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A B S T R A C T

Background: Type 2 diabetes mellitus (T2DM) is marked by insulin resistance, low grade chronic 
inflammation, and endothelial dysfunction. Vitamin K2, especially menaquinone-7 (MK-7), might 
delay T2DM progression and alleviate its consequences. Hence, this study evaluated the effects of 
MK-7 on serum and urine markers of diabetes in an animal model of T2DM.
Methods: Hetero- (fa/+, control) and homozygous (fa/fa, diabetic) male Zucker diabetic fatty 
(ZDF) rats were supplemented or not with MK-7 for 12 weeks. After euthanasia, vitamin K1, 
menaquinone-4 and MK-7 serum concentrations were analyzed via reversed phase high pressure 
liquid chromatography. Glucose (serum), fructosamine (serum) and creatinine (serum and urine) 
levels were assessed photometrically, serum cystatin C and urinary total protein were turbidi-
metrically determined. Serum transforming growth factor beta 1 (TGF-β1) and procollagen type 
III N-terminal peptide (PIIINP) were quantified with enzyme-linked immunosorbent assay. Uri-
nary marker proteins were analyzed via sodium dodecyl sulfate-polyacrylamide gel electropho-
resis. Nephropathy was assessed histologically.
Results: Supplementation led to significantly elevated MK-7 serum levels and a significant 
reduction of PIIINP serum levels in both hetero- and homozygous ZDF rats. Additionally, not 
statistically significant reductions of TGF-β1 serum levels, proteinuria as well as the nephropathy 
score were observed. In vivo body mass, serum fructosamine, glucose, cystatin C and creatinine 
levels were unaffected.
Conclusion: MK-7 reduced serum markers of fibrosis, histological features of nephropathy and 
urinary protein excretion, but failed to affect serum markers of T2DM. The therapeutic potential 
of MK-7 in T2DM and its mode of action should be further investigated in more detail.
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1. Introduction

Diabetes mellitus (DM) is one of the most important non-infectious diseases with approximately six million people worldwide dying 
from it yearly and a current prevalence of more than 530 million [1–4]. By 2045, its global prevalence will likely rise above 780 
million, exacerbating healthcare challenges and economic burden [3–5].

Type 2 diabetes mellitus (T2DM) accounts for ca. 90 % of DM cases and is characterized by insulin resistance or relative insulin 
deficiency, hyperglycemia, chronic low-level inflammation, an accumulation of advanced glycation end products (AGE), and endo-
thelial dysfunction/damage [2,5–9]. Additionally, T2DM is connected to obesity, progressive neuropathy, retinopathy, dysfunctional 
protein, and lipid metabolism as well as an increased susceptibility for stress fractures [1,10–12]. It is also the leading cause of chronic 
kidney disease (CKD) worldwide and a risk factor of intervertebral disc degeneration, osteoarthritis, and dementia [13–16]. A recent 
systematic review detailed that poor glycemic control occurred in 45–93 % of T2DM patients, emphasizing the necessity to evaluate 
adjuvant therapeutic options in addition to improvements in education, counseling, and continuous patient follow-up [17].

Natural vitamin K (VK) has two biologically active forms: vitamin K1 or phylloquinone (VK1) and Vitamin K2 (menaquinones – 
MK). MK consist of a methylated naphthoquinone-ring and an aliphatic isoprenyl sidechain of varying length (4–13 residues) [18]. 
They are partly of gut microbial origin but mostly found in animal products and in natto [19–22]. All VK subtypes serve as co-factors of 
γ-glutamylcarboxylase during the posttranslational modification of 15–18 currently known proteins, e.g., coagulation factors, 
osteocalcin (OC), periostin, matrix-Gla protein (MGP) or growth arrest-specific gene-6 (Gas6)-protein [19,23,24].

MK-7 contains seven isoprenyl residues, has a plasma half-life of approximately 70 h, is characterized by high intestinal absorption 
as well as bioavailability and exerts about 70 % of its effects in extra-hepatic tissues or organs [19,25–27].

Studies have shown that MK-7 can relieve symptoms of peripheral neuropathy, promote bone ossification through increase of 
carboxylated OC (cOC) to a greater extent than MK-4, and reduce fibrotic processes as well as vascular calcification via MGP, Gas6- 
protein and blockage of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) signaling pathways [25,28–33]. 
Additionally, it might increase the secretion of insulin from pancreatic β-cells and reduce the risk of T2DM development via increase of 
adiponectin levels, which in turn appear to be regulated by absolute un(der)carboxylated OC (uOC) and the uOC/cOC ratio [3,21,32]. 
This indicates a crosstalk between bone, adipose tissue, and glucose metabolism.

Zucker diabetic fatty (ZDF) rats, are the most popular model for studying the effects of T2DM according to a recent review and 
originate from the crossbreeding of Merck and Sherman rats in 1961 [2,10]. They are characterized by an autosomal-recessive leptin 
receptor gene mutation, hyperphagia and obesity from week of life four onwards [2,34,35]. Homozygous (fa/fa) male ZDF rats develop 
insulin resistance (week 3–8) and overt T2DM (week 8–10), if a specific high protein diet is fed, while heterozygous (fa/+) ZDF rats do 
not develop T2DM and can serve as control [10,36].

Procollagen type III N-terminal peptide (PIIINP) is an early biomarker for tissue remodeling and fibrosis in a variety of conditions 
such as heart failure, atherosclerosis, and renal fibrosis [37–39]. PIIINP has been used to predict and monitor moderate to advanced 
liver fibrosis in T2DM patients with nonalcoholic fatty liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH) [40–42]. 
Additionally, serum and urine levels of PIIINP are supposed to correlate with renal fibrosis, e.g., in diabetic nephropathy, making it an 
interesting biomarker in patients with T2DM [43].

