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Abstract 

While the plasma phylloquinone (PK) concentration is inversely correlated with cardiovascular risk, the involvement of PK in regulating endothelial 

function has not been directly investigated. Therefore, in this study we assessed the effects of short-term treatment with PK-deficient diets (5–10 weeks) 

on endothelial function in normolipidemic 14-week-old male C57BL/6JCmd mice and age-matched dyslipidaemic male E3L.CETP mice. Our results show that 

in normolipidemic mice dietary PK deficiency was associated with a marked reduction of PK levels in the plasma and liver (liquid chromatography-mass 

spectrometry measurements) and with impaired endothelium-dependent vasodilation assessed in vivo by magnetic resonance imaging (MRI). Dietary PK 

deficiency-induced endothelial dysfunction was fully reversed by PK supplementation. In dyslipidaemic E3L.CETP mice, dietary PK deficiency exacerbated 

preexisting endothelial dysfunction. Furthermore, dietary PK deficiency decreased menaquinone-4 (MK-4) levels in the aorta but did not affect blood co- 

agulation (calibrated automated thrombography), microbiota composition (culturing and next-generation sequencing), and gut menaquinone production. In 

conclusion, our study demonstrated for the first time that sufficient dietary PK intake supports endothelial function in normolipidemic and dyslipidaemic 

mice indicating nutritional significance of dietary PK in the maintenance of endothelial function in humans. 

© 2025 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

The naturally occurring fat-soluble vitamin K family comprises

phylloquinone (PK) and menaquinones (MKs; MK-4 through MK-

14) [ 1 , 2 ]. The predominant source of PK for humans is diet, espe-

cially green vegetables (e.g. broccoli, kale) while MKs are found in
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meat (e.g. bovine and pork livers), fermented milk- and soybean-

based products such as cheese and natto, or can be produced en-

dogenously by gut microbiota [ 2 , 3 ]. Dietary vitamin K is absorbed

in the small intestine, bound in the oil core of triglyceride-rich chy-

lomicrons, and then transported in residual chylomicrons to the

liver [ 4–7 ]. Vitamin K is partially stored in the liver (mainly PK)

and partially transported to other tissues by the blood [ 5 ]. Very

low-density lipoproteins (VLDLs), intermediate-density lipoproteins

and low-density lipoproteins (LDLs) are also partially responsible

for vitamin K transport [ 4 , 8–10 ]. 

The initially defined mechanism of vitamin K activity referred

to vitamin K-dependent (VKD) carboxylation of coagulation factors
der the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Table 1 

Vitamin K concentrations in selected diet ingredients 

Ingredient ∗ PK (mg/kg) MK-4 (mg/kg) MK-7 (mg/kg) 

α-cellulose ND ND ND 

Soy protein 0.035 ND 0.248 
Casein 0.002 0.003 ND 

Rice flakes ND ND ND 

Soy flakes 0.683 ND 0.022 
Cornstarch ND ND ND 

Corn oil 0.443 ND ND 

Sunflower oil 18.811 ND ND 

Soybean oil 10.340 ND ND 

∗ PK, phylloquinone; MK-4, menaquinone-4; and MK-7, 
menaquinone-7 concentrations are expressed as mg per kg of 

the particular ingredient. Key: ND, not detectable (levels below 

0.0 0 05 mg/kg for PK and MK-4 and 0.0025 mg/kg for MK-7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and anticoagulant proteins C, S, and Z in the liver [ 11 , 12 ]. More

recently, the importance of vitamin K, in particular of MKs, in reg-

ulating extrahepatic processes by canonical or noncanonical mech-

anisms was demonstrated, including soft tissue and vascular cal-

cification, bone formation, angiogenesis, inflammation, myocardial

remodeling, cell proliferation, and platelet activation [ 12–14 ]. 

Interestingly, number of lately published reports indicated that

PK has beneficial cardiovascular activity, contrasting with the well-

known conclusions of the Rotterdam epidemiological study postu-

lating that intake of MKs but not PK was associated with reduced

cardiovascular and total mortality [ 15 ]. For example, in a prospec-

tive cohort analysis conducted in over 7 thousand participants,

high dietary PK intake diminished the incidence of cardiovascular

events and overall mortality in elderly patients with cardiovascu-

lar disease (CVD) risk, while the effects for MKs were not observed

[ 16 ]. In the Danish Diet, Cancer and Health Study enrolling over 53

thousand participants, the risk of atherosclerotic CVD (ASCVD) was

inversely associated with high dietary PK intake in a similar way

to high MK intake [ 17 ]. Furthermore, a high intake of PK-rich diets

was associated with a reduced incidence of aortic stenosis and its

clinical complications [ 18 ]. 

These prospective clinical trials are consistent with previous

findings demonstrating that low plasma PK levels and low PK in-

take were associated with higher cardiovascular risk [ 19 ] and vas-

cular calcification progression in patients treated for hypertension

[ 20 ]. However, the mechanisms involved have not been elucidated.

Most likely these mechanisms extend beyond effects of PK on the

formation of new calcifying lesions within the aorta and coronary

arteries characterized previously [ 21 ]. 

As endothelial function has diagnostic, prognostic and thera-

peutic significance in CVD [ 22 , 23 ], in this study we directly ex-

amined the role of PK in regulating endothelial function in nor-

molipidemic PK-deficient mice using the magnetic resonance imag-

ing (MRI)-based methodology to characterize endothelial function

in vivo [ 24 , 25 ]. We also sought to explore whether the effect of

PK in endothelium was driven by direct or indirect mechanisms

involving its vascular conversion to MK-4 and alterations in gut

microbiota composition, a key source of endogenous MKs. Finally,

as PK is primarily transported by TG-rich lipoproteins, and PK

metabolism might be altered in pathological states [ 26 ] with dis-

turbed lipid homeostasis, we also directly examined the role of di-

etary PK in regulating endothelial function in the humanized dys-

lipidemia murine model represented by E3L.CETP mice [ 27–30 ]. 

2. Methods 

2.1. Animals and experimental design 

Male C57BL/6JCmd mice aged 12–14 weeks ( N = 136) were ob-

tained from the Mossakowski Medical Research Centre of the Pol-

ish Academy of Sciences (Warszawa, Poland). Age-matched dys-

lipidaemic male APOE∗3-Leiden.huCETP double transgenic mice

(E3L.CETP; N = 60) were provided by The Netherlands Organiza-

tion of Applied Scientific Research, Metabolic Health Research (Lei-

den, Netherlands) [ 27–30 ]. All mice were kept in traditional colony

cages without limited coprophagy in a room with a light/dark cycle

and controlled temperature and humidity and received food and

water ad libitum . Environmental enrichment in the form of plas-

tic huts, gnawing sticks, hide tubes, and nesting material was pro-

vided to enhance the animal’s welfare. Mice were acclimatized to

the standard rodent diet (1324 TPF; Altromin Spezialfutter GmbH

and Co. KG, Lage, Germany) until the commencement of experi-

mental procedures. 

A control rodent diet was prepared to provide a PK-sufficient

diet containing PK at 0.75–2.00 mg/kg diet [ 31–34 ] and PK-
deficient diet was designed based on PK content measured in diet

ingredients. Since the daily intake of MKs (i.e. MK-4 and MK-7) in

the classical diet fed to experimental animals has not yet been re-

ported, the concentrations of MK-4 and MK-7 were measured in

addition to PK in the main ingredients of the AIN-93M formula

prepared according to Reeves et al . [ 33 ]. MK-4, MK-7 and PK were

measured using liquid chromatography coupled to tandem mass

spectrometry with atmospheric pressure chemical ionization (LC-

APCI-MS/MS) [ 35 , 36 ]. The main vitamin K homologue in the AIN-

93M diet ingredients was PK, while MK-4 and MK-7 concentra-

tions were much lower than PK or undetectable ( Table 1 ). Since

the highest PK concentration was found in soybean-derived prod-

ucts, sunflower oil and casein ( Table 1 ), the standard AIN-93M diet

was modified, with soybean oil replaced with corn oil, and casein

content decreased ( Table 2 ). The animal dietary intake of essential

nutrients was preserved by partially replacing corn starch with rice

flakes ( Table 2 ). 

The AIN-93M formulas were supplemented with PK (V3501;

Sigma-Aldrich, Poznan, Poland) to obtain PK-sufficient diets based

on corn starch or rice flakes, abbreviated as AIN-93M ( + PK) and

AIN-93M-RICE ( + PK), respectively. Both PK-sufficient diets con-

tained PK at ∼0.75 mg/kg (measured diet concentration amount

of 0.46 ±0.02 mg/kg, resulting in an intake of ∼91.2 µg/kg body
weight (BW) per day). 

Not adding PK to the modified AIN-93M-RICE formula resulted

in a PK-deficient diet abbreviated to AIN-93M-RICE (−PK). The de-

ficient PK level of the AIN-93M-RICE (−PK) diet was confirmed af-

ter its preparation by quantifying PK levels at the beginning and

end of the experiment using LC-APCI-MS/MS [ 35 , 36 ]. Since the PK

levels in the AIN-93M-RICE (−PK) diet were below the limit of

quantification ( < 0.0 0 05 mg/kg), it was used to induce dietary PK

deficiency in the studied mice. All diets were prepared by Zoolab

(Krakow, Poland). 

