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Abstract 

Background  There is insufficient evidence for the ability of vitamin K2 to improve type 2 diabetes mellitus symptoms 
by regulating gut microbial composition. Herein, we aimed to demonstrate the key role of the gut microbiota in the 
improvement of impaired glycemic homeostasis and insulin sensitivity by vitamin K2 intervention.

Methods  We first performed a 6-month RCT on 60 T2DM participants with or without MK-7 (a natural form of vita-
min K2) intervention. In addition, we conducted a transplantation of the MK-7-regulated microbiota in diet-induced 
obesity mice for 4 weeks. 16S rRNA sequencing, fecal metabolomics, and transcriptomics in both study phases were 
used to clarify the potential mechanism.

Results  After MK-7 intervention, we observed notable 13.4%, 28.3%, and 7.4% reductions in fasting serum glucose 
(P = 0.048), insulin (P = 0.005), and HbA1c levels (P = 0.019) in type 2 diabetes participants and significant glucose 
tolerance improvement in diet-induced obesity mice (P = 0.005). Moreover, increased concentrations of secondary 
bile acids (lithocholic and taurodeoxycholic acid) and short-chain fatty acids (acetic acid, butyric acid, and valeric acid) 
were found in human and mouse feces accompanied by an increased abundance of the genera that are responsible 
for the biosynthesis of these metabolites. Finally, we found that 4 weeks of fecal microbiota transplantation signifi-
cantly improved glucose tolerance in diet-induced obesity mice by activating colon bile acid receptors, improving 
host immune-inflammatory responses, and increasing circulating GLP-1 concentrations.

Conclusions  Our gut-derived findings provide evidence for a regulatory role of vitamin K2 on glycemic homeostasis, 
which may further facilitate the clinical implementation of vitamin K2 intervention for diabetes management.

Trial registration  The study was registered at https://​www.​chictr.​org.​cn (ChiCTR1800019663).
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Background
Diabetes mellitus remains a major health threat world-
wide because of its complicated pathogenesis [1]. In 
recent years, it has become evident that type 2 diabetes 
mellitus (T2DM) is strongly associated with gut microbi-
ota dysbiosis [2] through multiple mechanisms, including 
alterations in metabolites produced via gut microbiota 
saccharolysis or proteolysis, increased gut permeabil-
ity and perturbation of bile acid metabolism [3]. Altered 
composition of the gut microbiota has been observed 
in T2DM patients and prediabetes [4, 5], whereas fecal 
microbiota transplantation (FMT) from healthy donors 
to metabolic syndrome patients improved glycemic con-
trol and insulin sensitivity [6].

It should be noted that the existing microbiota and the 
host have established a high level of fitness through long-
standing interactions, which is a non-negligible obstacle 
to the long-term efficacy of existing FMT and probiotic 
supplementation methods [7]. As the available supple-
mentation options almost involve oral ingestion, the 
supplemented microbes must remain active as they pass 
through the digestive tract prior to colonization, which is 
difficult [8]. In contrast, substances that can maintain the 
homeostasis of the gut microbiota, such as prebiotics and 
postbiotics, may be a more effective and cost-effective 
choice for diabetes management [9].

In recent years, cohort studies and randomized con-
trolled trials (RCTs) have demonstrated the poten-
tial benefits of vitamin K2 in insulin sensitivity and 
glucose metabolism: (1) Beulens et  al. investigated the 
risk of T2DM with vitamin K2 dietary intake according 
to the FFQ survey in a large prospective study involving 
38,094 Dutch adults. It had been observed that vitamin 
K2 intake was linearly and negatively associated with 
the risk of T2DM (P = 0.038), with a HR of 0.93 (0.87–
1.00) per 10  μg increase [10]; (2) Choi et  al. conducted 
a placebo-controlled trial in which 33 young males were 
given 30 mg/d of MK-4 (a form of vitamin K2) or a pla-
cebo for a period of 4 weeks. It had been observed that 
vitamin K2 supplementation significantly increased the 
insulin sensitivity index (P = 0.01) and the disposition 
index (P < 0.01), but these changes did not occur in the 
placebo group [11]. Animal and cellular studies have also 
shown that vitamin K2 can improve glycemic homeosta-
sis by regulating the circulating levels of osteocalcin (a 
vitamin K-dependent calcium-binding protein) [12] and 
glucagon-like peptide-1 (GLP-1) [13] and improving lipid 
parameters [14]. Importantly, a recent evidence has dem-
onstrated that the microbiota composition significantly 
changes when diet-derived vitamin K is insufficient in the 
gut environment [15], although the microbiota is capable 
of producing vitamin K2 on its own. Although previous 
studies have provided valuable insights into the effects of 

vitamin K2 on glycemic homeostasis and gut microbiota, 
vitamin K2 is poorly understood as a metabolic interven-
tion that regulates blood glucose by acting on the gut 
microbiota.