The gene expression of PIIINP is influenced by pro-inflammatory cytokines (e.g., TNF-α and IL-1) via the mitogen-activated protein 
kinase (MAPK) pathway as well as by transforming growth factor beta 1 (TGF-β1) [38,39].

TGF-β1 is a cytokine involved in the regulation of cell growth, cell differentiation and extracellular matrix (ECM) turnover [44,45]. 
Additionally, it induces the expression of chemokines leading to tissue infiltration by pro-inflammatory macrophages [44]. TGF-β1 
plays a vital role in fibrotic processes of liver, lungs, heart, and kidneys, especially in diabetic nephropathy. IL-24, hyperglycemia, 
hyperlipidemia, advanced glycation end products (AGE) and activated NF-κB induce the gene expression and protein synthesis of 
TGF-β1 in white adipocytes, endothelial cells, mesangial cells and proximal tubular epithelial cells and its effects are transduced via the 
small mothers against decapentaplegic homolog (SMAD) protein pathways, primarily via SMAD-2 and -3 [46–53]. IL-10 inhibits the 
synthesis of TGF-β1, at least in pulmonary and liver fibrosis [54,55].

In kidneys, TGF-β1 increases the synthesis of pro-fibrotic platelet-derived growth factor (PDGF) in tubular epithelial cells as well as 
the synthesis of type I, III and IV collagens, fibronectin, fibrillin, elastin and proteoglycans in myofibroblasts. Additionally, it induces 
the proliferation of mesangial cells, causing both focal segmental glomerulosclerosis and interstitial fibrosis [44,52,53,56,57]. 
Elevated TGF-β1 levels in serum and in urine appear to closely correlate with albuminuria, the degree of mesangial matrix expansion 
and tubulointerstitial fibrosis, even in early diabetic nephropathy [39,43,46,58,59].

The aim of this study was to evaluate the effects of MK-7 supplementation in hetero- and homozygous male ZDF rats with regard to 
typical markers of T2DM, diabetic nephropathy and associated fibrotic tissue remodeling. For this, serum levels of VK1, MK-4, MK-7, 
fructosamine, glucose, PIIINP, TGF-β1, creatinine and cystatin C were determined. Additionally, quantitative proteinuria and semi- 
quantitative distribution of urinary marker proteins were investigated.

2. Materials and methods

2.1. Ethics statement

Animal experimentation protocols were reviewed and approved by the internal review board of Paracelsus Medical University 
Nuremberg and the regional animal review board of Regierung von Unterfranken (Government of Lower Franconia) with the approval 
number: RUF 55.2.2-2532-2-729-17, dated January 02, 2020.
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2.2. Diabetic animal model and sample taking

A total of forty-four 10- to 11-week-old, hetero- and homozygous male ZDF rats (Charles River Laboratories Inc., Châtillon-sur- 
Chalaronne, France) were procured for this study. They received a diabetogenic diet (Purina 5008, ssniff Spezialdiäten GmbH, Soest, 
Germany) ad libitum. Additionally, half the animals in each cohort were supplemented with MK-7 (100 mg per kg feed, Kappa 
Bioscience AS, Oslo, Norway) as soon as they reached an age of 14–15 weeks. This MK-7 concentration was chosen since it had worked 
well in other rodent experiments [60].

MK-7 was directly shipped to ssniff Spezialdiäten GmbH and incorporated into the diabetogenic diet according to the manufac-
turer’s instructions before the feed was delivered to us. The MK-7-enriched chow was kept in the dark until feeding.

All ZDF rats were housed in groups of 2–3 animals under standardized living conditions (55 % humidity, 21 ± 2 ◦C, 12-h light and 
dark cycles). Body mass and phenotypical signs of T2DM (e.g., cataract) were assessed weekly in vivo. Progression of blood glucose 
levels (non-fasting and after 4 h of fasting) was observed via spot tests in each cohort using a veterinary glucometer for whole blood 
samples (AlphaTrak 2, Zoetis, Tullytown, PA, USA) from the age of 14 weeks onwards until euthanasia.

Sacrifice occurred at 26–27 weeks via puncture of the left ventricle with exsanguination in deep narcosis (3 % isoflurane [Baxter, 
Deerfield, IL, USA], 1 h after applying 4 mg/kg carpofen s.c. [Zoetis, Sylvan Way Parsippany, NJ, USA]) in compliance with Federation 
of European Laboratory Animal Science Associations (FELASA) and Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines. At this time, blood samples were taken, and urine samples were obtained via bladder puncture. Due to stipulations of the 
regional animal review board, fasting of individual ZDF rats for 8–12 h prior to sacrifice was impossible.

During the animal experiment, three animals died while six others accidently received the wrong feed and had to be excluded, 
leaving thirty-five animals for inclusion in this study (Table 1).

2.3. Sample processing and storage

After sample taking, serum, lithium-heparin, and urine microtubes (Sarstedt, Nuembrecht, Germany) were stored at 4 ◦C until 
further processing for a maximum of 4–8 h dictated by the batch-wise finalization of rats. Microtubes were centrifuged at 2,000 g for 
10 min (serum, lithium-heparin) or 400 g for 5 min (urine). Supernatants were transferred to 1.5- or 2.0-mL Eppendorf tubes 
(Eppendorf Vertrieb Deutschland GmbH, Wesseling-Berzdorf, Germany) and frozen at − 80 ◦C until usage.

