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Introduction: As vitamin K, (phylloquinone, PK) displays vasoprotective effect, low dietary intake and poor bioavailability of PK
may result in insufficient systemic levels for maintaining vascular health. This study aimed to test whether PK in hyaluronan-based
nanocapsules (PK-Oil-HyC12) improves PK pharmacokinetics and endothelial function compared to PK in oil emulsion (PK-Oil).
Methods: PK pharmacokinetics in plasma, liver and aorta were analysed after single, oral administration of PK (10 mg/kg) in oil (PK-
Oil) or encapsulated in hyaluronan-based nanocapsules with oil core (PK-Oil-HyC12) in mice using liquid chromatography-tandem
mass spectrometry with atmospheric pressure chemical ionization method. PK-Oil-HyC12 absorption and nanocapsules distribution in
lymphatic system was determined using a cycloheximide-based chylomicron flow blockage and intravital confocal microscopy. The
endothelial function was analyzed in vivo by MRI in mice with dietary PK deficiency after 7-day supplementation with PK-Oil or PK-
Oil-HyC12 (0.5 mg PK/kg).

Results: After a single, oral dose of PK-Oil-HyC12 in mice total exposure of PK (AUC values) was 2—4 times higher as compared to
PK-Oil in plasma and liver, with no difference in PK content in the aorta. The efficient absorption and distribution of nanocapsules
occurred mainly via a chylomicron-independent lymphatic route. Importantly, 7-day PK-Oil-HyC12 supplementation restored
impaired endothelium-dependent vasodilation in the aorta of PK-deficient mice, while PK-Oil was ineffective.

Conclusion: The improved bioavailability of PK, when administered in the form of hyaluronan-based nanocapsules, afforded the
rapid replenishment of systemic PK and the reversal of endothelial dysfunction induced by low PK levels.
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Introduction

Dietary vitamin K occurs in two biologically active forms: phylloquinone (PK; vitamin K;) present in various leafy green
vegetables, fruits and plant oils, and a group of menaquinones (MKs; vitamin K3), differing in the length of their side
chains and being mostly of bacterial origin, which are included in the human diet mainly through animal products and
fermented food.'
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Initially, the major role of vitamin K (PK or MKSs) was attributed to the regulation of coagulation by the post-
translational gamma-carboxylation of coagulation factors.”? However, subsequent studies have significantly broadened the
pharmacological effects of vitamin K to include, among many others, anti-inflammatory effects, improvement of
endothelial function, inhibition of vascular calcification, and protection against cardiovascular and neurodegenerative
diseases.””’

PK constitutes over 80% of the total vitamin K in the human diet; however, its absorption from green vegetables is
very poor.® PK is among the vitamins with the worst bioavailability (less than 20%) compared to other fat- and water-
soluble vitamins provided through animal- or plant-based food.” Recent evidence suggests that low plasma PK levels
might contribute to an increased risk of cardiovascular disease. A prospective study involving over 50,000 participants
(Danish Diet, Cancer and Health Study) demonstrated that the risk of atherosclerotic cardiovascular disease was
inversely associated with the intake of dietary PK.'® These results are consistent with previous findings that low plasma
PK levels were associated with higher cardiovascular risk.'" Accordingly, these clinical trials, together with several
recently published reports, indicated that PK has beneficial cardiovascular activity.'®'? Therefore, increasing the plasma
concentration of PK may be beneficial for cardiovascular health.'":'* This evidence also suggests that improving PK
bioavailability would afford better vasoprotection by supplemented PK.

Given the low bioavailability of PK,'* it is plausible that the daily PK supplementation dose previously used in
clinical trials may have resulted in insufficient plasma PK levels to achieve therapeutic effects. Numerous clinical studies

15-17

showed negligible or no effects of PK supplementation that could be attributed at least partially to its low
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bioavailability and the low dose used. On the other hand, in the VitaVasK study,18 the authors used a dose ~29 times
higher than the daily recommended PK intake of 75 pg and observed a favourable vascular effect. Similarly, among the
55,545 participants of the Danish Diet, Cancer and Health Study cohort, only those with the highest intake of PK (~3
times the daily recommended dose) exhibited a significantly lower risk of aortic stenosis and subsequent complications or
death attributed to cardiovascular disease."’

The present work assessed hyaluronan-based nanocapsules, representing a novel, effective approach to deliver
hydrophobic, poorly bioavailable compounds.?®*? We sought to determine whether PK administration in the form of
hyaluronan-based nanocapsules, compared to PK given in an oil emulsion, would significantly improve PK pharmaco-
kinetics, effectively replenish systemic PK levels and reverse endothelial dysfunction induced by PK deficiency in mice.

Materials and Methods

Animals

All experiments were conducted on 8—14-week-old C57BL/6J male mice purchased from the Mossakowski Medical
Research Centre at the Polish Academy of Sciences (Warszawa, Poland), the Center for Experimental Medicine at the
Medical University of Bialystok (Poland) or the Central Laboratory of Experimental Animals (Warszawa, Poland).
Throughout the experiment, animals were housed in individually ventilated cages with a 12 h light/dark cycle and
unlimited access to water and a chow diet (unless otherwise stated).

Mice intended for ex vivo studies were fed a standard AIN-93M diet (ZooLab, Krakow, Poland), while mice intended
for in vivo studies of endothelial dysfunction were fed modified AIN-93M diets (ZooLab, Krakow, Poland) for 5 weeks
(the detailed composition of the diets and protocol of experiments are described below). The plasma, aorta and liver were
collected after euthanasia using a mixture of ketamine and xylazine at doses of 100 and 10 mg/kg, respectively.

Experiments involving animals were performed after obtaining permission from the 2nd Local Ethical Committee on
Animal Testing of the Institute of Pharmacology, Polish Academy of Sciences (Krakow, Poland; Permit Nos. 378/2021
and 268/2022) and the 2nd Local Ethical Committee for Animal Experiments of the Warsaw University of Life Sciences
(Poland; Permit No. WAW2/004/2024). Studies were performed according to the guidelines from Directive 2010/63/EU
of the European Parliament on the protection of animals used for scientific purposes.

