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6بنيماتيف.هروطتوغامدلالمعيفامهمارودةيذغتلابعلت:ثحبلافادهأ
تلاقانلانمديدعلليويحلاقيلختللبولطملاسكوديريبتافسوفلكشيف
رداصملارفوتحبصي،ايلخادهعينصتمتيلا6بنيماتيفنلأارظن.ةيبصعلا
داحلاصقنلايدؤي،ةيبصعلافئاظولايفهتمهاسمببسب.ايرورضارمأةيئاذغلا
فرخلاوةيسفنلاتابارطضلاابةباصلإارطخةدايزىلإ6بنيماتيفيف
نميناعيجذومنءاشنإىلإةيلاحلاةساردلاتفده.يبصعلاومنلاتابارطضاو
.مهتيرذيفيبصعلاومنلاراثآمييقتوبراجتلاتاناويحيف6بنيماتيفصقن

ىلإنيرهشاهرمع"ج6/لب57س"نارئفثانإمادختسامت:ثحبلاةقيرط
ةطباضلاةعومجملاىلإيئاوشعلكشبمهميسقتمت.ةساردلايفرهشأةثلاث
يوتحيمظتنميئاذغماظنبةطباضلاةعومجملاةيذغتمت.صقانلا6بنيماتيفو
يتلاةعومجملاةيذغتمتويئاذغلاماظنلانمغك/6بنيماتيفنمغلم6ىلع
نمغلمرفصىلعيوتحيصصخميئاذغماظنب6بنيماتيفصقننميناعت
ريدقتمت،عيباسأةسمخدعب.)6=ددع(عيباسأةسمخةدملءاذغغك/6بنيماتيف
ةيحضتلامت.ةيرذدلوتلتاناويحلاةيبرتمت.امزلابلايفلاسكوديريبتافسوف
نومآنرقيفةيبصعلاايلاخلاةيمكديدحتمتو،ماطفلادعباضيأتاهملأانارئفلاب
ماطفلادعبلسنلليئاذغلاماظنلاصيصختمت.يجسفنبلاليسيركلاةغبصمادختساب
.ةيئاملاسيرومةهاتمرابتخامادختسابةركاذلاوملعتلامييقتمت.نيرهشرمعىتح
Corresponding address: Department of Anatomy, American

iversity of Antigua College of Medicine, Antigua, Antigua and

rbuda.

E-mail: ssurendran@auamed.net (S. Surendran)

r review under responsibility of Taibah University.

Production and hosting by Elsevier

8-3612 � 2023 The Authors.

duction and hosting by Elsevier Ltd on behalf of Taibah Universit

tp://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1
ةعومجملايفصقنلالاسكوديريبتافسوفامزلابلاتايوتسمتدكأ:جئاتنلا
ةيمرهلاةيبصعلاايلاخلاترهظأ.ةطباضلاةعومجملاعمةنراقملابةصقانلا
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رابسملاةبرجتءانثأفدهتسملاعبرلاىلإلوصولللوصولانمزيفةريبك
.ةطباضلاةعومجملابةنراقم

ريشيامم،مهتيرذونارئفلايفةركاذلانم6بنيماتيفصقنللقي:تاجاتنتسلاا
نمديزملابمايقلابجي.هروطتوغامدلافئاظونملكل6بنيماتيفةيمهأىلإ
.ةسرامملايفيلعفلااهذيفنتوتقولارورمعمفقوملاوةفرعملاهذهيفثحبلا

ملعتلا؛صقن؛نيصحلا؛6بنيماتيف؛لاسكوديريبلاتافسوف:ةيحاتفملاتاملكلا
ةركاذلاو

Abstract

Objectives: Nutrition plays a critical role in the brain’s

function and development. Vitamin B6 in the form of

pyridoxal phosphate (PLP) is required for the biosyn-

thesis of several neurotransmitters. As vitamin B6 is not

endogenously synthesized, the availability of dietary

sources becomes imperative. Due to its contribution to

neurological functions, severe vitamin B6 deficiency leads

to an increased risk of psychiatric disorders, dementia,

and neurodevelopmental disorders. This study aimed to

establish a vitamin B6-deficient model in experimental

animals and assess the neurodevelopmental effects in

their offspring.
y. This is an open access article under the CC BY-NC-ND license
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Methods: Two- to three-month-old female C57BL/6J

mice were used in the study. They were randomly divided

into control and vitamin B6-deficient groups. The control

group was fed a regular diet containing 6 mg vitamin B6/

kg and the vitamin B6-deficient group was fed a

customized diet containing 0 mg vitamin B6/kg, for 5

weeks (n ¼ 6). After 5 weeks, plasma PLP was assessed.

