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Abstract Deficiency or defective transport of riboflavin

(RF) is known to cause neurological disorders, cataract,

cardiovascular anomalies, and various cancers by altering

the biochemical pathways. Mechanisms and regulation of

RF uptake process is well characterized in the cells of

intestine, liver, kidney, and brain origin, while very little is

known in the heart. Hence, we aimed to understand the

expression and regulation of RF transporters (rRFVT-1 and

rRFVT-2) in cardiomyocytes during RF deficiency and also

investigated the role of RF in ischemic cardiomyopathy

and mitochondrial dysfunction in vivo. Riboflavin uptake

assay revealed that RF transport in H9C2 is (1) signifi-

cantly higher at pH 7.5, (2) independent of Na? and (3)

saturable with a Km of 3.746 lM. For in vivo studies, male

Wistar rats (110–130 g) were provided riboflavin deficient

food containing 0.3 ± 0.05 mg/kg riboflavin for 7 weeks,

which resulted in over expression of both RFVTs in mRNA

and protein level. RF deprivation resulted in the accumu-

lation of cardiac biomarkers, histopathological abnormali-

ties, and reduced mitochondrial membrane potential which

evidenced the key role of RF in the development of car-

diovascular pathogenesis. Besides, adaptive regulation of

RF transporters upon RF deficiency signifies that RFVTs

can be considered as an effective delivery system for drugs

against cardiac diseases.

Keywords Riboflavin � Homocysteine � Mitochondrial

dysfunction � Cardiovascular diseases

Introduction

Riboflavin (RF), otherwise known as vitamin B2 is one of

the water-soluble vitamins essential for various flavoen-

zymes involved in oxidation–reduction reactions by means

of its cofactors, flavin mononucleotide (FMN) and flavin

adenine dinucleotide (FAD) [1, 2]. Deficiency of RF leads

to irregularities in biochemical pathways and causes dis-

eases like neurological disorders [3], cataract [4], and

various cancers, etc. However, vertebrates are devoid of the

capability to synthesis such a crucial micronutrient.

Although gut microflora synthesis riboflavin in minimal

quantity, it cannot subsidize the requirement of riboflavin

by vertebrates, hence the major source of RF is by dietary

intake, which is primarily absorbed in the intestine trans-

porters. As soon as riboflavin enters the blood stream, it is

transported to each organ by means of tissue specific

RFVTs. Hitherto, three genes, SLC52A1/hRFVT-1,

SLC52A2/hRFVT-2, and SLC52A3/hRFVT-3 have been

identified and characterized to transport riboflavin in

human [5–8], whereas in rat only two RFVTs (rRFVT-1

and rRFVT-2) have been characterized [5, 9, 10]. The
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ortholog rRFVT-1 (reported as human ortholog of the

porcine receptor for endogenous retrovirus A [11]) in rat

showed 81.41% similarity with hRFVT-2 and rRFVT-2

showed 75.97% similarity with hRFVT-3. Functional

characterization showed that SLC52A2 is involved in

hepatic riboflavin homeostasis in rat [12], while knock out

of SLC52A3 in mice resulted in impaired riboflavin uptake

and neonatal lethality, thus proved that SLC52A3 is

responsible for placental riboflavin transport [13]. Ribo-

flavin deficiency resulted in various disorders including

mitochondrial myopathies, where its supplementation was

shown to normalize the biochemical abnormalities in

neurological disorders [14] and complex I deficiency of

electron transport chain [15]. Besides the deficiency of

riboflavin, mutations associated with any of these trans-

porters may also lead to diseased conditions by altering the

vitamin transport physiology [16–19]. Thus, RFVTs are

crucial for transporting and maintaining RF homeostasis in

the body.

As RF is involved in various biochemical pathways, its

deficiency may lead to accumulation of unusual or lethal

metabolic products. For instance, homocysteine, an atypi-

cal amino acid, which is involved in the pathogenesis of

Parkinson’s and Alzheimer’s diseases [20, 21] is also

considered as a risk for cardiovascular diseases [22–25].

Homocysteine is produced during the synthesis of an

essential amino acid methionine in one carbon metabolism.

