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Vitamin B12 deficiency is prevalent among individuals globally. Inadequate

consumption of B12 rich diet and low bioavailability (due to diet

based/physiological factors) are linked to the deficiency of Vitamin B12 inside

the body. Bioavailability enhancers augment the bioavailability of an ingested

substance (drug/nutrient) thus increasing their concentration inside the body

and maximizing their therapeutic benefits. In traditional medicine, Licorice

(Glycyrrhiza glabra) finds utility in the treatment of various health conditions.

Thus, the present study aimed to examine the potential of ethanolic extract

obtained from G. glabra roots to enhance the bioavailability of Vitamin B12.

The effect of ethanolic extract of G. glabra (GgEtOH) on intestinal absorption

enhancement of B12 was assessed in vitro on Caco-2 and ex-vivo everted

gut sac models. The influence of extract on the pharmacokinetics of Vitamin

B12 was determined in vivo in Swiss albino mice. GgEtOH significantly

enhanced the permeation (Papp) of B12 by 2-5 fold in vitro (25, 50, and

100 µg/ml concentrations) and ex-vivo (250 and 500 µg/ml concentrations).

The pharmacokinetic parameters of B12 such as Cmax, AUC, Tmax, etc. were

also significantly elevated in vivo upon oral administration of B12 (1 mg/kg

dose) in combination with GgEtOH (100 and 1,000 mg/kg dose). These

preliminary findings indicate that the ethanolic extract of G. glabra is capable

of enhancing the bioavailability of Vitamin B12. To the best of our knowledge,

this is the first report to demonstrate herbal extract-mediated enhancement

of Vitamin B12 bioavailability through in vitro, ex vivo, and in vivo assays.
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Introduction

Micronutrients are nutrient elements required in
trace amounts and are components of crucial metabolic
processes occurring inside the body (1). Among various
micronutrients, Vitamin B12 holds significant importance from
health perspective. Vitamin B12 belongs to the “corrinoid”
group of compounds that contain a corrin macrocycle (2).
Functional forms of Vitamin B12 include Cyanocobalamin,
Methylcobalamin, and Hydroxocobalamin. Severe clinical
deficiency of B12 in the body gets expressed in form of
megaloblastic anemia (due to defect in DNA synthesis
during RBCs formation), neuropathies, and cardiovascular
abnormalities (occurring due to increased concentration of
methylmalonic acid (MMA) and homocysteine (Hcys) in the
blood (3–5). Malnutrition ensuing from deficiency of vitamin
B12 is widespread across the globe. B12 deficiency in the
body occurs as a consequence of reduced dietary intake and
reduced bioavailability/malabsorption caused by various factors
such as pernicious anemia, congenital defects in proteins
participating in Vitamin B12 absorption, bacterial overgrowth,
inflammatory bowel disease (IBD), gastro-intestinal surgeries,
and various drugs that interact with B12 and inhibit its
absorption (6). Moreover, individuals surviving on vegan diet
are more prone to developing B12 deficiency than those who
consume animal-derived food that contains a high proportion
of bioavailable B12 (7).

Low bioavailability is often associated with reduced
micronutrient status in the body. Bioenhancers are the agents/
entities that augment the bioavailability of drugs/nutrients
upon co-administration (8). The bioavailability of a nutrient
can be defined as the amount of ingested nutrient that is
absorbed and made available in the body to participate in
different physiological processes (9). Nutrient bioavailability is
affected by three parameters like availability of nutrients in
the intestinal lumen for absorption (bioaccessibility), intestinal
membrane permeation (absorption) followed by transport into
the blood for systemic circulation and utilization in the body
(10). Several plant-based molecules have been recognized
as natural bioenhancers of drugs which include Piperine,
Ginger, Drumstick pod, Licorice, Black cumin, Caraway, Garlic,
Quercetin, Sinomenine, Aloe vera, etc. However, only a few of
them have been reported to enhance the bioavailability of some
micronutrients upon oral supplementation in human subjects
and animal models (11, 12).

Glycyrrhiza glabra also known as licorice is a herb belonging
to the Leguminosae family with numerous species distributed
in various geographical regions worldwide. This herb has vast
therapeutic applications owing to the presence of numerous
phytomolecules associated with diverse biological effects that
are beneficial to health (13). Hence, the following study was
undertaken to assess the effect of ethanolic extract of G. glabra
on promoting the bioavailability of Vitamin B12. Since, the

major site of absorption of ingested micronutrients is the
small intestine, bioavailability of Vitamin B12 is affected due
to inadequate absorption under various conditions leading to
deficiency. Bioavailability enhancers are recognized for their
role in facilitating the intestinal permeation of target molecules
to enhance their oral bioavailability. Here, we hypothesize
that the ethanolic extract of G. glabra (GgEtOH) enhances
oral bioavailability of Vitamin B12 by promoting its intestinal
absorption. To validate our hypothesis, we carried out different
assays with the ethanolic extract of G. glabra (GgEtOH) which
included in vitro Caco-2 and ex vivo everted gut sac assays
to assess B12 intestinal absorption enhancement by GgEtOH
followed by in vivo assay (B12 pharmacokinetics study in mice
in presence of GgEtOH).