The animals were bred to generate offspring. The dams

were killed following weaning, and the hippocampal

neurons were quantified using cresyl violet staining. The

offspring were assigned the respective diet post-weaning

up to 2 months of age. Learning and memory were

assessed using the Morris water maze test.

Results: The plasma PLP levels confirmed the deficiency

in the deficient group compared to the control group. The

viable pyramidal neurons in the cornu ammonis 3 (CA3)

region of the hippocampus showed a significant differ-

ence between the control and deficient groups. Offspring

born to deficient dams showed a substantial increase in

latency to reach the target quadrant during the probe trial

compared to the controls.

Conclusion: Vitamin B6 deficiency reduces memory in

dams and their offspring, suggesting the importance of

vitamin B6 for both brain function and development.

Keywords: Deficiency; Hippocampus; Learning; Memory;

Pyridoxal phosphate; Vitamin B6

� 2023 The Authors.
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Introduction

Nutrition is critical for the brain’s function and develop-
ment.1 Vitamin B plays a contributing factor to brain

function. Vitamin B6 is available in multiple forms including
pyridoxine, pyridoxal, and pyridoxamine. Pyridoxal 50-
phosphate (PLP) is a biologically active coenzyme. More
than 140 enzymes, including those involved in the

metabolism of amino acids, decarboxylation of
neurotransmitters, folate, protein and polyamine synthesis,
carbohydrate and lipid metabolism, mitochondrial function,

and erythropoiesis, require PLP as a cofactor.2

As vitamin B6 is not endogenously synthesized, the avail-
ability of dietary sources becomes imperative. The deficiency

of dietary vitamin B6 can hamper optimal health by altering
the physiological metabolic reactions. Due to its contribution
to neurological functions, severe vitamin B6 and other B
complex deficiencies increase the risk of psychiatric disorders,

dementia, and neurodevelopmental disorders.3

Studies have shown the effects of vitamin B6 deficiency on
the brain, particularly the hippocampus.4e7 A recent study

revealed that CL57BL/6J mice fed a vitamin B6-deficient
diet for 8 weeks showed a decrease in Ki67 and
doublecortin-positive cells in the subgranular region of the
dentate gyrus, suggesting the reduction of proliferative cells

and differentiating neuroblasts cells, respectively.8 A study
also revealed that vitamin B6 deficiency causes
hyperhomocysteinemia, leading to microvascular changes

in the hippocampus.9

It is well established that numerous micronutrient de-
ficiencies exist among women of reproductive age in

developing countries. The demand for these micronutrients
further increases during pregnancy. A major focus of
nutrient supplementation is on iron, folic acid,
vitamin B12, and calcium during pregnancy to prevent

anemia, neural tube defects, and bone deformation.
Although vitamin B6 is known to play a potential
role in gamma-aminobutyric acid (GABA) synthesis,

vitamin B6 supplementation during pregnancy is barely
emphasized.

This pilot study aimed to establish vitamin B6 deficiency

in mice and observe its effects on the microstructure of the
hippocampus, particularly the cornu ammonis (CA) region,
as well as understand the behavioral changes in the offspring.
Materials and Methods

Animals

Twelve female C57BL/6J mice of about 2 months old were
used in the study and housed in a controlled environment,
with a 12-h light and dark cycle and food and water provided

ad libitum. After receiving approval from the Institutional
Animal Ethics Committee [IAEC/KMC/24/2019], all exper-
iments were carried out with conventional animal care.
Twelve mice were randomly divided into two groups. A

regular diet containing 6 mg vitamin B6/kg diet was fed to
the control group, which was designated the mother mice
control (MMC) group; a customized diet containing 0 mg

vitamin B6/kg diet was fed to the deficient group, which was
designated the mother mice-deficient (MMD) group, for 5
weeks. After 5 weeks, the female mice were bred and

continued with the assigned diet during pregnancy until
weaning. The dams were sacrificed post-weaning to study the
microarchitecture of the hippocampus. At weaning, six male

pups were randomly selected from both groups and
continued with the same diet assigned to the dams until 2
months of age for the behavioral analyses. The male pups
was selected based on previous studies, which showed that

males perform better in behavioral tests involving spatial
learning and memory compared with females due to factors
such as varying estrous cycles in each mouse and also less

effective orientation strategies.10

Blood collection and analysis of plasma PLP in the dams

After 5 weeks of administration of the customized diet,
0.5 mL blood was collected from the female mice in EDTA-

coated Eppendorf tubes from periorbital sinuses, by punc-
turing the medial canthus of the eye with the capillary tube.
The blood samples were centrifuged at 3500 rpm for 20 min.