MTHFR (10-methylenetetrahydrofolate reductase) is one

of the flavin-dependent enzyme that require FAD for the

conversion of N5,N10-methylenetetrahydrofolate to N5-

methyltetrahydrofolate with subsequent conversion of

homocysteine to methionine in remethylation pathway of

methionine. Furthermore, homocysteine along with reac-

tive oxygen species (ROS) produced during cell division,

exert toxic effects in mitochondria by altering mitochon-

drial membrane potential and permeability [26–28]. Hence,

RF deficiency results in accumulation of homocysteine

with subsequent alteration of membrane potential and

causes cardiovascular abnormalities. Further, administra-

tion of homocysteine-related compounds in male Wistar

albino rats, showed a reduction in the contraction ability of

cardiac muscle with decreased dp/dt max value (maximum

rate of pressure in the left ventricle) [29]. Likewise, dietary

RF and MTHFR deficiency in mice during pregnancy

resulted in prominent increases in the incidence of con-

genital abnormalities with decreased left ventricular wall

thickness in embryonic hearts [30]. On the other hand,

cardioprotective effects of RF against diabetic cardiomy-

opathy in rats have been demonstrated by reduced forma-

tion of lipid peroxides and carbonyl content and also by the

increased production of antioxidant enzymes like super-

oxide dismutase (SOD) and heme oxygenase (HO) [31].

The heart contains high levels of RF [32], which is

known to be essential for its normal cellular physiology,

structure, and function. However, cardiac muscle cells in

mammals are devoid of the ability to synthesize RF and are

dependent on exogenous dietary sources through transport

across cell membrane. Despite the importance of RF, there

is nothing much known about the molecular mechanisms

that regulate the RF uptake process and about the distri-

bution of RF transporters in cardiovascular system. In this

study, we have aimed to understand the expression pattern

of RFVTs in cardiomyocytes using cultured rat car-

diomyoblast H9C2 cells and its consequences upon RF

deficiency in in vivo conditions with Wistar rats as an

animal model. In addition, the molecular mechanisms

behind the regulation of homocysteine levels and alteration

of membrane potential by RF was determined and corre-

lated with mitochondrial dysfunction in cardiomyocytes.

Materials and methods

Cell culture and maintenance

H9C2, a cardiomyoblast cell line of embryonic rat ventricle

origin obtained from National Centre for Cell Science,

Pune, India was cultured and maintained in Dulbecco’s

Modified Eagle’s Medium (DMEM) supplemented with

10% FBS, glutamine (0.29 g/L), sodium bicarbonate

(2.2 g/L), penicillin (100,000 U/L), and streptomycin

(10 mg/L). Cells were grown in 75-cm2 plastic flasks at

37 �C in a 5% CO2-95% air atmosphere with media

changes at every 2 days. Experiments were performed

using cells between passages 10 and 16. H9C2 cells were

subcultured by trypsinization with 0.05% trypsin and

0.9 mM EDTA in PBS free from Ca2? and Mg2? and

plated onto 24-well plates at a density of 1 9 105 cells/

well. Uptake of RF was performed 2–3 days following

confluence.

Animal handling and maintenance

All the animal experiments were performed in accordance

with Institutional Ethical Committee of Madurai Kamaraj

University, Madurai, India. Standard and RF-deficient food

pellet was purchased from Krish Scientific Shoppe, Ban-

galore, India. Male Wistar rats (age 6 weeks; body weight

110–130 g) were used throughout the study and they were

maintained in 25 ± 2 �C with an alternating 12 h dark/-

light cycle. Initially, during acclimatization period all the

animals were fed ad libitum with standard chow (AIN-

93M) containing 6.50 ± 0.42 mg/kg RF for 2 weeks.

Subsequently, the animals were provided with RF-deficient

148 Mol Cell Biochem (2018) 440:147–156

123



food pellet containing 0.3 ± 0.05 mg/kg RF [10] for

7 weeks, while the animals in control group were provided

with standard pellet. Then the experimental animals were

euthanized with pentobarbital sodium (50 mg/kg) and

organs were collected for further functional

characterization.

Effect of pH, Na1 and extracellular RF levels on RF

uptake by H9C2 cells

RF uptake assay was performed with confluent monolayers

of H9C2 cells by incubating with KR buffer containing

[3H]-riboflavin (6.2 Ci/mmol with 96% radiochemical

purity was purchased from Moravek Biochemicals, Inc,

USA) at 37 �C for 10 min. Labeled and unlabeled RF were

added to the incubation buffer at the onset of uptake

experiment and the reaction was terminated after 10 min of

incubation by the addition of 2 ml of ice-cold KR buffer

followed by immediate aspiration. Cells were then digested

by incubating at 80 �C for 20 min with 1 N NaOH fol-

lowed by neutralization with 10 N HCl. Digested cell

contents were harvested and then counted for radioactivity

using a Scintillation counter (Beckman Coulter LS6500).