Materials and methods

Cyanocobalamin, HBSS salt (with phenol red), Tween-
80, sodium pyruvate, glucose, sodium chloride, sodium
bicarbonate, calcium chloride, sodium dihydrogen phosphate,
potassium dihydrogen phosphate, magnesium chloride,
potassium chloride, dimethylsulfoxide (DMSO), EDTA were
purchased from Sigma-Aldrich (St. Louis, MO, United States),
Minimum Essential Medium Eagle’s (MEM), trypsin, Penicillin
Streptomycin solution (100×), Amphotericin B solution
(250 µg/ml), HBSS (w/o phenol red), Fetal Bovine Serum (FBS)
were purchased from Gibco (Grand Island, NY, United States),
12 mm transwell plate (with 0.4 µm pore polyester membrane
inserts) was purchased from Corning Costar (USA), formic
acid, perchloric acid, methanol, and acetonitrile (HPLC grade)
were purchased from Merck- Millipore India.

Preparation of ethanolic extract of
Glycyrrhiza glabra

For the preparation of ethanolic extract of G. glabra, mature
roots of the plant were powdered and mixed with 95% alcohol
(1:10 ratio) under continuous agitation at 230 rpm at 40◦C for
7 h. The extract was then subjected to vacuum concentration.
For HPLC analysis, the extract was dissolved in methanol at a
concentration of 1 mg/ml and filtered through a 0.45 µm syringe
filter (14).

HPLC analysis of ethanolic extract of
Glycyrrhiza glabra

HPLC analysis was carried out on Waters Alliance
2695 separation module equipped with 2998 photodiode
array detector and Phenomenex C18 Luna R© column (5 µm;
250 mm × 4.6 mm). Standards were gifted by Dr. R S Bhakuni.
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The separation of six markers namely (a) Liquiritigenin
(LTG), (b) Isoliquiritigenin (ISL), (c) Formononetin (F),
(d) Glycyrhyzzic acid (GA), (e) Glabridin (GLB), and (f)
Glycyrrhetinic acid (GTA) was optimized using the mobile
phase of (a) water (0.1% formic acid) and (b) acetonitrile (0.1%
formic acid) with the given gradient elution using a C18 column
(5 µm; 250 mm × 4.6 mm) at a flow rate of 1 ml/min. The
column eluent was monitored at 254 nm (14, 15).

Time (min) Flow rate (ml/min) %B

Initial 1.0 15

27.0 1.0 45

37.5 1.0 80

50.0 1.0 80

51 1.0 15

Cell culture

Caco-2 cell line was procured from National Centre for
Cell Sciences (NCCS), Pune (India). The cell line was routinely
maintained in MEM (low glucose) growth medium containing
20% FBS, 1% L-glutamine, 1 mM sodium pyruvate, 1×
penicillin-streptomycin, and 1× (2.5 µg/ml) amphotericin B.
Cells were grown in T-25 flasks at 37◦C, 5% CO2, 95% humidity
with growth medium being changed three times a week and
sub-cultured upon reaching 80% confluence with Trypsin EDTA
solution (0.25% Trypsin, 53 mM EDTA in Hanks Balanced Salt
Solution (HBSS with phenol red, pH 7.4).

For in vitro Vitamin B12 permeability experiments, Caco-
2 cells were seeded at a density of 1,00,000 cells in the apical
chamber (AP) of Polyethylene Terephthalate (PET) inserts of
12 well transwell plates. A total of 500 and 1,000 µl growth
medium was added to the apical (AP) and basolateral (BL)
chambers of each transwell, respectively. Growth medium was
changed in both AP and BL compartments on alternate days
and cells were allowed to grow for 14 days until the formation
of tight differentiated monolayers in the AP chambers of inserts.
The differentiation status of monolayers was assessed by the
measurement of trans-epithelial electrical resistance (TEER)
by EVOM2 Voltohmeter (WPI, USA) every alternate day.
TEER was calculated as Actual TEER = TEER (cell bearing
insert) − TEER (blank insert) × area of insert (1.12 cm2). The
differentiated Caco-2 monolayers with TEER values ranging
from 3,000 to 4,000 �.cm2 were further considered for the
in vitro study (16, 17).

