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BACKGROUND

Background: The metabolic syndrome is a socially important disorder of energy
utilization and storage, recognized as a factor predisposing to the development of
depression, anxiety and cognitive impairment in humans.

Aim: In the present study we examined the effects of vitamin K2 on the behavior
of rats with metabolic syndrome and looked for relationships with the effects on
blood sugar.

Materials and methods: Male Wistar rats were divided in four groups: a con-
trol group on a regular rat chow, a metabolic syndrome (MS) group fed a high-
fat high-fructose diet, a control group treated with vitamin K2 and a MS group
treated with vitamin K2. Vitamin K2 was given by gavage. At the end of the study
(after 10 weeks) behavioral tests were performed and fasting blood glucose was
measured. Anxiety was determined using the social interaction test and depres-
sion was assessed by the Porsolt test. Memory effects were estimated by the ob-
ject recognition test. Correlations between fasting blood glucose and behavioral
performance were analyzed.

Results: The rats from the MS group had elevated blood glucose. They had anxiety,
depression and memory deficit. Vitamin K2 normalized blood glucose, reduced
anxiety and depression, but did not improve memory. Time of social interaction
(inverse index of anxiety) and memory recognition were negatively correlated
with blood glucose in the untreated rats but the immobility time (measure of de-
pression) was not. When vitamin K2-treated rats were added, the correlation of
blood glucose with the time of social interaction was kept, but the one with the
recognition memory was lost. It might be that the anxiolytic effect of vitamin K2
in this setting is at least partly due to its effects on blood glucose, while the anti-
depressant effect is glucose-independent.

Conclusion: The present study demonstrated that vitamin K2 prevented the
development of anxiety and depression, but did not improve the memory defi-
cit caused by the dietary manipulation in an experimental model of metabolic
syndrome. It might be that the anxiolytic effect of vitamin K2 is at least partly
due to its effects on blood glucose, while the antidepressant effect is glucose-
independent.

of neuropsychiatric disorders, such as depression'

The metabolic syndrome is a socially important
disorder of energy utilization and storage, compris-
ing central obesity, hypertriglyceridemia, reduced
HDL-cholesterol and raised fasting plasma glucose.
It has been estimated that about 20-25 percent of
the adult population of the world are affected by
this condition. It is a widely known risk factor for
the development of cardiovascular diseases and
type 2 diabetes. However, it has also been recog-
nized as a factor predisposing to the development

and anxiety®. Obesity is also known to be associ-
ated with cognitive impairment in humans.* The
epidemiological observations have triggered experi-
mental research aiming at proving and elucidating
these relationships.

Vitamin K is the family name of structurally
related fat-soluble vitamins. Vitamin K1 (phyllo-
quinone) performs the classic functions of vitamin
K —it activates vitamin K-dependent clotting factors
and anticoagulant proteins. Vitamin K2 is a family
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of homologues known as menaquinones. It appears
that they are mainly acting outside the liver.* Ex-
trahepatic actions of menaquinones require higher
dietary intake of vitamin K than needed to maintain
physiological coagulation status.®> According to Pro-
fessor Bruce Ames’ “triage theory”, the subclinical
vitamin K deficit, without affecting the coagulation
status, is widespread and is probably connected to
the pathogenesis of diseases associated with aging.

Metabolic disorders belong to this type of ag-
ing diseases and large epidemiological studies have
confirmed that high dietary vitamin K intake is as-
sociated with reduced risk of metabolic syndrome’
and diabetes type 2%°. The metabolic effects of
vitamin K have been studied in intact rats' and
in rats with streptozotocin-induced diabetes'! but
not in rats subjected to experimental models of
metabolic syndrome.

The effects of vitamin K on the central nervous
system have been studied mainly in in vitro condi-
tions. They have shown that vitamin K, based on
its antioxidant actions!>!3, protects neurons and
oligodendrocytes from oxidative damage!# and have
proved that the naphthoquinone ring is responsible
for the neuroprotective action!>. A possible role of
vitamin K deficiency in pathogenesis of neurode-
generative diseases has been suggested.!® Behavioral
effects of vitamin K on rats, either intact or with
metabolic syndrome, have not been studied.