The effects of a PK-deficient diet on vascular function were

assessed in normolipidemic male C57BL/6JCmd mice ( n = 64), al-

located to the following four experimental groups shown in

Figure 1 A for a 10-week-long treatment regimen started at the age

of 14 weeks: 

• The AIN-93M ( + PK) group fed the control AIN-93M diet sup-

plemented with a sufficient amount of PK (n = 16 divided into

different measurements, with n = 8 per measurement); 
• The AIN-93M-RICE ( + PK) group fed the PK-deficient AIN-93M-

RICE diet with 50% rice flakes and supplemented with a suffi-

cient amount of PK (n = 16 divided into different measurements,

with n = 8 per measurement); 
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Table 2 

Composition of the phylloquinone-sufficient and phylloquinone-deficient diets 

Ingredient ∗ PK-sufficient diet PK-deficient diet 

AIN-93M ( + PK) AIN-93M-RICE ( + PK) AIN-93M-RICE (-PK) 

Cornstarch (g/kg) 465.692 20.692 20.692 

Rice flakes (g/kg) - 50 0.0 0 0 50 0.0 0 0 
Casein ( > 85% proteins) (g/kg) 140.0 0 0 96.0 0 0 96.0 0 0 
Dextrinized cornstarch (g/kg) 155.0 0 0 155.0 0 0 155.0 0 0 

Sucrose(g/kg) 10 0.0 0 0 10 0.0 0 0 10 0.0 0 0 

Corn oil (g/kg) 40.0 0 0 40.0 0 0 40.0 0 0 
α-cellulose (g/kg) 50.0 0 0 39.0 0 0 39.0 0 0 
Mineral mix 
(AIN-93M-MX) (g/kg) † 

35.0 0 0 35.0 0 0 35.0 0 0 

Vitamin mix 

(AIN-93-VX) ‡ without PK (g/kg) 

- - 10.0 0 0 

Vitamin mix 

(AIN-93-VX) ‡ with PK 
(75 mg/kg mix) (g/kg) 

10.0 0 0 10.0 0 0 - 

L-cystine (g/kg) 1.800 1.800 1.800 
Choline bitartrate (g/kg) 2.500 2.500 2.500 
Tert-butylhydroquinone (TBHQ) (g/kg) 0.008 0.008 0.008 

∗ The composition of selected diets is expressed as g of a specified ingredient per kg of each diet. 
† Mineral mix AIN-93M-MX (reference number: MM0 0 023; Zoolab). 
‡ Vitamin mix AIN-93-VX (reference number: V0 0 025-K; Zoolab).Abbreviation: PK, phylloquinone. 

Fig. 1. Graphical description of the designed experimental groups and dietary details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• The AIN-93M-RICE (−PK) group fed the PK-deficient AIN-93M-

RICE diet with 50% rice flakes without PK supplementation

(n = 16 divided into different measurements, with n = 8 per mea-

surement); 
• The AIN-93M-RICE (−/ + PK) group fed the PK-deficient AIN-

93M-RICE diet with 50% rice flakes without PK supplementation

for the first 5 weeks and then supplemented with a sufficient

amount of PK for the last 5 weeks (n = 16 divided into different

measurements, with n = 8 per measurement). 

Notably, the experimental design comprised two control groups,

AIN-93M ( + PK) and AIN-93M-RICE ( + PK), to ensure that the

replacement of corn starch in AIN-93M ( + PK) with 50% of

rice flakes in AIN-93M-RICE ( + PK) did not affect the measured
end-points and that the effects of dietary PK-deficiency were re-

lated directly to PK deficiency, but not to a rice flake-based

diet. 

Fourteen-week-old dyslipidaemic male E3L.CETP mice

( n = 60) were used to assess whether altered PK intake affects

dyslipidemia-induced endothelial dysfunction. E3L.CETP mice

represent a unique murine model of humanized dyslipidemia

with a human-like lipoprotein profile and metabolism and mild

hypercholesterolemia and hypertriglyceridemia [ 27–30 ]. De-

spite progressing dyslipidemia, E3L.CETP mice do not develop

atherosclerotic plaques unless the high-fat diet is applied [ 29 ].

Obtained results were compared to age-matched normolipidemic

male C57BL/6JCmd mice ( n = 72) treated with the same diets for 10

weeks ( Fig. 1 B): 
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• The C57BL/6J AIN-93M ( + PK) group fed the control AIN-93M

diet supplemented with a sufficient amount of PK (n = 36 di-

vided into different measurements, with n = 6-8 per measure-

ment); 
• The C57BL/6J AIN-93M-RICE (−PK) group fed the PK-deficient

AIN-93M-RICE diet without PK supplementation (n = 36 divided

into different measurements, with n = 6–8 per measurement); 
• The E3L.CETP AIN-93M ( + PK) group of dyslipidaemic mice

fed the control AIN-93M diet supplemented with a sufficient

amount of PK (n = 30 divided into different measurements, with

n = 6–8 per measurement); 
• The E3L.CETP AIN-93M-RICE (−PK) group of dyslipidaemic mice

fed the PK-deficient AIN-93M-RICE diet without PK supplemen-

tation (n = 30 divided into different measurements, with n = 6–8

per measurement). 

The normolipidemic and dyslipidaemic mice were euthanized

at the end of the experimental period using an intraperitoneal (IP)

injection of ketamine (100 mg/kg BW) and xylazine (10 mg/kg

BW), then blood was collected from the right ventricle using

10% dipotassium ethylenediaminetetraacetic acid (K2 EDTA) or 3.8%

sodium citrate as anticoagulants. Plasma was isolated by centrifug-

ing the blood samples at 30 0 0 rpm for 12 min at 4 °C and then
stored at −80 °C until required. Next, the aorta was excised, cleaned

of adherent and perivascular adipose tissue, and prepared for mea-

surement. Part of the aorta was fixed in a 4% buffered formalin

solution without cleaning for immunohistochemical analysis. The

liver was also isolated, washed in ice-cold phosphate buffer saline,

divided into lobes, and immediately frozen at −80 °C until required.
Fecal samples were collected from each cage for vitamin K anal-

ysis within 6 h of changing the cage bedding ( n = 6 per experimen-

tal group collected in three replicates) and stored at −80 °C until
required. 

During the MRI-based in vivo assessment of vascular function,

a few mice did not survive the long-term anesthesia, and their re-

sults were excluded from further analysis ( n = 3 for C57BL/6JCmd

and n = 1 for E3L.CETP). 

All animal procedures were approved by the II Local Ethical

Committee on Animal Testing of the Institute of Pharmacology

at the Polish Academy of Sciences (Krakow, Poland; permit nos.

271/2020 and 180/2021) and performed according to the guide-

lines of the European Parliamentary Directive 2010/63/EU on the

protection of animals used for scientific purposes. 

2.2. Measurement of blood coagulation, biochemical, and 

hematological parameters 

The effect of PK-deficient diets on blood coagulation was

assessed based on the plasma concentration of the thrombin-

antithrombin (TAT) complex quantified using a commercially avail-

able enzyme-linked immunosorbent assay (ELISA) kit (EMT1020-1;

AssayPro, St. Charles, MO, USA) according to the manufacturer’s in-

structions. Thrombin generation was measured using calibrated au-

tomated thrombography (CAT) as previously described [ 37 , 38 ] Fur-

ther details are provided in the Supplementary Materials. 

Plasma triglycerides (TG), total cholesterol (TC), high-density

lipoprotein cholesterol (HDL-C), and liver enzymes such as aspar-

tate aminotransferase (AST) and alanine aminotransferase (ALT)

were biochemically analyzed using a Pentra 400 analyzer (Horiba

Medical, Kyoto, Japan). The non-HDL-C level was calculated by sub-

tracting the HDL-C level from the TC level. 

The serum amyloid A (SAA) concentration was determined in

mouse plasma samples with a commercially available ELISA kit

(ab157723; Abcam, Cambridge, UK) according to the manufac-
turer’s instructions.  
Blood counts were performed in whole murine blood sam-

ples using the scil Vet abc instrument (Horiba Medical). Hema-

tological analysis included the following parameters: red blood

cells, hemoglobin concentration, hematocrit concentration, mean

corpuscular volume, mean corpuscular hemoglobin concentration,

platelets, and white blood cells. 

2.3. In vivo assessment of endothelial function by magnetic 

resonance imaging 

Vascular responses were assessed in vivo using MRI accord-

ing to previously published protocols [ 38–42 ]. Briefly, MRIs were

performed on mice with a 9.4T scanner (BioSpec 94/20 USR;

Bruker BioSpin GmbH, Ettlingen, Germany) under isoflurane anes-

thesia with constant monitoring of body temperature, heart activ-

ity, and respiration. The endothelium-dependent vascular response

to acetylcholine administration (Ach; IP at 16.6 mg/kg BW) and the

endothelium-independent vascular response to sodium nitroprus-

side (SNP; intravenous at 1 mg/kg BW) were assessed in the tho-

racic aorta (ThA) and abdominal aorta (AbA). Flow-mediated va-

sodilation (FMD) was assessed in the femoral artery (FA) after a

short-term vessel occlusion (5 min). The detailed imaging param-

eters and other details of this methodology are described in our

previous studies [ 24 , 25 ] and the Supplementary Materials. 

2.4. Measurement of nitric oxide systemic bioavailability and 

production in aorta 

Systemic NO bioavailability was evaluated based on the plasma

concentrations of NO metabolites, such as nitrite (NO2 
−) and ni-

trate (NO3 
−), using the liquid chromatography-based ENO-20 NOx

Analyzer (Eicom, Kyoto, Japan) as previously described [ 38 , 43 ]. Aor-

tic NO production was quantified using NO spin trapping with

electron paramagnetic resonance (EPR) as previously described

[ 38 ]. Further details are provided in the Supplementary Materials. 

2.5. Prostacyclin measurement 

Prostacyclin (PGI2 ) biosynthesis was assessed based on the

plasma concentration of its stable metabolite 6-keto-prostaglandin

F1 α (6-keto-PGF1 α), which was quantified using a commercially

available ELISA kit (ADI-90 0-0 04; Enzo Life Sciences, Exeter, UK)

according to the manufacturer’s instructions. 

2.6. Hydrogen peroxide measurements 

Production of hydrogen peroxide (H2 O2 ) in aorta was measured

using Amplex Red kit (A22188; AmplexTM Red Hydrogen Perox-

ide/Peroxidase Assay Kit, Invitrogen, Waltham, MA, USA) following

the manufacturer’s instructions. Further details are provided in the

Supplementary Materials. 

