K
vitamers between different batches of the same cheese product. For this, the salad cheese
Hirtenkése was chosen, and four batches produced successively in the last quarter of 2020
were analysed for vitamin K (Figure 4). No significant difference in vitamin K content
was observed between any of the batches, indicating that the production is standardised
to a degree that does not cause variation in the content of vitamin K. Further studies are
needed to insure that this is the case in general for production of cheese in Denmark, and
health declarations might be of interest [33]. A great variation within the same cheese
products produced at different dairies has beenfound; however, it is not clear whether these
differences were seen, as well, between different batches from the same cheese product [19].
As the production procedure of the Hirtenkése cheese is not thought to change between
the different bathes, it was hypothesised that no significant difference in content of vitamin
K would be found between the batches, which was what was observed (Figure 4).

Hirtenkase
180

160
140

ng/g

mBatch 1 sBatch2 mBatch 3 DBatch 4

Figure 4. Four batches of Hirtenkése analysed for content vitamin K vitamers (ng/g). All samples
were analysed in triplicates (n = 3). Error bars depicts SD.

3.4. Bioaccessibility of Vitamin K in Cheese

To assess the bioaccessibility in vivo can be demanding and ethically challenging,
and an in vitro digestion model is, therefore, of preference when screening of many food
matrices are of interest [24,34-36]. Others have shown that, for carotenoids and vita-
min E, the in vitro determined bioaccessibilities are comparable with in vivo determined
bioaccessibilities [13].

In this study, the bioaccessibility of the different cheeses was determined (Figure 2).
When looking at the amount of PK that becomes bioaccessible when digesting 1 g of cheese,
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the amount from Danablu 3 M and 8 M and Hirtenkase is higher than for Brie and Cheddar
3 M and 12 M, which, again, is higher than for Tistrup 10 weeks and 40 weeks (Figure 2).
The same pattern is observed for the bioaccessibility of PK and MK-4, where the highest
bioaccessibilities are found in Danablu 8 M (53% for PK and 80% for MK-4), and the lowest
is found in Tistrup 40 weeks (6.4% for PK and 7.7% for MK-4).

Danablu 8 M was the only product that had a quantifiable amount of MK-7 after
digestion, where a bioaccessibility of 58% was observed. Bioaccessibility of MK-8 was
estimated in Danablu 8 M and 3 M and in Tistrup 40 weeks with bioaccessibilities of 46%,
28%, and 17%, respectively. These corresponded with observed bioaccessibility of PK
and MK-4.

For MK-9, the bioaccessibility was quantified in all but the Brie and the Cheddar 3
M. For the rest of the chesses, the order from highest to lowest assessed bioaccessibility
followed the pattern observed for PK and MK-4, with Danablu 8 M having the highest
bioaccessibility of MK-9 (58%) and the lowest in Tistrup 40 Weeks (8.5%).

The total amount of bioaccessible vitamin K was highest in Danablu 8 M, which was
significantly higher than total amount of vitamin K bioaccessible in Danablu 3 M, which,
again, was significantly higher than the rest of the cheese products.

The Danablu cheese products are harbouring the highest total content of vitamin K,
with Tistrup 40 weeks having the next highest content. Even though a relatively high
content of vitamin K is found in Tistrup 40 weeks, it has a very low bioaccessibility
compared with the other types of cheese. This indicates that the bioaccessibility is not
dependent on the content of vitamin K in the cheese. Neither the fat content nor the
moisture of the cheese or the different starter cultures can explain the bioaccessibility
found in the different cheeses based on the statistical analysis (Section 2.5). However, it
is a limitation that the fat content was not analysed in the products but, as mentioned,
received from Arla. The decrease in water content indicates an increase in fat content
during ripening.

Studies into the bacteria Propionibacterium freudenreichii, which is commonly used in
production of fermented dairy products, showed that, in the growth period of P. freudenre-
ichii, menaquinones were accumulated inside the cells, but, when the bacteria cells started
lysing after depletion of lactose, the menaquinones was released from the cells [37]. It could
be that, in Danablu 8 M, more cells have lysed and released the content of menaquinones,
making them more bioaccessible. This theory correlates with a higher bioaccessibility in
Danablu 8 M compared to Danablu 3 M. If the lysing of the bacteria cells have not happened
to the same degree in the Tistrup cheeses, the MKs would maybe not be as bioaccessible as
in Danablu. However, this cannot explain the higher bioaccessibility of PK and MK-4 in
Danablu compared to other cheese products as it is hypothesised that these are originating
from the milk and not the bacteria [29].