We hypothesized that vitamin K2 may indirectly 
improve glycemic homeostasis by acting as a gut sta-
bilizer through the microbiota. To address the above 
questions and confirm the effects of vitamin K2 supple-
mentation on glycemic homeostasis and the gut micro-
biota, we first conducted a double-blind randomized 
controlled MK-7 intervention for 6  months in commu-
nity-recruited T2DM patients, followed by 16S rRNA 
sequencing and metabolomics analysis to clarify the 
alterations in clinical characteristics and the compo-
sitional and functional shifts in the gut microbiota. In 
addition, we performed a functional exploration of the 
effects of vitamin K2 on the microbiota in mice by using 
the FMT method to validate the role of the altered gut 
microbiota and fecal metabolites in glucose metabolism 
and insulin sensitivity.

Methods
Methods of the clinical parameter measurements, bio-
logical sample collection [16], biochemical index test-
ing, 16S rRNA [17–21] and transcriptome sequencing, 
targeted metabolomics detection [22], RT-qPCR (primer 
sequences are in Additional file 1: Table S1), pathological 
examination, and immunohistochemistry are enclosed in 
Additional file 1.

Subject recruitment and study design
T2DM subjects were recruited from 4 local communi-
ties in Harbin (Heilongjiang, China) through flyers and 
on-site advertisements. Inclusion was limited to subjects 
with a definite T2DM history and confirmation of diag-
nosis by physicians. The exclusion criteria were severe 
cardiovascular events, recurrent infections, any surgery, 
gastrointestinal disease, organ failure, use of antibiotics 
or warfarin in the past 3 months, and use of more than 
2 kinds of medicines for glycemic control. In addition, 
participants did not take any vitamin K2 supplements 
or probiotics. Eligible subjects were randomly assigned 
to the vitamin K2 supplementation group (referred to as 
the “VK group” in subsequent analysis, 90 µg MK-7 was 
added in 100 g yogurt, 1 cup (100 g)/day) or the control 
group (“NC group,” 100  g yogurt without MK-7 added, 
1 cup (100  g)/day). To ensure compliance in the study 
population and to take into account the characteristics 
of vitamin K2, we used yogurt instead of a capsule as a 
good carrier for vitamin K2 [23, 24] and MK-7 as a sup-
plemental form of vitamin K2 with a longer half-life and 
high bioavailability. There was no difference of the yogurt 
in appearance or taste between the two groups. Yogurt 
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products were pasteurized to ensure they were free of 
bacteria and other possible contaminants. Yogurt was 
allocated by community staff according to labels with 
the subjects’ names on the yogurt cups, but they had no 
information about our study design, nor did the subjects. 
The choice of dose was based on our previous research 
[25]. The detailed study design, sample calculation, fecal 
collection method, and implementation process are 
described in Fig. 1A and Additional file 1.

Study design for the FMT experiment in mouse model
In the first part of the study, 42 male C57BL/6N mice 
(Beijing Vital River Laboratory Animal Technology Co., 
Ltd, China) were randomly divided into 3 groups at 
8 weeks of age after 1 week of adaptation: control (“NC 
group,” N = 7), high-fat (“HF group,” N = 28, 60% high-fat 
diet), and HF + MK-7 (“HFVK group,” N = 7, 60% high-fat 
diet). In addition, mice in the HFVK group were admin-
istered 50  µg/kg weight MK-7 supplement (low-dose 

supplementation compared to other animal studies [26, 
27]) every other day by oral gavage, and the other two 
groups were given corresponding amounts of solvent. 
Considering the single feeding environment of experi-
mental mice and the difference in composition from the 
human gut microbiota [28], we chose the feces provided 
by the mice in the same environment as the source of 
FMT to objectively observe the effects of the gut micro-
biota after treatment with MK-7. The mice were sub-
jected to an oral glucose tolerance test (OGTT) at week 9 
and week 15 of the study.

In the second part of the study, 28 mice in the HF 
group were further randomly divided into 4 groups 
in study week 10: the HF group (N = 7) was treated 
as the previous “HF group” in the first part of the 
study, HF + mixed antibiotics (“HFABX group,” N = 7), 
HF + mixed antibiotics + feces from the NC group 
(“NCR group,” N = 7), and HF + mixed antibiot-
ics + feces from the HFVK group (“VKR group,” N = 7). 