2.7. Immunohistochemical analysis of aorta 

Aorta tissue was fixed in formalin, paraffin-embedded, and cut

into 5 μm slices. The aorta tissue slides were deparaffinized,

treated with a citrate buffer-based heat-induced antigen retrieval,

and incubated with a blocking buffer solution containing 2% dry

milk (Gostyn, Poland) and 5% of normal goat serum (Jackson Im-

munoResearch, Cambridgeshire, UK) according to a standard proto-

col. The aorta cross-sections were immunohistochemically stained

using following primary antibodies: gamma-glutamyl carboxylase

(GGCX, 16209-1-AP; Proteintech, Manchester, UK), UbiA prenyl-

transferase domain-containing protein 1 (UBIAD1, ab191691; Ab-
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cam), endothelial nitric oxide synthase (NOS-3, 610296; BD Bio-

sciences) and its phosphorylated form (p-NOS-3, 9571; Cell Signal-

ing Technology), von Willebrand factor (vWF, ab174290; Abcam),

intercellular adhesion molecule 1 (ICAM-1, 14-0542-82; Thermo

Fisher Scientific, Waltham, MA, USA), and vascular cell adhesion

molecule 1 (VCAM-1, MA5-31965; Thermo Fisher Scientific). Sec-

tions were then incubated with appropriate secondary biotinylated

antibodies. Color development was achieved using the ABC-HRP kit

(PK-6100; Vector Laboratories, Burlingame, CA, USA) followed by

incubation with 3,3′ -Diaminobenzidine (DAB). The immunostained

cross-sections were photographed at 100 × magnification using a

BX51 microscope (Olympus, Tokyo, Japan). Immunopositive pixels

were quantified as previously described [ 38 , 41 ]. 

2.8. Vitamin K quantification in plasma, aorta, liver, and feces 

The concentrations of PK, PK epoxide, MK-4, MK-4 epoxide,

MK-5, MK-6, MK-7, MK-9, and coenzyme Q10 (CoQ10) were deter-

mined in the plasma, freshly frozen aorta, incubated aorta, liver,

and feces and samples of the diets using LC-APCI-MS/MS as pre-

viously described [ 35 , 36 ] but with slight modification. The LC-

APCI-MS/MS system comprised an Ultimate 30 0 0 UHPLC (Dionex,

Sunnyvale, CA, USA) liquid chromatograph and TSQ Quantum Ul-

tra triple quadrupole mass spectrometer (Thermo Fisher Scientific).

The best chromatographic analyte separation was achieved on a

reversed-phase pentafluorophenyl analytical column (Kinetex 2.6

μm PFP, 100 Å, 100.0 ×3.0 mm; Phenomenex, Torrance, CA, USA)

using 0.1% formic acid in 2-propanol and 0.1% formic acid in 5 mM

ammonium formate as mobile phases. Detailed descriptions of the

applied chromatographic method and mass spectrometry operation

parameters can be found in our previous studies [ 35 , 36 ] and in the

Supplementary Materials. 
Table 3 
Body weight, selected organ weights, and hematological parameters 

Parameter Experimental groups ∗

AIN-93M ( + PK) AIN-93M-RICE ( + PK

Body and organ 
weights 

Body weight (g) 32.0 (31.3, 32.7) 31.6 (30.7, 32.6) 
Liver (% BW) 4.40 (4.18, 4.62) 4.74 (4.16, 5.33) 
Lungs (% BW) 0.73 (0.64, 0.82) 0.73 (0.68, 0.79) 

Kidneys (% BW) 1.41 (1.37, 1.45) 1.44 (1.32, 1.56) 

Spleen (% BW) 0.36 (0.32, 0.40) 0.39 (0.31, 0.46) 

Heart (% BW) 0.57 (0.55, 0.59) 0.59 (0.56, 0.63) 
Hematology 

RBC (cells/ μL) 9.71 (9.40, 10.03) 9.81 (9.39, 10.23) 

Hgb (g/dL) 14.3 (13.8, 14.8) 14.4 (14.1, 14.8) 

Hct (%) 45.9 (44.4, 47.4) 46.4 (45.0, 47.8) 
MCV (fL) 47.3 (46.9, 47.6) 47.6 (46.8, 48.3) 

MCH (g/dL) 14.7 (14.6, 14.8) 14.7 (14.3, 15.0) 

MCHC (g/dL) 31.2 (30.9, 31.4) 31.0 (30.7, 31.4) 

Plt (cells/ μL) 1162 (994, 1330) 1032 (879, 1185) 

WBC (cells/ μL) 2.73 (2.07, 3.38) 3.10 (2.04, 4.16) 

The results are presented as the mean with 95% CI across 14–15 mice fo

parameters, and are considered statistically significant ( † ) at P ≤.05. 
∗ Experimental group description: AIN-93M ( + PK), mice were fed a c

93M-RICE ( + PK), mice were fed a PK-deficient diet with 50% rice flake
PK-deficient diet with 50% rice flakes without PK supplementation; AIN

rice flakes without PK supplementation for the first 5 weeks and with P

weight; Hct, hematocrit; Hgb, hemoglobin; MCH, mean corpuscular he

MCV, mean corpuscular volume; Plt, platelets; RBC, red blood cell; WBC
2.9. Assessment of phylloquinone uptake and its intravascular 

conversion to menaquinone-4 

The whole aorta was isolated, cleaned of fat and adherent tis-

sues, and incubated in minimum essential medium supplemented

with 20% fetal bovine serum and 3 µM PK. After a 24-h incuba-

tion, the aorta was drained, and the tissue was weighed, immersed

in 500 µL ethanol, and immediately frozen in liquid nitrogen. The

samples were stored at −80 °C until LC-APCI-MS/MS analysis. 

2.10. Gut microbiota composition analysis 

During necropsy, feces were collected from mice ( n = 6 per ex-

perimental group), immediately weighed, and divided into two

equal parts. One part was used for quantitative microbiological cul-

tures using classical methods. The other part was used for next-

generation sequencing (NGS) analysis. Further details are provided

in the Supplementary Materials. 

2.11. Statistical analysis 

Data are presented as the mean with 95% confidence interval

(CI) and plotted using GraphPad Prism 8.2.1 software (GraphPad

Software Inc., La Jolla, CA, USA). All quantitative data were sta-

tistically assessed for normality using the Shapiro–Wilk test and

variance homogeneity using Levene’s test. Data were compared

between groups using suitable parametric (t-test or analysis of

variance with Tukey’s post-hoc tests) or nonparametric (Mann–

Whitney U and Kruskal–Wallis tests) tests in Statistica 13.1 soft-

ware (Statistica, Tulsa, OK, USA). The different levels of statistical

significance are indicated on a three-cutoff p -value scale: ∗, P ≤
.05; ∗∗, P < .01; ∗∗∗, P < .001. The experimental mouse groups
) AIN-93M-RICE (−PK) AIN-93M-RICE (−/ + PK) 

32.4 (31.2, 33.6) 29.7 (28.2, 31.2)† 

4.85 (4.50, 5.21) 4.14 (3.30, 4.98) 
0.69 (0.61, 0.77) 0.77 (0.68, 0.86) 

1.39 (1.32, 1.47) 1.37 (1.32, 1.42) 

0.34 (0.29, 0.39) 0.35 (0.31, 0.39) 

0.54 (0.49, 0.59) 0.56 (0.52, 0.61) 

9.94 (9.57, 10.3) 9.91 (9.35, 10.5) 

14.5 (14.0, 14.9) 14.3 (13.8, 14.9) 

46.7 (45.1, 48.3) 46.6 (44.7, 48.6) 
47.0 (47.0, 47.0) 47.0 (45.4, 49.6) 

14.6 (14.4, 14.7) 14.5 (14.1, 14.8) 

31.0 (30.8, 31.2) 30.7 (30.4, 30.9) 

1132 (1036, 1228) 1033 (868, 1198) 

3.05 (2.29, 3.81) 2.95 (2.07, 3.83) 

r body weight and 7–8 mice for organ weights and hematological 

ontrol diet without rice flakes and supplemented with PK; AIN- 
s supplemented with PK; AIN-93M-RICE (−PK), mice were fed a 
-93M-RICE (−/ + PK), mice were fed a PK-deficient diet with 50% 

K supplementation for the last 5 weeks.Abbreviations: BW, body 

moglobin; MCHC, mean corpuscular hemoglobin concentration; 

, white blood cell. 
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Fig. 2. Lack of effects of dietary phylloquinone deficiency on coagulation and basic biochemical parameters in normolipidemic mice. Coagulation system activity was evaluated 

based on thrombin-antithrombin (TAT) complex concentrations (A) determined in citrated murine plasma. Lipid profiles (B-E) and the levels of the liver enzymes aspartate 

aminotransferase (AST; F) and alanine aminotransferase (ALT; G), and serum amyloid-A (SAA; H) were measured in murine plasma collected using K2 EDTA. The results are 

presented as the mean with 95% CI. Seven to eight mice were examined per experimental group. Key: ∗ , P ≤.05; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with undetectable measured parameter levels or < 3 measured val-

ues per group were excluded from the statistical analysis. 

3. Results 

3.1. Effects of dietary phylloquinone deficiency on basic biochemical 

and hematological parameters 

Normolipidemic (C57BL/6JCmd) mice fed a PK-deficient diet for

10 weeks ( Table 2 ) remained in a generally healthy condition with-

out changes in BW ( Table 3 ) or basic hematological parameters

( Table 3 ). Normolipidemic mice also did not show altered thrombin

activity, as indicated by the unchanged plasma TAT complex con-

centration ( Fig. 2 A). Their plasma levels of TG and HDL-C ( Fig. 2 B,

D) and liver enzymes AST, ALT, and SAA ( Fig. 2 F-H) were also unaf-
fected. However, PK deficiency increased TC and non-HDL-C levels

(AIN-93M ( + PK) vs. AIN-93M-RICE (−PK): 3.04 vs. 3.50 mmol/L for

TC and 1.51 vs. 1.80 mmol/L for non-HDL-C; Fig. 2 C, E). 

3.2. Effects of dietary phylloquinone deficiency and its 

supplementation on endothelial function 

Normolipidemic mice fed a PK-deficient diet for 5 weeks

showed significant and comparable impairment of endothelium-

dependent vasodilation ( Fig. 3 A-C), in the thoracic aorta, abdomi-

nal aorta and the femoral artery as indicated by Ach-induced re-

sponse in the ThA (7.49% in AIN-93M ( + PK) vs. −1.35% in AIN-

93M-RICE (−PK)) and in the AbA (6.59% in AIN-93M ( + PK) vs. –

2.35% in AIN-93M-RICE (−PK)) as well as FMD in the FA (35.10% in

AIN-93M ( + PK) vs. 18.22% in AIN-93M-RICE (−PK)). The SNP-
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Fig. 3. Detrimental effects of dietary phylloquinone deficiency on endothelial function in normolipidemic mice and its reversal by phylloquinone supplementation. 