To our knowledge, to date, no assessment of bioaccessibility of vitamin K has been
reported. Our results show that bioaccessibility varies between the vitamers, as well
as between cheeses; thus, information on relative bioaccessibility could be taken into
account when calculating dietary intake. This will allow a more accurate assessment of
dietary intake of vitamin K, which may improve the correlation to physiological response.
Furthermore, any difference between the MKs and PK is relevant when establishing
recommended daily intake of MKs and, potentially, updates for the PK value. More studies
are needed to investigate the factors affecting the vitamin K bioaccessibility in cheese.

The bioaccessibility is, in general, the rate limiting factor for the bioavailability for fat-
soluble compounds [15]. However, others have found that, in some cases, the food matrix is
limiting the bioaccessibility of a compound, while simultaneously increasing the absorption
of the same compound [37], so, extrapolations of the effect on of the bioaccessibility for the
bioavailability should be done with caution.
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4. Conclusions

We showed that the vitamin K vitamer content varied considerably within Danish
cheese products. The highest bioaccessibility was found in Danablu with a ripening time
of 8 months (53% for PK, 80% for MK-4, 58% for MK-7, 46% for MK-8, and k8% for MK-9)
and the lowest bioaccessibility was found in Tistrup with a ripening time of 40 weeks (6.4%
for PK, 7.7% for MK-4, 17% for MK-8, and 8.5% for MK-9). The content of vitamin K, the
starter culture, fat, or water content could not explain the differences in bioaccessibility of
vitamin K in the different cheese products. Based on these data, it seems that some cheeses
may be good sources of vitamin K, while the low bioaccessibility of other cheeses limits
their importance as a good source of vitamin K. These differences in relative bioaccessibility
are important to take into consideration when relating physiological condition to the
vitamin K intake. However, more studies are needed to further elucidate the factors
determining the bioaccessibility of cheese and whether the bioaccessibilities of these limits
their bioavailability.
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Appendix A

Table A1. Received sample amounts at DTU of cheese products from Arla.

Cheese Ripening Time No. Batches Recieved Amount per Batch (Kg)
3 months 1 0.9
Danablu 8 months 1 0.9
Tistru 10 weeks 1 1.0
P 40 weeks 1 1.0
Brie 3 weeks 1 0.2
Hirtenkise 1 week 4 0.3
3 months 1 1.8
Cheddar 12 months 1 1.8
Appendix B

Extraction, Sample Clean-Up, and Quantification of Vitamin K

The extraction and quantification was performed according to a previously published
method (Jensen, Loznjak Svarc, and Jakobsen, 2021). In a 15-mL amber Eppendorf tube, a
0.5 g sample was weighed in, and 125 ng of internals standards (IS) were added (deuterium
labelled (d) PK (d7-PK), d7-MK-4, d7-MK-7, and d7-MK-9), and 4.5 mL of 2-propanol was
added to the sample. The sample was hereafter heated in a water bath at 90 °C for 20 min,
where, after, 3.5 mL Mili-Q water and 4.5 mL n-heptane was added. The sample was then
mixed on a table shaker (Multi Reax, Heidolph Instruments GmbH & CO., KG, Germany),
ultrasonicated ultrasonicated (Cole-Parmer 8893, Cole-Parmer, Vernon Hills, IL, USA) for
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5 min, and centrifuged (Sigma 4K-15, Sigma Laborzentrifugen GmbH, Germany) at 2000 x g
at 20 °C for 5 min. The n-heptane phase was transferred to another amber 15-mL Eppendorf
tube, and the extraction was repeated by adding 3 mL n-heptane to the sample, mixing,
ultrasonicating, and centrifuging, as described above. The n-heptane phase was transferred
to the same amber 15-mL Eppendorf tube, where, after, the n-heptane was evaporated to
dryness using a vacuum centrifuge (CHRIST, Rotational Vacuum Concentrator RVC 2-33
CDplus; Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) at
15 bar, 100 g, and 55 °C for 40 min.