Fig. 1  Study design and the improvement of glycemic indicators. A Schematic workflow of the study design. B–G Boxplots showing the dynamic 
changes of B fasting glucose, C fasting insulin, D Hb1Ac, and E–G HOMA2 model at 0, 3, and 6 months of MK-7 intervention within all subjects (NC 
group = 30 and VK group = 30). Lines match the same subject at different time points. *P < 0.05 by ANCOVA controlling for corresponding baseline 
values. H–M The relative change of H fasting glucose, I fasting insulin, J Hb1Ac, and K–M HOMA2 model over 6 months of MK-7 intervention. 
*P < 0.05 by independent Student’s t test
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For mixed antibiotic (ABX) treatment, mice were 
treated with ampicillin (1 g/L, Aladdin, Cat# A105483), 
metronidazole (1  g/L, Aladdin, Cat# M109874), neo-
mycin (1  g/L, Aladdin, Cat# N109017), vancomycin 
(500  mg/L, Aladdin, Cat# V301569) and sucralose 
(0.05  mg/ml, Aladdin, Cat# S107614) in the drinking 
water for 14 days [29] during weeks 10–12 of the study. 
From week 13, FMT was conducted once a day for the 
first 3 days in the first 2 weeks to promote microbiota 
engraftment and then twice per week thereafter in the 
last 2  weeks to maintain the effect of the transplant. 
FMT lasted a total of 4 weeks from week 13 to week 16 
[30]. The mice were subjected to an OGTT at week 16 
of the study. It should be emphasized that this part had 
a noninferior experimental design, as germ-free mice 
and the healthy gut microbiota could protect against 
diet-induced obesity (DIO) [31].

Fecal microbiota transplantation
Fresh feces from the NC group and HFVK group were 
collected in the morning and evening before the day of 
transplantation and then immediately frozen at − 80  °C. 
On the day of transplantation, mixed feces from each 
group were suspended in PBS buffer (vortex, 5 min) at a 
ratio of 1 (mg): 100 (mL) before centrifugation at 600 × g 
for 5 min. The final supernatant was used to gavage each 
mouse (NCR group and VKR group) with a dose of 10 
μL/g body weight, and correspondingly, mice in the 
HFABX group were given solvent.

Statistical and bioinformatic analysis
All analyses were conducted by using R software version 
4.1.1. Detailed statistical and bioinformatic methods are 
enclosed in the Additional file 1.

Downstream 16S rRNA analyses were conducted by 
the R package “microeco” and “Tax4fun.” Genus bio-
markers between groups were tested by the rank-sum 
test and Lefse analysis (raw P < 0.05 or LDA score > 3). 
Differences in fecal metabolites were evaluated by 
using the Wilcoxon rank-sum test and variable impor-
tance for the projection score (VIP) (raw P < 0.05 or VIP 
score > 1). Differentially expressed genes (DEGs) were 
selected under the criteria of │log2fold change│ > 1 
and P < 0.05 to identify intergroup gene expression dif-
ferences and whole transcriptomes were subjected to 
gene set enrichment analysis (GSEA) to identify inter-
group functional differences by using the R packages 
“DESeq2” and “clusterProfiler.” All data are presented in 
figures as mean ± SEM.

All statistical analyses were conducted using two-tailed 
hypothesis testing.

Results
The 6‑month MK‑7 intervention improved clinical 
characteristics of glycemia
Eighty eligible subjects were ultimately enrolled in our 
evaluation and randomized to either the 6-month super-
vised NC group or VK group, of whom 60 completed the 
entire study (n = 30 in each group) (Fig.  1A; Additional 
file 1: Fig.S1). It was shown that there was no significant 
difference between the two groups at baseline (Table 1).

After the 6-month intervention, a significant decrease 
in serum dp-ucMGP in the VK group compared to the 
NC group indicated that the circulating levels of vita-
min K2 in the body had been significantly increased 
(VKchange =  − 165.10 ± 25.30  pmol/L, P < 0.001, Table  1) 
[32]. As our primary outcome, notable reductions 
of 13.4%, 28.3%, and 7.4% in fasting serum glucose 
(VKchange =  − 1.08 ± 0.49  mmol/L, P = 0.048), insulin 
(VKchange =  − 3.15 ± 0.39 μU/mL, P = 0.005), and Hb1Ac 
levels (VKchange =  − 0.57 ± 0.23%, P = 0.019) were observed 
in the VK group, together with modest improvements in 
HOMA index and lipid parameters (Fig.  1B–M, Table  1). 
However, body mass and the arteriosclerosis index showed 
no significant differences within or between groups 
(Table  1). Given the importance of the gut microbiota in 
glycemic homeostasis, we next investigated the possibility 
of its involvement in the metabolic effects of vitamin K2 
intervention.

Shifted gut microbiota and reinforced coabundance 
network after 6 months of MK‑7 intervention
16S rRNA sequencing of fecal samples revealed that more 
taxa were observed at termination than at baseline (1682 
OTUs vs 1373 OTUs) after the 6-month intervention 
(Fig.  2A). Although the evenness of the microbiota was 
not different among groups (Simpson index), the VK6 
group (VK group at month 6) showed a protective effect 
on the richness when compared to the NC6 group (NC 
group at month 6) (observed index, P < 0.001, Fig. 2A, B). 
In addition, the beta diversity of the microbial commu-
nity composition, evaluated by the weighted UniFrac dis-
tance, showed a significant difference between the NC6 
group and the VK6 group after the 6-month MK-7 inter-
vention (all P < 0.05, Fig. 2C, Additional file 1: Fig.S3A).