The protein content of cell digests was measured from the

experimental and control wells using Bradford assay and

used for the normalization of uptake data. To determine the

effect of pH on RF uptake, the assay was performed with

KR buffer adjusted to different pH ranging from 5.5, 6.5,

7.5, and 8.5. Na? dependency of RF uptake was tested by

isosmotically replacing the Na? in the incubation buffer

with other monovalent cation, namely lithium or with the

nonionic mannitol. Similarly to determine the rate of RF

uptake by H9C2 cells, uptake assay was performed with

increasing concentration of riboflavin (0.0075–4.0 lM).

Semi-quantitative PCR

Total RNA from confluent H9C2 cells and cardiac tissue of

male Wistar rats (100 mg) was isolated using the guanidine

isothiocyanate-based TRIzol solution (Bio Basic Inc.,

Canada) according to the manufacturer’s specifications.

Three micrograms of total RNA were reverse transcribed

with oligo(dT) primers using QuantiTect� Reverse Tran-

scription Kit (Qiagen) following the manufacturer’s

instructions. Semi-quantitative PCR was performed to

determine the expression level of rRFVT-1 and rRFVT-2 in

the H9C2 cells as described previously [33]. Gene-specific

primers corresponding to the PCR targets were designed

using the standard specifications. For the rRFVT-1, the

primers were forward, 50-CCCGCTGTACAGAGCTTT
TC-30; reverse, 50-CAGCAGACAGAGGCCATACA-30.
For rRFVT-2, the primers were forward, 50- CTGTCACCT
TCTTGCCCTTC-30; reverse, 50-GGTGATACCTGAGCC

TTGGA-30. For GAPDH, the primers were forward, 50-C
CATCACCATCTTCCAGGAG-30; reverse, 50-CCTGCTT
CACCACCTTCTTG-30. For each 50 ll PCR reaction, 2 ll
of cDNA was used as template and the amplification pro-

gram consisted of 1 cycle at 94 �C with a 2-min hold

followed by 20–30 cycles at 94 �C for 1 min, specified

annealing temperature with 45 s, 72 �C with 30 s for

extension. GAPDH was used as internal control. The PCR

samples were electrophoresed on 2.0% agarose gels in

TAE buffer and imaged. Densitometry values were mea-

sured at each cycle sampling using the ImageJ software.

RT-PCR values are presented as a ratio of the specified

gene’s signal in the selected linear amplification cycle

divided by the GAPDH signal.

Western blotting

Expression of rRFVT-1 and -2 proteins in normal and

riboflavin-deficient rats were examined by western blot-

ting. Fresh heart tissue (100 mg) was minced with RIPA

lysis buffer (containing 0.01 M Tris–HCl buffer pH 7.4,

1% Triton X-100, 1% sodium deoxycholate, 1% SDS),

supplemented with 1 mg/ml protease inhibitors, incubated

at 4 �C for 1 h and homogenized [34]. Tissue homogenates

were centrifuged at 13,000 rpm for 3 min at 4 �C and

supernatant was harvested for protein estimation. Subse-

quently, 60 lg of protein was resolved on 10% SDS-

PAGE. Proteins were transferred to PVDF membrane and

the membrane was blocked with 5% skim milk in Tris-

buffered saline (pH 7.4)/0.1% Tween 20. The membrane

was incubated overnight with primary antibodies specific

for rRFVT-1 (GPR172A rabbit polyclonal antibody-

Orb183899, Biorbyt) and rRFVT-2 (C20ORF54 rabbit

polyclonal antibody-SC-85426, Santa Cruz) at a dilution of

1:300 and then washed three times with Tris-buffered

saline. Subsequently, the membrane was incubated with

secondary antibody coupled with HRP at a dilution of

1:1000 (Goat anti-rabbit IgG-HRP-SC-2004, Santa Cruz)

for 1 h. The expression level of rRFVT-1 and rRFVT-2

was determined based on the immunoreactive bands

observed after developing with 3,30-diaminobenzidine

tetrahydrochloride (DAB).