Collection of Plasma, Aorta and Liver

Blood samples were collected using K,-EDTA as an anticoagulant and subsequently centrifuged (664 x g, 12 min, 4 °C)
to separate the plasma. Aortas were perfused with 0.9% sodium chloride (NaCl) and isolated, while surrounding tissues,
including perivascular adipose tissue (PVAT), were removed. The livers were isolated after perfusion using 0.9% NaCl,
and the right lobe was weighed and collected for further vitamin K analysis. Plasma, aorta, and liver lobe were
immediately frozen and stored at —80 °C until further analyses. For ex vivo studies, the aorta was isolated, and
subsequently, depending on the experimental set-up, the surrounding tissues and PVAT were removed, and the aorta
and PVAT were incubated under the conditions described in the section “Studies of vascular uptake of encapsulated and
non-encapsulated PK in the aorta ex vivo”.

Synthesis and Characterisation of Hyaluronan-Based Capsules with an Oil Core
Containing PK

A hydrophobic derivative of hyaluronic acid (HyC12) was obtained following previously described protocols.?>** To
minimise PK delivery with the solvent (creating the oil core in capsules or an oil continuous phase in the emulsion
without HyC12), the concentration of various forms of vitamin K, that is, PK, MK-4, and MK-7, was measured in
sunflower, soybean and corn oils (Sigma-Aldrich, Poland). Corn oil was chosen for the nanocapsule’s core as it contained
the lowest concentration of PK (0.443 mg/kg) in comparison to sunflower oil (18.811 mg/kg) or soybean oil (10.340 mg/
kg), as measured by liquid chromatography-tandem mass spectrometry with atmospheric pressure chemical ionization
(LC-APCI-MS/MS) technique.*° Nanocapsules (oil-in-water nanoemulsions) were prepared directly using an ultrasound-
assisted emulsification process. An aqueous solution of HyC12 (1 g/L in 0.01 M PBS, Sigma-Aldrich, Poland) was mixed
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with an oil phase containing dissolved PK (Sigma-Aldrich, Poland) in a proportion of 1000:3 (v/v). The concentration of
PK dissolved in corn oil was either 25 g/L (for in vivo experiments) or 77 g/L (for ex vivo experiments). To obtain
a homogeneous mixture of capsules (PK-Oil-HyC12), the suspension was mixed using a vortex shaker and then
sonicated. The emulsion of PK dissolved in corn oil (PK-Oil) was prepared using the procedure described above but
without HyC12 or other stabilising agents.

Changes in the size and zeta potential of the PK-Oil-HyC12 and PK-Oil formulations were assessed using dynamic
light scattering and analysed using a two-tailed Student’s #-test. A comparison of the initial volume-weighted hydro-
dynamic diameter distributions of PK-Oil-HyC12 (479423 nm, —16.9+0.6 mV) and PK-Oil (410£29 nm, —17.7+£0.9 mV)
indicated similar particle sizes for both formulations. However, the variable size distributions obtained for PK-Oil
showed that the emulsion was not stable, in contrast to the emulsion stabilised by HyC12. The stability of the capsules
was assessed by analysing changes in size and zeta potential, which showed that these parameters remained stable not
only for 7 days (the maximal treatment time, 504+17 nm, —18.8+0.9 mV) but also during long-term storage (59 days, 489
+19 nm, —19.740.7 mV) at 4 °C, despite the fact that between the day of preparation and the 59th day of storage, and
between the 7th and 59th days of storage, changes in zeta potential values were statistically significant (p < 0.05). The
comparison of changes in capsule size during storage was not statistically significant (p > 0.05).

In vivo Pharmacokinetics of PK-Oil and PK-Oil-HyC12

The PK in oil (PK-Oil) or encapsulated within hyaluronan-based nanocapsules with an oil core (PK-Oil-HyC12) was
administered to mice fed a standard chow diet. After a single oral administration of PK-Oil or PK-Oil-HyC12 at a dose of
10 mg/kg, animals were anaesthetised and sacrificed at the following time intervals: 0 min (before dosing),
5 min, 15 min, 30 min, 1 h, 2 h, 3 h, 5 h, 7 h and 24 h after PK administration. Plasma and aortas were collected as
described above in the “Collection of plasma, aorta and liver” section of the Materials and methods above, while livers
were collected, rinsed with PBS (pH 7.4), and immediately frozen at —80 °C until analysis. The plasma and liver PK
levels and aortic PK and MK-4 concentrations were assessed by the LC-APCI-MS/MS-based method described below.

All data in the pharmacokinetic experiments were processed using Phoenix WinNonlin 6.3 software (Certara,
St. Louis, MO, USA). A non-compartmental approach was applied to calculate basic pharmacokinetic parameters such
as maximum concentration (Cmax), time to occurrence (Tmax), area under the concentration-time (AUC), apparent
clearance (CI/F) and apparent volume of distribution (V/F). Additionally, compartmental fitting of experimental data was
performed to estimate the absorption rate constant (Ka).

Effect of Cycloheximide-Based Inhibition of Chylomicron-Dependent Transport on
PK-Qil-HyC12 Absorption

The animals were fasted for 2 h prior to the experiment and then treated with either an intraperitoneal (i.p.) injection of
cycloheximide (3 mg/kg)®* or an equal volume of saline (n=5-6 per group). One hour after the injection, the animals
were given an oral gavage of PK in the form of hyaluronan-based nanocapsules, and the pharmacokinetic experiment was
conducted as described above in the “In vivo pharmacokinetics of PK-Oil and PK-Oil-HyC12” section.