Endothelium-dependent vasodilation was assessed in vivo by magnetic resonance imaging (MRI) as the response to acetylcholine (Ach) administration in the thoracic aorta 

(ThA; A, F) and abdominal aorta (AbA; B, G) and flow-mediated dilatation (FMD) in the femoral artery (FA; C, H). Endothelium-independent vasodilation was evaluated by the 

response to sodium nitroprusside (SNP) administration in the ThA (D, I) and AbA (E, J). MRIs were performed 5 weeks (A–E) and 10 weeks (F–J) after starting the diet. The 

results are presented as the mean with 95% CI. Five to six mice were examined per experimental group. Key: ∗ , P ≤.05; ∗∗∗ , P < .001. 
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Fig. 4. Effects of dietary phylloquinone deficiency on phylloquinone and menaquinone-4 levels in the plasma, aorta and liver in normolipidemic mice. PK and MK-4 concen- 

trations were determined in murine plasma (A, D), aorta (B, E), and liver (C, F). The results are presented as the mean with 95% CI. Six to eight mice were examined per 

experimental group. Key: ∗ , P ≤.05; ∗∗ , P < .01; ∗∗∗ , P < .001; ND, not detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

induced endothelium-independent vasodilation in the ThA and

AbA was unaffected by dietary PK deficiency ( Fig. 3 D, E). Subse-

quently feeding normolipidemic mice fed a PK-deficient diet with

a PK-sufficient diet for the 5 weeks completely reversed the en-

dothelial dysfunction induced by dietary PK deficiency ( Fig. 3 F-H),

as indicated by an improved Ach-ThA response (from −3.27% in

AIN-93M-RICE (−PK) to 6.69% in AIN-93M-RICE (−/ + PK)), Ach-AbA

response (from −4.18% in AIN-93M-RICE (−PK) to 6.45% in AIN-

93M-RICE (−/ + PK)), and FMD-FA response (from 17.86% in AIN-

93M-RICE (−PK) to 35.96% in AIN-93M-RICE (−/ + PK)). These va-

sodilatory responses were comparable to those achieved in mice

fed the control diet. Mice fed the PK-sufficient AIN-93M-RICE

( + PK) diet containing 50% rice flakes had normal endothelial func-

tions in the ThA , AbA , and FA comparable to mice fed the con-

trol AIN-93M ( + PK) diet without rice flakes but with a similar PK

content, further supporting the conclusion that the observed differ-

ences in endothelial function were due to PK content not to other

factors. 

Furthermore, the plasma NO3 
−level was lower in mice with

dietary PK deficiency (23.65 µM in AIN-93M ( + PK) vs. 10.99

µM in AIN-93M-RICE (−PK)) and reversed by PK supplementa-

tion (18.17 µM in AIN-93M-RICE (−/ + PK); Supplementary Fig.

1B). While comparing two experimental groups, namely AIN-93M

( + PK) vs. AIN-93M-RICE (−PK), aortic NO production assessed ex

vivo by EPR was significantly reduced in mice with dietary PK de-

ficiency (Supplementary Fig. 1E), and lower NO production was

reversed by PK supplementation in AIN-93M-RICE (−/ + PK) group

(Supplementary Fig. 1D). In contrast, aortic NOS-3 expression as-

sessed by immunohistochemistry was not changed in mice with

dietary PK deficiency Supplementary Fig. 1F, G), and p-NOS-3
did not show consistent results (Supplementary Fig. 1H, I). PGI2
biosynthesis, as indicated by plasma 6-keto-PGF1 α levels (Supple-

mentary Fig. 2A), and pro-inflammatory factors measured in aorta,

including vWF, ICAM-1, and VCAM-1 were also not significantly al-

tered in either experimental group (Supplementary Fig. 2B-D). 

3.3. Effects of dietary phylloquinone deficiency and its 

supplementation on phylloquinone liver content and intravascular 

menaquinone-4 biosynthesis 

Dietary PK deficiency significantly decreased liver PK levels in

normolipidemic mice below the detection limit ( < 0.17 pg/mg),

with a similar effect observed in plasma ( < 0.05 ng/mL; Fig. 4 A, C).

In contrast, plasma and liver MK-4 levels were undetectable in all

experimental groups ( < 0.05 ng/mL and < 0.17 pg/mg, respectively;

Fig. 4 D, F). The PK level was undetectable in the aorta ( < 3.57

pg/mg; Fig. 4 B), but the aortic MK-4 level was quantifiable and re-

duced by dietary PK deficiency (0.038 ng/mg of tissue in AIN-93M

( + PK) vs. 0.020 ng/mg of tissue in AIN-93M-RICE (−PK); Fig. 4 E).

The reduced plasma and liver PK levels and aorta MK-4 levels in

mice due to dietary PK deficiency were fully restored after 5 weeks

of PK supplementation at ∼91.2 µg/kg BW per day (see Section 2.1),

reaching 0.37 ng/mL for plasma PK, 0.011 ng/mg of tissue for liver

PK, and 0.036 ng/mg of tissue for aortic MK-4 in the AIN-93M-RICE

(−/ + PK) experimental group ( Fig. 4 ). 

Incubation of the aorta with PK increased the intravascular con-

tent of PK to detectable levels and increased the content of MK-4,

indicating PK uptake by the vascular wall ( Fig. 5 A) and its intravas-

cular conversion to MK-4 ( Fig. 5 B). In addition, PK-2,3-epoxide lev-

els were increased and quantifiable in the aorta incubated with PK
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Fig. 5. Conversion of phylloquinone to menaquinone-4 in the vascular wall ex vivo and lack of effects of dietary phylloquinone deficiency on menaquinone biosynthesis by 

gut microbiota in normolipidemic mice. Phylloquinone (PK) uptake (A, C) and conversion to menaquinone-4 (MK-4; B) in the vascular wall were evaluated ex vivo after a 24-h 

incubation of aorta collected from mice fed a PK-deficient diet with 3 µM PK. Vitamin K biosynthesis by gut microbiota was assessed based on PK, MK-4, MK-5, MK-6, MK-7, 

and MK-9 levels in murine feces (D-I). Since the MK content in feces was not quantifiable in all samples, the number of analyzed samples per group is shown in blue. Six 

mice were examined per experimental group. The results are presented as the mean with 95% CI. Key: ∗ , P ≤.05; ND, not detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Fig. 5 C), while MK-4 2,3-epoxide remained undetectable ( < 71.43

pg/mg of tissue). 

3.4. Effects of dietary phylloquinone deficiency on menaquinones 

production by gut microbiota 

In murine feces, MK-6 and MK-9 had the highest levels, while

MK-4, MK-5, and MK-7 were either undetected or were near the

detection limit (0.50, 5.00, and 2.50 pg/mg, respectively; Fig. 5 E-I).

The PK-deficient diet did not significantly alter fecal MK-6, MK-9,

MK-5, or MK-7 levels. PK was quantifiable in fecal samples from

mice fed a PK-sufficient diet but not detected in fecal samples from

mice fed a PK-deficient diet ( < 0.50 pg/mg; Fig. 5 D). 

Dietary PK deficiency did not significantly alter the murine gut

microbiome composition ( Fig. 6 and Supplementary Fig. 3). The

culturing method indicated that the most abundant phyla were, in
decreasing order, Firmicutes, Bacteroidota, Proteobacteria , and Acti-

nobacteria . The NGS analysis indicated that the most abundant

phyla were Bacteroidota, Firmicutes, Proteobacteria , and Actinobac-

teria . The lower abundance of the Bacteroidota phylum with the

culturing method compared to the NGS method could reflect the

difficulties in culturing living Bacteroidota bacteria, which did not

affect the NGS analysis since it examined all DNA in the sample,

including that from nonliving bacteria. The detailed taxonomical

classification of the gut microbiome of each experimental group is

shown in Supplementary Tables 1 and 2. 

3.5. Effects of dietary phylloquinone deficiency on endothelial 

function in dyslipidaemic mice 

The dyslipidaemic E3L.CETP mice with hypercholesterolemia

and hypertriglyceridemia (Supplementary Fig. 4C-F) showed pre-
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Fig. 6. Lack of effects of dietary phylloquinone deficiency on murine gut microbiota composition at the phylum level in normolipidemic mice. Gut microbiota composition was 

evaluated using the culturing method as a fraction of that particular phylum in the total number of colonies (A) and by next-generation sequencing (NGS) analysis expressed 

as a relative abundance percentage (B). Six mice were examined per experimental group. 
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Fig. 7. Detrimental effects of dietary phylloquinone deficiency on endothelial function in dyslipidaemic mice. Endothelium-dependent vasodilation was assessed in vivo by 

magnetic resonance imaging (MRI) as the response to acetylcholine (Ach) administration in the thoracic aorta (ThA; A) and abdominal aorta (AbA; B) and flow-mediated 

dilataion (FMD) in the femoral artery (FA; C). Endothelium-independent vasodilation was evaluated as the response to sodium nitroprusside (SNP) administration in the ThA 

(D) and AbA (E). MRIs were performed 10 weeks after starting the diet. The PK concentration was determined in murine plasma (F) and liver (G). The results are presented as 

the mean with 95% CI. Five to eight mice were examined per experimental group. Key: ∗∗ , P < .01; ∗∗∗ , P < .001; ND, not detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

existing endothelial dysfunction ( Fig. 7 ), as indicated by impaired

endothelium-dependent vasodilation in the thoracic aorta ( Fig. 7 A)

and abdominal aorta ( Fig. 7 B) and the femoral artery ( Fig. 7 C),

while endothelium-independent vasodilation in the thoracic and

abdominal aorta in response to SNP was fully preserved ( Fig. 7 D,

E). Feeding the dyslipidaemic mice a PK-deficient diet for 10 weeks

further impaired their endothelial function ( Fig. 7 A-C), as indicated

by further deterioration of the Ach-ThA response (from −3.49% in

E3L.CETP AIN-93M ( + PK) to −7.66% in E3L.CETP AIN-93M (−PK)

and FMD-FA response (from 21.09% in E3L.CETP AIN-93M ( + PK) to

15.02% in E3L.CETP AIN-93M (−PK)). 
Similarly to normolipidemic mice, dietary PK deficiency did not

affect coagulation processes in dyslipidaemic mice, as indicated

by unchanged plasma TAT complex concentrations (Supplementary

Fig. 4A) and thrombin production assessed by CAT with the lag-

time parameter (Supplementary Fig. 4B). 