The plasma was collected and stored at �80 �C until further
use.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Liquid chromatographyemass spectrometry analysis of
PLP

The instrument utilized was the Dionex Ultimate 3000
liquid chromatography (LC) system coupled to a linear ion
trap analyzer by an electron spray ionization (ESI) source
(Thermo Fisher Scientific, Waltham, MA, USA). The LTQ

Orbitrap XL mass spectrometer and Chromeleon chroma-
tography data system (both from Thermo Fisher Scientific)
were used for tandem mass spectrometry (MS/MS) and

analysis of the chromatographic results, respectively. XCa-
libur software was used for batch analysis and LCquan was
used for quantification (both from Thermo Fisher Scientific).

Separation was accomplished at 25 �C using the Acclaim 18
column (150� 4.6 mm, 3 mm; Thermo Fisher Scientific). The
mobile phase had a flow rate of 0.1 mL/min and included

methanol and formic acid at a 70:30 v/v ratio. MS analyses
were performed in positive ion mode (ESIþ) using single
reaction monitoring with isoniazid serving as an internal
standard.

Collection of brain tissues from the dams

After creating the deficiency model, the female mice were
allowed to breed. Following the generation of pups and their
weaning, the MMC and MMD groups were sacrificed. The

left ventricle of these dams was transcardially perfused with
heparinized saline before being fixed in 10% formalin at a
rate of 1 mL/min, and the brains were fixed. Then tissues

were dehydrated through a series of increasing concentra-
tions of ethanol, embedded in paraffin wax, cut into blocks,
and labeled.

Tissue processing

In accordance with the procedure outlined in ‘Principles
and Techniques in Histology, Microscopy, and Photomi-

crography’ by Singh et al., the brain sections from the mice
(n ¼ 6 mice/group) were fixed on slides.11 According to the
methodology described by Shetty et al., sections were also

stained with cresyl violet. The slides were incubated in
0.1% cresyl violet solution for 20e25 min at 60 �C before
being stained with 0.1% cresyl violet stain for 20e25 min

at 60 �C.12
Histological assessment of the hippocampus of the dams

Stained sections were examined for healthy neurons. The
number of remaining nerve cells was determined by light

microscopy (MLX Plus; Magnus Opto Systems India Pvt.
Ltd., Delhi, India). Each brain was divided into six regions
for measurement. Stained slices were examined and photo-

graphed at 10� and 100�magnifications using the Olympus
Research Microscope (Model cx21i; Olympus, Tokyo,
Japan). After calibrating the light microscope with an ocular
and stage micrometer, quantification was performed (Erma

Inc., Tokyo, Japan). An ocular micrometer was used to
observe the CA1 and CA3 regions of the hippocampus in at
least three random microscopic fields spaced 250 mm apart.

In these regions of the hippocampus, the number of viable
brain cells with an obvious and distinct nucleus was
measured. Quantification was not performed on neurons
that had abnormal nuclei, reduced cell bodies, or dark
staining.

Behavioral analysis of the pups: Morris water maze

The Morris water maze (MWM) was employed to assess
memory and spatial learning in the offspring. The MWM for
mice consists of a circular pool of water, with a diameter of

1.1 m, height of 57 cm, and water depth of 30 cm, maintained
at a temperature of 26 �C (�2 �C). The 10 cm diameter
escape platform was lowered 1e1.5 cm below the water’s

surface during the spatial acquisition trial. Two principal
axes divided the water pool into four equal quadrants or
zones. The experiment was conducted in two phases: the
spatial acquisition trial and the retention trial.