2.4. Quantification of vitamin K

VK1, menaquinone-4 (MK-4) and MK-7 were assessed via reversed phase high pressure liquid chromatography (HPLC) using a 4.6 
mm × 50 cm C18-column with 2.7 μm particle size (Ascentis Express, Mainz, Germany) and an Agilent 1260 Infinity II system (Agilent, 
Santa Clara, USA). Standards and calibrators were supplied by Immuchrom (Immuchrom GmbH, Heppenheim, Germany). The mobile 
phase was composed of 0.5 g sodium acetate (Thermo Fisher Life Technologies GmbH, Darmstadt, Germany), 1.4 g of zinc chloride 
(Thermo Fisher Life Technologies GmbH), 920 mL methanol (VWR Chemicals, Darmstadt, Germany), 80 mL acetonitrile (Thermo 
Fisher Life Technologies GmbH) and 400 μL glacial acetic acid (Merck KGaA, Darmstadt, Germany), mixed and then added to another 
1,000 mL acetonitrile. Methanol served as rinsing solution. The flow rate was 1.6 mL/min. Detection was done via fluorescence with an 
excitation wavelength of 248 nm and an emission wavelength of 418 nm. Chromatography time was ca. 13 min per sample. Lower 
limits of quantification were 0.1 μg/L for VK1 and MK-7 and 0.2 μg/L for MK-4. Evaluation was done with the software Chromeleon 
7.3.2 (Thermo Fisher Life Technologies GmbH, Darmstadt, Germany).

2.5. Assessment of fructosamine and glucose

Serum fructosamine and glucose were assessed photometrically on a cobas 502 module [fructosamine] or a cobas 701 platform 
[glucose] using Roche reagent kits (Roche Diagnostics GmbH, Mannheim, Deutschland) according to manufacturer specifications.

Since the employed assays were not rat-specific, linearity was checked via sample pooling and a dilution series using distilled water 
(DW) [fructosamine] (Merck KGaA) or 0.9 % sodium chloride [glucose] (Roche Diagnostics GmbH). Results are given as concentra-
tions of human equivalent due to the absence of a rat-specific calibration.

2.6. Measurements of procollagen type III N-terminal peptide and transforming growth factor β1

Rat-specific sandwich enzyme-linked immunosorbent assays (ELISA) were used for quantification of PIIINP (Novus Biologicals, 
LLC, Centennial, USA) and TGF-β1 (Thermo Fisher Life Technologies GmbH) on a MRX microplate absorbance reader (Dynex 

Table 1 
Experimental animal groups.

Non-diabetic rats Diabetic rats

group fa/+ without MK-7 fa/+ with MK-7 fa/fa without MK-7 fa/fa with MK-7
n 9 11 7 8

fa/+: heterozygous ZDF rat, fa/fa: homozygous ZDF rat, MK-7: menaquinone-7, n: number.
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Technologies Inc., Chantilly, VA, USA) at 450 nm with the software Revelation 4.25 (Dynex Technologies Inc.) according to manu-
facturer instructions. The measurement range was 31.25–2,000 pg/mL for both assays. Samples were diluted as necessary. All samples, 
standards and blanks were assessed as duplicates or triplicates.

2.7. Quantification of creatinine, cystatin C and total urinary protein

Serum and urinary creatinine (Jaffe method) were assessed photometrically on a cobas 701 platform (Roche Diagnostics GmbH), 
while serum cystatin C was determined via particle-enhanced immunologic turbidimetry on the Roche cobas 502 autoanalyzer using 
Roche reagent kits. The cystatin C assay is based on rabbit antibodies against human cystatin C and was successfully used in the past for 
cystatin C assessments in rats [61]. Urinary total protein was assessed turbidimetrically on the cobas 701 platform using the respective 
Roche reagent kit. For improved comparability, proteinuria was expressed as urine protein/creatinine ratio (UPCR).

Since these assays were not rat-specific, linearity was checked via sample pooling and a dilution series using 0.9 % sodium chloride 
[creatinine, urinary total protein] or DW [cystatin C]. Results were given as concentrations of human equivalent due to the absence of a 
rat-specific calibration.

2.8. Urinary protein marker analysis

The urinary marker proteins immunoglobulin G (IgG, 160 kDa), transferrin (80 kDa), albumin (67 kDa), α1-microglobulin (33 kDa) 
and β2-microglobulin (12 kDa) were assessed via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). NuPage Gels 
4–12 % (10 pockets), NuPage MES SDS Buffer Kit, Gel-Dry gel drying solution and SureLock Tandem Midi Gel Tank (all Thermo Fisher 
Life Technologies GmbH) were used.

Gels were loaded with 25 μL of prediluted samples and controls prepared as follows: 25 μL rat urine or control material were mixed 
with 50 μL DW and 25 μL NuPage SDS sample buffer. Afterwards, gels were run for 30 min at 200 V in 1x NuPage MES SDS running 
buffer, followed by Coomassie brilliant blue staining for 30 min (1 g Coomassie powder, 400 mL DW, 100 mL glacial acetic acid [Merck 
KGaA], 500 mL ethanol [VWR International GmbH]) and decoloration for 40 min (100 mL ethanol, 75 mL glacial acetic acid and 825 
mL DW) on the Solaris 2000 orbital shaker (Thermo Fisher Life Technologies GmbH). Following decoloration, gels were rinsed in DW 
for 30 min. Subsequently, they were treated with Gel-Dry drying solution for 20 min, transferred between two DryEase Mini Cello-
phane sheets (Thermo Fisher Life Technologies GmbH) and inserted into a frame for assessment (Thermo Fisher Life Technologies 
GmbH).

Since hetero- and homozygous ZDF rats can potentially suffer from hydronephrosis [62,63], urine samples from four 15- to 
16-week-old male Sprague Dawley (SD) rats obtained during another study (RUF 55.2.2-2532-2-1381-15) were included to serve as 
additional “normal” control in the assessment of proteinuria.

Semi-quantitative grading (“0” [no excretion], “1” [less], “2” [roughly equal], “3” [more]) of individual bands in comparison to the 
respective intra-run standard – a human ring trial sample with complete glomerular and tubular proteinuria (INSTAND e.V., Düs-
seldorf, Germany) and a known UPCR of 388 mg/g – was done via densitometry with ImageJ 1.54j (Wayne Rasband and contributors, 
National Institutes of Health, USA).