To the sample was then added 4 mL phosphate buffer (1 M KH2PO4, pH 7.9, pre-
heated to 37 °C), 50 pL LecitaseTM Ultra, and 50 pL Lipozyme® TL 100 L, where, after,
the sample was mixed for 5 min, ultrasonicated for 10 min, and incubated for 1 h at 37 °C,
while shaking at a speed of 120 rpm. The sample received, then, 7 mL 2-propanol:n-
heptane (60:40 v/v) and 2 mL Mili-Q water, where, after, the sample was shaken for 5 min,
ultrasonicated for 5 min, and centrifuged at 2000x g at 20 °C for 5 min. The n-heptane
phased was then transferred to an amber 15-mL Eppendorf tube, and the extraction
was repeated by adding another 3 mL 2-propanol_n-heptane (60:40 v/v) to the sample,
and shaking, ultrasonicating, and centrifuging, as described above. The n-heptane was
transferred to the same amber 15-mL Eppendorf tube and was hereafter evaporated in the
vacuum centrifuge at 15 bar, 750 rpm, and 55 °C for 40 min.

The sample was then further cleaned up by an SPE performed according to a pre-
viously published method (Jépelt and Jakobsen, 2016). The sample was redissolved in
2.5 mL n-heptane using ultrasonication for 10 min. The SPE silica column (ISOLUTE® S,
500 mg/6 mL, Biotage, Uppsala, Sweden) was conditioned with 5 mL n-heptane:ethyl
acetate (95:5 v/v), followed by 5 mL n-heptane. The sample was then transferred to the
SPE column using 2 x 3 mL n-heptane. Vitamin K was then eluted from the column
using 2 x 4 mL n-heptane:ethyl acetate (95:5 v/v), where, after, the eluted sample was
evaporated to dryness and redissolved in 500 pL methanol by ultrasonication for 10 min.
The sample was then transferred to a 1.5-mL Eppendorf tube, centrifuged at 10,000 x g at
4 °C for 10 min, and, finally, transferred to vials containing 250 pL inserts.

The LC-ESI-MS/MS analysis was performed on an Agilent 1200 Series HPLC system
equipped with a precolumn precolumn (Ascentis® Express C18 Guard column, 5 mm x 2.1 mm,
2.7 pm; Supelco, Bellefonte, PA, USA) and a C18 column (Ascentis® Express C18 HPLC
column, 100 mm X 2.1 mm, 2.7 pm) connected to an Agilent 6470 series triple quadrupole
mass spectrometer, equipped with an ESI source and a Jetstream. Mobile phase A consisted
of methanol:water (90:10 v/v) with 2.5 mM ammonium formate and mobile phase B
consisted of ethanol with 2.5 mM ammonium formate. The vitamin K vitamers were eluted
by a gradient elution consisting of 50% mobile phase B at 0 min, 100% mobile phase B at
1-4 min and 50% mobile phase B at 5-9 min with an injection volume of 5 uL, a flowrate
of 0.5 mL/min, and a column temperature of 50 °C. The needle was washed before each
injection with 2-propanol:water (70:30 v/v) for 10 s in the flush port, and the temperature
in the autosampler was 5 °C. The source parameters were as follows: gas flow: 4 L/min,
nebuliser: 35 psi, sheath gas temperature: 350 °C, sheath gas flow: 12 L/min, capillary:
3000 V, nozzle voltage: 500 V, drying gas temperature: 300 °C, and dwell time: 25 ms.

Vitamin K vitamers were analysed using multiple reaction monitoring (MRM) mode
with nitrogen as collision gas. The MRM parameters for the specific vitamers are shown
in Table A2. The quantification was done by comparing the response ratio between the
quantifier ion of the vitamer and the corresponding ion of the IS, as described elsewhere.
Qualification of each vitamer was done by comparison of the response ration between the
specific qualifier ion and the corresponding quantifier ion.
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Appendix C
Table A2. MRM parameters for the vitamin K vitamers.
Compound Precursor ion Product Ion Retention Time Fragmentor Collision Energy
P (ml2) ) (min) V) V)
. 187.0 2.361 148 25
Phylloquinone 451.71 185.1 2361 148 17
d7-Phylloquinone 458.71 194.1 2.331 168 17
. 187.1 1.485 120 25
Menaquinone-4 445.71 109.1 1.485 120 21
d7-Menaquinone-4 452.71 194.1 1.462 128 21
. 187.1 2.389 135 25
Menaquinones-5 513.8 109.1 2389 135 25
. 187.1 2.775 158 25
Menaquinone-6 581.9 109.1 2775 158 25
. 187.1 3.211 168 25
Menaquinone-7 650.01 109.1 3911 168 25
d7-Menaquinone-7 657.01 194.1 3.197 164 33
. 187.1 3.288 175 35
Menaquinones-8 718.1 2971 3.088 175 35
. 109.1 3.784 184 40
Menaquinone-9 786.31 187.0 3.784 184 40
d7-Menaquinone-9 793.31 194.1 3.770 188 40
. 187.1 3.851 195 40
Menaquinones-10 854.3 2972 3.851 195 40
Appendix D