Expression profile of cardiac biomarkers

Blood sample obtained from the RF-deficient rats were

checked for the levels of cardiac biomarkers to determine

the effect of riboflavin deficiency on cardiomyopathy.

Briefly, blood samples were collected from normal and RF-

deficient rats after 7 weeks of riboflavin deficiency and the

well-known cardiac biomarkers, viz., homocysteine, cre-

atine kinase, and creatine kinase myoglobin in serum

samples were measured quantitatively based on the release
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of NADH using ERBA kits and the chemiluminescence

was measured by auto analyzer. Neverthless, qualitative

assay was performed to detect the presence of troponin-I

based on sandwich immunoassay using rapid diagnostic

kit.

Histopathological examinations

After 7 weeks of experimental conditions, animals were

euthanized and heart was excised from normal and RF-

deficient rats to examine the myocardial damage. For

histopathological investigations, excised heart was placed

in 4% formaldehyde with 2% sodium acetate. The tissue

was then embedded in paraffin and cut to a thickness of

5 mm. Histopathological tissue sections of heart were

stained with hematoxylin and eosin and then observed

under light microscope to study for any morphological

changes by RF deficiency.

ROS and mitochondrial membrane potential

Reactive oxygen species (ROS) production was estimated

as a measure of cell death using flow cytometer. For this,

cells were dissociated from excised heart tissue by means

of cell dissociation solution (Sigma, USA) and assessed for

the internal ROS production by treating with 20,70-
dichlorodihydrofluorescein diacetate (H2DCF-DA)

(Sigma, USA) for 30 min. H2DCF-DA, a non-fluorescent

compound which upon deacetylation and oxidation reac-

tion by ROS produce highly fluorescent DCF (20,70-
dichlorofluorescein). In addition, mitochondrial membrane

potential is crucial for the production of ATP during res-

piratory chain. Hence, the integrity of mitochondrial

membrane was evaluated by treating with MitoTracker

Deep Red (Thermo Scientific Fisher, USA), mitochondria-

selective probe for 15 min. A total of 10,000 cells were

used to assess the ROS production and membrane potential

based on the fluorescence emission using flow cytometer

(BD FACSAria III, BD Biosciences, USA). FlowJo soft-

ware was used for data analysis and to discriminate the cell

cycle phases.

Statistical analysis

Kinetic parameters of the saturable component of RF uptake

were calculated by subtracting the diffusing component

[determined from the slope of the uptake line between a high

substrate concentration of RF (1 mM) and the point of ori-

gin] from total uptake at each concentration using Michae-

lis–Menten equation as described previously [35].

Results

Effect of pH, Na1 and extracellular RF levels on RF

uptake by H9C2 cells

Experiments were performed to understand and validate

the potential of cardiomyoblast cell line (H9C2) for RF

transport across the membrane using radiolabeled RF (3H-

RF). Initially, we investigated pH dependency of car-

diomyocytes in RF transport by performing RF uptake

assay using 3H-RF in KR buffer with different pH ranging

from 5.5 to 8.5 and varying ions. The results showed RF

(7.5 nM) uptake to be pH dependent as maximum of RF

uptake was at pH 7.5 and started to decline with either

increasing or decreasing the pH to acidic and alkaline

conditions. At acidic pH 5.5, 77% RF uptake rate was lost,

and 24% RF uptake rate was lost in alkaline pH 8.5 when

compared with pH 7.5 (Fig. 1A). In addition, the effect of
3H-RF uptake by H9C2 was studied by replacing sodium

ion with equimolar concentrations of lithium chloride and

mannitol, no changes in the RF uptake was noticed

(Fig. 1B), which demonstrated that Na? is not essential for

driving riboflavin uptake. Thus, the results revealed that RF

uptake in cardiomyocyte is pH dependent and sodium

independent.

In another study, we examined the initial rate of RF

uptake by H9C2 cells as a function of substrate concen-

tration in the KR buffer with pH 7.5 (0.0075–4.0 lM). As

shown in the Fig. 1C, the results showed that RF uptake

was concentration dependent and saturable. The apparent

Km and Vmax of the saturable component of RF uptake

were then determined and was found to be 3.746 lM and

56.391 pmol/mg protein/10 min, respectively. Thus, it is

evident from these results that RF uptake in H9C2 cells is a

carrier mediated process in nature.