Notably, liver PK basal levels were significantly lower in dyslip-

idaemic mice (0.004 ng/mg of tissue in E3L.CETP AIN-93M ( + PK))

than in normolipidemic mice (0.012 ng/mg of tissue in C57BL/6J

AIN-93M ( + PK); Fig. 7 G), while their plasma PK levels were com-

parable ( Fig. 7 F). When dyslipidaemic mice were fed the PK-

deficient diet they displayed significantly lower and undetectable
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liver and plasma PK levels ( Fig. 7 F, G), similar to normolipidemic

mice fed the PK-deficient diet. 

3.6. Effects of dietary phylloquinone deficiency on aortic 

gamma-glutamyl carboxylase expression in normolipidemic and 

dyslipidaemic mice 

Dietary PK deficiency did not significantly alter aortic GGCX

protein expression in normolipidemic mice (Supplementary Fig.

5A). Aortic GGCX protein expression was lower in dyslipidaemic

mice than in normolipidemic mice but was unaffected by dietary

PK deficiency itself (Supplementary Fig. 5B). The aortic expression

of UBIAD1 was also not altered by PK deficiency (Supplementary

Fig. 5C, D). 

4. Discussion 

In this study, we experimentally demonstrated that dietary

PK maintains endothelial function. To our knowledge, we re-

ported here for the first time that dietary PK deficiency in nor-

molipidemic mice impaired endothelium-dependent vasodilation

and exacerbated preexisting endothelial dysfunction in dyslipi-

daemic E3L.CETP mice. Importantly, dietary PK deficiency-induced

endothelial dysfunction in normolipidemic mice was completely

restored by PK supplementation. Since the primary source of PK

in humans is diet, and in the general population a low plasma

PK level might be a frequent phenomenon [ 17 , 44 ] correlating with

cardiovascular risks in some patient groups [ 19 , 20 ], we conclude

that adequate dietary PK intake is essential for maintaining healthy

endothelial function under normolipidemic and dyslipidaemic con-

ditions. Therefore, ensuring adequate dietary PK intake or consid-

ering therapeutic supplementation with exogenous PK might rep-

resent an effective approach to support endothelial function in hu-

mans. 

In our study, a controlled state of dietary PK deficiency in

mice was induced by a specially designed PK-deficient diet based

on previous studies [ 33 , 34 ], that resulted in endothelial dysfunc-

tion. Interestingly, dietary PK deficiency impaired vasodilation in

response to Ach in the ThA and AbA and the FMD response in

the FA to similar degrees, unlike other vascular pathologies such

as those induced by a high-fat diet [ 25 ] and chronic heart fail-

ure [ 40 ], showing a heterogeneity in vascular functional responses.

Here, dietary PK deficiency induced endothelial dysfunction equally

in the ThA , AbA , and FA with a preserved vascular SNP response,

that indicates the importance of PK specifically in maintaining

endothelium-dependent vasodilation in distinct parts of the vascu-

lar tree. The adverse effect of dietary PK deficiency on endothelial

function in mice may be attributed directly to insufficient PK con-

tent in the diet since PK supplementation fully restored endothelial

function to physiological baseline levels. To extend our finding on

the effects of dietary PK deficiency on endothelial function found

in normolipidemic mice to dyslipidaemic condition, we used hu-

manized murine model of dyslipidemia represented by E3L.CETP

mice [ 27–30 ]. Our study shows that dietary PK deficiency exacer-

bated pre-existing endothelial dysfunction in E3L.CETP mice, indi-

cating the importance of PK in maintaining endothelial function

not only in normolipidemic but also in dyslipidaemic conditions.

Our results are further supported by a recent report indicating that

PK supplementation in ApoE/LDLR−/− mice, another model of dys-

lipidemia, improved endothelial function [ 45 ] reinforcing the no-

tion that PK maintains endothelial function also in dyslipidaemic

conditions. 

Impaired endothelium-dependent vasodilation in vivo induced

by dietary PK deficiency was associated with reduced plasma NO3 
−

levels, a phenomenon that was completely restored by PK supple-
mentation suggesting that impaired NO-dependent function by di-

etary PK deficiency was compensated by activation of the NO3 
−

reductive pathway to increase systemic NO bioavailability [ 40 ]. NO

production in aorta assessed ex vivo by EPR was also reduced by

dietary PK deficiency, but this difference was observed only when

two experimental groups were compared (Supplementary Fig. 1E).

Aortic expression of NOS-3 remained unchanged, and phosphory-

lated NOS-3 did not show consistent changes in dietary PK defi-

ciency group. The results showing clear-cut changes in functional

NO-dependent response in vivo , that were not associated with sig-

nificant changes in plasma nitrite levels, aortic NO production, or

NOS-3 expression seem to be compatible with our previous stud-

ies. Indeed, in other murine models of endothelial dysfunction,

MRI-based functional assays for testing NO-dependent vasodila-

tion in vivo was more sensitive in detecting endothelial dysfunction

than plasma NO metabolites measurements, ex vivo production of

NO in aorta or vascular NOS-3 expression [ 25 , 40 ]. 

Our results showing PK-mediated improvement in NO-

dependent endothelial function stay in contrast with some

previous reports indicating that PK impaired NO-dependent va-

sodilation ex vivo in rat carotid arteries [ 46 , 47 ], and impaired NO

bioavailability [ 46 ]. In addition, Nolan et al. showed that PK inhib-

ited vasoactive PGI2 and prostaglandin E2 biosynthesis in vitro in

bovine aortic endothelial cells [ 48 ], while in our study PGI2 biosyn-

thesis was not affected by dietary PK deficiency (Supplementary

Fig. 2A). However, our study is compatible with a previous report

showing that high dose of PK activated NOS pathway resulting

in hypotension in rats in vivo [ 49 ] , and improved NO-dependent

function in ApoE/LDLR−/− mice in vivo [ 45 ]. Altogether, it seems

that the in vivo vascular effects of PK on NO-dependent function

cannot be fully recapitulated in vitro , in cultured endothelial

cells, for example due to the detrimental pro-oxidative effects of

menadione present in micromolar concentrations under in vitro

experimental conditions [ 3 , 46 ]. 

Although, we clearly demonstrated the role of PK in maintain-

ing endothelial function, we did not determined mechanisms in-

volved, which can be mediated either by vitamin K-dependent

proteins (VKDPs) or noncanonical pathways. Mechanisms of extra-

hepatic vitamin K activity were previously associated with vita-

min K-dependent carboxylation of matrix Gla protein (MGP), os-

teocalcin (OS), growth arrest-specific 6 (GAS6), periostin (POSTN),

and others [ 12 , 13 , 50 ]. Indeed, there is evidence that VKDPs regu-

lated by MKs [ 51–54 ] could also be targeted by PK [ 51 , 52 , 54 , 55 ].

In our study, vascular GCCX protein expression was not consis-

tently changed by a PK-deficient diet (Supplementary Fig. 5A, B),

that partially could exclude the involvement of vascular VKDPs in

endothelial function regulation by PK. Vitamin K can also act in

extrahepatic tissues via noncanonical mechanisms independent of

VKDPs, such as regulating transcription factors [steroid and xeno-

biotic receptor (SXR) and nuclear factor kappa B (NF- κB)] [ 36 , 53 ],
regulating electron carriers in mitochondria [ 11 , 56 ], or suppress-

ing ferroptosis [ 57 ] via the ferroptosis suppressor protein 1 (FSP1)-

dependent noncanonical vitamin K cycle [ 58 ] with the involvement

of VKORC1L1 [ 59 ]. Furthermore, vitamin K displayed protective ef-

fects in endothelium via antisenescence effects attributed to de-

creasing DNA damage and the modulation of NF- κB activation [ 45 ].
Interestingly, in our work, the aortic CoQ10 level was decreased

in mice fed a PK-deficient diet (Supplementary Fig. 6B), poten-

tially suggesting oxidative stress [ 60 ], NOS-3 uncoupling [ 61 ], or

the compensatory utilization of CoQ10 to replace PK in noncanon-

ical mechanisms [ 56 , 58 ]. On the other hand, we observed neither

activation of vascular oxidative stress measured as aortic produc-

tion of H2 O2 (Supplementary Fig. 7), nor endothelial inflamma-

tion assessed by the expression of ICAM-1 and VCAM-1 in aorta

(Supplementary Fig. 2C, D). Accordingly, further studies are needed
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to identify the biochemical pathway responsible for the effect of

PK on NO-dependent function demonstrated here. However, short-

term dietary PK deficiency inducing endothelial dysfunction was

not associated with coagulation disorders, unlike in some previous

studies with dietary PK deficiency models [ 34 ] or pharmacologi-

cally induced vitamin K deficiency by vitamin K antagonists [ 62 ],

also in germ-free animals [ 63 , 64 ] and animals kept in metabolic

cages with limited coprophagy [ 65 ]. It is highly probable, that in

our model of PK deficiency, as we did not limit coprophagy, co-

agulation was maintained by gut microbiota-derived MKs, which,

like PK, can post-translationally regulate coagulation factor synthe-

sis in the liver [ 66 ]. Therefore, using this experimental approach,

we demonstrated the specific endothelial effects of short-term di-

etary PK deficiency that were unrelated to the overt functional de-

ficiency of coagulation factor synthesis in the liver supported by

vitamin K, either by PK or by MKs. 