Table A3. Content (ng/g) and bioaccessibility (%) of vitamin K vitamers in eight different cheeses (mean =+ sd). All samples
were analysed for PK and MK-4 to MK-10, but only vitamers with quantified content and bioaccessibilities are shown.

Ch ng/g Cheese + sd Bioaccessibility (%) + sd
eese PK MK-4 MK-5  MK-7 MK-8 MK-9 PK MK-4  MK7  MKS8 MK-9
Hirtenkdse 17+14 64+43 <7 <5 47+59 126+15 49465 40+28 nd nd 34444
Castello 39413 121483 <7 <5 <14 <10 4+17 19417 nd nd nd
Tli%“v‘jp 24406 69+40 <7 <5 52487 179+13 94+14 13+24 nd nd 12+1.9

T‘il%tru 27+£20 64+14 8+07 2530 117+£92 26614 62+24 77+38 nd 93+06 85+38

Ch;%;[iar 28+£27 84%6.1 25+12 24+14 72 £8.0 10891 17+£85 12+86 nd nd nd

leg&i&j.lar 31£95 81+20 96+14 95+55 56+75 68 £ 19 20£33 20£31 nd nd 21 £5.1
Daa,n;}flu 30+14 57+59 25+18 26+23 169+18 243+34 45+60 57+68 nd 28+ 4.5 45+ 12
Da;f\l/][glu 35+26 76+53 21+£06 32+04 169+33 323+44 53+£86 80+13 58+12 46+9.3 58 £ 12

nd: not determined as either the content in the cheese or the content in the mixed micelle phase was below LOQ (PK <5ng/g, MK-4 < 5 ng/g,
MK-5 <7 ng/g,MK-6, <5 ng/g, MK-7 < 5 ng/g, MK-8 < 14 ng/g, MK-9 < 10 ng/g, MK-10 < 40 ng/g).



11 of 12

References

1.  Dam, H. The Antiheemorrhagic Vitamin of the Chick.: Occurrence And Chemical Nature. Nature 1935, 135, 652-653. [CrossRef]

2. Shearer, M.].; Newman, P. Metabolism and cell biology of vitamin K. Thromb. Haemost. 2008, 100, 530-547. [PubMed]

3. Nowicka, B,; Kruk, J. Powered by light: Phototrophy and photosynthesis in prokaryotes and its evolution. Microbiol. Res. 2016,
186-187,99-118. [CrossRef]

4.  Nowicka, B.; Kruk, J. Occurrence, biosynthesis and function of isoprenoid quinones. Biochim. Biophys. Acta (BBA)-Bioenerg. 2010,
1797, 1587-1605. [CrossRef] [PubMed]

5. Shearer, M].; Okano, T. Key Pathways and Regulators of Vitamin K Function and Intermediary Metabolism. Annu. Rev. Nutr.
2018, 38, 127-151. [CrossRef] [PubMed]

6. Tie J.-K.; Stafford, D.W. Structural and functional insights into enzymes of the vitamin K cycle. J. Thromb. Haemost. 2015, 14,
236-247. [CrossRef] [PubMed]

7.  Halder, M,; Petsophonsakul, P.; Akbulut, A.C.; Pavlic, A.; Bohan, F.; Anderson, E.; Maresz, K.; Kramann, R.; Schurgers, L. Vitamin
K: Double Bonds beyond Coagulation Insights into Differences between Vitamin K1 and K2 in Health and Disease. Int. ]. Mol. Sci.
2019, 20, 896. [CrossRef] [PubMed]

8.  Geleijnse, ].M.; Vermeer, C.; Grobbee, D.E.; Schurgers, L.J.; Knapen, M.H.].; Van Der Meer, L.M.; Hofman, A.; Witteman, J.C.M.
Dietary Intake of Menaquinone Is Associated with a Reduced Risk of Coronary Heart Disease: The Rotterdam Study. J. Nutr.
2004, 134, 3100-3105. [CrossRef] [PubMed]