Vitamin B12 permeability assay in
Caco-2 model

Well-differentiated Caco-2 monolayers with TEER values
stated above were employed in in vitro study. On the day of the

experiment, the growth medium in Caco-2 monolayer bearing
transwells was replaced with HBSS (w/o phenol red, with 25 mM
HEPES pH 7.4). Monolayers were washed once with HBSS
(500 µl in AP and 1,200 µl in BL compartment) followed by
equilibration i.e., incubation in HBSS for 30 min at 37◦C in
a shaker incubator. After completion of the equilibration step,
the in vitro assay was initiated. Stock solutions of Vitamin
B12 (Cyanocobalamin) and GgEtOH were prepared in Milli-
Q water and DMSO, respectively which were diluted to final
working concentrations in HBSS. To the apical chamber bearing
Caco-2 monolayers, B12 was added at a concentration of
200 µg/ml (17) and GgEtOH was added at 25, 50, and 100 µg/ml
concentration in HBSS (500 µl) whereas basolateral chamber
contained only HBSS (1,200 µl). Apical chambers containing
only B12 and the combination of B12 + GgEtOH served as
control and treatment groups, respectively. The transwell plate
was then incubated at 37◦C with constant shaking at 50 rpm
(Biosan ES-20 orbital shaker incubator). Samples (200 µl) were
withdrawn from basolateral chamber after 30 min intervals
for 240 min followed by the addition of 200 µl of fresh
HBSS to the BL compartment. After assay completion, B12 was
quantitated in basolateral samples (collected at various time
intervals) spectrophotometrically by measuring absorbance at
360 nm using a microplate reader (FLUOstar Omega). The
concentration of Vitamin B12 in samples was deduced from
the standard curve followed by the determination of Papp.
Two independent experiments were performed with duplicates
comprising fully differentiated Caco-2 monolayers treated with
B12 only (200 µg/ml) and combination of B12+GgEtOH (25,
50,100 µg/ml).

Apparent permeability coefficient, Papp (cm/s) was
calculated from the following equation:

Papp = dQ/dt ∗ 1/A.C0

where, dQ/dt (µg/s) is the flux rate, A (cm2) is the surface area
of the apical chamber bearing cell monolayer, and C0 (µg/ml) is
the initial B12 concentration (apical chamber).

Fold enhancement (FE) was further calculated as the ratio of
Papp (B12+GgEtOH) and Papp (B12 alone).

FE = Papp (B12+ GgEtOH)/Papp (B12 alone)

Ex vivo assay for intestinal permeation
of Vitamin B12

Everted gut sac assay was performed to determine intestinal
permeation enhancement of Vitamin B12 in presence of
GgEtOH utilizing Swiss albino mice weighing 25–30 g. Everted
gut sacs were prepared following the protocol described (18).
Mice were sacrificed by cervical dislocation and the small
intestine was isolated in oxygenated Krebs Ringer Buffer (KRB)
(Glucose 7.78 mM, NaCl 133 mM, KCl 4.56 mM, NaH2PO4
1.5 mM, MgCl2 0.20 mM, NaHCO316 mM, CaCl23.33 mM,
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pH 7.4) (19). 10 cm portion from the ileocecal junction
(corresponding to the ileum) was separated from the rest
of the small intestine. The ileum was flushed with cold
normal saline to remove its contents. Ileum was then cut
into 4 cm sized segments and gently everted on thin plastic
capillary tubing. One end of each everted segment was
tied with cotton thread and 500 µl oxygenated KRB was
filled through the tubing from another end after which it
was tied to create everted gut sacs. Prepared everted gut
sacs were initially incubated in oxygenated KRB at 37◦C
for 10 min. Sacs were then transferred to tubes containing
2 ml oxygenated KRB with added B12 (Cyanocobalamin)
at a concentration of 100 µg/ml and GgEtOH extract at
250 and 500 µg/ml concentrations and incubated at 37◦ for
2 h with constant aeration and shaking at 100 rpm. Sacs
incubated with B12 alone served as the control/untreated
group whereas sacs incubated with B12+GgEtOH were included
in treatment groups. After 30, 60, 90, and 120 min sacs
were cut open, serosal fluid collected in 2 ml tubes and
short spun for 5 min to separate the debris from the fluid.
Hundred microliter of serosal fluid was transferred to 96 wells
plate and Vitamin B12 was quantitated from the standard
curve by measuring absorbance at 360 nm. Area of each
sac was calculated considering it a cylinder (length 4 cm,
width/diameter 0.5 cm, radius 0.25 cm) (20). Two experiments
were performed, each with two replicates comprising everted
gut sacs treated with B12 only (100 µg/ml) and combination
of B12+GgEtOH (250 and 500 µg/ml). Apparent permeability
coefficient (Papp) was then calculated by the following equation:

Papp = dQ/dt ∗ 1/A.C0

where, dQ/dt (µg/s) is the flux rate, A (cm2) is the surface
area of the everted gut sac and C0 (µg/ml) is the initial B12
concentration (mucosal compartment).

Fold enhancement (FE)

= Papp (B12+ GgEtOH)/Papp (B12 alone)

In vivo Vitamin B12 pharmacokinetics
study

The pharmacokinetic study of Vitamin B12 was carried
out in Swiss albino mice (male), bred and maintained under
standard conditions and fed with ATNT 1324-Maintenance
Diet pellets. Experiments were conducted under protocol
(CIMAP/IAEC/2019-21/06) approved by the Institutional
Animal Ethics Committee under the aegis of the Committee
for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Government of India.