Effect of riboflavin deficiency in vivo

After 7 weeks of RF deprivation, the experimental animals

were examined for body weight and heart weight. As a

result, the body weight and heart weight of male Wistar

rats fed with RF-deficient diet was 190 ± 10 and

0.81 ± 0.1 g, while the body weight of normal Wistar rat

was found to be 210 ± 15 and 0.86 ± 0.1 g, respectively.

These results denoted that RF deprivation in rats showed a

significant reduction in the final body weight (P\ 0.05)

than control, while changes were not significant with the

heart size between the groups. Plasma concentrations of RF

were significantly lower in the rats fed with RF deficient

diet (2.4 lg/dL) than the control (4 lg/dL).
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RF transporters expression in the cardiomyocyte

H9C2 cells and rat heart

Rodents are known to contain two RF transporters RFVT-1

and RFVT-2, where RFVT-1 is orthologous to hRFVT-1

and hRFVT-2; RFVT-2 is orthologous to hRFVT-3. Thus,

to further enhance our understanding the molecular

mechanisms responsible for RF uptake, we initially per-

formed semi-quantitative PCR to determine the expression

levels of RF transporters in the H9C2 cell lines. The results

show that both the transporters rRFVT-1 and rRFVT-2

were expressed at mRNA levels in cardiomyocytes. In

comparison, the basal level expression of rRFVT-1 mRNA

was four times higher than rRFVT-2 mRNA in H9C2 cell

line (Fig. 2A). We next investigated the effect of RF

deficiency in vivo in the whole heart tissue of rats fed on a

RF-deficient chow for 7 weeks compared to controls. As a

result, due to riboflavin deprivation the expression of

rRFVT-1 and rRFVT-2 mRNA was 0.9- and 1.1-fold

higher in cardiac tissue of RF-deficient rats than controls

(Fig. 2B).

In addition to mRNA expression, the expression of RF

transporters at protein level was also assessed by western

blotting, which revealed that both rRFVT-1 and rRFVT-2

proteins were expressed in the rat heart tissues (Fig. 3).

Albeit, the expression of both rRFVT-1 and rRFVT-2 was

higher at protein levels in cardiac tissue of RF deficient rats

compared to normal rats, expression of rRFVT-1 was sig-

nificantly higher compared to rRFVT-2 (Fig. 3). Thus, it is

evidently observed that RF uptake process is adaptively

regulated in the rat heart based on the extracellular RF

levels, where both the RF transporters play a major role in

such regulation in the cardiac tissue.

Expression profile of cardiac biomarkers

Having understood the obvious changes in the expression

pattern of RF transporters in the heart during RF defi-

ciency, we were intended to underscore any adverse effects

in the heart function by RF deficiency. For this, blood

sample was collected from normal and RF deficient rats

and the level of expression of cardiac biomarkers in the

serum samples were determined. As a result, the level of

homocysteine, creatine kinase, and creatine kinase myo-

globin were 1.3-, 1.4-, and 2.0-fold higher in RF-deficient

rats compared to normal rats (Table 1). Likewise, qualita-

tive analysis performed to check the presence of Troponin-

I in RF-deficient rat using specific strip showed a band in

the test region, while there was no band in the strip con-

taining serum of control rats (Supplementary Fig. S1), thus

showing the increase of Troponin-I levels in RF-deficient

rats. Therefore, the elevated levels of gold standard cardiac

biomarkers that were recorded in RF-deficient rat are

indicative of cardiac injury in the animal model by RF

deficiency.

Histopathological studies

Next, we investigated whether any gross anatomical

changes are induced during RF deficiency by histology

Fig. 1 Riboflavin uptake by

H9C2 (2–1) cells in different

conditions. (A) Effect of
incubation buffer pH, (B) Effect
of Na? ion replacement, and

(C) different concentrations of
riboflavin. Confluent monolayer

of H9C2 (2–1) cells were

incubated in respective KR

buffers with 7.5 nM of 3H-RF

for 10 min at 37 �C. Data are

mean ± S.E.M. of 3–4 separate

uptake experiments
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with the heart excised from normal and deficient rats by

examining under light microscope after staining with

hematoxylin–eosin. The results showed aberrations such as

degeneration of muscle fibers, loss of cross striations and

dwindle nuclei in heart tissue of RF deficient rats, while in

control rats the elongated nuclei and intercalated discs were

clear (Fig. 4). Therefore, histological examinations sug-

gested that RF deficiency resulted in disruption of the

cellular architecture of cardiac cells.