Intravital Visualisation of Hyaluronan-Based Nanocapsules Transport by the Lymphatic
System and Liver Uptake in Mice

Intravital imaging of hyaluronan-based nanocapsules (HyC12-NCs) absorption and transport via the intestinal lymphatic
system was performed according to Choe et al*® using a dual-mode intravital confocal and two-photon microscope [VM-
CMS3 (IVIM Technology, South Korea). For imaging purposes, the HyC12-NCs were fluorescently labelled with 1,1'-
dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate (Dil, Sigma-Aldrich, Poland). On the day of the experi-
ment, mice were anaesthetised via the i.p. injection of ketamine with xylazine (100 mg/kg and 10 mg/kg, respectively).
To visualise and distinguish lymphatic and blood vessels, the Alexa Fluor®™ 647 Anti-LYVE] antibody (Abcam, UK) and
a CD31 (PECAM-1) monoclonal antibody (390), Super Bright™ 436 (eBioscience™, Thermo Scientific, USA), were
injected intravenously (i.v.) The abdomen was opened, approximately 8 cm of the proximal jejunum was exteriorised, and

248 https: Nanotechnology, Science and Applications 2025:18



Kieronska-Rudek et al

about 1.5 cm was cut open along the antimesenteric border. The exposed intestinal lumen was carefully wiped with
a saline-moistened swab to remove the debris in the lumen, and the Dil-labelled HyC12-NCs were applied. Intravital
imaging of the mesenteric blood and lymphatic vessels, as well as liver uptake, was performed. Throughout the intravital
imaging process, the chamber temperature and body temperature of the anaesthetised mice were maintained at 37 °C. The
vitality of the intestinal villi was confirmed by the flow of red blood cells in peripherally located blood vessels in the villi
and peristaltic movements of the intestine (see Supplementary Movie 1).

Comparison of Effects of Encapsulated and Non-Encapsulated PK in vivo on

Endothelial Function in Mice Fed a PK-Deficient Diet
For 5 weeks, mice were fed a control diet containing sufficient PK, AIN-93M-RICE(+PK) or PK-deficient diet, namely
AIN-93M-RICE(-PK) as described previously.?® Detailed composition of the diets is listed in Table 1.

Both AIN-93M-RICE(+PK) and AIN-93M-RICE(-PK) diet are based on the standard AIN-93M diet, but PK-rich
ingredients have been replaced by ingredients containing lower PK amounts. Namely, soybean oil has been replaced by
corn oil, and corn starch has been partially replaced by rice flakes (50%/50%). Additionally, the amount of casein has been
reduced. The lack of PK in the AIN-93M-RICE(-PK) diet was confirmed by quantifying PK levels using an LC-APCI-MS
/MS-based method.*® The AIN-93M-RICE(+PK) diet comprises the AIN-93M diet described above, supplemented with
PK at a concentration of 0.75 mg/kg, resulting in an intake of around 90 pg/kg per day. Neither MK-4 nor MK-7 was
detectable in either diet. Given similar pharmacological action of PK and MK>” the dose of PK (0.5mg/kg) to reverse the
AIN-93M-RICE(-PK) diet phenotype was chosen based on our previous work demonstrating the effects of MK-7 on
endothelial function in vivo.® After 5 weeks on the AIN-93M-RICE(-PK) diet, various PK supplementation approaches
were implemented to reverse PK deficiency, leading to the following experimental groups:

1. AIN-93M-RICE(+PK): Based on the AIN-93M-RICE(-PK) diet supplemented with PK at an amount covering the
daily demand dose (0.15 mg/kg); n=6

2. AIN-93M-RICE(-PK): PK-deficient diet prepared without the addition of PK; n=6

3. Two-day AIN-93M-RICE(-PK) + PK-Oil: Two administrations of PK-Oil with a PK dose of 0.5 mg/kg; n=6

Table | Detailed Composition of the AIN-93M-RICE(+PK) and AIN-93M-RICE(-PK)

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

Cornstarch (~21 g/kg) Cornstarch (~21 g/kg)

Rice flakes (500 g/kg) Rice flakes (500 g/kg)

Casein (96 g/kg) Casein (96 g/kg)

Dextrinized cornstarch (155 g/kg) Dextrinized cornstarch (155 g/kg)

Sucrose (100 g/kg) Sucrose (100 g/kg)

Corn oil (40 g/kg) Corn oil (40 g/kg)

a-cellulose (~40g/kg) a-cellulose (~40g/kg)

Mineral mix (AIN-93M-MX) (35 g/kg; MM00023; Zoolab) Mineral mix (AIN-93M-MX) (35 g/kg; MM00023; Zoolab)
Vitamin mix (AIN-93-VX) with PK Vitamin mix (AIN-93-VX) without PK

(75 mglkg of diet; 10 g/kg; V00025-K; Zoolab) (10 g/kg; V00025-K; Zoolab)

L-cystine (1.8 g/kg) L-cystine (1.8 g/kg)

Choline bitartrate (2.5 g/kg) Choline bitartrate (2.5 g/kg)
Tert-butylhydroquinone (TBHQ) (0.008 g/kg) Tert-butylhydroquinone (TBHQ) (0.008 g/kg)
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4. Two-day AIN-93M-RICE(-PK) + PK-Oil-HyC12: Two administrations of PK-Oil-HyC12 with a PK dose of
0.5 mg/kg; n=6

5. Seven-day AIN-93M-RICE(-PK) + PK-Oil: Seven administrations of PK-Oil with a PK dose of 0.5 mg/kg; n=6

6. Seven-day AIN-93M-RICE(-PK) + PK-Oil-HyC12: Seven administrations of PK-Oil-HyC12 with a PK dose of
0.5 mg/kg; n=6

All supplementations were administered via intragastric gavage (i.g.) once daily in 200 pL. After the final admin-
istration, aorta function was measured by magnetic resonance imaging (MRI). Then, mice were sacrificed, and the aorta,
plasma and liver were collected within 22-26 h after the last PK administration as described above in the “Collection of
plasma, aorta and liver” section of the Materials and methods. The samples were immediately frozen at —80 °C until
analysis.