Swiss albino mice (weighing 25 g) were divided into 12
experimental groups with five mice per group based on different

doses (B12 and GgEtOH) and different time intervals (15, 30,
60,120 min). The experimental groups were as follows:

B12 alone (1 mg/kg) (15, 30, 60, 120 min)— 20 animals
B12 (1 mg/kg) + GgEtOH (100 mg/kg) (15, 30, 60,

120 min)—20 animals
B12 (1 mg/kg) + GgEtOH (1000 mg/kg) (15, 30, 60,

120 min)—20 animals
Prior experiment, animals were fasted for 18–24 h with

access to water only. Animals were orally administered
Cyanocobalamin alone and in combination with GgEtOH
extract at doses indicated. For oral administration, GgEtOH
extract was initially solubilized in 1% Tween 80 and then the
final volume was made up with 0.5% CMC in Milli-Q water. B12
(Cyanocobalamin) solution was also prepared similarly. After
defined time intervals (15, 30, 60, and 120 min), 500 µl blood
was withdrawn from the orbital plexus of animals and collected
in 2 ml tubes containing 50 µl ACD (Acetate Citrate Dextrose)
solution (21, 22).

Vitamin B12 detection by HPLC

Blood samples were processed for the quantitation of
Vitamin B12 by the HPLC method as described elsewhere (21).
The processed samples were then transferred to a reversed-
phase HPLC system (Waters) equipped with Bridge C18 5 µm
column (4.6 mm × 250 mm). The mobile phase consisted of
methanol: phosphate buffer (20 mM, pH 3.5) (25:75) with a flow
rate of 0.6 ml/min. Vitamin B12 was detected at a wavelength
of 360 nm. Pharmacokinetic parameters were evaluated by PK
Solver 2.0 software.

Statistical analysis

Results are expressed as mean ± SD. Statistical analysis
was performed on Graph pad prism software (version 5.0).
Significance between control (B12 alone) and treatment
(B12+GgEtOH) groups was determined by ANOVA followed by
Dunnett’s post-hoc test. p < 0.05 was considered significant.

Results

HPLC profile of ethanolic extract of
Glycyrrhiza glabra

Figure 1A represents the chromatogram comprising
standard markers separated by the HPLC protocol described.
HPLC fingerprint of GgEtOH has been shown in Figure 1B.
The content of marker compounds detected in GgEtOH
was LTG—0.65%, ISL—0.17%, F—0.12%, GA—0.69%, and
GLB—1.65%.
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FIGURE 1

(A) Representative HPLC chromatogram of the standard mix (1.0 mg/ml) of (A) Liquiritigenin (LTG), (B) Isoliquiritigenin (ISL), (C) Formononetin,
(D) Glycyrrhizic acid (GA), (E) Glabridin (GLB), and (F) Glycyrrhetinic acid (GTA) at 254 nm. (B) HPLC chromatogram of Ethanolic extract of
Glycyrrhiza glabra (GgEtOH) at 254 nm. LTG—0.65%, ISL—0.17%, GA—0.69%, GLB—1.65%, F—0.12%.

FIGURE 2

(A) Cumulative amount of B12 transport with time (expressed as % of initial concentration) across Caco-2 monolayers. Each point represents
mean ± SD (n = 4). (B) Effect of GgEtOH on permeability enhancement of Vitamin B12 in in vitro Caco-2 assay. B12 alone—Caco 2 monolayers
treated with 200 µg/ml Cyanocobalamin only, B12+GgEtOH 25, B12+GgEtOH 50, B12+GgEtOH 100—Caco 2 monolayers treated with
combination of Cyanocobalamin 200 µg/ml and GgEtOH at concentrations 25, 50, and 100 µg/ml, respectively. Data presented as mean ± SD
(n = 4) *p < 0.05, **p < 0.01, ***p < 0.001 with respect to B12 alone.

In vitro Vitamin B12 permeability assay
in Caco-2 model

Vitamin B12 permeation study was carried out in vitro
in the Caco-2 model to evaluate the effect of GgEtOH on
enhancing intestinal absorption of B12. In presence of GgEtOH,
the rate of transport of B12 across Caco-2 monolayers was
found to increase gradually with time in a dose-dependent
manner (Figure 2A). At 25, 50, and 100 µg/ml GgEtOH
concentration, permeation of B12 was significantly enhanced
compared to control as indicated by an increase in Papp
values of B12 in Caco-2 monolayers treated with B12+GgEtOH
(25, 50, 100) combination (Figure 2B). GgEtOH at 25, 50,
and 100 µg/ml concentration enhanced B12 absorption by
2.47, 3.68, and 5.9 fold respectively thereby demonstrating

an effect on enhancing intestinal membrane permeation
(Supplementary Table 1).