In the present study we examined the behavioral
effects of vitamin K2 in intact rats and in rats with
metabolic syndrome and looked for relationships
between these effects and changes in the fasting
blood glucose levels caused by the vitamin K2
treatment.

MATERIALS AND METHODS

EXPERIMENTAL ANIMALS

The study included 40 male Wistar rats. The animals
were kept at an ambient temperature of 20-25°C,
12-hour light-dark cycle and free access to food
and water. The study was approved by the Foods
Safety Commission in the Ministry of Agriculture
and Foods.

The experimental animals were allocated in 4
groups of 10 rats each, with initial body weight
ranging between 220 and 296 g (on the average,
262 g in each group). The duration of the study
was 10 weeks. The groups were as follows: group
C (control), group K2 (control rats treated with vita-
min K2), group MS (rats with metabolic syndrome)
and group K2+MS (rats with metabolic syndrome
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treated with vitamin K2).

DIETS AND TREATMENT

The rats from groups C and K2 were fed a standard
rat chow and were given plain water to drink. With
each 100 g food consumed, the animals from these
groups had a caloric intake of 279 kcal. The rats
from groups MS and K2+MS were subjected to a
diet-induced metabolic syndrome.!” They were given
a high fat high fructose (HFHF) diet with lard (17%)
and fructose (17%) added to the standard rat chow
and a 10% fructose solution instead of drinking
water. The caloric intake was 405 kcal per 100 g
food and 40 kcal per 100 ml water.

Groups K2 and K2+MS were treated with vitamin
K2 purchased from Seebio Biotech, Inc., in the form
of 1.3% oily solution of menaquinone-7 in sunflower
oil. Vitamin K2 was administered orally in a dose
of 35 mg/kg (0.2 ml oily solution per 100 g body
weight) through an intragastral gavage 5 days in a
week, from Monday to Friday, for 10 weeks. Since
vitamin K2 was dissolved in sunflower oil, the rats
from C and MS groups received the vehicle, sun-
flower oil, at the same amount and manner.

FASTING BLOOD GLUCOSE DETERMINATION

At the end of the study rats were fasted for 4 hours
and blood glucose was measured. Blood samples
were taken by incision of the distal part of the
tail.!¥ Blood glucose levels were measured by a
glucometer (ACCU-CHEK Performa).

BEHAVIORAL TESTS

The behavioural test were performed after 10 weeks
of diet loading and vitamin K2 treatment.

Social interaction test

Social interaction test is often used to measure the
level of anxiety.!” It was performed in uniformly
lighted square field (100100 cm) with surround-
ing walls 40 cm high to prevent escape. The field
was painted white except for 6 mm blue lines that
divided the floor into 25 equal size squares (20x20
cm). Each rat was tested with an unknown partner
with similar weight. Both members of a pair were
fed or treated in the same way. The rats were placed
simultaneously in the opposite corners of the area.
Their behavior was observed in silence for 5 minutes
and the time of social interaction was recorded for
each rat. The active interactions such as sniffing,
grooming, following, crawling under or over the
partner were scored. The passive contact (sitting or
lying with bodies in contact) was not considered
as a social interaction time.
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Forced swim test

The forced swim test, designed by Porsolt?’, is a
routinely used test to determine the depression-like
state of rodents. Each rat was put in a glass cylin-
der (17 cm diameter and 60 cm height) full with
water (25°C) and its behavior was observed for 5
minutes. The water was 30 cm deep so the animals
could not touch the bottom with their tails or feet.
The immobility time was recorded as a measure of
depressive behavior.

Object recognition test

Object recognition test is used as a screening test
for working memory.?! It was performed in a uni-
formly lighted rectangular area (60x60 cm) sur-
rounded by 40 cm walls. The training session was
performed with two identical objects — cubes made
of gypsum that were sufficiently heavy to prevent
their moving by the rats. Objects were placed sym-
metrically. Exploration, defined as orienting toward
the object from a distance of 1 cm or less, actively
sniffing or climbing on the object, was measured
for 3 minutes. The session with a novel object was
performed 5 hours later. Each animal was placed
in the area with one of the cubes and the novel
object (a gypsum-made pyramid) and was allowed
to explore the objects for 3 minutes. The time spent
in exploration of the novel object (B) and the old
object (A) was recorded. The discrimination ratio B/
(A+B) was calculated. It is the time that a rat spent
exploring the novel object relative to the total time
of exploration of both objects. The discrimination
ratio was used as a measure of recognition memory.
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Figure 1. Fasting blood glucose levels; C — control rats,
K2 — control rats treated with vitamin K2, MS — rats
with metabolic syndrome, K2+MS —rats with metabolic
syndrome treated with vitamin K2; ***p < 0.001 vs C;
&&& p <0.001 vs MS.