In the present work, we were not able to finally determine,

whether the regulation of NO-dependent endothelial function was

achieved by direct PK action or indirect action of PK via intravas-

cular MK-4 synthesis. PK deficiency could possibly limit vascular

capacity to produce MK-4, that similarly to MK-7, improves NO-

dependent function [ 35 , 45 ]. While it was previously reported that

dietary PK could be converted to MK-4 in the intestine [ 67 ], brain

[ 68 ], kidney [ 69 ], macrophages [ 36 ], or aorta [ 70 ] our findings ex-

tend this knowledge by showing that the aortic MK-4 level was de-

creased in mice fed PK-deficient diet in vivo , and this fall was fully

reversed by PK supplementation. Interestingly, UBIAD1 expression

in aorta remained unchanged in response to dietary PK deficiency

(Supplementary Fig. 5C, D). However, we directly showed that ex-

ogenous PK was converted into endogenous MK-4 in aorta ex vivo ,

indicating that endogenous MK-4 can be generated from exoge-

nous PK in the aorta. Accordingly, endogenous MK-4 formed after

intravascular conversion of PK could be responsible for the bene-

ficial effect of exogenous PK supplementation, but the direct vas-

cular PK activity cannot be excluded. Altogether, we are tempted

to speculate that both PK and MKs may support vascular home-

ostasis, and their relative roles might be related to their availabil-

ity in endothelium and vascular wall. Of note, MK-4 biosynthesis

from PK-derived menadione generated in the intestine or vascula-

ture should be also considered [ 71 , 72 ]. 

Yet, we excluded the role of endogenous microbiota-derived

MKs in the vascular effects of exogenous PK since the composition

of gut microbiota and gut microbiota-derived MKs levels measured

in feces were unchanged by a PK-deficient diet, and importantly

did not contain significant MK-4 levels. The most abundant MKs in

feces was MK-6, and the sum of microbiota-derived MKs in feces

was much above the level of PK in mice fed PK-sufficient diet. De-

spite this, MK-6 and other long-chain MKs derived from microbiota

could not replace PK action to maintain endothelial function. 

In our study, when E3L.CETP mice were fed a PK-sufficient diet,

plasma PK levels were preserved but in their liver PK levels were

reduced. These findings most likely reflected a delayed ApoE- and

LDLR-mediated clearance pathway for non-HDL-C lipoproteins in

this model [ 73 ], a major pathway delivering PK to the liver. Given

the delayed ApoE- and LDLR-mediated clearance observed in pa-

tients with familial dysbetalipoproteinemia carrying the APOE∗3-
Leiden variant of the APOE gene [ 29 , 30 , 74 , 75 ], which may also oc-

cur in any form of aberrant ApoE-mediated liver lipoprotein up-

take, it might well be that humans with these conditions have de-

ficient liver PK content but normal plasma PK content. If so, it is

tempting to speculate that prolonged low dietary PK intake may

impair the liver’s buffering capacity to maintain vascular PK deliv-

ery. 

Importantly, our results suggesting that dietary PK maintains

endothelial function are consistent with clinical studies reporting
that a low level of circulating PK was associated with vascular

pathophysiological states, including increased CVD risk and coro-

nary artery calcification progression in patients treated for hyper-

tension [ 19 , 20 ], and a higher rate of all-cause mortality [ 76 ]. Fur-

thermore, our results suggest that improved endothelial function

due to PK intake could have contributed to the overall improve-

ment in vascular health previously described in various clinical tri-

als with PK intake [ 16 , 21 , 51 , 77 ]. 

Obviously, clinical studies in humans are needed to provide un-

equivocal evidence that dietary PK maintains endothelial function

in normolipidemic and dyslipidaemic humans, and to find out the

optimal dose of PK to maintain endothelial function in patients.

PK nutritional requirement set to 1 µg/kg BW by European Food

Safety Authority (EFSA) [ 2 ] was established based on its role in

coagulation processes and may be too low for optimal PK effects

on vascular health [ 52 , 78 , 79 ] as also suggested recently by Schultz

et al. [ 18 ]. Given that low plasma PK concentrations in humans

were associated with higher cardiovascular risk [ 19 , 20 ], preserv-

ing endothelial and vascular health might indeed require higher

PK doses than the established human PK nutritional requirement

that is most likely met in the general population and should be

reconsidered [ 2 ]. 

Of note, in our work, basal plasma concentration of PK in mice

fed PK-sufficient diet was in the range 0.28 ng/mL to 0.35 ng/mL,

and after reversal of PK deficiency was equal to 0.37 ng/mL; the

endothelial dysfunction was present when PK plasma level was

very low but preserved when PK levels were ∼0.3 ng/mL. In hu-

mans, a wide variation in plasma PK concentrations, was reported

ranging from 0.22 to 3.95 nmol/L (equal to 0.10–1.78 ng/mL) [ 44 ],

suggesting that lower plasma PK levels may be quite common [ 44 ].

Importantly, Wei et al. demonstrated that low plasma PK ( < 0.26

ng/mL; quartile 1) was associated with a significantly higher risk

of ischemic stroke as compared with patients with higher plasma

PK ( ≥1.08; quartile 4) [ 80 ]. The most striking example of deficient

vitamin K intake could be related to hemodialysis situation asso-

ciated with low PK level [ 81 ], that could contribute to endothe-

lial dysfunction and cardiovascular pathology, consistent with the

beneficial cardiovascular effects of PK supplementation in patients

with chronic kidney disease [ 82 , 83 ] 

Taken together, our study expanded the well-known list of di-

etary PK deficiency consequences [ 3 ] with a new element, namely

impaired NO-dependent endothelial function. While endothelial

function is not measured routinely in patients, there is overwhelm-

ing evidence that impaired endothelial-dependent vasodilation is

the early hallmark of CVDs [ 22 ], and improved endothelial func-

tion reduces cardiovascular morbidity and mortality [ 84 ]. There-

fore, returning to the seminal concept of Casimir Funk, elaborated

nearly 100 years ago, identifying dietetic factors whose deficiency

causes ‘deficiency disorders’, such as beriberi, scurvy, rickets, and

pellagra [ 85 , 86 ], we suggest that inadequate dietary intake of PK,

the primary source of vitamin K in humans, may lead to endothe-

lial dysfunction. Therefore, PK has joined the group of vitamins,

their metabolites, and nutraceuticals preserving endothelial func-

tion [ 87–90 ]. 

In conclusion, this study showed that PK plays a vital role in

maintaining NO-dependent endothelial function in normolipidemic

and dyslipidaemic mice either via the direct action of exogenous

PK-mediated activity or intravascularly biosynthesized MK-4. How-

ever, MKs synthesized by gut microbiota were not involved. Fur-

ther studies are needed to determine the specific mechanisms in-

volved in PK-associated endothelial protection and whether the

PK-induced improvement in NO-dependent endothelial function

shares the same mechanism as MKs [ 35 ]. Whatever the mecha-

nistic conclusion is, the improvement in NO-dependent endothelial

function associated with PK intake clearly emphasizes the role of
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dietary PK in maintaining vascular health. Accordingly, PK given as

a nutritional or therapeutic regimen may improve NO-dependent

endothelial function in the general population and patients with

CVD or other conditions with low plasma PK levels and impaired

endothelial function. 
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[24] Bar A, Skórka T, Jasiński K, Sternak M, Bartel Ż, Tyrankiewicz U, et al. Ret-
rospectively gated MRI for in vivo assessment of endothelium-dependent va-

sodilatation and endothelial permeability in murine models of endothelial dys-
function. NMR Biomed 2016;29:1088–97. doi: 10.1002/nbm.3567 . 

[25] Bar A, Kieronska-Rudek A, Proniewski B, Suraj-Prazmowska J, Czamara K, Mar-

czyk B, et al. In vivo magnetic resonance imaging-based detection of hetero-

https://BioRender.com/g62i032
https://doi.org/10.1016/j.jnutbio.2025.109867
https://doi.org/10.1016/S0083-6729(07)00005-2
https://doi.org/10.2903/j.efsa.2017.4780
https://doi.org/10.1093/nutrit/nuab061
https://doi.org/10.1016/S0304-4165(02)00147-2
https://doi.org/10.3390/nu8030141
https://doi.org/10.1016/S1569-1993(03)00025-0
https://doi.org/10.1093/jn/126.suppl_4.1192s
https://doi.org/10.1146/annurev-nutr-080508-141217
https://doi.org/10.3945/an.111.001800
https://doi.org/10.1093/ajcn/67.6.1226
https://doi.org/10.1194/jlr.R045559
https://doi.org/10.3390/nu12010138
https://doi.org/10.3390/foods10123136
https://doi.org/10.1093/aje/kwm306
https://doi.org/10.1093/jn/134.11.3100
https://doi.org/10.3945/jn.113.187740
https://doi.org/10.1161/JAHA.120.020551
https://doi.org/10.1161/ATVBAHA.123.320271
https://doi.org/10.3945/jn.117.249375
https://doi.org/10.3945/ajcn.112.056101
https://doi.org/10.1093/ajcn/nqab306
https://doi.org/10.1016/j.freeradbiomed.2020.02.026
http://refhub.elsevier.com/S0955-2863(25)00030-0/sbref0023
https://doi.org/10.1002/nbm.3567


A. Kij, A. Kieronska-Rudek, A. Bar et al. / Journal of Nutritional Biochemistry 140 (2025) 109867 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

geneous endothelial response in thoracic and abdominal aorta to short-term
high-fat diet ascribed to differences in perivascular adipose tissue in mice. J

Am Heart Assoc 2020;9:e016929. doi: 10.1161/JAHA.120.016929 . 
[26] Kaesler N, Schreibing F, Speer T, la Puente-Secades S de, Rapp N, Drechsler C,

et al. Altered vitamin K biodistribution and metabolism in experimental and
human chronic kidney disease. Kidney Int 2022;101:338–48. doi: 10.1016/J.

KINT.2021.10.029 . 

[27] van den Hoek AM, van der Hoorn JWA, Maas AC, van den Hoogen RM, van
Nieuwkoop A, Droog S, et al. APOE∗3Leiden.CETP transgenic mice as model for

pharmaceutical treatment of the metabolic syndrome. Diabetes, Obes Metab
2014;16:537–44. doi: 10.1111/dom.12252 . 