At the phylum level, compared to the baseline 
status, the ratio of Firmicutes and Bacteroidetes 
(F/B) was significantly increased in the NC6 group 
(NC0 = 4.95 ± 0.96, NC6 = 11.22 ± 2.18, P = 0.012), but 
there was no difference between the VK6 and VK0 
groups (VK0 = 4.65 ± 1.10, VK6 = 7.41 ± 1.76, P = 0.194) 
(Additional file  1: Fig.S3B). Although we did not 
observe the difference between the VK group and NC 
groups at month 6 (P = 0.187), there was a significant 
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positive correlation between the change in serum dp-
ucMGP and the change in F/B value in all participants 
(rPearson = 0.33, P < 0.01, Additional file  1: Fig.S3B), 
indicating that the improvement nutritional status of 
circulating MK-7 is related to lower F/B value. Further-
more, the microbiota profile showed that the relative 
abundance of the genera Faecalibacterium, Intestini-
monas, and Anaerofilum (order Clostridiales); genera 
Butyricimonas, Barnesiella, and Paraprevotella (order 
Bacteroidales); and the genera Dielma and Turicibacter 
(order Erysipelotrichales) was significantly increased in 
the VK6 group compared to the NC6 group (Fig.  2D). 
Although the genera Barnesiella, Paraprevotella, and 

Dielma, showed a decreasing trend throughout the 
study in both the NC and VK groups, the MK-7 inter-
vention significantly delayed the decline of these gen-
era (Fig.  2D). From an overall view of the family level, 
Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae 
were relatively dominant families in the VK6 group 
compared to NC6, whereas Enterobacteriaceae was a 
dominant family in the NC6 group (Additional file  1: 
Fig.S3C). Moreover, coabundance network analysis 
suggested increased density and enhanced interactions 
in the microbial community after MK-7 intervention 
compared to baseline or the corresponding NC group 
(Fig. 2E; Additional file 1: Fig.S3D).

Fig. 2  MK-7 intervention promotes differential alterations of gut microbiota and fecal metabolites. A–D Alterations of gut microbiota over 
6-month MK-7 intervention. A Overview of the observed amount of OTUs. B Alpha diversity measured by the observed index and Simpson index 
and *P < 0.05, ** P < 0.01, ***P < 0.001 by one-way ANOVA. C PCoA based on weighted Unifrac distance showed different taxonomic compositions 
between NC and VK groups at a terminal time point, and no significance was shown at baseline (lower left corner). P value was measured by 
AMOVA. D Heatmap showing the significantly differential microbial genus (P < 0.05 or LDA > 3) after 6-month MK-7 intervention accompanied 
with their corresponding baseline status. The colors changing from blue to red indicate higher relative abundance. E Coabundance network at 
terminal time point. The edges represent significant Pearson correlations of > 0.6 or < -0.6 between genera. Each node represents a genus and is 
colored based on the affiliated phylum. After 6-month MK-7 intervention accompanied by their corresponding baseline status. Node is based on 
the degree of connectivity. Blue dashed and orange edges indicate positive correlations in the NC group and VK group and gray edges indicate 
negative correlations. F Dumbbell chart showing the significantly differential fecal metabolites (P < 0.05 or VIP > 1) after 6-month MK-7 intervention 
accompanied with their corresponding baseline status
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Distinct functional enrichment and microbial metabolites 
between the MK‑7 intervention and negative control
When comparing the fecal metabolites at baseline and 
at the end of the study, we observed significant differ-
ences in dynamic alterations between the two groups 
(OPLSDA, Additional file  1: Fig.S3E). Notably, a sig-
nificant decrease in total branched-chain amino acids 
(BCAAs) and histidine concentrations was observed 
after 6  months of intervention, as well as an increase 
in lithocholic acid (LCA) and short-chain fatty acids 
(SCFAs) in fecal samples (Fig. 2F). Other changes were 
mainly related to energy metabolism, such as organic 
acids or long-chain fatty acids.

Similar to the differences in fecal metabolites, func-
tional enrichment of the microbiota showed a relative 
enhancement of the capacity for BCAA biosynthesis 
and amino acid-related enzymes in the NC6 group, 
although the enhancement of the biosynthesis of 
aromatic amino acids was only observed in enrich-
ment analysis. On the other hand, MK-7 intervention 
seemed to involve gut microbiota protein glycosyla-
tion reactions, secondary metabolite biosynthesis, 
and carbohydrate and amino acid metabolism, such 
as glycosylphosphatidylinositol anchor biosynthesis, 
flavone and flavonol biosynthesis, glycan biosynthesis 
and metabolism, and amino sugar and nucleotide sugar 
metabolism (Additional file  1: Fig.S3F). These results 
suggested there was a potential association between 
MK-7 and microbiota and co-metabolites.