MRI-Based Assessment of Endothelial Function in Mice in vivo

To assess the functional impairment of endothelium-dependent vasodilation in the aorta in response to PK deficiency and
analyse the effects of encapsulated and non-encapsulated PK on aorta function, MRI was performed using a 9.4 T scanner
(BioSpec 94/20 USR, Bruker, Ettlingen, Germany), according to previous protocols.”’ 2 During the experiment, mice
were under isoflurane anaesthesia (1.5% in a 1:2 mixture of oxygen and air). Body temperature, heart activity and
respiration were constantly monitored by the Monitoring and Gating System (SA Inc., Stony Brook, NY, USA).
Endothelial function in vivo was assessed as an endothelium-dependent response to acetylcholine (Ach; 16.6 mg/kg, i.p.;
Sigma-Aldrich, Poznan, Poland), while vascular smooth muscle cell-dependent vasorelaxation was measured in response to
sodium nitroprusside (SNP; 1 mg/kg, i.v.; Sigma-Aldrich, Poznan, Poland) in the thoracic and abdominal parts of the aorta.
The dose of Ach and SNP used to assess vascular response in vivo in mice was chosen based on a previous studies.>* 2
Images were acquired using the cine IntraGate™ FLASH 3D sequence and reconstructed using the IntraGate 1.2.b.2
macro-Bruker (Bruker, Ettlingen, Germany). The vasomotor responses were examined by comparing two, time-resolved
3D images of the vessels prior to and 30 minutes after Ach or SNP administration. Importantly, the endothelium-dependent
response, induced by Ach, measured 30 minutes after injection, was independent of the effect of Ach on the heart and
respiration, as described previously.’® Quantitative analysis was performed using ImageJ software, version 1.46r (NIH,
Bethesda, MD, USA) and Matlab (MathWorks, Natick, MA, USA). Vascular responses were expressed as a percentage of
changes in the vessel volume after Ach or SNP administration and defined as vasodilation and vasoconstriction for positive

and negative values, respectively. A detailed analysis was described in our previous works.?*~*°

Studies of the Vascular Uptake of Encapsulated and Non-Encapsulated PK in the Aorta

€X VIVO

Isolated aorta without PVAT and isolated PVAT were incubated for 24 h with shaking in minimum essential medium
(MEM; Gibco, Paisley, Scotland, UK) with 20% foetal bovine serum (FBS; Lonza, Basel, Switzerland) containing
5 uM of PK encapsulated in hyaluronan-based nanocapsules (PK-Oil-HyC12) or non-encapsulated PK dissolved in
a tetrahydrofuran: H,O (9:1 v/v) mixture (PK). Aorta and PVAT were weighed, collected separately, and immediately
frozen at —80 °C for LC-APCI-MS/MS-based MK-4 analysis.

The LC-APCI-MS/MS-Based Method for PK and MK-4 Level Analysis

To assess the status and uptake of PK, its concentration was measured in the plasma, aorta, PVAT and liver using an LC-
APCI-MS/MS-based method described previously.> Additionally, the level of endogenous MK-4 was assessed in the
PVAT and aorta. Briefly, the aorta, PVAT and liver samples were homogenised in ethanol. Next, the plasma samples and
homogenate supernatants were spiked with an internal standard (PK-d7) and extracted twice using hexane. The upper
organic layer was collected in glass tubes and evaporated to dryness under a nitrogen stream. The dry residues were
dissolved in isopropanol, and supernatants were injected into an LC-MS system consisting of an Ultimate 3000 UHPLC
(Dionex, Sunnyvale, CA, USA) liquid chromatograph and a TSQ Quantum Ultra triple quadrupole mass spectrometer
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(Thermo Scientific, Waltham, MA, USA). The chromatographic separation and mass spectrometric detection were
performed according to published protocols.>® The concentrations of PK and MK-4 were calculated based on the
calibration curves plotted as the relationship between the peak area ratios of the analyte/internal standard (PK-d7) and the
nominal concentration of the analyte. The tissue content was normalised to tissue weight.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 (San Diego, CA, USA). Depending on the data distribution,
the Shapiro—Wilk or D’ Agostino—Pearson omnibus normality test was applied, and the results were presented as mean +
SD or median = IQR. Statistical significance was defined in the post hoc tests, where only p-values <0.05 were
considered significant.

Results
Comparison of PK Pharmacokinetics After a Single Dose Administration in
Hyaluronan-Based Nanocapsules (PK-Oil-HyC12) or Oil (PK-Oil) to Mice

The pharmacokinetics of PK was based on measurement of PK concentrations in plasma, liver and aorta in PK-Oil
and PK-Oil-HyC12 groups. As shown in Figure 1, the pharmacokinetic profiles of PK (10 mg/kg) administered in
hyaluronan-based nanocapsules (PK-Oil-HyC12) differed significantly from those of PK administered in oil (PK-Oil)
. Administration of PK-Oil-HyC12 resulted in a markedly higher PK concentration in the plasma (Figure 1A) and
liver (Figure 1B) compared with PK-Oil administration, while the content of PK in the aorta increased similarly
120-180 min after PK administration independently of the PK formulation (Figure 1C). The calculated exposure
parameters (both maximal concentration Cmax and total exposure AUC) were significantly higher in the plasma and
liver after the administration of encapsulated PK, indicating increased bioavailability for PK-Oil-HyC12. The
observed concentration-time profiles for both formulations showed similar circulation time, with the same last
measurable time point (24 h). The elimination half-life (T %) for PK-Oil-HyC12 was shorter compared to PK-Oil
formulation (4 vs 8.9 h) (Table 2).

To assess relative differences in bioavailability, compartmental modeling was employed. The best fit to experimental
data was achieved with a one-compartment model with lag time. The estimated relative bioavailability ratio (F) was 4:1
for PK-Oil-HyC12: PK-Oil, indicating a four-fold higher bioavailability for the encapsulated form of PK. Importantly,
the observed difference in bioavailability between groups was not related with nanocapsules properties, as the estimated
parameters for clearance (Cl) and volume of distribution (V) using the compartmental model were similar for both
formulations. The estimated absorption lag time (Tlag) for both formulations was also similar — approximately 0.5 h. A
notable difference was however observed in the absorption rate constant (Ka). The absorption rate constant for PK-Oil
formulation was very high (Ka = 37.98 h™"), indicating rapid but brief absorption, consistent with the lower Tmax. In
contrast, for PK-Oil-HyC12 the absorption rate constant was lower (Ka = 2.7 h™"), suggesting prolonged absorption for
this formulation (Table 2).