The mice were subjected to the spatial acquisition trial to
evaluate their learning ability. All of the selected offspring,
i.e., breed mice control (BMC) and breed mice-deficient

(BMD), received MWM training sessions for four consecu-
tive days using a four trial/day regime with an intertrial in-
terval of 20 min. In each trial, the mice were placed in the

pool at random starting points of each quadrant. The time
taken by the mice to locate the escape platform was recorded.
If the mouse could not locate the platform within 60 s, it was

manually led to the platform and granted 15 s to remain on
the stage. A video camera recorded the escape latency, which
was analyzed using ANY-maze video tracking software
(Stoelting Co., Wood Dale, IL, USA). A retention trial was

performed 1 day after the last acquisition day, i.e., on the
fifth day, to estimate spatial memory retention. In this phase,
mice were administered a probe trial for 30 s and the escape

platform was removed from the pool. Latency to reach the
desired quadrant where the platform was placed during the
acquisition trial was noted. The latency needed to reach the

escape platform and the target quadrant in the spatial
acquisition and retention trials was provided by specialized
maze software.

Statistical analyses

The GraphPad Prism statistical program was used to

analyze the data using the unpaired Student’s t-test. P< 0.05
was considered statistically significant, and the results are
presented as the mean � standard deviation (SD) and are

also presented as mean � SEM, as appropriate.

Results

Plasma PLP (in the dams) could not be detected in the
deficient group

Based on estimation of PLP levels in the plasma collected

from the mice after 5 weeks of diet, PLP levels in the control
group were estimated to be 8.11 � 0.90 ng/mL, whereas PLP
levels in the deficient group were below the detectable limit

(Figure 1).

Quantitative assessment of hippocampal neurons in the CA1
and CA3 regions of the dams

On examination under a microscope, there were fewer

viable neurons in the CA1 subregion of the hippocampus in



Figure 1: Chromatograms of plasma pyridoxal phosphate: (A) shows the isoniazid internal standard, (B) represents plasma PLP in the

control mice, (C) represents plasma PLP in the vitamin B6-deficient mice.

Figure 2: Cresyl violet stain of the cornu ammonis (CA) subregion of the hippocampus: (a) represents the CA1 region, (b) illustrates the

CA3 region of the hippocampus. MMC, mother mice control; MMD mother mice-deficient.

Figure 3: Graphical representation of the number of viable neurons in the cornu ammonis (CA) of the hippocampus: (a) represents

neurons in the CA1 region, (b) represents neurons in the CA3 region. MMC, mother mice control; MMD, mother mice-deficient.
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Figure 4: Graphical representation of the mean latency of the

breed mice to reach the escape platform during spatial acquisition

from day 1 to day 4.

Figure 5: Graphical representation of the time taken by the mice

to reach the target quadrant during the probe trial.
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the MMD group (53.00 � 2.43; Figure 3a) than in the MMC

group (57.50 � 2.8; Figure 3a), but this difference was not
statistically significant (P > 0.05; Figure 2a). However, the
number of viable neurons in the CA3 area of the MMC

group was much higher than that of the MMD group
(P � 0.05; Figures 2b and 3b).

Spatial memory and learning in the offspring

During the spatial acquisition trial, the average escape
latency decreased from day 1 to day 4 in the BMC
Figure 6: Swim tracks of the mice in the Morris water maze during th

control to reach the island zone (the zone where the escape platform w

track of breed mice-deficient to reach the island zone.
(mean � SEM; 39.67 � 7.89) and BMD (mean � SEM;
51.42 � 4.73) groups. Mice in both groups showed improved

performance by taking a shorter duration with an increased
number of trials and training sessions (see Figure 4).
However, the latency to reach the escape platform was

significantly higher in the BMD group than in the BMC
group on all 4 days (P < 0.05; Figure 4).

During the retention trial on the fifth day, mice in the

BMC group took a shorter time to reach the target quadrant
(14 � 3.68) compared with the BMD group (P < 0.05),
suggesting memory deterioration in the BMD group
compared with the BMC group (Figures 5 and 6).