Ex vivo Vitamin B12 permeability study

Everted gut sac assay was performed with the ileum
segments of mouse small intestine to assess the possible effect
of GgEtOH on enhancing the permeation of B12 through the
intestinal membrane. Sacs incubated with Cyanocobalamin only
served as the control group. GgEtOH enhanced absorptive
transport of B12 as demonstrated by an increased rate of
accumulation of B12 in gut sacs incubated with a combination
of B12+GgEtOH than B12 alone (Figure 3A). As shown in
Figure 3B, increased apparent permeability (Papp) values of
B12 were obtained for sacs incubated with B12+GgEtOH (250
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and 500 µg/ml) as compared to B12 alone. GgEtOH extract
enhanced intestinal permeation of B12 by 2.6 and 3.7 fold
at 250 and 500 µg/ml concentration, respectively during the
2-h experimental duration (Supplementary Table 2). It can
thus be considered that the extract is capable of enhancing the
absorption of B12 through the small intestine.

In vivo Vitamin B12 pharmacokinetics
study

The pharmacokinetics study of Vitamin B12 was performed
in Swiss albino mice to investigate the effect of GgEtOH
on the bioavailability enhancement of B12. Vitamin B12
(Cyanocobalamin) at a dose of 1 mg/kg body weight, alone and
in combination with GgEtOH extract (100 and 1,000 mg/kg
dose) was administered to animals through oral route. B12
content was determined in blood plasma samples collected
at 15, 30, 60, and 120 min post-dosing by HPLC. As
shown in Figure 4, the plasma concentration of Vitamin B12
increased in mice treated with B12+GgEtOH 100 mg/kg and
B12+GgEtOH 1,000 mg/kg compared to mice treated with
B12 only. Further, the pharmacokinetic profile of Vitamin B12
was significantly enhanced in presence of extract. Although,
GgEtOH at 100 mg/kg dose significantly increased the Cmax
and AUC, it did not contribute to the increment in t1/2,
Tmax, AUC 0−inf and MRT of B12. However, GgEtOH at
1,000 mg/kg dose caused significant enhancement of Cmax and
AUC compared to the control group. At 1,000 mg/kg dose of
extract, although not significant, but an increase in half-life
(t1/2) and mean residence time (MRT) of B12 was also observed.
In B12+GgEtOH 1,000 mg/kg treated group, the Tmax of B12
was significantly improved and was attained in lesser duration
(18.75 min) than B12 alone treated group (26.25 min) (Table 1).
The results indicated that 1,000 mg/kg dose of the extract
led to the enhanced absorption of B12 than 100 mg/kg dose.
Overall, GgEtOH improved the bioavailability of Vitamin B12
as evidenced by pharmacokinetic study.

Discussion

Different approaches are being adopted worldwide to
prevent and treat vitamin B12 deficiency in individuals
which include food fortification, oral supplementation, and
intramuscular injections (23, 24). All these strategies intend
to maintain optimal B12 levels in the body to avert and
alleviate deficiency-associated symptoms. In a therapeutic
regime, supplementation of B12 involves the administration of
a high dose of Cyanocobalamin through oral route in the form
of capsules/pills. Oral supplementation being more convenient
and patient-friendly is preferred by individuals as compared to
parenteral administration such as intramuscular injections of
B12 (25). The overall goal of supplementation is to facilitate

the restoration of micronutrients to normal levels in the body
sufficient enough to mitigate deficiency conditions. Various
strategies for the treatment of B12 deficiency through enhancing
absorption by different methods have also been reviewed (26).

Bioavailability is a crucial parameter affecting micronutrient
status inside the body. Deficiency of specific nutrients may
also arise due to their low bioavailability. The traditional
system of medicine relies on plants gifted by nature to
address numerous health-related issues. To combat problems
associated with low bioavailability, many herbal components
have been recognized as bioenhancers which have shown
promising results in augmenting the bioavailability of
many pharmaceutical compounds. These bioenhancers
have demonstrated bioavailability enhancing potential (upon
co-administration with drugs) in vitro and also in vivo (in
animal models and human subjects), they have been found
to improve the bioactivity and pharmacokinetic profile of
various categories of drugs (antibacterial, antifungal, anticancer,
antiparasitic, immunosuppressants, etc.) (11). Most of the
identified phytoconstituents have been found to be effective as
bioenhancers of drugs and very few exist for micronutrients
(27, 28). Furthermore, literature is inadequate with respect
to research studies directed towards exploiting herbal plant
extracts for increasing the oral bioavailability of Vitamin B12.
Hence, this study was undertaken to evaluate the potential
of ethanolic extract of Glycyrrhiza glabra to increase the
bioavailability of Vitamin B12. GgEtOH was prepared from
the roots of the plant. In the HPLC analysis of extract, some
of the identified marker components included LTG, ISL, F,
GA, and GLB. The effect of GgEtOH on stimulating intestinal
absorption of vitamin B12 was investigated through in vitro,
ex vivo, and in vivo assays. It was observed that GgEtOH
increased the transport of B12 across Caco-2 monolayers
and everted gut sacs which might be due to the extract
components exhibiting permeation enhancing effect on the
intestine membrane. Glycyrrhizic acid and its derivative
Glycyrrhizin have been reported to modulate membrane
permeability causing enhanced intestinal penetration of various
drugs/bioactive compounds thereby leading to improvement
in their bioavailability (29–32). Augmentation of systemic B12
levels in vivo could also be attributed to the possible prokinetic
effect of extract (components) resulting in enhanced absorption
of B12 inside the body. Studies have shown that extract of
G. glabra and its constituent phytomolecule (Isoliquiretigenin)
modulate gastric emptying and gastrointestinal transit of
marker compounds/drugs (33, 34). The ileum is the primary
site of B12 absorption in the small intestine and chronic
inflammatory conditions (such as Crohn’s disease, Celiac
disease, etc.) adversely affect its functioning consequently
leading to inhibition of Vitamin B12 absorption (35–37).
Hence, we also examined the anti-inflammatory effect of
GgEtOH in vitro on RAW 264.7 cell line under LPS stimulation
where we observed that GgEtOH at concentrations ranging
from 0.1 to 100 µg/ml significantly suppressed the levels
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FIGURE 3