STATISTICAL ANALYSIS

Results are presented as a mean+=SEM. The results
from two groups (C and MS; MS and K2+MS) were
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Figure 2. Behavioral tests: social interaction test (A),
forced swim test (B) and object recognition test (C);
C — control rats, K2 — control rats treated with vitamin
K2, MS —rats with metabolic syndrome, K2+MS — rats
with metabolic syndrome treated with vitamin K2;
*p <0.05, **p <0.01 vs C; && p < 0.01 vs MS.
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analyzed with unpaired ¢ test. Association between
behavioral results and fasting blood glucose were
analyzed by correlation analysis and linear regres-
sion. A level of p<0.05 was considered significant.
Analyses were performed using GraphPad Prism
statistical software.

RESULTS

Fasting blood glucose levels are presented in Fig.
1. There was no difference between group C and
group K2. Dietary manipulated rats (MS group)
had a higher blood glucose level: 6.633+0.1054
mmol/L compared to 5.930+0.1375 mmol/L in group
C (t=3.991, p=0.0009). In group K2+MS the fast-
ing plasma glucose was 5.617+0.1662 mmol/L
(t=5.450, p=0.0001 vs MS).

Results from the behavioral tests are presented
in Fig. 2. In all the tests vitamin K2 caused no
changes in the behavior of the rats compared to the
control group. Rats from the MS group demonstrated
decreased time of social interaction (21.13+1.663 sec
vs 37.56+4.482 sec in group C, t=3.273, p=0.0051)
— a sign of anxiety-like behavior (Fig. 2A). They
had also increased immobility time in the forced
swim test (219.0+£10.20 sec vs 181.94+6.730 sec in
group C, t=2.981, p=0.0067), revealing depression-
like behavior (Fig. 2B). In the object recognition
test the discrimination ratio was decreased in the
MS group (0.3327+0.03588 vs 0.44554+0.03099 in
the C group, t=2.378, p=0.0275), implying memory
impairment (Fig. 2C). Treatment with vitamin K2
counteracted anxiety (social interaction time in
the K2+MS group was 40.40+4.700 sec, t=3.511,
p=0.0029 vs MS) and depression (immobility time
in the K2+MS group was 162.9+13.42 sec, t=3.294,
p=0.0040 vs MS) but did not improve memory
function of rats subjected to diet manipulation.

The results from the correlation analyses are
shown in Fig. 3. The effect of vitamin K2 was
differentially correlated with blood sugar in the 3
behavioral tests. In the social interaction test (Fig.
3A), there was an inverse correlation between the
fasting blood glucose and the time of social interac-
tion when only rats from the C and the MS groups
were analyzed (Pearson r=-0.6306, p=0.0088). The
inverse correlation was preserved when rats from
the K2 and the K2+MS groups were added (Pearson
r=-0.4417, p=0.0129). In the forced swim test (Fig.
3B), no correlation was found between the blood
glucose and the immobility time, neither when
only vitamin K2 untreated animals were analyzed,
nor when all animals were included in analysis. In

Vitamin K2 Improves Anxiety and Depression

the object recognition test (Fig. 3C), an inverse
correlation between the fasting blood glucose and
the discrimination ratio was found among vitamin
K2 untreated rats (C and MS groups — Pearson
=-0.5944, p=0.0152). When vitamin K2-treated
rats were added to the analysis (K2 and K2+MS
groups), the correlation was lost.