Intravital Visualisation of Fluorescently Labelled Hyaluronan-Based Nanocapsules
Absorption and Transport by the Lymphatic System

PK is a fat-soluble vitamin absorbed along with dietary fat from the small intestine and carried by chylomicrons via the
lymphatic transport system to the systemic circulation and liver, the main site of PK metabolism.>* > To test whether
hyaluronan-based nanocapsules are also absorbed via the lymphatic transport system and whether this transport is
mediated in a chylomicron-dependent manner, the cycloheximide chylomicron flow blocking method and intravital
visualisation of the mesenteric blood and lymphatic vessels and liver were performed.

Dil-labeled HyC12NCs were applied to the luminal surface of the jejunum, which had previously been opened along
the antimesenteric border in anaesthetised mice. As shown in Figure 2, within minutes of application, Dil-HyC12-NCs
could be found in the mesenteric lymphatic collecting vessels, while they were absent in the mesenteric veins and arteries
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Figure 1 Comparison of the in vivo pharmacokinetics of PK administered in hyaluronan-based nanocapsules (PK-Oil-HyC12) or oil (PK-Oil). The pharmacokinetics of PK
administered in corn oil (PK-Qil) or hyaluronan-based nanocapsules with an oil core (PK-Oil-HyC12) in the plasma (A), liver (B) and aorta (C) of C57BL/6) mice after
a single oral administration of PK at a dose of 10 mg/kg body weight. Data are shown as mean + SD (n=5-6; 8-weeks old). Normality and homogeneity of variances were
assessed using the Shapiro—Wilk and Levene’s tests, respectively. Based on the results, the non-parametric Mann—Whitney U-test or parametric Student’s t-test was used to
assess the statistical significance of differences (*p<0.05, **p<0.01 and ***p<0.001) between experimental groups.
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Table 2 Basic Pharmacokinetic Parameters of PK-Oil and PK-Oil-HyCI2 Following Their Gavage Administration to C57BL/6)

Mice
Experimental parameters (NCA)
Group Tmax (h) Cmax (ng/mL) | AUCINF_pred (h*ng/mL) | T 1/2 (h) | Vz_F (mL/kg) | CI_F (mL/h/kg)
PK-Oil 1.00 33.49 257.48 892 499,576.83 38,838.34
PK-Oil-HyC12 2.00 103.70 664.79 4.18 90,665.12 15,042.30
Estimated parameters (compartmental modeling)
Group Cl (mL/h/kg) F* Ka (1/h) Tlag (hr) V (mL/kg)
PK-Oil 17231.78 0.25 37.98 0.50 74,139.86
PK-Oil-HyCI2 16,023.03 1.00 2.70 0.47 75,865.66

Notes: *F — difference in bioavailability between PK-Oil and PK-Oil-HyC12 was assumed based on noncompartmental analysis (NCA) results. NCA: Tmax- time to
achieve maximal concentration, Cmax- maximal plasma concentration, AUCINF pred- area under concentration-time plot, T /- half-life, Vz_F- apparent volume of
distribution, CI_F- apparent clearance; Compartmental modeling: Cl — relative clearance, F- relative difference in bioavailability, Ka- absorption rate constant, Tlag-
absorption lag time, V- relative volume of distribution.

(Figure 2A). Abundant localisation of Dil-HyC12-NCs in the liver was visible as soon as 30 min after their application,
indicating the liver as a major target for Dil-HyC12-NCs (Figure 2B).

In the presence of cycloheximide injected into mice 1 h prior to oral PK-Oil-HyC12 gavage, PK-Oil-HyC12 was
absorbed to an extent similar to that in the absence of cycloheximide, suggesting a chylomicron-independent pathway for
PK-Oil-HyC12 absorption (Figure 2C).

Comparison of the Pharmacological Effects of PK Administered in Hyaluronan-Based
Nanocapsules (PK-Oil-HyC12) or Oil (PK-Qil) on Endothelial Function in vivo
Measured by MRI in Mice with a Dietary PK Deficiency

To test whether improved systemic PK bioavailability via the chylomicron-independent absorption of hyaluronan-based
nanocapsules (PK-Oil-HyC12) would result in improved pharmacological effects, after 7 days of treatment with a low
dose of PK (0.5 mg/kg), we compared the effects of PK-Oil-HyC12 and PK-Oil on endothelial function in the thoracic
(TA) and the abdominal (AA) aorta in a murine model of dietary PK deficiency.

Mice fed the AIN-93M-RICE(-PK) diet for 5 weeks displayed impaired endothelium-dependent Ach-induced vasodila-
tion in the TA (Figure 3A) and AA (Figure 3C), as evidenced in vivo by MRI-based measurements (—1.83% and —3.81%,
respectively). Endothelium-independent vasodilation in response to SNP administration remained unchanged in the TA and
AA (Figure 3B and D), confirming specifically endothelial dysfunction in AIN-93M-RICE(-PK)-fed mice.

The 2-day administration of either PK-Oil-HyC12 or PK-Oil to the mice fed the AIN-93M-RICE(-PK) diet was
ineffective in reversing the PK deficiency-induced impairment of Ach-induced responses in the TA (Figure 3A) and AA
(Figure 3C). The SNP-induced response also remained unchanged.