2.9. Histopathological assessment of nephropathy

After sacrifice, kidneys of all animals were resected and fixed in 4 % paraformaldehyde (PFA/PBS, Santa Cruz Biotechnology Inc., 
Dallas, TX, USA) for 48 h. Then, tissue samples were embedded into paraffin (Path Center: Shandon Pathcenter, Thermo Scientific, 
Waltham, MA, USA) before dissection of 7 μm thick sections. Sections were placed on the glass slides and kept in an oven (Memmert 
GmbH and Co.KG) at a temperature of 60 ◦C overnight. After being washed in xylol for 2 × 5 min (Carl Roth GmbH and Co.KG, 
Karlsruhe, Germany) for deparaffinization and rehydration in descending sequence of ethanol (ETOH) concentrations (99.8 %, 96 %, 
80 %, 70 %) (Carl Roth GmbH and Co.KG), the specimens were stained with hematoxylin-eosin (HE) and Picrosirius red (SR). After the 
staining, the sections were dehydrated in an ascending ETOH series (70 %, 80 %, 96 %,99.8 %), immersed in xylol (10 min) and 
embedded in Entellan (Merck KGaA). For examination, the 200x to 400x magnification of a light microscope (DM1000 LED with 
integrated camera, Leica Microsystems GmbH, Wetzlar, Germany) was used.

2.10. Hematoxylin-eosin stain

After incubation for 6 min in Harry’s hematoxylin (Carl Roth GmbH and Co.KG), the prepared kidney sections were rinsed in 
running tap water and counterstained with eosin (Carl Roth GmbH and Co.KG) for 4 min.

2.11. Picrosirius red stain

SR staining was performed to depict collagen distribution. Deparaffinized sections were washed in tap water for 4 min. Cell nuclei 
were stained with Weigert’s hematoxylin (MORPHISTO GmbH, Frankfurt am Main, Germany) for 8 min. Afterwards, they were 
washed with DW for 5 s, followed by rinsing in tap water for 10 min and in DW for 1 min. Then, the sections were stained using SR 
(MORPHISTO GmbH) for 60 min, before being incubated twice in 30 % acetic acid (Carl Roth GmbH and Co.KG) for 1 min each and 
then twice in 96 % EtOH for 4 min each. Finally, they were transferred to isopropanol for 4 min.
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2.12. Histopathological nephropathy score

For the evaluation of renal tissue slices, a nephropathy score was developed, and continuously used (Supplementary Table 1). 
Histological evaluation was done by a single investigator.

2.13. Statistical testing

MedCalc 23.0.6 (MedCalc Software Ltd, Ostend, Belgium) was used for linearity assessments with Passing-Bablok regression and 
Spearman rank correlation coefficient including the respective diagrams for non-rat-specific assays.

Testing for statistical significance and graphical depiction was done with GraphPad Prism 10.4.0 (GraphPad Software, San Diego, 
CA, USA). Normality of distribution was assessed via Shapiro-Wilk test and visual inspection of quantile-quantile plots. Outliers were 
detected with “robust regression and outlier removal” (ROUT; Q = 1 %). In vivo body mass was evaluated via mixed effects model 
analysis with Geisser-Greenhouse correction and Tukey’s multiple comparisons test. Welch’s ANOVA with Dunnett T3 multiple 
comparison test was used for creatinine, cystatin C, fructosamine, glucose, MK-4, MK-7, PIIINP, TGF-β1 and UPCR. For VK1, urinary 
marker proteins (IgG, transferrin, albumin, α1-microglobulin and β2-microglobulin) and the nephropathy score, Kruskal-Wallis test 
with Dunn’s multiple comparison test was applied, because they did not pass the normality test. P-values <0.05 were regarded as 
statistically significant.

3. Results

3.1. Characteristics of ZDF rats in vivo

Homozygous ZDF rats showed typical features of T2DM like polydipsia, polyuria, obesity, and cataracts. Heterozygous animals 
developed no cataracts and showed higher levels of physical activity. Glucometer spot tests were consistent with T2DM in homo- but 
not in heterozygous animals with no detectable effect of MK-7 supplementation (data not shown).

Weekly body mass showed statistically significant differences between hetero- and homozygous ZDF rats regardless of MK-7 
feeding until week of life 16 and between heterozygous (both cohorts) and homozygous supplemented animals until week of life 
17 (Fig. 1, Supplementary Table 2).

3.2. Vitamin K serum concentrations

Homozygous non-supplemented ZDF rats showed statistically significant increases of VK1 and MK-4 in comparison to their sup-
plemented counterparts, heterozygous MK-7-fed ZDF rats (VK1) and heterozygous non-supplemented animals (MK-4) (Fig. 2a–b, 
Supplementary Table 2). MK-7 feeding led to a statistically significant increase of MK-7 serum levels in hetero- and homozygous ZDF 
rats when compared to their non-supplemented counterparts. Additionally, MK-7 serum levels in homozygous supplemented ZDF rats 
were significantly higher than in heterozygous supplemented animals. MK-7 levels in heterozygous supplemented ZDF rats in turn 
were significantly higher than in homozygous non-supplemented animals. Additionally, homozygous non-supplemented ZDF rats 
showed a statistically significant MK-7 elevation in comparison to heterozygous non-supplemented animals (Fig. 2c–Supplementary 
Table 3).

Fig. 1. Weekly body mass of hetero- and homozygous male ZDF rats without or with MK-7 supplementation depicted as means with standard 
deviations. Please note that the origins of x- and y-axes are not zero. P-values: ** <0.01, *** <0.001, **** <0.0001. fa/+: heterozygous ZDF rats; fa/ 
fa: homozygous ZDF rats, w: with, wo: without. n = 5–11.
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3.3. Fructosamine and non-fasting glucose serum levels

Homozygous ZDF rats showed significantly higher serum levels of fructosamine and non-fasting glucose in comparison to het-
erozygous animals. MK-7 feeding did not have any statistically significant influence. Glucose measurements via cobas c701 and 
AlphaTrak2 revealed similar trends, but glucometer measurements showed lower absolute glucose concentrations (Fig. 3a–c, Sup-
plementary Table 3). Linearity tests revealed almost perfect alignment with the line of identity (Supplementary Fig. 1).