DISCUSSION

The results from the present study suggest that rats
with diet-induced metabolic syndrome developed
increased anxiety, depression-like behavior and
memory impairment. In our previous!” and present
experiments the metabolic syndrome was verified
by visceral obesity and biochemical parameters,
which also included elevated fasting blood glucose.
Vitamin K2 treatment prevented the elevation of
fasting blood glucose - a result consistent with
findings reported in the literature for humans?? and
diabetic rats'®!!. Indeed, our study is the first to
show an anti-hyperglycemic effect of vitamin K2
in rats subjected to HFHF diet-induced metabolic
syndrome. We also have demonstrated for the first
time that vitamin K2 is capable of exerting anti-
anxiety and antidepressant effects.

EFFECTS ON ANXIETY

There is limited evidence of the coexistence of
anxiety in metabolic syndrome patients — it seems
to be a byproduct of anxiety-depression comorbid-
ity, stress and negative health behaviors.?3 Although
moderate level of evidence exists for a positive
association between obesity and anxiety disorders,
the exact association between these two conditions
is not yet clear.?

The results from experimental studies are quite
inconsistent. Both reduced and increased anxiety
measures have been found in rodents fed high-caloric
diets containing fat, sugars or both.>> Some of the
studies have observed gender-dependent changes in
anxiety?®?” implying that female rats may react by
reduced anxiety to diet-induced metabolic changes.
Increased anxiety has been found in streptozotocin-
induced diabetes in mice.?®

Similarly to Buchenauer?® and Sousa®’, we found
that feeding rats with diet rich in lard and fructose
increased their level of anxiety. Our results further
show that anxiety correlated with the fasting blood
glucose, implying that metabolic changes might be,
at least in part, responsible for the dietary anxio-
genic effect. The association between anxiety and
blood glucose imbalances is not widely addressed
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Figure 3. Comparison between the correlations of fasting blood glucose vs the results from the social interaction
test (A), forced swim test (B) and object recognition test (C) in vitamin K2 untreated and in all rats (vitamin K2

untreated and treated rats).

in the literature. Nevertheless, according to a meta-
analysis, anxiety determined by diagnostic interviews
is highly associated with hyperglycemia in patients
with type 1 and type 2 diabetes.’!

An interesting finding in our study was that
vitamin K2 treatment prevented not only the in-
crease of plasma glucose, but it also antagonized
the HFHF diet-induced anxiety. In addition, vitamin

K2 treatment preserved the association between
hyperglycemia and anxiety. The effect of vitamin
K2 on rat anxiety thus seems to be linked with the
effect on blood glucose. Moreover, this is the first
study to demonstrate an anxiolytic effect of MK-7
in rats with MS, while exerting no effect in intact
animals. The two effects observed appear to be at
least connected with each other, if not inter-related.
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EFFECTS ON DEPRESSION

Association between metabolic and depressive
disorders has been reported in a number of clini-
cal settings and modelled in experimental studies.
Mood disorders and metabolic syndrome have been
shown to present overlapping pathophysiology where
multiple factors such as insulin and leptin resistance,
pro-inflammatory cytokines, reactive oxygen species,
glucocorticoids are involved in a complex interplay
in the brain.3?33

The results from our study showed that rats sub-
jected to the dietary model of metabolic syndrome
displayed increased immobility time in the forced
swim test consistent with depression-like behavior.
This behavior was antagonized by the treatment with
vitamin K2. The score of depression, however, unlike
the score of anxiety, did not correlate with blood
glucose levels both in untreated rats and in those
treated with vitamin K2. We can speculate therefore
that the antidepressant effect of vitamin K2 is not
directly related to its effects on blood sugar. Rather,
it could potentially be due to its antioxidant and
anti-inflammatory actions. Vitamin K1 and K2 have
been shown to prevent oxidative injury to developing
oligodendrocytes and neurons!# and vitamin K2 has
been found to be the more potent neuroprotective
agent in vitro'. A recent epidemiological study on
the dietary intake of phylloquinone has found a
longitudinal reduction effect on pro-inflammatory
markers, related to insulin resistance and diabetes.*
Thus, it is feasible to relate the observed effect of
vitamin K2 on depression in rats with diet-induced
metabolic syndrome to its ability to prevent or
reduce the impact of inflammation and oxidative
stress on this behavior.