[28] Kühnast S, Fiocco M, van der Hoorn JWA, Princen HMG, Jukema JW. Innova-
tive pharmaceutical interventions in cardiovascular disease: focusing on the

contribution of non-HDL-C/LDL-C-lowering versus HDL-C-raising: a systematic

review and meta-analysis of relevant preclinical studies and clinical trials. Eur
J Pharmacol 2015;763:48–63. doi: 10.1016/j.ejphar.2015.03.089 . 

[29] Westerterp M, van der Hoogt CC, de Haan W, Offerman EH, Dallinga-Thie GM,
Jukema JW, et al. Cholesteryl ester transfer protein decreases high-density

lipoprotein and severely aggravates atherosclerosis in APOE∗3-Leiden mice. Ar-
terioscler Thromb Vasc Biol 2006;26:2552–9. doi: 10.1161/01.ATV.0000243925.

65265.3c . 

[30] Zadelaar S, Kleemann R, Verschuren L, de Vries-Van der Weij J, dan der
Hoorn J, Princen HM, et al. Mouse models for atherosclerosis and pharmaceu-

tical modifiers. Arterioscler Thromb Vasc Biol 2007;27:1706–21. doi: 10.1161/
ATVBAHA.107.142570 . 

[31] Ellis JL, Karl JP, Oliverio AM, Fu X, Soares JW, Wolfe BE, et al. Dietary vitamin
K is remodeled by gut microbiota and influences community composition. Gut

Microbes 2021;13:1–16. doi: 10.1080/19490976.2021.1887721 . 

[32] Fu X, Booth SL, Smith DE. Vitamin K contents of rodent diets: A review. J Am
Assoc Lab Anim Sci 2007;46:8–12 . 

[33] Reeves PG, Nielsen FH, Fahey GC. AIN-93 purified diets for laboratory rodents:
final report of the American Institute of Nutrition ad hoc writing committee

on the reformulation of the AIN-76A rodent diet. J Nutr 1993;123:1939–51.
doi: 10.1093/jn/123.11.1939 . 

[34] Fu X, Smith D, Shen X, Booth SL. Use of vitamin K-deficient AIN-93 diet is

an effective approach to create subclinical vitamin K deficiency in C57BL/6
mice. Anim Nutr Feed Technol 2014;14:421–9. doi: 10.5958/0974-181X.2014.

01345.6 . 
[35] Bar A, Kus K, Manterys A, Proniewski B, Sternak M, Przyborowski K, et al.

Vitamin K2-MK-7 improves nitric oxide-dependent endothelial function in
ApoE/LDLR−/− mice. Vascul Pharmacol 2019:122–123:106581. doi: 10.1016/j.

vph.2019.106581 . 

[36] Kieronska-Rudek A, Kij A, Kaczara P, Tworzydlo A, Napiorkowski M, Sido-
ryk K, et al. Exogenous vitamins K exert anti-inflammatory effects dissoci-

ated from their role as substrates for synthesis of endogenous MK-4 in murine
macrophages cell line. Cells 2021;10:1571. doi: 10.3390/cells10071571 . 

[37] Tchaikovski SN, Van Vlijmen BJM, Rosing J, Tans G. Development of a calibrated
automated thrombography based thrombin generation test in mouse plasma. J

Thromb Haemost 2007;5:2079–86. doi: 10.1111/j.1538-7836.2007.02719.x . 
[38] Kij A, Bar A, Przyborowski K, Proniewski B, Mateuszuk L, Jasztal A, et al.

Thrombin inhibition prevents endothelial dysfunction and reverses 20-HETE

overproduction without affecting blood pressure in angiotensin II-induced hy-
pertension in mice. Int J Mol Sci 2021;22:8664. doi: 10.3390/ijms22168664 . 

[39] Bar A, Targosz-Korecka M, Suraj J, Proniewski B, Jasztal A, Marczyk B,
et al. Degradation of glycocalyx and multiple manifestations of endothelial

dysfunction coincide in the early phase of endothelial dysfunction before
atherosclerotic plaque development in apolipoprotein E/Low-Density Lipopro-

tein Receptor-deficient mice. J Am Heart Assoc 2019;8:e011171. doi: 10.1161/

JAHA.118.011171 . 
[40] Mohaissen T, Proniewski B, Targosz-Korecka M, Bar A, Kij A, Bulat K, et al. Tem-

poral relationship between systemic endothelial dysfunction and alterations in
erythrocyte function in a murine model of chronic heart failure. Cardiovasc Res

2022;118:2610–24. doi: 10.1093/cvr/cvab306 . 
[41] Proniewski B, Bar A, Kieronska-Rudek A, Suraj-Prazmowska J, Buczek E, Cza-

mara K, et al. Systemic administration of insulin receptor antagonist re-

sults in endothelial and perivascular adipose tissue dysfunction in mice. Cells
2021;10:1448. doi: 10.3390/cells10061448 . 

[42] Sternak M, Bar A, Adamski MG, Mohaissen T, Marczyk B, Kieronska A, et al.
The deletion of endothelial sodium channel a ( αENaC) impairs endothelium-

dependent vasodilation and endothelial barrier integrity in endotoxemia in
vivo. Front Pharmacol 2018;9:178. doi: 10.3389/fphar.2018.00178 . 

[43] Stamm P, Oelze M, Steven S, Kröller-Schön S, Kvandova M, Kalinovic S, et al.

Direct comparison of inorganic nitrite and nitrate on vascular dysfunction
and oxidative damage in experimental arterial hypertension. Nitric Oxide

2021;114:57–69. doi: 10.1016/j.niox.2021.06.001 . 
[44] Boegh Andersen I, Brasen CL, Schmedes A, Brandslund I, Madsen JS. In search

of normality for vitamin K1: establishing age-dependent reference intervals
in the Danish population. J Appl Lab Med 2020;5:531–43. doi: 10.1093/jalm/

jfaa017 . 

[45] Kieronska-Rudek A, Kij A, Bar A, Kurpinska A, Mohaissen T, Grosicki M,
et al. Phylloquinone improves endothelial function, inhibits cellular senes-

cence, and vascular inflammation. GeroScience 2024;46:4909–35. doi: 10.1007/
s11357- 024- 01225- w . 

[46] Tirapelli CR, De Andrade CR, Lieberman M, Laurindo FR, De Souza HP, De
Oliveira AM. Vitamin K1 (phylloquinone) induces vascular endothelial dys-
function: role of oxidative stress. Toxicol Appl Pharmacol 2006;213:10–17.
doi: 10.1016/j.taap.20 05.09.0 01 . 

[47] Tirapelli CR, Mingatto FE, De Godoy MAF, Ferreira R, De Oliveira AM. Vitamin
K1 attenuates hypoxia-induced relaxation of rat carotid artery. Pharmacol Res

2002;46:483–90. doi: 10.1016/S104366180200227X . 
[48] Nolan RD, Eling TE. Inhibition of prostacyclin synthesis in cultured bovine

aortic endothelial cells by vitamin K1. Biochem Pharmacol 1986;35:4273–81.

doi: 10.1016/0 0 06-2952(86)90706-9 . 
[49] Tirapelli CR, Resstel LBM, de Oliveira AM, Corrêa FMA. Mechanisms underlying

the biphasic effect of vitamin K1 (phylloquinone) on arterial blood pressure. J
Pharm Pharmacol 2010;60:889–93. doi: 10.1211/jpp.60.7.0010 . 

[50] Brandenburg VM, Reinartz S, Kaesler N, Krüger T, Dirrichs T, Kramann R, et al.
Slower progress of aortic valve calcification with Vitamin K supplementation:

results from a prospective interventional proof-of-concept study. Circulation

2017;135:2081–3. doi: 10.1161/CIRCULATIONAHA.116.027011 . 
[51] Shea MK, Berkner KL, Ferland G, Fu X, Holden RM, Booth SL. Perspective: evi-

dence before enthusiasm—a critical review of the potential cardiovascular ben-
efits of vitamin K. Adv Nutr 2021;12:632–46. doi: 10.1093/advances/nmab004 .

[52] Tesfamariam B. Involvement of vitamin K-dependent proteins in vascu-
lar calcification. J Cardiovasc Pharmacol Ther 2019;24:323–33. doi: 10.1177/

1074248419838501 . 

[53] Horie-Inoue K, Inoue S. Steroid and xenobiotic receptor mediates a novel
vitamin K2 signaling pathway in osteoblastic cells. J Bone Miner Metab

2008;26:9–12. doi: 10.1007/s00774-007-0792-6 . 
[54] Danziger J. Vitamin K-dependent proteins, warfarin, and vascular calcification.

Clin J Am Soc Nephrol 2008;3:1504–10. doi: 10.2215/CJN.00770208 . 
[55] Wen L, Chen J, Duan L, Li S. Vitamin K-dependent proteins involved in bone

and cardiovascular health (Review). Mol Med Rep 2018;18:3–15. doi: 10.3892/

mmr.2018.8940 . 
[56] Vos M, Esposito G, Edirisinghe JN, Vilain S, Haddad DM, Slabbaert JR, et al.

Vitamin K2 is a mitochondrial electron carrier that rescues Pink1 deficiency.
Science 2012;336:1306–10. doi: 10.1126/science.1218632 . 

[57] Zheng J, Conrad M. Ferroptosis: when metabolism meets cell death. Physiol
Rev 2025;105:651–706. doi: 10.1152/physrev.0 0 031.2024 . 

[58] Mishima E, Ito J, Wu Z, Nakamura T, Wahida A, Doll S, et al. A non-canonical

vitamin K cycle is a potent ferroptosis suppressor. Nature 2022;608:778–83.
doi: 10.1038/s41586- 022- 05022- 3 . 

[59] Yang X, Wang Z, Zandkarimi F, Liu Y, Duan S, Li Z, et al. Regulation of
VKORC1L1 is critical for p53-mediated tumor suppression through vitamin

K metabolism. Cell Metab 2023;35:1474–1490.e8. doi: 10.1016/j.cmet.2023.06.
014 . 