(A) Concentration vs. time profile of B12 transport across gut sacs (from mucosal to serosal compartment). Each point represents mean ± SD
(n = 4). (B) Effect of GgEtOH on intestinal permeation enhancement of Vitamin B12 in everted gut sac assay. B12 alone (sacs incubated with
Cyanocobalamin only at concentration of 100 µg/ml), B12+GgEtOH 250, B12+GgEtOH 500 [Sacs incubated with combination of
Cyanocobalamin (100 µg/ml) and GgEtOH at 250 and 500 µg/ml concentration, respectively]. **p < 0.01, ***p < 0.001 with respect to B12
alone (n = 4).

FIGURE 4

Plasma concentration vs. time profile of Vitamin B12 during in vivo B12 pharmacokinetics study in presence of GgEtOH. Data presented as
mean ± SD (n = 5).

TABLE 1 Pharmacokinetic parameters of Vitamin B12 during in vivo study.

B12 alone (1mg/kg) B12+GgEtOH (100 mg/kg) B12+GgEtOH (1000 mg/kg)

t1/2 121.27± 34.74 89.21± 54.58 208.65± 79.76

Tmax (mins.) 26.25± 6.71 30 18.75± 6.71*

Cmax (ng/ml) 116.94± 8.42 218.86± 15.73*** 222.42± 21.24***

AUC 0−120 9731.214± 621.1 15282.49± 1986.72*** 20165.09± 813.73***

AUC 0−inf 21370.60± 3776.34 29205.84± 15579.16 66503.206± 21035.76***

MRT 187.54± 52.73 143.44± 78.37 311.036± 115.29

*p < 0.05, **p < 0.01, ***p < 0.001 with respect to control group (B12 alone).
t1/2 (half- life), Cmax (maximum plasma concentration), Tmax (time at which maximum plasma concentration obtained), AUC0−120 (Area Under Curve from 0 to 120 min), AUC0− inf
(Area Under Curve from 0 to infinity), MRT (Mean Residence Time). Data expressed as mean± SD (n = 5).
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of pro-inflammatory cytokines (TNF-α and IL-6) in vitro
(Supplementary file). This is consistent with the existing
reports where G. glabra extract and its constituents have been
found to perturb inflammation through different mechanisms
in in vitro and in vivo models of inflammation (38). Hence,
additionally, GgEtOH might assist in the absorption of B12
under inflammatory conditions inside the body by virtue of
its anti-inflammatory property. Altogether, these observations
indicate that the ethanolic extract of Glycyrrhiza glabra could
enhance Vitamin B12 bioavailability by exerting influence over
intestinal absorption and controlling inflammation.

Conclusion

Preliminary findings of this study suggest that the ethanolic
extract obtained from the roots of G. glabra holds potential to
enhance the bioavailability of Vitamin B12 by facilitating its
absorption inside the body as demonstrated by enhancement
in intestinal permeation in vitro and ex vivo accompanied by
the modulation of pharmacokinetic parameters in vivo. Oral
administration of the extract in the form of a suitable herbal
formulation may be a promising approach to improve Vitamin
B12 status inside the body.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

This animal study was reviewed and approved by
the Committee for the Purpose of Supervision and
Experimentation on Animals, Government of India. Protocol
no. CIMAP/IAEC/2019-21/06.

Author contributions

PS, PP, and VT performed the experiments and analyzed
the data. FK, KS, MD, and AP analyzed the data. PS, MD, and
AP conceived the idea and drafted the manuscript. All authors
contributed to the article and approved the submitted version.