3.4. Procollagen type III N-terminal peptide and transforming growth factor β1 serum concentrations

Hetero- and homozygous ZDF rats with MK-7 feeding showed a statistically significant reduction in serum concentrations of PIIINP 
when compared to their non-supplemented counterparts. Serum PIIINP concentrations in both homozygous subgroups were statis-
tically significantly higher than in supplemented heterozygous animals (Fig. 4a, Supplementary Table 3).

TGF-β1 showed similar trends which were not statistically significant. Only the comparison between supplemented hetero- and 
homozygous ZDF rats showed statistical significance (Fig. 4b–Supplementary Table 3).

3.5. Serum creatinine and cystatin C

There was no statistically significant difference between hetero- and homozygous ZDF rats with regard to serum creatinine con-
centrations, regardless of MK-7 feeding (Fig. 5a, Supplementary Table 2). Supplemented and non-supplemented homozygous ZDF rats 
showed statistically significant increases of cystatin C in comparison to heterozygous supplemented animals and an identical but not 
statistically significant trend in comparison to heterozygous non-supplemented animals. MK-7 feeding did not significantly influence 
cystatin c serum levels within hetero- and homozygous subgroups (Fig. 5b–Supplementary Table 3). Linearity tests revealed almost 
perfect alignment with the line of identity (Supplementary Fig. 1).

3.6. Total urinary protein excretion and relative excretion of urinary marker proteins

Homozygous non-supplemented ZDF rats showed a significant UPCR elevation in comparison to both heterozygous cohorts. When 
the UPCR of homozygous non-supplemented ZDF rats was compared to that of SD rats, statistical significance was scantly missed (P =
0.053). In homozygous MK-7-supplemented ZDF rats, UPCR was lower than in their non-supplemented counterparts (P = 0.238) but 
remained significantly elevated in comparison to heterozygous ZDF rats and SD rats. The UPCR of heterozygous non-supplemented 
ZDF rats was statistically significantly lower than in SD rats (Fig. 6a, Supplementary Table 3). Linearity tests revealed almost per-
fect alignment with the line of identity for urinary creatinine and total protein (Supplementary Fig. 1).

For IgG, there was no significant difference in relative excretion between SD rats and ZDF rats. Relative transferrin excretion was 
significantly increased in homozygous non-supplemented ZDF rats in comparison to SD rats and heterozygous ZDF rats. Relative 
albuminuria was higher in homozygous animals but failed to reach statistical significance. Relative α1-microglobulin and β2-micro-
globulin excretion was lower in homozygous ZDF rats than in heterozygous ZDF rats and SD rats. This reduction was statistically 
significant for homozygous non-supplemented ZDF rats in comparison to heterozygous MK-7-supplemented ZDF rats.

MK-7 feeding led to a trend of reduced relative albuminuria in homozygous ZDF rats, while the relative excretions of transferrin, 
α1-microglobulin and β2-microglobulin were no longer significantly different from heterozygous ZDF rats and SD rats (Fig. 6b–f, 
Supplementary Table 4).

Fig. 2. Quantification of vitamin K1 (VK1) [a], menaquinone-4 (MK-4) [b] and menaquinone-7 (MK-7) [c] in serum of hetero- and homozygous ZDF 
rats without or with MK-7 supplementation depicted as median, 25th/75th percentile, minimum, and maximum (VK1) or means, minimum and 
maximum values (MK-4, MK-7). P-values: * <0.05, ** <0.01, *** <0.001, **** <0.0001. fa/+: heterozygous ZDF rats; fa/fa: homozygous ZDF rats, 
w: with, wo: without. n = 7–8.
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Fig. 7a–e details exemplary SDS-PAGE with heterozygous ZDF rats and SD rats showing a predominantly tubular pattern of excreted 
proteins (<67 kDa) while homozygous ZDF rats showed less tubular protein excretion but more prominent glomerular proteinuria 
(≥67 kDa). Inter-individual variability within the groups was high.

3.7. Histopathological assessment of nephropathy

The kidneys of homozygous ZDF rats showed swelling of the glomeruli and widening of Bowman’s capsulular space in the renal 
cortex more often than in heterozygous controls. Furthermore, atrophy of tubular epithelial cells and interstitial hemorrhage became 
evident in homozygous animals when compared to the heterozygous counterparts. An increased number of inflammatory cells could 
not be detected, regardless of genotype or MK-7 supplementation. In summary, the histopathological observations revealed a statis-
tically significant elevation of the nephropathy score when homozygous ZDF rats were compared to heterozygous animals. Within 
heterozygous ZDF rats, the span was greater in supplemented rats while median values were identical. Within homozygous subgroups, 
the median and span were lower in supplemented ZDF rats, but this difference missed statistical significance (Fig. 8, Supplementary 

Fig. 3. Quantification of serum fructosamine [a] and non-fasting glucose [b, c] in hetero- and homozygous ZDF rats without or with MK-7 sup-
plementation depicted as means, minimum, and maximum values. P-values: ** <0.01, *** <0.001, **** <0.0001. fa/+: heterozygous ZDF rats; fa/ 
fa: homozygous ZDF rats, w: with, wo: without. n = 7–8.