ROS and mitochondrial membrane potential

To determine whether RF deficiency leads to cardiac dys-

function, the level of ROS and the integrity of mitochon-

drial membrane potential were investigated by flow

cytometry. As shown in the Fig. 5, a shift or reduction in

fluorescent intensity in FACS revealed that heart mito-

chondrial membrane potential and ROS production (APC

and FITC respectively) was reduced in RF deficient con-

ditions. In comparison, a decrease in ROS production was

Fig. 2 Semi-Quantitative PCR

analysis. Tissue distribution of

rRFVT-1 and -2 mRNA in rat

cardiomyocytes cell line H9C2

(2–1) (A) in vitro and (B) its
adaptive regulation upon RF

deficiency in cardiac tissue

in vivo. Data were normalized

relative to the expression of

GAPDH. Inlet Semi-

quantitative RT-PCR products

analyzed in 2% agarose gel

(**P\ 0.01)

Fig. 3 Western blotting analysis for the expression of rRFVT-1 and -

2 protein in cardiac tissue of control and RF deficient rats. Protein was

isolated from cardiac tissue of control and RF deficient rats using

RIPA lysis buffer, separated in 10% SDS-PAGE and transferred to

PVDF membrane. Immuno reactive bands were observed upon

incubation with 1:300 dilution of specific primary and 1:1000 dilution

of secondary antibodies

Table 1 Cardiac biochemical profile of control and RF deficient rats

Cardiac marker Control rat RF-deficient rat

Homocysteine 5.55 ± 0.17 lmol/L 7.65 ± 0.21 lmol/L

CK 171.6 ± 2.53 U/L 246.9 ± 3.44 U/L

CK-MB 7.51 ± 0.08 U/L 15.05 ± 0.13 U/L
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observed in deficient rats (0.9%) compared to control rats

(10%) (Fig. 5A). Also, a significant reduction in mito-

chondrial membrane potential was observed in deficient

rats (80%) than control (98%) (Fig. 5B). Hence, these

results collectively illustrated that RF deficiency resulted in

cardiac myopathy in rats in vivo.

Discussion

Riboflavin regulates cellular processes by means of FMN

and FAD, which catalyze various biological reactions of

carbohydrate, protein, lipid, and other vitamin metabolism

[36]. Distribution of RFVTs and its mechanism behind RF

Fig. 4 Histopathological

examinations of rat cardiac

tissues. Control (A) and RF

deficient (B). Hematoxylin and

eosin staining of cardiac tissue

showing abnormalities in RF

deficient heart tissue compared

to control tissue were visualized

in 4X and 40X magnification

Fig. 5 Flow cytometry analysis

of control and RF-deficient rat.

ROS production (A) and
mitochondrial membrane

potential (B) (P1—unstained

APC, P2—stained APC, P3—

unstained FITC, P4—stained

FITC)
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transport have been characterized in different organs like

liver, kidney, intestine, retina, and brain. Heart is another

important organ, which serves as body’s circulatory pump,

wherein RF deficiency complications act as one of the

leading cause of cardiovascular diseases. Cardiovascular

diseases that arise due to unhealthy diet, obesity, use of

tobacco, alcohol, etc., are the major cause of death glob-

ally. According to WHO 2012, 17.5 million people died

from CVD worldwide. But then the precise mechanism

behind riboflavin transport and its regulations were poorly

understood. This study has revealed that the optimum

physiological pH for riboflavin transport by cardiomy-

ocytes is 7.5 and the transport process is Na? independent

since there is no effect on the replacement of Na? ion.

Thus, RF transport mechanisms in cardiomyocytes were

reasonably similar to the mechanism of RF transport by

HK-2 cells [37], BeWo cells [38], ARPE-19 [39], and

primary hepatocyte of mice [12].

Functional characterization of RFVTs in rat demon-

strated that rRFVT-1 is mainly distributed in intestine and

able to transport RF in minimal amount [5], while rRFVT-2

is a major intestinal RF transporter predominantly involved

in RF absorption from diet [9, 10]. A significant increase in

the rRFVT-1 expression at mRNA level indicates that

rRFVT-1 is the predominant transporter in cardiomyocyte

H9C2 cells compared to rRFT-2. However, a profound

increase in the expression of both rRFVT-1 and rRFVT-2

was observed in RF-deficient conditions in the rat heart

tissue in vivo. Furthermore, elevated expression of rRFVT-

1 and rRFVT-2 at protein level during RF deficiency was

also demonstrated consistently. Though changes in the

bodyweight between control and deficient rats were

noticed, no significant changes were observed in the body-

to-heart weight ratio in vivo. Overall, these results clearly

evidenced that RF uptake process is adaptively regulated in

the rat heart depending upon the extracellular RF concen-

trations, where both rRFVT-1 and rRFVT-2 play a major

role in such regulation in the cardiac tissue, which appears

to be mediated (in part) via transcriptional regulatory

mechanisms.