Acknowledgments

The authors acknowledge the help of Director CIMAP
for providing the necessary facilities. PS was grateful to the
University Grants Commission (UGC), New Delhi for providing
research fellowship.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1038902/full#supplementary-material

References

1. Shenkin A. Micronutrients in health and disease. Postgrad Med J. (2006)
82:559–67. doi: 10.1136/pgmj.2006.047670

2. Watanabe F, Yabuta Y, Bito T, Teng F. Vitamin B12-containing plant food
sources for vegetarians. Nutrients. (2014) 6:1861–73. doi: 10.3390/nu6051861

3. Pawlak R. Is vitamin B12 deficiency a risk factor for cardiovascular disease in
vegetarians? Am J Prev Med. (2015) 48:e11–26. doi: 10.1016/j.amepre.2015.02.009

4. Reynolds E. Vitamin B12, folic acid, and the nervous system. Lancet Neurol.
(2006) 5:949–60. doi: 10.1016/S1474-4422(06)70598-1

5. Stabler SP. Vitamin B12 deficiency. N Engl J Med. (2013) 368:149–60. doi:
10.1056/nejmcp1113996

6. Green R, Allen LH, Bjørke-Monsen A-L, Brito A, Guéant J-L, Miller JW, et al.
Vitamin B12 deficiency. Nat Rev Dis Primers. (2017) 3:17040. doi: 10.1038/nrdp.
2017.40

7. Watanabe F. Vitamin B12 sources and bioavailability. Exp Biol Med. (2007)
232:1266–74. doi: 10.3181/0703-MR-67

8. Singh R, Devi S, Patel J, Patel U, Bhavsar S, Thaker A. Indian herbal
bioenhancers: a review. Pharmacog Rev. (2009) 3:90. doi: 10.1002/jsfa.11771

9. Fairweather-Tait S, Hurrell RF. Bioavailability of minerals and trace elements:
members of EC Flair Concerted Action No. 10: measurements of micronutrient
absorption and status. Nutr Res Rev. (1996) 9:295–324. doi: 10.1079/NRR19960016

Frontiers in Nutrition 08 frontiersin.org

https://doi.org/10.3389/fnut.2022.1038902
https://www.frontiersin.org/articles/10.3389/fnut.2022.1038902/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.1038902/full#supplementary-material
https://doi.org/10.1136/pgmj.2006.047670
https://doi.org/10.3390/nu6051861
https://doi.org/10.1016/j.amepre.2015.02.009
https://doi.org/10.1016/S1474-4422(06)70598-1
https://doi.org/10.1056/nejmcp1113996
https://doi.org/10.1056/nejmcp1113996
https://doi.org/10.1038/nrdp.2017.40
https://doi.org/10.1038/nrdp.2017.40
https://doi.org/10.3181/0703-MR-67
https://doi.org/10.1002/jsfa.11771
https://doi.org/10.1079/NRR19960016
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1038902 October 21, 2022 Time: 15:49 # 9

Sharma et al. 10.3389/fnut.2022.1038902

10. McClements DJ. Enhancing nutraceutical bioavailability through food matrix
design. Curr Opin Food Sci. (2015) 4:1–6. doi: 10.1016/j.cofs.2014.12.008

11. Dudhatra GB, Mody SK, Awale MM, Patel HB, Modi CM, Kumar A, et al. a
comprehensive review on pharmacotherapeutics of herbal bioenhancers. Sci World
J. (2012) 2012:1–33. doi: 10.1100/2012/637953

12. Vinson JA, Al Kharrat H, Andreoli L. Effect of Aloe vera preparations on
the human bioavailability of vitamins C and E. Phytomedicine. (2005) 12:760–5.
doi: 10.1016/j.phymed.2003.12.013

13. Wahab S, Annadurai S, Abullais SS, Das G, Ahmad W, Ahmad MF, et al.
Glycyrrhiza glabra (licorice): a comprehensive review on its phytochemistry,
biological activities, clinical evidence and toxicology. Plants. (2021) 10:2751. doi:
10.3390/plants10122751

14. Gupta VK, Fatima A, Faridi U, Negi AS, Shanker K, Kumar JK, et al.
Antimicrobial potential of Glycyrrhiza glabra roots. J Ethnopharmacol. (2008)
116:377–80. doi: 10.1016/j.jep.2007.11.037

15. Fatima A, Gupta VK, Luqman S, Negi AS, Kumar JK, Shanker K, et al.
Antifungal activity of Glycyrrhiza glabra extracts and its active constituent
glabridin. Phytotherapy Res. (2009) 23:1190–3. doi: 10.1002/ptr.2726

16. Hubatsch I, Ragnarsson EGE, Artursson P. Determination of drug
permeability and prediction of drug absorption in Caco-2 monolayers. Nat Protoc.
(2007) 2:2111–9. doi: 10.1038/nprot.2007.303

17. Netsomboon K, Feßler A, Erletz L, Prüfert F, Ruetz M, Kieninger C,
et al. Vitamin B12 and derivatives–In vitro permeation studies across Caco-2
cell monolayers and freshly excised rat intestinal mucosa. Int J Pharm. (2016)
497:129–35. doi: 10.1016/j.ijpharm.2015.11.043