Extending PK therapy to 7 days with PK-Oil-HyC12 resulted in the reversal of Ach-induced vasoconstriction in the TA
(Figure 3A) and AA (Figure 3B) to Ach-induced vasodilation. In the TA, Ach-induced vasodilation was fully achieved to
the level observed in AIN-93M-RICE(+PK)-fed mice (6.21% vs 7.12%), while in the AA, the impairment of Ach-induced
vasodilation was only partially reversed (2.66% vs 6.75%). SNP-induced responses remained unaltered, confirming the
specific effect of PK-Oil-HyC12 treatment on endothelium-dependent vasodilation. In contrast to PK-Oil-HyC12, when PK
was delivered in corn oil for 7 days (PK-Oil), Ach still induced vasoconstriction in both the TA and AA. Furthermore, the
magnitude of Ach-induced vasoconstriction in PK-Oil-treated AIN-93M-RICE (-PK)-fed mice was similar to that in
untreated AIN-93M-RICE (-PK)-fed mice (—2.72% vs —1.83% in the TA and —4.84% vs —3.81% in the AA), demonstrating
the lack of effect of PK-Oil on endothelial function after 7 days of treatment, in contrast to PK-Oil-HyC12 treatment.
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Figure 2 Intravital visualisation of hyaluronan-based nanocapsule transport by the lymphatic system and liver uptake in mice. Mesenteric blood vessels and lymphatic vessels
5 min after Dil-HyC12-NC intestinal application: green anti-CD3| stains the endothelium of arteries and veins, while blue (anti-LYVE-1) stains the endothelium of lymphatic
vessels. A single nanocapsule can be seen in a lymphatic vessel (white arrow), while none can be found in an artery or vein (A). Liver imaged 30 min after Dil-HyC12-NC
intestinal application. The abundant accumulation of nanocapsules (red) in the liver can be seen (B). Assessment of chylomicron-dependent lymphatic transport of PK
administered in the form of hyaluronan-based nanocapsules (PK-Oil-HyC12) using the cycloheximide model of chylomicron flow blockage (C). Data are shown as mean *
SD (n=6, 8-weeks old). Normality and homogeneity of variances were assessed using the Shapiro—Wilk and Levene’s tests, respectively. Based on the results, the non-
parametric Mann—Whitney U-test or parametric Student’s t-test was used to assess the statistical significance of differences (*p<0.05) between experimental groups.

The treatment with PK-Oil-HyC12 or PK-Oil did not affect the basal diameter of the aorta, as there were no
differences in basal values of the AA or TA volume between all studied groups, as measured in vivo by MRI (data
not shown).
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Figure 3 Comparison of the effects of PK delivery in oil (PK-Qil) or in nanocapsules (PK-Oil-HyC12) on endothelial function in PK-deficient mice. The functional responses of the
thoracic (A and B) and abdominal (C and D) aorta were measured in response to acetylcholine (Ach, 16.6 mg/kg. ip.) (A and C) or sodium nitroprusside (SNP, | mg/kg. i.v.) (B and
D) using MRI. The group fed the control diet (AIN-93M-RICE(+PK); green bars) represents the baseline of the physiological response of the aorta. Before treatment, mice were fed
a PK-deficient diet (AIN-93M-RICE(-PK); red bars) for 5 weeks. Subsequently, PK (0.5 mg/kg b.w.) was supplemented as PK-Oil (white bars) or PK-Oil-HyC12 (grey bars). Each
measurement was conducted between 22 and 26 h after the last administration of PK after 2 or 7 days. Data are shown as mean * SD (n=5; 1214 weeks). Statistical significance was
evaluated by one-way ANOVA followed by Dunn’s multiple comparisons. The symbol *** indicates statistical significance at p<0.001.

Profiling of Systemic and Vascular PK Levels After 7 days of PK Treatment in
Hyaluronan-Based Nanocapsules (PK-Oil-HyC12) or Oil (PK-Qil)

To verify whether the improved pharmacological effects of 7-day PK treatment on endothelial dysfunction when given in
hyaluronan-based nanocapsules (PK-Oil-HyC12) compared to PK-Oil could be ascribed to increased systemic PK bioavail-
ability, the concentration of PK in the plasma (Figure 4A), liver (Figure 4B) and aorta (Figure 4C) was measured. In mice with
a dietary PK deficiency displaying endothelial dysfunction (achieved after 5 weeks on the AIN-93M-RICE(-PK) diet), the PK
content in the plasma, liver and aorta decreased to levels below the detection limit of the LC-APCI-MS/MS method, whereby
in mice fed the AIN-93M-RICE(+PK) diet, the PK was quantified in the plasma and liver (Figure 4A—C). Supplementation
with PK-Oil resulted in detectable levels of PK in the plasma and liver but not in the aorta. In the PK-Oil-HyC12-treated group,
the concentration of PK in the plasma and liver was much higher than that in PK-Oil-treated mice after 7 days of treatment
(Figure 4A and B). Interestingly, after 7 days of treatment, 2/6 mice in the PK-Oil-HyC12 group showed a relatively high
concentration of PK in the aorta (Figure 4C). The MK-4 analysis in the aorta showed that a PK-deficient diet (AIN-93M-RICE
(-PK)) had a tendency to lower MK-4 levels in the aorta, while in the PK-Oil-HyC12-treated group, a significantly increased
MK-4 level in the aorta was noted (Figure 4D).
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Figure 4 Comparison of the effects of PK delivery in oil (PK-Oil) or in nanocapsules (PK-Oil-HyC12) on PK content in the plasma, liver and aorta of PK-deficient mice. To
achieve PK deficiency, mice were fed a PK-deficient diet (AIN-93M-RICE(-PK)) for 5 weeks. Afterwords, PK in the plasma (A) and liver (B) of mice from AIN-93M-RICE(-PK)
was confirmed to be undetectable. Subsequently, PK (0.5 mg/kg b.w.) was supplemented for 2 or 7 days as PK-Oil (white bars) and PK-Oil-HyC|2 (grey bars). After that, the
concentration of PK was measured in the plasma (A) and liver (B), while PK and MK-4 were measured in the aorta (C and D, respectively) to analyse the effectiveness of carrier-
dependent PK supplementation. Data are shown as mean * SD or median * IQR (n=6; 12—14 weeks). Statistical significance was evaluated by one-way ANOVA, Dunn’s multiple
comparisons or the Kruskal-Wallis test, and Dunn’s post hoc test. The symbols *, ** and **** indicate statistical significance at p<0.05, 0.01 and 0.0001, respectively. “<LOQ or

<LOD” indicates “below limit of quantification or detection”.

To further determine whether PK can be taken up by the aorta and converted to MK-4 and to clarify whether the
difference in the pharmacological effects of PK-Oil-HyC12 and PK-Oil on endothelial function could be linked to
a difference in the direct aortic uptake of encapsulated vs nonencapsulated PK, the isolated aorta without PVAT and
isolated PVAT were both incubated for 24 h in the absence or the presence of 5 uM PK given in encapsulated or non-
encapsulated form (PK-Oil-HyC12 and PK, respectively). Aortic MK-4 levels were similar after 24 h of incubation with
the encapsulated or non-encapsulated forms, suggesting similar aortic uptake of PK delivered in vitro regardless of
formulation (Figure 5A). Notably, MK-4 was not detectable in PVAT isolated from the aorta after incubation with PK,
independently of whether PK was encapsulated or not (Figure 5B), excluding the involvement of PVAT in PK-MK-4

conversion and storage.