Discussion

Nutrition is essential for the regular maintenance of life;
however, the demand for good nutrition increases during
pregnancy and lactation to provide optimum nutrition for

growth and well-being.13 Vitamin B6, one of the
micronutrients, acts as a coenzyme in more than 120
enzymatic reactions that involve energy metabolism and
neurotransmitter synthesis.14

Various studies have shown the effects of vitamin B6
deficiency on the brain, particularly the hippocampus.4e7 In
this study, the number of viable neurons was lower in the

CA1 and CA3 hippocampal areas, particularly in the CA3
region of deficient mice compared to the controls,
indicating the significance of vitamin B6 in the

development and maintenance of hippocampal neurons.
The role of vitamin B6 in neurodevelopment has also been

seen in the literature.4 Vitamin B6 also plays a major role
during the development of the fetus, particularly brain

development and its functions. Wang et al. studied the
effects of vitamin B supplementation, i.e., B6, B12, and
folic acid, on a pregnant mouse exposed to particulate

matter 2.5, which is known to cause neurodevelopmental
impairment in offspring.15 The authors concluded that
vitamin B supplementation alleviated the mitochondrial

damage in the hippocampus, prevented neuronal apoptosis,
and improved neurogenesis in the hippocampus. In another
study, the newborns of Wistar dams fed a vitamin B6-

deficient diet showed dysregulation of glutamate meta-
bolism, wherein upregulation of glutamine synthase and
e probe trial wherein (a) illustrates the tracking of the breed mice

as placed during the acquisition trial) and (b) illustrates the swim
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downregulation of glutaminase caused a disturbance in the
concentration of glutamate in the brain.4 Changes in gene

expression associated with neurotransmitters such as
glutamine, serotonin, and GABA leading to an imbalance
in the concentrations of these neurotransmitters may be

associated with autism, schizophrenia, and other
neuropsychological and neurodevelopmental disorders in
humans. In the present study, on behavioral analysis of

mice, employing the MWM test for spatial learning and
memory, the offspring of vitamin B6-deficient mice took
significantly longer than control mice, suggesting impairment
in the ability to learn and recall information during the

retention or probe trial. This suggests that maternal vitamin
B6 deficiency could hamper potential adult hippocampal
neurogenesis in its offspring, resulting in poor spatial

navigation.16

Although pyridoxine or vitamin B6 deficiency is rare due
to its availability in various food sources including animal

products, fruits, and vegetables, the demand for vitamins
increases during pregnancy and lactation. Women in middle-
and low-income countries may be deprived of these sources,
and their deficiency could exacerbate potential adverse ef-

fects on the developing fetus.17 The nutritional status of the
mother is crucial, as it contributes to the biochemical,
structural, and functional parameters of the developing

fetal brain.18 This study also suggests the need for
supplementing vitamin B6 in the diets of pregnant and
lactating mothers apart from other supplements such as

iron and folic acid.
Limitations of the study: As this was a preliminary study,

the parameters assessed were restricted to the maternal hip-

pocampal microstructure and behavioral assessment, which
only included assessment of spatial memory in offspring.
Further assessments of behavioral parameters for testing
object recognition memory and avoidance memory in

offspring along with assessments of hippocampal cytoarch-
itecture could have strengthened the results of the study.

Strength of the study: Our study established a vitamin B6-

deficiency model by administering a customized diet that did
not contain vitamin B6. Although some studies have used a
customized diet to create vitamin B6 deficiency, they were

not validated as was done in the current study, wherein we
confirmed the deficiency by assessing the levels of plasma
PLP using LCeMS. Furthermore, the results obtained in

this study add to the existing literature.
Contribution of these findings to the literature and their

possible clinical implications: This preliminary study forms a
basis for future research, wherein various parameters such as

levels of GABA and quantification of GABAergic in-
terneurons can be analyzed. Furthermore, the attainment of
significant results regarding the impact of maternal vitamin

B6 deficiency will provide a benchmark to modify guidelines
on the requirements for vitamin B6, a vital micronutrient
during pregnancy, apart from existing micronutrients such as

iron and folic acid.

Conclusion

This study successfully established a vitamin B6-deficient

model by feeding the mice with a customized diet, which was
confirmed by estimating the plasma PLP levels. Although the
plasma levels of PLP were minimal in the mice, the method
was sensitive, linear, and accurate for detecting the PLP

levels. Furthermore, the study confirmed that the vitamin B6
deficiency impacted the hippocampal neuronal cells, indi-
cating the possible damage to healthy neurons, and

decreased hippocampal neurogenesis. These results empha-
ises the need to conduct additional studies on the neuro-
developmental effects of vitamin B6 deficiency as the

offspring showed alterations in learning and memory. This
study also demonstrates the need for vitamin B6 supple-
mentation during pregnancy and lactation along with other
supplements such as iron and folic acid.
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