Associations of gut microbiota and fecal metabolites 
with changes in clinical parameters induced by MK‑7 
intervention
After adjustment for the corresponding status in base-
line, we found several strong associations between altera-
tions in genera and fecal metabolites with improvements 
in glycemic parameters and a cluster of metabolic param-
eters in the VK group after a 6-month MK-7 interven-
tion. SCFAs and genera whose relative abundance was 
higher in the VK6 group were associated with reductions 
in serum Hb1Ac, glucose, insulin and insulin resistance 
(Fig.  3). Some of these changes, such as Anaerofilum, 
Asteroleplasma, Paraprevotella, LCA, glutamic acid, and 
methysuccinic acid, which were found increased in the 
VK6 group were related to the reduction of lipid param-
eters such as fat mass, total cholesterol (TCHO), LDL-c, 
hip circumference as well as blood pressure and arterio-
sclerosis (Fig. 3). Taken together, changes in these genera 
as well as fecal metabolites with MK-7 intervention may 
provide a biological basis for the improvement in clinical 
indicators in T2DM participants.

Long‑term MK‑7 gavage and short‑term FMT validate 
the benefits of the MK‑7‑regulated microbiota 
for ameliorating fat accumulation and glucose tolerance 
in DIO mouse model.
To further explore the causal relationship between the 
MK-7-regulated microbiota and the changes in glu-
cose tolerance and fat accumulation induced by MK-7 

Fig. 3  Alterations of microbial genera and fecal metabolites are associated with improvements of clinical characteristics. Heatmap of the 
Spearman’s rank correlation coefficients between different clinical characteristics and microbial genera and fecal metabolites at terminal time point 
caused by MK-7 intervention after adjustment for corresponding clinical baseline status
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intervention, we first performed a 16-week supple-
mentation study in mice fed a 60% high-fat diet and 
then performed a 4-week FMT study by transplanting 
feces from donor mice into antibiotic-treated mice 
(Fig.  4A). As we expected, after both 10 study weeks 
and 16 study weeks, significantly lower weight gain 
and better glucose tolerance were observed in NC 
mice (all P < 0.05) and VK mice (all P < 0.05) than in 
HF mice (Fig. 4B–D). Importantly, at 4 weeks after the 
first FMT, mice colonized with the microbiota from 
VK mice and NC mice showed reduced weight gain 
and improved OGTT results compared to HFABX 
mice (all P < 0.05, Fig.  4E–F). Intriguingly, although 

the glucose tolerance of VK mice (fed a 60% high-fat 
diet) appeared to be inferior to that of NC mice (fed a 
standard AIN-93 M diet), the effect of the MK-7-regu-
lated microbiota was comparable to that of the micro-
biota from lean donors.

Upon further comparison of biochemical markers, 
the MK-7-regulated microbiota significantly improved 
fasting glucose, triglyceride (TG), adiponectin, and 
endotoxin levels and appeared to be able to slightly nor-
malize the percentage of white adipose tissue (WAT%) 
and lean mass in mice with long-term high-fat feed-
ing (Fig. 4G, Additional file 1: Fig.S4, Additional file 1: 
Table S2).

Fig. 4  MK-7 intervention and MK-7-regulated microbiota transplantation ameliorate fat accumulation and glucose tolerance. A Schematic 
workflow of the study design for MK-7 intervention and fecal microbiota transplantation. B–D Overall trends and relative changes in weight gain 
are shown in B and OGTT with the area under the curve (AUC) at week 10 and week 16 are showed in C–D in donor mice. E–F Overall trends and 
relative changes in weight gain after the first FMT are shown in E and OGTT with AUC at week 16 are shown in F in receiver mice. G Radar chart 
demonstrates the biochemical indicators by using Z-scores in donor and receiver mice. N = 7 mice/group. *P < 0.05, ** P < 0.01, ***P < 0.001 by 
one-way ANOVA with Bonferroni adjustment or two-way repeated-measures ANOVA