Discussion
In the present work, we demonstrated that PK administered in the form of hyaluronan-based nanocapsules with an oil

core (PK-Oil-HyC12) had a higher systemic bioavailability than PK given in an oil emulsion (PK-Oil). Most importantly,
PK encapsulated in hyaluronan-based nanocapsules efficiently restored systemic PK deficiency and reversed endothelial
dysfunction induced by a dietary PK deficit within a period as short as 7 days, whereas PK delivered in oil did not.
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Figure 5 Comparison of the uptake of PK and conversion to MK in the isolated aorta incubated with PK in solution (PK) or in nanocapsules (PK-Oil-HyC12). In an ex vivo
study, the importance of PVAT in PK’s endogenous conversion to MK-4 was measured as the concentration of MK-4 (A and B) after a 24-h incubation with non-
encapsulated PK (white bars) or encapsulated PK (PK-Oil-HyC12; grey bars). MK-4 levels were measured in the aorta cleaned of PVAT before incubation (aorta (-) PVAT)
(A) and PVAT isolated from the aorta after incubation (PVAT) (B). Data are shown as median * IQR (n=6; 12—14 weeks). Statistical significance was evaluated by the
Kruskal-Wallis test followed by Dunn’s multiple comparisons.

In the current work, we took advantage of a previously described experimental model of endothelial dysfunction
induced by short-term dietary PK deficiency.”® In this model, 5 weeks of a PK-deficient diet did not affect blood
coagulation but markedly impaired endothelium-dependent vasodilation in vivo in mice, which was fully reversed by
subsequent dietary PK supplementation for 5 weeks.”® Here, using the murine model of dietary PK deficiency, we
showed that systemic levels of PK may be replenished within as little as 7 days using a relatively low dose of 0.5 mg/kg/
day of PK encapsulated in hyaluronan-based nanocapsules. Of note, the PK dose of 0.5 mg/kg/day in mice reflects
a human dose of ~2 mg/day.*®

Taken together, our results indicate that PK encapsulated in hyaluronan-based nanocapsules (or possibly any other PK
formulation ensuring increased PK bioavailability) may afford the rapid replenishment of inadequate PK levels using
a relatively low dose of PK and short-term treatment, resulting in the reversal of endothelial dysfunction driven by
insufficient PK levels.

In the current study, we showed that cycloheximide, a chylomicron assembly formation inhibitor,>* displayed minor
effects, if any, on PK-Oil-HyC12 absorption, indicating the involvement of a chylomicron-independent absorption
pathway in the case of nanocapsules compared to dietary PK, which is absorbed in a chylomicron-dependent
manner.”” Given that there are two possible pathways for intestinal lymphatic transport, namely via chylomicrons in
enterocytes and via the microfold cells (M cells) in Peyer’s patches, our observation of the chylomicron-independent
lymphatic transport of PK-Oil-HyC12 suggests that the intestinal absorption of PK encapsulated in hyaluronan-based
nanocapsules was mainly mediated by M cells, as previously reported for a number of polymeric nanoparticles.>® !

Taking advantage of in situ confocal imaging, we demonstrated that within a short time after application (5—10 min),
hyaluronan-based nanocapsules were observed in mesenteric lymphatics but not in mesenteric blood veins and arteries,
pointing out to lymphatic transport of hyaluronan-based nanocapsules. Of note, PK was administered in the form of
hyaluronan-based nanocapsules with an approximate size of 450 nm, thereby precluding the possibility of direct
absorption into the bloodstream due to the restrictive nature of the tight junctions of endothelial cells.** In contrast,
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the lymphatic capillaries, characterized by their fenestrated structure with openings typically ranging from tens to
hundreds of nanometers, facilitate the drainage of macromolecules and relatively big particulate matter.*> Moreover,
our pharmacokinetic data demonstrate a prolonged absorption of PK-Oil-HyC12 in the systemic circulation as compared
to PK-Oil providing further support for chylomicron-independent lymphatic transport for PK encapsulated in hyaluronan-
based nanocapsules, in contrast to the chylomicron-dependent lymphatic transport observed with dietary PK.

In the current study, we demonstrated that the liver was the target organ of PK encapsulated in hyaluronan-based
nanocapsules. In the organism, dietary PK is absorbed alongside lipids in the small intestine and transported to the liver
which serves as a primary storage site for PK.**=>** In turn, PK transport out of the liver occurs via the intermediation
of very low-density lipoprotein (VLDL). Thus, the extrahepatic transport of dietary PK including vascular delivery seems
to be strongly linked to VLDL, metabolised into intermediate-density lipoproteins (IDL) and low-density lipoproteins
(LDL).*+* Our data show effective delivery of PK in form of nanocapsules to the liver that might result in an increased
bioavailability of PK and increased delivery to the targeted tissues (including vasculature) most likely by the same
pathways as for dietary PK. However, to confirm if the PK targeted to liver by nanocapsules is more actively transported
via LDL to the vasculature further studies are needed.

It was suggested that liver uptake of hyaluronan-based nanocapsules may be mediated by hyaluronan receptors which
high expression has been reported in liver endothelial sinusoidal cells (LSECs), Kupffer cells and hepatocytes.*>
Moreover, previous studies demonstrated that liver uptake of hyaluronan-based nanocapsules*® was dramatically
enhanced in endotoxemia, which was ascribed to the upregulation of hyaluronan receptor expression in
inflammation.*® Still, more detailed studies are needed to confirm the involvement of hyaluronan receptor in hyaluronan-
based nanocapsules uptake to the liver.