Fig. 4. Quantification of serum procollagen type III N-terminal peptide (PIIINP) [a] and transforming growth factor beta1 (TGF-β1) [b] in hetero- 
and homozygous ZDF rats without or with MK-7 supplementation depicted as means, minimum, and maximum values. P-values: * <0.05, ** <0.01, 
**** <0.0001. fa/+: heterozygous ZDF rats; fa/fa: homozygous ZDF rats, w: with, wo: without. n = 7–8.
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Table 3). Fig. 9 shows representative staining of renal slices in 400x magnification. SR staining revealed an enhanced collagen 
deposition in the renal cortex (red).

4. Discussion

4.1. Characteristics of ZDF rats in vivo

Gradual body mass alignment between hetero- and homozygous ZDF rats agreed with the results of other authors [64–66]. The one 
week extended statistical significance in the body mass comparison of homozygous supplemented animals versus heterozygous sub-
groups was caused by lower standard deviations in homozygous supplemented ZDF rats, which were already present before supple-
mentation started. MK-7 feeding had no statistically significant influence.

The age-dependent increase of T2DM symptoms in homozygous ZDF rats with an increasing inability to utilize consumed calories is 
the probable explanation for their lack of additional weight gain [36,66]. While glucometer spot test results are not reported here in 
detail, non-fasting results in homozygous ZDF rats at 26 weeks of age (607 ± 43 mg/dL) were similar to the results of other authors at 
24–26 weeks [65,66]. At the same time, glucometer results in heterozygous animals (162 ± 49 mg/dL) were distinctly lower than 
reported [65,66].

The basic experimental setup was regarded as successful which could not be assumed a priori since a marked clinical heterogenicity 
in ZDF rats with some homozygous animals not developing T2DM has been described [36,65].

4.2. Vitamin K serum concentrations

Supplemented hetero- and homozygous ZDF rats showed massively increased MK-7 levels. Homozygous animals exceeded their 
heterozygous counterparts by a factor of ca. 3.5. This is explainable by the lack of satiety and resulting hyperphagia in homozygous 
ZDF rats and agrees with published linearity between MK-7 dosage and MK-7 serum levels [25]. Currently, no therapeutic target range 
for MK-7 has been established, but the MK-7 reference interval in humans is 0.07–0.76 μg/L [67]. Previous studies indicated that VK1 
and MK-4 plasma concentrations in rodents are similar to those in humans, which likely extends to MK-7 [68,69]. Therefore, observed 
MK-7 serum concentrations in supplemented ZDF rats must be regarded as very high. This might raise concern of toxicity, but MK-4 
supplementation with up to 45 mg daily showed no adverse effects in humans while trials in rodents revealed no toxicity after one-time 
MK-7 doses of up to 5,000 mg/kg bodyweight or MK-7 application of up to 4,500 mg/kg bodyweight for 90 days [70,71]. Additionally, 
we observed no obvious in vivo toxicity or adverse effects on investigated analytes.

For VK1 and MK-4, homozygous non-supplemented animals showed the highest serum levels, probably caused by hyperphagia 
leading to increased VK1 serum levels from their feed. VK1 in turn is converted to MK-4 via UbiA prenyltransferase domain-containing 
protein-1 in extrahepatic tissues like pancreas, arterial walls, and testes [18,68]. MK-7 is also converted to MK-4 in rodents and 

Fig. 5. Quantification of serum creatinine [a] and cystatin C [b] in hetero- and homozygous ZDF rats without or with MK-7 supplementation 
depicted as means, minimum, and maximum values. P-values: * <0.05. fa/+: heterozygous ZDF rats; fa/fa: homozygous ZDF rats, w: with, wo: 
without. n = 7–8.
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humans, which suggests that this conversion is regulated (e.g., via a feedback loop) since supplemented hetero- and homozygous ZDF 
rats showed lower serum levels of MK-4 than homozygous non-supplemented ZDF rats [72].

4.3. Fructosamine and non-fasting glucose serum levels

Fructosamine concentrations in diabetic ZDF rats were comparable to results in animals aged 14 weeks in other studies [73,74]. In 
heterozygous controls, fructosamine results were markedly above ranges reported by the same authors [73,74]. This discrepancy can 
be explained by the additional weight gain in heterozygous ZDF rats between week 14 and 26, leading to progression of hypergly-
cemia, obesity, and exhaustion of pancreatic β-cells.

After euthanasia, non-fasting serum glucose concentrations in hetero- and homozygous ZDF rats determined by Roche analyzer 
agreed with results at week of life 24 to 26 in other studies, albeit being at the upper ends of these ranges [65,66]. This is explainable by 
the fact that we used blood from the left ventricle while the other authors might have used veinous blood – an information not provided 
in the cited articles. Glucose levels in arterial blood are approximately 8 % higher than in venous blood [75].

For glucometer assessments, we made an identical observation as during the in vivo spot tests: Measurements in homozygous 
animals fell within reported ranges, while results in heterozygous animals were markedly below expectations [65,66]. Glucose 
measurements in whole blood samples are ca. 15 % lower than those in serum or plasma [75]. A study comparing feline and canine 
venous glucose concentrations in whole blood (glucometer, glucose dehydrogenase reaction) to serum (biochemical analyzer, hexo-
kinase reaction) found a mean relative difference of 25.5 % (28.9 % for lower values, 22.1 % for higher values) with glucometer 
measurements showing lower results [76]. We made similar observations with mean differences between glucometer and biochemical 
analyzer results being 41.8 % in non-diabetic and 13.4 % in diabetic animals. This supports the conclusions drawn by Tauk et al. that 
glucometer measurements of whole blood samples can lead to misclassifications of the glycemic state [76]. Additionally, glucometer 
measurements might not conform to the same strict internal quality controls and external quality assessments as biochemical 
analyzers.