Page 10 of 16Zhang et al. BMC Medicine          (2023) 21:174 

The MK‑7‑regulated gut microbiota showed shifts 
in composition and function in mouse model
When we once again detected alterations in the gut 
microbiota to validate whether MK-7 could indepen-
dently affect the microbiota (eliminating the potential 
effects of yogurt and antidiabetics on gut microbiota in 
the previous RCT study), we found no significant changes 
in the number of taxa and common species among the 
three groups, except for the significant difference in over-
all composition between the NC group and the other 
two groups (P < 0.001) (Additional file  1: Fig.S5A-S5D). 
Considering the single rearing and feeding environment 
of the mouse study, compared to our human trial, we 
observed fewer taxa, and fewer genera differences such 
as the higher relative abundance of Akkermansia, Biloph-
ila, and Alloprevotella in the HFVK group than in the 
HF group (Additional file  1: Fig.S5E-S5F). Although the 
taxa Akkemansiaceae and Desulfovibrionaceae were not 
dominant families in our previous human trial, the func-
tional enrichment of the MK-7-regulated microbiota in 
the mouse model still exhibited a similar enhancement of 
the capacity for energy metabolism, amino acid metabo-
lism, and protein glycosylation reactions compared to the 
HF group (Additional file  1: Fig.S5G-S5H). It should be 
noticed that the genera Flexilinea (P = 0.031) and Escher-
ichia-Shigella (P = 0.004) were significantly increased in 
the HF group, and the genera Lachnospiraceae_FCS020_
group (P = 0.006) and Lachnospiraceae_AC2044_group 
(P = 0.017) were significantly decreased in the HF group 
when compared to the NC group. These four gen-
era were restored after the MK-7 supplementation (all 
P < 0.05, Additional file 1: Fig.S6A). Flexilinea belongs to 
the methanogens, which have been reported to be posi-
tively correlated with the increase of blood glucose and 
blood lipid parameters [33]; Escherichia-Shigella are the 
potentially pathogenic bacteria which have been corre-
lated with the dysbiosis of microbiota [34]; and Lachno-
spiraceae are the family subset of the phylum Firmicutes 
which are known to be responsible for the production of 
SCFA [35].

The MK‑7‑regulated gut microbiota promoted divergent 
functional alterations in the colon, liver, and pancreas 
tissue
Due to the alterations in the gut microbiota after MK-7 
intervention, we next detected the expression and func-
tional changes in the transcriptomic profiles of colon, 
liver, and pancreas tissues in FMT mice. DEG analysis 
of the three tissues revealed hundreds of DEGs between 
NCR and VKR as well as between HFABX and VKR, of 
which the pancreas appeared to be the less affected tis-
sue (Fig. 5A). Compared to HFABX mice (almost sterile, 
with low microbial activity), 22, 20, and 14 pathways were 

significantly enriched in the liver, colon, and pancreas, 
respectively (Additional file 1: Table S3). Focusing on the 
few top pathways based on the normalized enrichment 
score (NES) and leading-edge subset genes among the 
three tissues, most were associated with the upregula-
tion of glycerolipid metabolism, lipid metabolism, steroid 
biosynthesis, and glycan biosynthesis as well as downreg-
ulation of the amino acid metabolism and the immunoin-
flammatory response (Fig. 5B, Additional file 1: Fig.S6B). 
Similar results were obtained when comparing between 
NCR and VKR (Fig. 5B). The MK-7-regulated microbiota 
seemed to have a stronger effect on the colon and pan-
creas compared to NCR mice and have a stronger effect 
on the colon and liver compared to HFABX mice.

Additionally, in the histological evaluation of liver tis-
sue, we observed a decreased trend in steatosis as well 
as reduced inflammatory cells in VKR mice, which were 
comparable to those in NCR mice (Fig.  5C). However, 
no significant pathological changes were observed in HE 
staining of the pancreatic tissue (Fig.  5C). Furthermore, 
the reduction in colonic and ileal goblet cell density and 
normal goblet cells caused by the 60% high-fat diet was 
partially restored by the transplantation of MK-7-regu-
lated microbiota (Fig. 5D, Additional file 1: Fig.S7A).

Targeted fecal metabolites, RT‒qPCR, 
and immunohistochemistry further indicated the specific 
mechanism of the MK‑7‑regulated microbiota
To further understand the gut-derived mechanism by 
which MK-7 ameliorates inflammation and glycemic 
homeostasis, we first measured SCFA, bile acid, and 
amino acid profiles in the feces of the donor group to 
reconfirm whether MK-7 could influence the effects 
of the microbiota on these metabolites. Similar to the 
previous RCT, several SBAs and SCFAs, such as litho-
cholic acid, 7-ketolithocholic acid, taurodeoxycholic 
acid, acetic acid, butyric acid, and valeric acid showed 
an increasing trend in the VK group compared with 
the HF group (Fig.  6A). We also found that although 
there was a decreasing trend in short-chain fatty acids 
compared to the NC group, there was still a signifi-
cant increase in muricholic acid and deoxycholic acid 
(Fig. 6A). Additionally, it may be due to the heterogene-
ity of dietary sources that the fecal amino acids BCAA 
and histidine exhibited no difference between groups 
in our mouse model but were found to be significantly 
decreased in T2DM participants after 6  months of 
MK-7 intervention (Fig. 6B). On the other hand, consist-
ent with the differences in functional enrichment and 
fecal metabolites of the VKR group, RT-qPCR showed 
significantly altered mRNA expression of the bile acid 
receptor TGR5 (Gpbar1, fold change = 2.42, P = 0.036), 
Vdr (fold change = 2.27, P = 0.004), and FXR (Nr1h4, 
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fold change = 0.64, P = 0.100), and IHC staining also 
showed the increased expression of TGR5 in the cyto-
plasm and plasma membrane of colon tissue in VKR 
group (Fig. 6C). In addition, the anti-inflammatory inter-
leukins IL2r (fold change = 2.63, P = 0.034), IL11 (fold 
change = 1.97, P = 0.031), and IL13 (fold change = 2.15, 
P = 0.004) were observed to be upregulated in the VKR 
group compared to the HFABX group in ileocecal tissue 
(Fig.  6D, Additional file  1: Fig.S7B). In visceral adipose 
tissue, we also found that the mRNA expression of the 
pro-inflammatory interleukins Il1b (fold change = 0.28, 
P = 0.017), Il6 (fold change = 0.50, P = 0.036), and anti-
inflammatory interleukin Il13 (fold change = 3.39, 
P < 0.001) was significantly altered (Additional file 1: Fig.