The key finding of this study was that PK encapsulated in hyaluronan-based nanocapsules effectively restored
systemic PK levels and reversed endothelial dysfunction caused by a dietary PK deficiency within just 7 days, whereas
PK administered in oil was not effective. To assess the functional effect of the therapy, we examined endothelium-
dependent vasodilation using an in vivo MRI approach, which is a well-validated method to measure endothelial function
that has been used in a number of our previous studies.?*>*>? This approach represents a reliable and sensitive method to
detect alterations in the nitric oxide-dependent function of the endothelium.?® Importantly, in our study, only PK-Oil-
HyC12 but not PK-Oil reversed Ach-induced vasoconstriction in mice fed a PK-deficient diet to Ach-induced vasodila-
tion, consistent with improved endothelial function.’® The effects of PK on endothelial function observed here stay in line
with previous reports showing improvement of endothelial function in vivo by MK or PK.%7-*® At the same time, the
novelty of this study was the demonstration that hyaluronan-based nanocapsules with an oil core are an efficient carrier
for PK delivery increasing the bioavailability of PK, that resulted in the rapid reversal of impaired endothelial function
induced by a dietary PK deficiency.

The effects of PK-Oil-HyC12 was studied in the aorta but not in other vessels, that present a limitation of this study.
However, in our previous studies, effects of vitamin K on endothelial function were detected not only in the aorta but also
in the femoral artery,”® brachiocephalic artery and left common carotid artery’ indicative of the systemic effects of
vitamin K treatment on conduit-type vessels. Further studies are needed to test whether 7 days PK therapy with PK-Oil-
HyC12 would result in the reversal of PK-deficient diet-induced endothelial dysfunction in other types of conduit vessels
and in smaller vessels. Furthermore, in the current study we used only male mice which is justified by their vulnerability
to developing endothelial dysfunction and cardiovascular diseases,”*>® but obviously studies in female mice should be
carried out to confirm the similar efficiency of encapsulated PK to reversed endothelial dysfunction induced by PK
dietary deficiency.

Finally, although we provide evidence that PK therapy, when delivered in hyaluronan-based nanocapsules, rapidly
improves endothelial function, the precise mechanism behind remains unclear. Specifically, it remains uncertain whether
the effects are due to PK itself or the MK-4 formed from PK within the vascular wall.

Several cells and organs can synthesise MK-4, including macrophages, bacteria, the intestinal epithelium, kidneys, the
brain and the endothelium.’>” "% In the present study, we detected increased MK-4 levels in the aorta after incubation
with PK, confirming that MK-4 synthesis could also occur in the vascular wall, compatible with our previous report,” but
not in the PVAT, in which MK-4 was not detectable. In our previous study, we demonstrated that the incubation of an
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isolated aorta with PK resulted in a substantial increase in intracellular PK levels associated with a modest increase in
MK-4 content.” These data confirm the notion that the increased systemic bioavailability of PK could contribute to
increased MK-4 content in the vascular wall. In the present work, we did not provide direct evidence for the metabolism
of PK into MK-4 in the vascular wall; however, this might be related to the dynamic turnover of PK and MK-4.°"-6>

In the current study, we assessed whether PK delivered in hyaluronan-based nanocapsules would be taken up in the
isolated aorta better than PK incubated in its free form. We observed no difference, suggesting that nanocapsule does not
constitute a superior vascular delivery system in vitro. These results however, again suggest that the improvement of
endothelial function after supplementation with encapsulated PK could be ascribed to an increased and prolonged
exposure of vasculature to PK and possibly also to increased PK bioavailability in the liver, the major reservoir for
PK, from which PK is then delivered to extrahepatic tissues by lipoprotein-based transport, providing an abundant
substrate for vascular MK-4 synthesis.” In this context, a robust uptake of PK encapsulated in hyaluronan-based
nanocapsules in the liver might play an important role in the vascular delivery of PK. In the current study, the PK-
deficient diet reduced PK levels in plasma and liver below the detection limit and caused endothelial dysfunction.
Accordingly, the systemic and liver levels of PK determined the endothelial functional status and thus seemed to be the
major player in the maintenance of vascular vitamin K-dependent function.

The details of canonical or non-canonical mechanisms of PK- and MK- regulated endothelial function are still not
well understood®** and require further studies. Irrespective of the mechanisms involved, PK and MK have been
demonstrated to exert comparable vasoprotective effects.” Consequently, both may support vascular homeostasis in
relation to their availability as substrates for vitamin K—dependent processes in the vascular wall.

Taken together, although our study shows that hyaluronan-based nanocapsules enhance the efficacy of PK deficiency
reversal and improve endothelial function, several questions remain to be addressed in future studies, including the
mechanisms of action of vitamin K in the endothelium, effective lymphatic pathway uptake, increased liver content and
increased plasma bioavailability, which seem to represent the major factors responsible for the apparent pharmacological
efficacy of PK administered in hyaluronan-based nanocapsules compared to PK in oil in reversing endothelial
dysfunction.

PK delivery in hyaluronan-based nanocapsules would offer a promising approach for the rapid replenishment of
vitamin K in cases of low vitamin K levels to improve vascular health. Several clinical trials showed either a lack of
effect or only modest effects of PK supplementation, most likely because of low PK bioavailability and inadequate
dosage and treatment time.'>"'” Therefore, using hyaluronan-based nanocapsules or other delivery systems that enhance
PK bioavailability may allow for lower dosages and shorter treatment periods to achieve therapeutic efficacy of PK. This
approach could be particularly beneficial for patients with clinically significant dietary PK deficiencies, such as those

with chronic kidney failure undergoing hemodialysis®>®

or older individuals who represent a population with increased
cardiovascular risk and relative PK deficiency.'' Clinical studies are warranted to translate our assumptions into the

clinical setting.

Conclusion

In summary, this study provides evidence that PK delivered in the form of hyaluronan-based nanocapsules (PK-Oil-
HyC12) offers enhanced bioavailability compared to nonencapsulated PK. Most importantly, the short-term supplemen-
tation of encapsulated PK at a relatively low dose resulted in the full restoration of impaired endothelial function in mice
fed a PK-deficient diet, indicating that rapid systemic replenishment of PK in the plasma and liver using hyaluronan-
based nanocapsules translates into better endothelial function in mice. Given that low systemic PK levels were linked to
increased cardiovascular risk,?® the rapid systemic replenishment of PK using hyaluronan-based nanocapsules provides

a novel approach to support vascular health.
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