9.  Gast, G.-C.M,; De Roos, N.M,; Sluijs, I.; Bots, M.L.; Beulens, ].W.].; Geleijnse, ].M.; Witteman, ].C.; Grobbee, D.E.; Peeters, PH.M.;
van der Schouw, Y.T.; et al. A high menaquinone intake reduces the incidence of coronary heart disease. Nutr. Metab. Cardiovasc.
Dis. 2009, 19, 504-510. [CrossRef] [PubMed]

10. Nimptsch, K.; Rohrmann, S.; Kaaks, R.; Linseisen, J. Dietary vitamin K intake in relation to cancer incidence and mortality:
Results from the Heidelberg cohort of the European Prospective Investigation into Cancer and Nutrition (EPIC-Heidelberg). Am.
J. Clin. Nutr. 2010, 91, 1348-1358. [CrossRef] [PubMed]

11. The European Parliament. Regulation (EU) No 1169/2011 of the European Parliament and of the Council. OJEU 2011, 304, 18-63.

12.  EFSA; NDA; Turck, D.; Bresson, J.-L.; Burlingame, B.; Dean, T.; Fairweather-Tait, S.; Heinonen, M.; Hirsch-Ernst, K.I; Mangelsdorf,
L; et al. Dietary reference values for vitamin K. EFSA J. 2017, 15, e04780.

13. Reboul, E.; Richelle, M.; Perrot, E.; Desmoulins-Malezet, C.; Pirisi, A.V.; Borel, P. Bioaccessibility of Carotenoids and Vitamin E
from Their Main Dietary Sources. J. Agric. Food Chem. 2006, 54, 8749-8755. [CrossRef] [PubMed]

14.  Wu, P; Chen, X.D. Validation of in vitro bioaccessibility assays—A key aspect in the rational design of functional foods towards
tailored bioavailability. Curr. Opin. Food Sci. 2021, 39, 160-170. [CrossRef]

15. McClements, D.].; Peng, S.-F. Current status in our understanding of physicochemical basis of bioaccessibility. Curr. Opin. Food
Sci. 2019, 31, 57-62. [CrossRef]

16. Shearer, M.].; Fu, X,; Booth, S.L. Vitamin K Nutrition, Metabolism, and Requirements: Current Concepts and Future Research.
Adv. Nutr. 2012, 3, 182-195. [CrossRef] [PubMed]

17.  Vermeer, C.; Raes, J.; Van't Hoofd, C.; Knapen, M.H.].; Xanthoulea, S. Menaquinone Content of Cheese. Nutrients 2018, 10, 446.
[CrossRef] [PubMed]

18. Fu, X.; Harshman, 5.G.; Shen, X.; Haytowitz, D.B.; Karl, ].P.; Wolfe, B.; Booth, S.L. Multiple Vitamin K Forms Exist in Dairy Foods.
Curr. Dev. Nutr. 2017, 1, €000638. [CrossRef] [PubMed]

19. Manoury, E.; Jourdon, K.; Boyaval, P.; Fourcassi€é, P. Quantitative measurement of vitamin K2 (menaquinones) in various
fermented dairy products using a reliable high-performance liquid chromatography method. J. Dairy Sci. 2013, 96, 1335-1346.
[CrossRef]

20. Tarvainen, M,; Fabritius, M.; Yang, B. Determination of vitamin K composition of fermented food. Food Chem. 2019, 275, 515-522.
[CrossRef] [PubMed]

21. Japelt,R.B.; Jakobsen, J. Analysis of vitamin K1 in fruits and vegetables using accelerated solvent extraction and liquid chromatog-
raphy tandem mass spectrometry with atmospheric pressure chemical ionization. Food Chemn. 2016, 192, 402—408. [CrossRef]

22. Kamao, M,; Suhara, Y.; Tsugawa, N.; Uwano, M.; Yamaguchi, N.; Uenishi, K.; Ishida, H.; Sasaki, S.; Okano, T. Vitamin K Content
of Foods and Dietary Vitamin K Intake in Japanese Young Women. J. Nutr. Sci. Vitaminol. 2007, 53, 464-470. [CrossRef]

23. Schurgers, L.J.; Vermeer, C. Determination of Phylloquinone and Menaquinones in Food Effect of Food Matrix on Circulating
Vitamin K Concentrations. Haemostasis 2000, 30, 298-307. [PubMed]

24. Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assungdo, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R.; Carriére,
E; et al. INFOGEST static In Vitro simulation of gastrointestinal food digestion. Nat. Protoc. 2019, 14, 991-1014. [CrossRef]
[PubMed]

25. Jensen, M.B.; LoZnjak Svarc, P; Jakobsen, J. Vitamin K (phylloquinone and menaquinones) in foods—Optimisation of extraction,
clean-up and LC-ESI-MS/MS method for quantification. Food Chem. 2021, 345, 128835. [CrossRef] [PubMed]

26. Jensen, M.B.; Red, K.E.; LoZnjak Svarc, P; Oveland, E.; Jakobsen, J. Vitamin K (phylloquinone and menaquinones) in foods—Cost-
effective quantification by LC-ESI-MS/MS. Food Chem. Under Review. [CrossRef]

27. Walther, B.; Guggisberg, D.; Schmidt, R.S.; Portmann, R.; Risse, M.-C.; Badertscher, R.; Chollet, M. Quantitative analysis of

menaquinones (vitamin K2) in various types of cheese from Switzerland. Int. Dairy J. 2020, 112, 104853. [CrossRef]



12 of 12

28.

29.

30.

31

32.

33.

35.

36.

37.

Chollet, M.; Guggisberg, D.; Portmann, R.; Risse, M.-C.; Walther, B. Determination of menaquinone production by Lactococcus
spp. and propionibacteria in cheese. Int. Dairy J. 2017, 75, 1-9. [CrossRef]

Gentili, A.; Caretti, F.; Bellante, S.; Ventura, S.; Canepari, S.; Curini, R. Comprehensive Profiling of Carotenoids and Fat-Soluble
Vitamins in Milk from Different Animal Species by LC-DAD-MS/MS Hyphenation. J. Agric. Food Chem. 2012, 61, 1628-1639.
[CrossRef] [PubMed]

Indyk, H.E.; Woollard, D.C. The edogenous vitamin K1 content of bovine milk: Temporal influence of season and lactation. Food
Chem. 1995, 54, 403—407. [CrossRef]

Fournier, B.; Sann, L.; Guillaumont, M.; Leclercq, M. Variations of phylloquinone concentration in human milk at various stages
of lactation and comw’s milk at various seasons. Am. . Clin. Nutr. 1987, 45, 551-558. [CrossRef] [PubMed]

Qureshi, T.M.; Vermeer, C.; Vegarud, G.E.; Abrahamsen, RK.; Skeie, S. Formation of biogenic amines and vitamin K contents in
the Norwegian autochthonous cheese Gamalost during ripening. Dairy Sci. Technol. 2013, 93, 303-314. [CrossRef]

The European Parliament. Regulation (EU) No 1169/2011. J. Eur. Union 2014, 304, 1-60.

Tyssandier, V.; Reboul, E.; Dumas, ]J.-F; Bouteloup-Demange, C.; Armand, M.; Marcand, J.; Sallas, M.; Borel, P. Processing
of vegetable-borne carotenoids in the human stomach and duodenum. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 284,
G913-G923. [CrossRef]

Minekus, M.; Alminger, M.; Alvito, P; Ballance, S.; Bohn, T.; Bourlieu, C.; Carriere, F.; Boutrou, R.; Corredig, M.; Dupont, D.; et al.
A standardised static in vitro digestion method suitable for food—An international consensus. Food Funct. 2014, 5, 1113-1124.
[CrossRef] [PubMed]

Furuichi, K.; Hojo, K.-I.; Katakura, Y.; Ninomiya, K.; Shioya, S. Aerobic culture of Propionibacterium freudenreichii ET-3 can
increase production ratio of 1,4-dihydroxy-2-naphthoic acid to menaquinone. J. Biosci. Bioeng. 2006, 101, 464—470. [CrossRef]
[PubMed]

Margier, M.; Bulffiere, C.; Goupy, P.; Rémond, D.; Halimi, C.; Caris-Veyrat, C.; Borel, P.; Reboul, E. Opposite Effects of the Spinach
Food Matrix on Lutein Bioaccessibility and Intestinal Uptake Lead to Unchanged Bioavailability Compared to Pure Lutein. Mol.
Nutr. Food Res. 2018, 62, €1800185. [CrossRef] [PubMed]