S7B). Furthermore, we observed an increased concentra-
tion of the circulating incretin GLP-1 in the VKR group 
compared to the HFABX group and this difference was 
not found between NCR and HFABX (Fig. 6E).

It should be noted that there are no differences in 
the concentrations of vitamin K2 (MK-4 and MK-7) 
in cecal contents and gla-osteocalcin in serum were 
detected between the donor groups (Fig. 6E), indicating 
that the improvement induced by FMT is not due to the 
direct effect of vitamin K2 itself but to the regulation 
of altered gut microbiota. Taken together, the altera-
tions in the microbial metabolites SBAs and SCFAs, 
the mRNA expression of bile acid receptors and inter-
leukins in several tissues, and the circulating GLP-1 

Fig. 5  Gene set enrichment analysis and pathologic tissue section revealed potential ability of MK-7-regulated microbiota on modulating host 
energy metabolism and immunoinflammation. A Overview of the difference of gene expression (P < 0.05 and │log2fold change│ > 1) in liver, 
colon and pancreas tissue between the VKR group and HFABX or NCR group. B Top 15 significantly altered KEGG pathways (P < 0.05) caused by 
MK-7-regulated microbiota under whole gene set enrichment analysis of the liver, colon, and pancreas tissue, respectively. C Liver, pancreas, and 
colon histopathologic appearance by HE and PAS staining. Scale bars, 100 μm of liver and colon, and 200 μm of pancreas
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concentrations with unchanged levels of intestinal vita-
min K2 further revealed a potential ability of the MK-
7-regulated microbiota to improve host inflammatory 
status and glycemic homeostasis.

Discussion
In this 6-month MK-7 intervention study, we identified 
a novel mechanism whereby the gut microbiota and its 
metabolites SBAs and SCFAs are important mediators 
of the effects of MK-7 on glucose metabolism and insu-
lin sensitivity. Animal studies further confirmed that 
the improvements in glycemic homeostasis and insulin 
sensitivity induced by MK-7 can be transferred via FMT 
through gut-derived mechanisms (Fig. 7).

Interestingly, our present study revealed a significant 
increase in the abundance of specific gut microbiota con-
stituents, such as Bacteroidetes and Akkermansiaceae, in 
human and mouse studies (Additional file 1: Fig.S3C, Fig.
S6A), which are known to contribute to the maintenance 
of adequate vitamin K2 concentrations in both the gut and 
circulation [36]. From another perspective, Bacteroidetes, 
as an essential commensal bacterium, has been reported to 
be associated with T2DM and obesity in both animals and 
humans [37, 38]. Similarly, Akkermansia has been proven 
to be a promising probiotic with multiple health-promot-
ing effects in clinical trials [39]. On the other hand, after 
MK-7 intervention, the genera Barnesiella, Paraprevotella, 
Turicibacter, Anaerofilum, and Dielma were increased in 

Fig. 6  Increased fecal SCFA and SBAs may interpret elevated circulating GLP-1 through activating bile acid receptors. A Heatmap showing the top 
20 significantly altered fecal metabolites in the HFVK group compared with HF or NC group. The colors changing from blue to red indicate a higher 
concentration in feces. * represents significant alteration between HFVK and HF group. + represents significant alteration between HFVK and NC group. 
Significance was determined by Kruskal–Wallis test P < 0.05 or VIP > 1. N = 7 mice/group. B Comparison of fecal histidine and BCAA levels among groups. 
N = 7 mice/group. C Expression of TGR5 in colon tissue based on IHC staining. Red arrow indicates the distribution of TGR5 in cytoplasm and plasma 
membrane. Scale bars, 100 μm. D The relative mRNA expression of bile acid receptors in ileocecum (left) and immunohistochemical staining for TGR5 
receptor in colon (right). Scale bars, 100 μm. *P < 0.05, ** P < 0.01 by Kruskal–Wallis test with Bonferroni adjustment. N = 4 mice/group. E Fecal MK-7 and 
MK-4 levels (up) and circulating gla-osteocalcin and GLP-1 levels (bottom). *P < 0.05 by Kruskal–Wallis test with Bonferroni adjustment. N = 5 mice/group
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the VK6 group (Fig.  2D), which have been implicated to 
be involved in the regulation of the immuno-inflammatory 
response in human and animal studies [40–44]. It should be 
emphasized that the daily intake of vitamin K2 accounts for 
only 10–25% of the total vitamin K [45, 46], and a signifi-
cant proportion of vitamin K2 intake is produced by the gut 
microbiota [47]. In light of our present findings, the impor-
tance of ensuring an adequate intake of exogenous MK-7 
for the overall metabolic balance should be emphasized, 
especially in several metabolic diseases that could lead to a 
long-term reduction in the VK2-producing microbiota and 
compromise its important metabolic benefits.