Riboflavin by means of FAD regulates the catabolic

pathway of homocysteine, which is well known as a nox-

ious amino acid. RF deficiency was previously shown to

elevate the level of homocysteine [40] which ultimately

leads to cardiac dysfunction. Therefore, the levels of

homocysteine, creatine kinase, creatine kinase myoglobin,

and cardiac Troponin-I which are deliberated as an early

sensitive diagnostic marker for acute myocardial infraction

[41] were evaluated in this study. As a result, the increased

level of cardiac biomarkers such as homocysteine, creatine

kinase, creatine kinase myoglobin, and Troponin-I than its

normal range in the course of RF deficiency suggest that

male rats fed with RF-deficient feed were found to have

impaired cardiac functions and resulted in cardiomyopathy.

Subsequently, abnormalities witnessed in the texture of

RF-deficient cardiac muscle could be due to the accumu-

lation of cardiac biomarkers which further altered the

normal pathophysiology of cardiac tissues like ventricular

and coronary dysfunction, degeneration of muscle fiber,

loss of distinct nuclei, and muscle contraction efficiency,

etc.

Cardiomyocytes require high energy for its contraction

which can be obtained from the ATP generated in mito-

chondria. Hence, the integrity of mitochondrial membrane

potential is essential for the constant production and supply

of ATP. However, the decrease in mitochondrial mem-

brane potential in RF-deficient cardiac tissue could be

associated with mitochondrial dysfunction and apoptosis

due to irregularities in the cardiac profile. Several studies

have shown that homocysteine induces ROS production

and leads to apoptosis [42]. On the contrary, in some cases

homocysteine is proved to regulate the production of ROS

differentially in each organ based on the physiology [43].

For instance, homocysteine was found to increase the level

of ROS in kidney mitochondria and reduce it in rat liver,

brain, and heart mitochondria [44]. Thus, the reduced ROS

production observed in RF-deficient cardiac tissue suggests

that homocysteine does not necessarily induce ROS pro-

duction for the cells to undergo apoptosis.

Riboflavin transporters seem to have a key role in

maintaining riboflavin homeostasis in heart and may be

suitable targets for various drugs with therapeutic potential

against cardiovascular diseases. Administration of drugs

through G-protein-coupled receptors (GPCR) is an effec-

tive method than other drug delivery strategies, as they are

transducers of extracellular signals and modulators of

intracellular signaling. Previously, vitamin transporter like

vitamin B9 [45] and B12 [46] were utilized in drug

delivery for numerous diseases and were shown to enhance

the absorption of drugs conjugated to vitamins. Since,

rRFVT-1 is a GPCR with crucial role in heart, it can serve

as an possible drug target for drugs like prostaglandins,

pyrvinium pamoate for treating congestive heart failure and

acute myocardial infarction by conjugating with riboflavin,

which can pass specifically through RFVTs across the

membrane. Likewise, rRFVT-2 deliberated as an ortholog

of hRFVT-3 can also be utilized as a therapeutic option for

cardioprotective and cardiorestorative treatments.

Conclusions

The results in this study serve as an evidence for the

presence of two RF transporters (rRFVT-1 and rRFVT-2)

in cardiac tissue of rat. In addition, we have shown that

both riboflavin transporters are adaptively regulated upon

154 Mol Cell Biochem (2018) 440:147–156
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RF deficiency. We also showed that the deprivation of RF

leads to the accumulation of cardiac biomarkers, alteration

of cardiac pathophysiology, and reduction of mitochondrial

membrane potential and thus resulted in congenital heart

disease. As a consequence, it is clear that supplementation

of RF would be beneficial to alleviate the pathologic

complications in the heart. Moreover from a pharmaceu-

tical perspective, RF transporters could serve as one of the

promising route for target-specific drug delivery into the

cells and tissues for treatment against cardiovascular

diseases.
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