EFFECTS ON MEMORY

Metabolic syndrome and obesity are known to af-
fect cognition and raise the risk of dementia.’ In
our study we observed a lower discrimination ratio
in the animals fed HFHF diet compared to control
rats, consistent with other experimental works on
cognitive functions. Most authors report on impair-
ments in the spatial memory3®, which appears to be
more sensitive to dietary intervention compared to
recognition and other types of non-spatial working
memory>’33. In the current study we demonstrated
that in rats subjected to HFHF diet for a long enough
period of time the recognition memory impairment
was correlated with fasting glucose levels, similarly
to the findings of Jurdak and Kanarek.?° The treat-
ment with vitamin K2, however, did not counteract

Vitamin K2 Improves Anxiety and Depression

the memory deficit irrespective of its effect on the
fasting blood glucose.

The brain structure mostly involved in memory
formation is the hippocampus, and it is mainly
responsible for spatial memory.*® As for the rec-
ognition memory, it is the perirhinal cortex that is
thought to be involved in object recognition after
short retention intervals, while the hippocampus is
responsible for the long-term object recognition.*!
Cognitive impairment in diet-induced metabolic dis-
orders has been associated with hippocampal damage,
including inflammation and oxidative stress’?; less is
known about the postulated biological mechanisms
of non-spatial memory deficits.

The finding of inefficacy of vitamin K2 to pre-
vent the cognitive impairment in our study was
somewhat unexpected, given the antioxidant'4,
neuroprotective!'®, and anti-inflammatory3* proper-
ties described in the literature. Due to its regulation
of sulfotransferase activity and the activity of a
growth factor/tyrosine kinase receptor (Gas 6/Axl)
in the brain a hypothesis has been proposed that
vitamin K deficiency contributes to the pathogenesis
of Alzheimer’s disease.'® Moreover, a recent study
among geriatric patients revealed improved cogni-
tion associated with higher dietary intake of vitamin
K.*> A possible explanation of the negative results
in our experiments would be that this particular test
for measuring memory impairment in diet-induced
metabolic syndrome is for some reason insensitive
to vitamin K2. Alternatively, it might be that the
brain structures involved in this type of memory
are not particularly affected by oxidative stress and
inflammation through the metabolic disturbances of
the model used.*?

CONCLUSION

The present study has demonstrated that the high-fat
high-fructose diet-induced metabolic syndrome in
rats is associated with development of behavioral
disorders such as anxiety, depression and cognitive
impairment. Vitamin K2 treatment prevented the
elevation of fasting blood glucose level caused by
the dietary manipulation and also the development
of anxiety and depression. However, it did not
improve the memory deficit. The effect of vitamin
K2 was differentially correlated with blood sugar
in the three behavioral tests hence we concluded
that the anxiolytic effect of vitamin K2 is probably
mediated, at least in part, by its action on blood
sugar while the antidepressant effect of vitamin K2
is unrelated to its effect on blood glucose.
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ButamuH K2 okasbiBaeT nonoxutenbHoe BAUAHNE NPU COCTOAHUAX
6ecnokoncTBa M Aenpeccuu, He BANAA Ha KOTHUTMBHbIE CMOCOGHOCTU
KpbIC C MeTaboNIMTHbIM CUHAPOMOM: POJib caxapa B KpoBu?
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KoHTeKkcT: MeTabonnueckuin CMHOPOM ABNAETCA COLMaNbHO 3HAauYMMbIM pac-
CTPOVCTBOM YTUNM3ALMMN U XPAaHEHWS SHEPTN B OPraHn3me 1 Npr3HaeTCs B Ka-
yecTBe daKTOpa, Npeapacnonaralollero K pa3BuTuio Aenpeccui, TPEBOXKHOCTU 1
KOFHWUTWBHbIX HAapyLIEeHWIA Y NTlogen.

Llenb: B pamkax faHHOro nccnefoBaHua Hamu Obl1 NpoBefdeH aHanm3 BO3AeN-
CTBUs BUTaMUHa K2 Ha noBefieHMe KpbIC C METAaBOMUTHBIM CUHAPOMOM U UCCNERO-
BaHA CBs3b C BO3[EWNCTBMEM Ha YPOBEHb Caxapa B KPOBU.