18. Hamilton KL, Butt AG. Glucose transport into everted sacs of the small
intestine of mice. Adv Physiol Educ. (2013) 37:415–26. doi: 10.1152/advan.00017.
2013

19. Liu H, Tu L, Zhou Y, Dang Z, Wang L, Du J, et al. Improved bioavailability and
antitumor effect of docetaxel by TPGS modified proniosomes: in vitro and in vivo
evaluations. Sci Rep. (2017) 7:43372. doi: 10.1038/srep43372

20. Ruan Y, Li X, You L, Chen J, Shen Y, Zhang J, et al. Effect of pharmaceutical
excipients on intestinal absorption of metformin via organic cation-selective
transporters. Mol Pharm. (2021) 18:2198–207. doi: 10.1021/acs.molpharmaceut.
0c01104

21. Goto Y, Masuda A, Aiba T. In vivo application of chitosan to improve
bioavailability of cyanocobalamin, a form of vitamin B12, following intraintestinal
administration in rats. Int J Pharm. (2015) 483:250–5. doi: 10.1016/j.ijpharm.2015.
02.016

22. Nava-Ocampo AA, Pastrak A, Cruz T, Koren G. Pharmacokinetics of high
doses of cyanocobalamin administered by intravenous injection for 26 weeks in
rats. Clin Exp Pharmacol Physiol. (2005) 32:13–8. doi: 10.1111/j.1440-1681.2005.
04145.x

23. Nielsen MJ, Rasmussen MR, Andersen CBF, Nexø E, Moestrup SK.
Vitamin B12 transport from food to the body’s cells–a sophisticated, multistep
pathway. Nat Rev Gastroenterol Hepatol. (2012) 9:345–54. doi: 10.1038/nrgastro.20
12.76

24. Vincenti A, Bertuzzo L, Limitone A, D’Antona G, Cena H. Perspective:
Practical approach to preventing subclinical B12 deficiency in elderly population.
Nutrients. (2021) 13:1913. doi: 10.3390/nu13061913

25. Wang H, Li L, Qin LL, Song Y, Vidal-Alaball J, Liu TH. Oral vitamin B12
versus intramuscular vitamin B12 for vitamin B12 deficiency. Cochrane Libr. (2018)
3:CD004655. doi: 10.1002/14651858.cd004655.pub3

26. Brito A, Habeych E, Silva-Zolezzi I, Galaffu N, Allen LH. Methods to assess
vitamin B12 bioavailability and technologies to enhance its absorption. Nutr Rev.
(2018) 76:778–92. doi: 10.1093/nutrit/nuy026

27. Peterson B, Weyers M, Steenekamp J, Steyn J, Gouws C, Hamman J. Drug
bioavailability enhancing agents of natural origin (bioenhancers) that modulate
drug membrane permeation and pre-systemic metabolism. Pharmaceutics. (2019)
11:33. doi: 10.3390/pharmaceutics11010033

28. Alexander A, Qureshi A, Kumari L, Vaishnav P, Sharma M, Saraf S. Role of
herbal bioactives as a potential bioavailability enhancer for active pharmaceutical
ingredients. Fitoterapia. (2014) 97:1–4. doi: 10.1016/j.fitote.2014.05.005

29. Selyutina OY, Polyakov NE, Korneev DV, Zaitsev BN. Influence of
glycyrrhizin on permeability and elasticity of cell membrane: perspectives for drugs
delivery. Drug Deliv. (2014) 23:848–55. doi: 10.3109/10717544.2014.919544

30. Shen C, Shen B, Zhu J, Wang J, Yuan H, Li X. Glycyrrhizic acid-based self-
assembled micelles for improving oral bioavailability of paeoniflorin. Drug Dev
Indus Pharmacy. (2020) 47:207–14. doi: 10.1080/03639045.2020.1862178

31. Yang F-H, Zhang Q, Liang Q-Y, Wang S-Q, Zhao B-X, Wang Y-T, et al.
Bioavailability enhancement of paclitaxel via a novel oral drug delivery system:
paclitaxel-loaded glycyrrhizic acid micelles. Molecules. (2015) 20:4337–56. doi: 10.
3390/molecules20034337

32. Ergin Kızılçay G, Ertürk Toker S. Effect of glycyrrhizic acid on the
bioavailability of resveratrol after oral administration in rabbit plasma using HPLC
with fluorescence detection. Microchem J. (2021) 168:106360. doi: 10.1016/j.microc.
2021.106360

33. Chen G, Zhu L, Liu Y, Zhou Q, Chen H, Yang J. Isoliquiritigenin, a flavonoid
from licorice, plays a dual role in regulating gastrointestinal motility in vitro and
in vivo. Phytother Res. (2009) 23:498–506. doi: 10.1002/ptr.2660

34. Srinivasan D, Ramaswamy S, Sengottuvelu S. Prokinetic effect of polyherbal
formulation on gastrointestinal tract. Pharm Mag. (2009) 5:37–42.

35. Ward MG, Kariyawasam VC, Mogan SB, Patel KV, Pantelidou M,
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