[60] Lee BJ, Lin YC, Huang YC, Ko YW, Hsia S, Lin PT. The relationship between

coenzyme Q10, oxidative stress, and antioxidant enzymes activities and coro-
nary artery disease. Sci World J 2012;2012:792756. doi: 10.1100/2012/792756 . 

[61] Gutierrez-Mariscal FM, Arenas De Larriva AP, Limia-Perez L, Romero-
Cabrera JL, Yubero-Serrano EM, López-Miranda J. Coenzyme Q10 supplementa-

tion for the reduction of oxidative stress: clinical implications in the treatment
of chronic diseases. Int J Mol Sci 2020;21:7870. doi: 10.3390/ijms21217870 . 

[62] Mi Y, Xiao X, Liu D, Ping N, Zhu Y, Li B, et al. Establishing a rat model for the
study of vitamin K deficiency. Int J Exp Pathol 2016;97:187–93. doi: 10.1111/

iep.12178 . 

[63] Groenen-van Dooren MM, Soute BAM, Jie KSG, Thijssen HHW, Vermeer C. The
relative effects of phylloquinone and menaquinone-4 on the blood coagulation

factor synthesis in vitamin K-deficient rats. Biochem Pharmacol 1993;46:433–
7. doi: 10.1016/0 0 06- 2952(93)90519- 3 . 

[64] Ohsaki Y, Shirakawa H, Hiwatashi K, Furukawa Y, Mizutani T, Komai M. Vita-
min K suppresses lipopolysaccharide-induced inflammation in the rat. Biosci

Biotechnol Biochem 2006;70:926–32. doi: 10.1271/bbb.70.926 . 

[65] Allen AM, Hansen CT, Moore TD, Knapka J, Ediger RD, Long PH. Hemorrhagic
cardiomyopathy and hemothorax in vitamin K deficient mice. Toxicol Pathol

1991;19:589–96. doi: 10.1177/019262339101900404 . 
[66] Chatron N, Hammed A, Benoît E, Lattard V. Structural insights into phylloqui-

none (Vitamin K1), menaquinone (MK4, MK7), and menadione (vitamin K3)
binding to VKORC1. Nutrients 2019;11:67. doi: 10.3390/nu11010067 . 

[67] Hirota Y, Tsugawa N, Nakagawa K, Suhara Y, Tanaka K, Uchino Y, et al. Mena-

dione (vitamin K3) is a catabolic product of oral phylloquinone (vitamin K1)
in the intestine and a circulating precursor of tissue menaquinone-4 (vitamin

K2) in rats. J Biol Chem 2013;288:33071–80. doi: 10.1074/jbc.M113.477356 . 
[68] Okano T, Shimomura Y, Yamane M, Suhara Y, Kamao M, Sugiura M, et al. Con-

version of phylloquinone (vitamin K1) into menaquinone-4 (vitamin K2) in
mice: two possible routes for menaquinone-4 accumulation in cerebra of mice.

J Biol Chem 2008;283:11270–9. doi: 10.1074/jbc.M702971200 . 

[69] Harshman SG, Kyla Shea M, Fu X, Grusak MA, Smith D, Lamon-Fava S, et al.
Atorvastatin decreases renal menaquinone-4 formation in C57BL/6 Male mice.

J Nutr 2019;149:416–21. doi: 10.1093/jn/nxy290 . 
[70] Ronden JE, Drittij-Reijnders MJ, Vermeer C, Thijssen HHW. Intestinal flora

is not an intermediate in the phylloquinone-menaquinone-4 conversion in
the rat. Biochim Biophys Acta - Gen Subj 1998;1379:69–75. doi: 10.1016/

S0304-4165(97)0 0 089-5 . 

[71] Hegarty JM, Yang H, Chi NC. UBIAD1-mediated vitamin K2 synthesis
is required for vascular endothelial cell survival and development. Dev

2013;140:1713–19. doi: 10.1242/dev.093112 . 
[72] Ellis JL, Fu X, Karl JP, Hernandez CJ, Mason JB, DeBose-Boyd RA, et al. Multiple

dietary vitamin K forms are converted to tissue menaquinone-4 in mice. J Nutr
2022;152:981–93 . 

https://doi.org/10.1161/JAHA.120.016929
https://doi.org/10.1016/J.KINT.2021.10.029
https://doi.org/10.1111/dom.12252
https://doi.org/10.1016/j.ejphar.2015.03.089
https://doi.org/10.1161/01.ATV.0000243925.65265.3c
https://doi.org/10.1161/ATVBAHA.107.142570
https://doi.org/10.1080/19490976.2021.1887721
http://refhub.elsevier.com/S0955-2863(25)00030-0/sbref0032
https://doi.org/10.1093/jn/123.11.1939
https://doi.org/10.5958/0974-181X.2014.01345.6
https://doi.org/10.1016/j.vph.2019.106581
https://doi.org/10.3390/cells10071571
https://doi.org/10.1111/j.1538-7836.2007.02719.x
https://doi.org/10.3390/ijms22168664
https://doi.org/10.1161/JAHA.118.011171
https://doi.org/10.1093/cvr/cvab306
https://doi.org/10.3390/cells10061448
https://doi.org/10.3389/fphar.2018.00178
https://doi.org/10.1016/j.niox.2021.06.001
https://doi.org/10.1093/jalm/jfaa017
https://doi.org/10.1007/s11357-024-01225-w
https://doi.org/10.1016/j.taap.2005.09.001
https://doi.org/10.1016/S104366180200227X
https://doi.org/10.1016/0006-2952(86)90706-9
https://doi.org/10.1211/jpp.60.7.0010
https://doi.org/10.1161/CIRCULATIONAHA.116.027011
https://doi.org/10.1093/advances/nmab004
https://doi.org/10.1177/1074248419838501
https://doi.org/10.1007/s00774-007-0792-6
https://doi.org/10.2215/CJN.00770208
https://doi.org/10.3892/mmr.2018.8940
https://doi.org/10.1126/science.1218632
https://doi.org/10.1152/physrev.00031.2024
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1016/j.cmet.2023.06.014
https://doi.org/10.1100/2012/792756
https://doi.org/10.3390/ijms21217870
https://doi.org/10.1111/iep.12178
https://doi.org/10.1016/0006-2952(93)90519-3
https://doi.org/10.1271/bbb.70.926
https://doi.org/10.1177/019262339101900404
https://doi.org/10.3390/nu11010067
https://doi.org/10.1074/jbc.M113.477356
https://doi.org/10.1074/jbc.M702971200
https://doi.org/10.1093/jn/nxy290
https://doi.org/10.1016/S0304-4165(97)00089-5
https://doi.org/10.1242/dev.093112
http://refhub.elsevier.com/S0955-2863(25)00030-0/sbref0072


16 A. Kij, A. Kieronska-Rudek, A. Bar et al. / Journal of Nutritional Biochemistry 140 (2025) 109867 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[73] Ason B, van der Hoorn JWA, Chan J, Lee E, Pieterman EJ, Nguyen KK,
et al. PCSK9 inhibition fails to alter hepatic LDLR, circulating cholesterol, and

atherosclerosis in the absence of ApoE. J Lipid Res 2014;55:2370–9. doi: 10.
1194/JLR.M053207 . 

[74] de Knijff P, van den Maagdenberg AM, Stalenhoef AF, Leuven JA, Demacker PN,
Kuyt LP, et al. Familial dysbetalipoproteinemia associated with apolipopro-

tein E3-Leiden in an extended multigeneration pedigree. J Clin Invest

1991;88:643–55. doi: 10.1172/JCI115349 . 
[75] van den Maagdenberg AM, Hofker MH, Krimpenfort PJA, de Bruijn I,

van Vlijmen B, van der Boom H, et al. Transgenic mice carrying the
Apolipoprotein-E3-Leiden gene exhibit hyperlipoproteinemia. J Biol Chem

1993;268:10540–5 . 
[76] Shea MK, Barger K, Booth SL, Matuszek G, Cushman M, Benjamin EJ, et al. Vi-

tamin K status, cardiovascular disease, and all-cause mortality: A participant-

level meta-analysis of 3 US cohorts. Am J Clin Nutr 2020;111:1170–7. doi: 10.
1093/ajcn/nqaa082 . 

[77] Shea MK, O’Donnell CJ, Hoffmann U, Dallal GE, Dawson-Hughes B, Ordovas JM,
et al. Vitamin K supplementation and progression of coronary artery calcium

in older men and women. Am J Clin Nutr 2009;89:1799–807. doi: 10.3945/
ajcn.2008.27338 . 

[78] Palmer CR, Blekkenhorst LC, Lewis JR, Ward NC, Schultz CJ, Hodgson JM, et al.

Quantifying dietary vitamin K and its link to cardiovascular health: A narrative
review. Food Funct 2020;11:2826–37. doi: 10.1039/c9fo02321f . 

[79] Vlasschaert C, Goss CJ, Pilkey NG, McKeown S, Holden RM. Vitamin K sup-
plementation for the prevention of cardiovascular disease: where is the ev-

idence? A systematic review of controlled trials. Nutrients 2020;12:1–25.
doi: 10.3390/nu12102909 . 

[80] Wei Y, Ma H, Xu B, Wang Z, He Q, Liu L, et al. Joint association of low vitamin

K1 and D status with first stroke in general hypertensive adults: results from
the China stroke primary prevention trial (CSPPT). Front Neurol 2022;13:1–10.

doi: 10.3389/fneur.2022.881994 . 
[81] Fusaro M, D’Alessandro C, Noale M, Tripepi G, Plebani M, Veronese N, et al.

Low vitamin K1 intake in haemodialysis patients. Clin Nutr 2017;36:601–7.
doi: 10.1016/j.clnu.2016.04.024 . 
[82] Andrian T, Stefan A, Nistor I, Covic A. Vitamin K supplementation impact in
dialysis patients: a systematic review and meta-analysis of randomized trials.

Clin Kidney J 2023;16:2738–49. doi: 10.1093/ckj/sfad255 . 
[83] Kurnatowska I, Grzelak P, Masajtis-Zagajewska A, Kaczmarska M, Stefańczyk L,
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