From another perspective, the communication between 
genera, especially butyrate-producing microbiota within 
Firmicutes, was obviously increased after MK-7 intervention 
(Fig. 2E, Additional file 1: Fig.S3D). As the decrease of com-
munication in these genera has been reported to be associ-
ated with T2DM and obesity [48], Our findings indicate that 
MK-7 can stabilize the interaction of gut microbiota under 
the influence of diabetes. In addition, we also confirmed 
that the improvement of MK-7 nutritional status in the cir-
culation is associated with a lower F/B value (Additional 
file 1: Fig.S3B), which is considered as a balance indicator 
of the gut microbiota and has been observed to increase in 
the type 2 diabetes and obesity [49, 50]. It has been reported 
that resilience of the gut microbiota after perturbation is a 
hallmark of health [51], our findings suggested that MK-7 
could be treated as a gut stabilizer to promote gut homeo-
stasis and host glycemic status towards a healthy phenotype.

Changes in host phenotype are dependent on the down-
stream metabolites of the microbiome rather than the 
composition per se [52]. Similarly, we noted that the effect 
of MK-7 intervention not only moderately altered the 
composition of the gut microbiota in T2DM participants 
and the DIO mouse model, but also drastically increased 
the concentration of the SBAs and SCFAs in the fecal 
sample. SCFAs are known to be the downstream metabo-
lites of Intestinimonas, Faecalibacterium, Butyricimonas, 
Alloprevotella, and Akkermansia [53–57], and these gen-
era were all found to be increased after MK-7 interven-
tion (Fig. 2D, Additional file 1: Fig.S5E-5F). On the other 
hand, Clostridiales, Ruminococcaceae, Lachnospiraceae, 
and Eubacterium_coprostanoligenes_group are capable of 
bile acid 7alpha-dehydroxylation to produce SBAs, and 
these taxa were also showed an increasing trend after 
MK-7 intervention (Fig. 2D, Additional file 1: Fig.S3C, Fig.
S5F) [35, 58–61]. To the best of our knowledge, this is the 
first study to discover the association between MK-7 and 
increased synthesis of SBAs or SCFAs.

SCFAs and SBAs are highly bioactive metabolites pro-
duced by the gut microbiota and play a key role in host 
energy homeostasis and immune regulation through local 
and systemic effects on multiple targets [62]. Mechanisti-
cally, SCFAs and SBAs have been confirmed to regulate 
the number and function of colonic Treg cells and B cells, 
and inflammatory cytokines [63, 64], and to promote 
GLP-1 secretion by activating TGR5, Vdr, and inhibiting 
FXR [65, 66]. Two recent trials have also indicated that 

Fig. 7  Summary of key findings on how vitamin K2 (MK-7) improves glycemic control and insulin sensitivity in diabetics via gut microbiota and 
co-metabolites
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the metabolic benefits of dietary fiber on insulin resist-
ance and T2D are due to increased microbial secretion 
of SCFAs, SBAs, and gut-derived GLP-1 [66, 67]. Con-
sistent with the existing evidence, the increase in SBAs 
and SCFAs after MK-7 intervention is closely related to 
the activation of bile acid receptors and the increase in 
circulating GLP-1 concentration (Fig.  6). Therefore, we 
believed that the production of SBAs and SCFAs rep-
resents an important pathway for metabolic benefits of 
microbiota modulation through MK-7 intervention.

Although the functional enrichment of the 16S data 
was validated by metabolomic methods, a limitation of 
the study is the lack of shotgun metagenomic data, which 
would provide stronger evidence. Second, longer-term 
follow-up and larger study populations for RCTs are 
needed to better understand the strength of our conclu-
sions. Finally, although antibiotic treatment offers a more 
accessible alternative to the germ-free model, the disad-
vantages are incomplete eradication of the microbiota 
and the lack of standardized antibiotic regimens.

Conclusions
In conclusion, combining the existing studies on vitamin K2, 
our findings revealed MK-7 is a beneficial nutrient for both 
the host and the gut microbiota. Moreover, the microbiota 
and its metabolites are key intermediates factors in MK-7 
intervention that regulate host glucose metabolism and 
insulin sensitivity. Given that metabolic diseases can lead to 
a reduction in VK2-producing microbes, this gut-derived 
evidence may facilitate the clinical implementation of vita-
min K2 as an effective postbiotic for diabetes management.
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