In ZDF rats, glucometer measurements appear unsuitable for comparison with biochemical analyzer results. However, they should 

Fig. 6. Quantification of urinary protein excretion as urine protein/creatinine ratio (UPCR) [a] and semiquantitative urinary excretion of immu-
noglobulin G (IgG) [b], transferrin [c], albumin [d], α1-microglobulin [e] and β2-microglobulin [f] of hetero- and homozygous ZDF rats without or 
with MK-7 supplementation depicted as means, minimum and maximum values (UPCR) or medians, 25th/75th percentile, minimum and maximum 
values (all others). P-values: * <0.05, ** <0.01, *** <0.001. fa/+: heterozygous ZDF rats; fa/fa: homozygous ZDF rats, SD: Sprague Dawley, w: 
with, wo: without. 7a: n = 4 for SD rats, n = 5–6 for ZDF rats, 7b–f: n = 4 for SD rats, n = 6–8 for ZDF rats.
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be suitable for regular in vivo monitoring due to fast analyzation times and the need for minor amounts of blood which is advantageous 
in small animals [76].

MK-7 feeding had no statistically significant effect on markers of short- or mid-term glucose metabolism [77]. This contrasts with 
several animal and human studies indicating beneficial effects of MK-4 and MK-7 on glucose metabolism in T2DM [3,12,21,78]. We 
hypothesize that due to the very high MK-7 levels and its effects on the gene expression, protein synthesis and γ-carboxylation of OC, 
absolute uOC and cOC levels were too high, paradoxically causing a reduction in pancreatic insulin gene expression and release as well 
as a reduced adiponectin release from white adipose tissue [3,21,78–81]. Ferron et al. could demonstrate this effect in β cell islets of 
mice: Up until 0.3 ng/mL uOC, the gene expression of insulin 1 and 2 genes was steadily increased. Application of higher uOC con-
centrations led to a rapid decline with insulin gene expression falling below control levels when 30 ng/mL uOC were used [80]. The 
authors also demonstrated that an increase in adiponectin gene expression in adipocytes required higher doses of uOC than insulin but 
after administration of 30 ng/mL uOC, the gene expression of adiponectin started to be less increased than after application of 10 
ng/mL uOC [80]. Taken together with the more advanced age of our ZDF rats at the time of sacrifice, a combination of senescence and 
aforementioned effects likely led to the lack of therapeutic impact with regard to fructosamine and glucose [81].

4.4. Procollagen type III N-terminal peptide and transforming growth factor β1 serum concentrations

MK-7 feeding led to a statistically significant reduction of PIIINP serum levels and a similar but not statistically significant reduction 
of TGF-β1 serum levels in hetero- and homozygous ZDF rats, which might indicate nephroprotective and anti-fibrotic MK-7 effects, 
especially since blockage of TGF-β1 signaling has led to significant improvements of structural changes in animal models of diabetic 
nephropathy as well as cell cultures, even when hyperglycemia was not treated [37–39,44,46,58,82]. Mesangial cells and tubular 
epithelial cells of patients with diabetic nephropathy have already been shown to synthesize increased amounts of type III collagen and 
TGF-β1 [39,46–53].

However, Barchetta et al. concluded in their study that PIIINP levels in T2DM patients without NASH, NAFLD or liver fibrosis were 
primarily associated with adipose tissue inflammation [37]. Similarly, TGF-β1 serum levels were shown to positively correlate with 
body mass index and fat mass in humans [48]. Since both hetero- and homozygous ZDF rats were quite adipose at the time of 
euthanasia, the reduction of PIIINP and TGF-β1 serum levels could also be caused by anti-inflammatory effects in adipose tissue.

Histologic assessments of possible fibrotic changes in liver and pancreas as well as of organ-specific PIIINP and TGF-β1 gene 

Fig. 7. Exemplary urine sodium dodecyl sulfate-polyacrylamide gel electrophoreses (SDS-PAGE) of SD rats [a], heterozygous ZDF rats without 
menaquinone-7 (MK-7) supplementation [b], heterozygous ZDF rats with MK-7 supplementation [c], homozygous ZDF rats without MK-7 sup-
plementation [d] and homozygous ZDF rats with MK-7 supplementation [e]. In each example, urine of 3 different rats of the respective group as well 
as a standard lane (far right) are visible. The marker standard bands correspond to proteins as following: 165 kDa = IgA, 160 kDa = IgG, 80 kDa =
transferrin, 67 kDa = albumin, 33 kDa = α1-microglobulin, 21 kDa = retinol-binding protein, 12 kDa = β2-microglobulin. fa/+: heterozygous ZDF 
rats; fa/fa: homozygous ZDF rats, SD: Sprague Dawley, w: with, wo: without. Full, non-cropped and unedited images of the SDS-PAGEs can be found 
in Supplementary Fig. 2.
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expression during the next phase of our study will shed additional light on this.

4.5. Serum creatinine and cystatin C

Serum creatinine values observed in our study were comparable to the results of Coimbra et al. in 18 and 40 weeks-old hetero- and 

Fig. 8. Histopathological nephropathy scores of hetero- and homozygous ZDF rats without or with MK-7 supplementation depicted as medians, 
25th/75th percentile, minimum and maximum values. P-values: * <0.05, ** <0.01. fa/+: heterozygous ZDF rats; fa/fa: homozygous ZDF rats, w: 
with, wo: without. n = 7–11.

Fig. 9. Representative histological staining of renal cortex of heterozygous ZDF rats without menaquinone-7 (MK-7) supplementation [a], het-
erozygous ZDF rats with MK-7 supplementation [b], homozygous ZDF rats without MK-7 supplementation [c] and homozygous ZDF rats with MK-7 
supplementation [d]. The sections were stained with Hematoxylin-eosin stain (a1–d1) to acquire information on the overall histological structure or 
Picrosirius red stain (a2–d2) for collagen structure depiction visualized with light microscopy. Scale bar: 50 μm. Arrow: dilated tubule, *: vitreous 
changes of glomerulus, #: dilated Bowman’s capsule (atrophic glomerulus), +: glomerulus with hematuria, $ glomerulosclerosis. fa/+: heterozy-
gous ZDF rats; fa/fa: homozygous ZDF rats, w: with, wo: without.
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homozygous ZDF rats [51]. The lack of any difference in creatinine results could be misinterpreted as absence of renal impairment but 
tubular secretion of creatinine can be increased in renal injuries which explains the “creatinine-blind range” until glomerular filtration 
is impaired by ≥ 50 % [83,84].