Matepumanbl n metogbi: Myckue ocobu KpbiC nuHUKN Brctap 6b11m pasgeneHsl
Ha yeTblpe rpynnbl: KOHTPOJbHAA rpynna ¢ HOPMasbHbIM NUTaHNEM ANA KPbIC,
rpynna c metabonutHbiM cuHagpomom (MC), KoTopoi nogaBanca Kopm ¢ 6oratbim
copepaHeMm XUPOB Ha OCHOBE BbICOKOPYKTO3HON AUETbI, KOHTPONbHaA rpyn-
na, Kotopas nonyyana ButamuH K2, 1 MC rpyna, Kotopas nonyyana ButamuH K2.
ButamnH K2 nogaetca uepes 30HA. B KoHue nccnepgosaHua (cnycta 10 Hepenb)
6bInY NpoBefeHbl NoBefeHYeCcKe TeCTbl U ONpefeneH ypoBeHb caxapa B KPOBU
Ha ronofHbIN Xenynok. YpoBeHb 6ecnokoricTea onpeaensaeTca ¢ MOMOLLbIO TecTa
Ha coumanbHoe B3aMMOZenCcTBUe, a YpoBeHb Aenpeccun OLeHMBaeTCcAa C NOMO-
wbto Tecta Nopconta. Bo3gencreme Ha NamATb OLEHVBAETCA C MOMOLLbIO TECTa Ha
naeHTuduKaLmio o6bekToB. MpoBeaeH aHanM3 CBA3M MeXAy YPOBHEM caxapa B
KPOBW, YCTaHOBNEHHbIM Ha FOSIOAHbIV XeNyaoK, U pe3ynbTaTaMmu NoBefeHYeCKmX
TEeCToB.

Pe3synbraTtbl: Y Kpbic B coctaBe MC rpynnbl yCTaHOBNEH MOBbILEHHbIV YPOBEHb
caxapa B KpoBu. Y H1X Habioganocb cocTosHve 6eCnoKoncTBa, Aenpeccum 1 no-
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Tepu NamAT. 3a cyeT BUTaMMHa K2 Obl1 HOPMaNM30BaH YPOBEHb Caxapa B Kpo-
BW, MOHU3MIICA YPOBEHb 6ECMNOKOMCTBA 1 AeNPeccuii, HO NamMATb He YyJllnnach.
Bpemsa coumanbHoro B3avmogencTensa (06paTHbIN MHAEKC 6eCNOKOCTBA) U NAEH-
TudruMpyowasn GyHKLMSA NaMATU HAXOAATCA B 06PaTHOMN 3aBUCUMOCTY OT YPOBHS
caxapa B KpOBM Y KpbIC, He MOABEPKEHHbIX BO3LEMCTBUIO, @ BPEMSA HEMOABUKHO-
CTV (Mepa n3mepeHus genpeccum) - HeT. Koraa 6binv fo6aBneHbl KpbICbl, KOTOPbIM
nopasasnca BUTaMUH K2, cBA3b YPOBHA Caxapa B KPOBM CO BPEMEHEM CoLManb-
HOro B3aVMOENCTBUA MOAAEPKMBaANach, O4HAKO CBA3b C MAEHTUGULMPYIOLLEN
byHKUMel namsaTy 6biia yTpayeHa.

3akntoueHmne: HacTosAuwee nccnegoBaHme yCTaHOBWNO, YTo BUTaMuH K2 npe-
[OTBpalLaeT pa3BuTie TPEBOTU 1 AEMNPECCUM, HO He ynyuJllaeT AeduunT namaTu,
BbI3BaHHbIV ANETUYECKUMW MaHUMYALMAMUN B SKCMepYMeHTanbHOW MOgenn me-
TabonMyeckoro CMHApPOMA. B ¢BA3M € 3TM MOXKHO MpeAnoaraTb, YTO aHKCUMONK-
TUYecKnin 3ddeKT OT NPUMEHEHUs BUTaMMHa K2 NposiBNAEeTCs YacTUYHO 13-3a
ero BO3feNCTBUA Ha COAeprKaHue rMoKo3bl B KPOBY, B TO BpeMsA Kak aHTuaenpec-
CcUBHbIV 3pdeKT ABNATCA MIOKO30HE3aBUCHMbIM.
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