Serum cystatin C levels in homozygous ZDF rats were elevated when compared to heterozygous animals, indicating reduced kidney 
function in diabetic animals. This agrees with published properties of creatine and cystatin C as markers of kidney function [83–85].

The lack of improvement in creatinine and cystatin C results after MK-7 supplementation contrasts with our observations regarding 
PIIINP, TGF-β1 and proteinuria, which indicated nephroprotective effects of MK-7. Nonetheless, beneficial effects of MK-7 on vascular 
stiffness and renal function have been published [26,32]. Effects on vascular calcification have been divergent with some studies 
showing no beneficial effects while others found a long-term protective effect [32,86–88].

4.6. Total urinary protein excretion and relative excretion of urinary marker proteins

Similar to other studies, we found significant proteinuria with glomerular focus in diabetic ZDF rats, that far outweighed the 
physiologic mixed proteinuria in heterozygous controls and SD rats [51,64,89–94]. Additionally, the excretion of tubular proteins was 
reduced in homozygous ZDF rats. Tubular proteinuria (especially small proteins of 17–21 kDa) is believed to be a physiologic indicator 
of sexual maturity and fertility in male rats, which explains their decrement in senescence or after castration as well as their reduction 
in homozygous ZDF rats, which are also used in infertility studies [90,91,95].

MK-7 feeding of homozygous ZDF rats led to an UPCR reduction, which missed statistical significance in comparison to homo-
zygous non-supplemented animals, but the resulting UPCR was far more comparable to SD rats and heterozygous ZDF rats. Relative 
transferrin excretion and albuminuria showed similar but not as distinctive results while tubular proteins in supplemented homozy-
gous ZDF rats were returned to levels more comparable to heterozygous ZDF rats and SD rats. These observations most likely indicate 
nephroprotective effects of MK-7 and corroborate the results of PIIINP and TGF-β1 discussed above.

Regardless of the correlation with these fibrosis markers, improvements in proteinuria were probably caused by a different effect 
than TGF-β1 reduction. Other authors already demonstrated that TGF-β1 blockade did not improve albuminuria, in all probability 
because proteinuria is mediated via other messengers like vascular endothelial growth factor [96,97]. It stands to reason that MK-7 
also influenced other cytokines, interleukins, or growth factors, possibly through its influence on NF-κB signaling pathways [98]. 
PCR-based evaluation of cytokines in the kidneys will reveal additional information. Quantitative detection of urinary marker proteins 
would have been preferable but was not possible due to insufficient sample volumes.

4.7. Histopathological assessment of nephropathy

In correspondence to the increased proteinuria with glomerular focus in diabetic ZDF rats described above and similar to the 
reports of other authors, we found glomerular sclerosis with thickening of Bowman’s capsule as well as tubular atrophy and dilation or 
tubulointerstitial damage in homozygous ZDF rats while the structure of heterozygous controls remained largely normal [1,51,64,90]. 
Siwy et al. also observed an interstitial accumulation of type III collagen [64].

With the combination of the statistically significant reduction of PIIINP, the trend of reduced TGF-β1 and the UPCR reduction in 
supplemented homozygous ZDF rats, high concentrations of MK-7 appear to reduce the detrimental effects of T2DM on kidney 
morphology and function, likely via influencing cytokine levels through NF-κB [98].

4.8. Study limitations

The results in our study often showed broad 95 % confidence intervals of respective means or medians due to inter-individual 
variability (Supplementary Tables 3 and 4). It is likely that this precluded statistical significance in several cases when hetero- and 
homozygous subgroups were compared to assess the differences between supplemented and non-supplemented animals, for example 
in the analysis of TGF-β1, UPCR, and nephropathy score. Other authors observed a similar phenomenon in their studies with ZDF rats 
[36,99]. Greater sample sizes likely would have led to statistical significance.

Additionally, our current research was not definitive in answering how high MK-7 concentrations conveyed its protective impact, 
since we did not investigate the effects on signaling pathways like SMAD-2 and -3 as well as uOC and cOC.

5. Conclusions

Our current study failed to show positive MK-7 effects with regard to in vivo body mass, serum fructosamine, glucose, creatinine and 
cystatin C levels. However, reductions of serum PIIINP and TGF-β1 concentrations as well as improvements in proteinuria and ne-
phropathy score could be demonstrated, possibly indicating protective effects against fibrotic tissue remodeling and/or adipose tissue 
inflammation.

Since serum and urine marker results do not allow definitive conclusions, additional (immuno-)histologic assessments will be 
required to complement the presented observations. Further investigations into MK-7 effects on cytokine signaling will also be needed 
to supplement our understanding of MK-7 effects in T2DM.

I. Mrosewski et al.                                                                                                                                                                                                     Heliyon 10 (2024) e40826 

12 



CRediT authorship contribution statement

Ingo Mrosewski: Writing – review & editing, Writing – original draft, Visualization, Software, Project administration, Method-
ology, Investigation, Formal analysis, Data curation, Conceptualization. Valeriya Mantel: Writing – review & editing, Writing – 
original draft, Investigation, Formal analysis. Matthias Urbank: Writing – review & editing, Investigation, Formal analysis. Gundula 
Schulze-Tanzil: Writing – review & editing, Visualization, Supervision, Resources, Project administration, Methodology, Investiga-
tion, Funding acquisition, Data curation, Conceptualization. Christian Werner: Investigation. Clemens Gögele: Writing – review & 
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