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Abstract 

Background  Riboflavin kinase (RFK, also called flavokinase) is a catalytic enzyme that converts riboflavin to its 
active form in vivo. Dysfunction of the RFK gene has been associated with susceptibility to ischemic stroke. However, 
the protective role and mechanisms of RFK in ischemic stroke have not been elucidated.

Methods  Lentivirus-mediated RFK knock-up (RFK( +)) and knock-down (RFK(-)) were used to investigate the protec-
tive effect and mechanism of RFK in the rat middle cerebral artery occlusion (MCAO) model in vivo and in the oxygen 
and glucose deprivation (OGD) model of neurons in vitro; and the dependence of the protective effect of RFK on fla-
vins was also investigated.

Results  We demonstrated that RFK was an endogenous protein against ischemia brain injury both in vivo 
and in vitro experiments. RFK inhibited cerebral infarction, cerebral edema and neuronal apoptosis after cerebral 
ischemia. Its mechanisms include inhibition of the protein expression of Caspase 12 and Caspase 3 induced by cer-
ebral ischemia, and thus inhibiting endoplasmic reticulum stress (ERS) and neuronal apoptosis; the protective effect 
of RFK depends on the presence of the flavoprotein Ero1; exogenous riboflavin supplementation protected cortical 
neurons from ischemic injury and prolonged the lifespan in stroke-prone spontaneously hypertensive rats with low 
RFK gene function, but this protective effect is limited and cannot completely reverse the decreasing trend of neu-
ronal tolerance to ischemic injury caused by RFK gene dysfunction; the protective effect of RFK against ischemic injury 
is independent of the presence of flavins and their concentrations.

Conclusions  The present study demonstrates that RFK is an important regulatory molecule against ischemia brain 
injury and its mechanism involves inhibition of ERS. The protective effect of RFK is independent of the presence 
of flavins and their concentrations. RFK deserves further investigation as a promising target gene for the detection 
of stroke susceptibility. Flavins may be used as a preventive or adjunctive treatments for ischemic brain injury.
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Introduction
Stroke, defined as localized cerebral dysfunction caused 
by acute cerebrovascular disease, is one of the most 
common cerebrovascular diseases worldwide, with high 
rates of death and disability (Hilkens et al. 2024). Stroke 
includes both ischemic stroke and hemorrhagic stroke. 
Ischemic stroke, also known as cerebral infarction, 
includes cerebral thrombosis and cerebral embolism and 
accounts for 85% of strokes (Maida et al. 2020; Kuriakose 
et  al. 2020). Many experimental studies have been con-
ducted to explore intervention targets in ischemic stroke 
(Zhou et al. 2024; Wang et al. 2024). However, few effec-
tive therapies or strategies have been established in clini-
cal practice.

Our previous research found that susceptibility to 
ischemic stroke may be linked to the gene dysfunction 
of riboflavin kinase (RFK, also known as flavokinase 
(Merrill et  al. 1980)) (Zou et  al. 2012). RFK phospho-
rylates riboflavin to flavin mononucleotide (FMN), 
which is then rapidly adenylated to form flavin adenine 

dinucleotide (FAD) (Kanazawa et  al. 2018). It is the 
rate-limiting step for riboflavin utilization in the body. 
Little is known about RFK in mammals. RFK variants 
have been reported to be associated with susceptibil-
ity to neurodegenerative diseases (Mehrpour et  al. 
2020). RFK has been reported to couple TNF receptor 
1 to NADPH oxidase (Yazdanpanah et  al. 2009). RFK 
binds and activates inducible nitric oxide synthase to 
participate in the regulation of macrophage polariza-
tion (Shan et  al. 2024). However, the specific mecha-
nism of the role of RFK in ischemic stroke remains to 
be investigated.

In the present study, we intensively investigated the 
protective role and its mechanisms of RFK against 
ischemic stroke. Gene knock-up and knock-down tech-
niques were used to observe the effect of RFK on ischemic 
brain injury both in vivo and in vitro in rats; whether the 
protective effect of RFK is independent of flavins (includ-
ing riboflavin, FMN and FAD) was also observed. Taken 
together, our results suggest that RFK inhibit ischemic 
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brain damages, and thus may be explored as a promising 
preventive and therapeutic target for stroke.

Materials and methods
Animals
Wistar rats,196 in total, were provided by Sino-British 
Sippr/Bk Lab Animal Co., Ltd. Stroke-prone sponta-
neously hypertensive rats (SHR-SP), 30 in total, were 
kindly provided by Department of Pharmacology, School 
of Pharmacy, Naval Medical University. All rats were 
housed in cages of 5 at a temperature of 23 ± 3  °C and 
relative humidity of 55 ± 15%. Light was provided for 10 h 
per day and air was changed 20 times per hour. Food and 
water were provided on a free-access basis. Prior to the 
experiments, the rats were quarantined for 7 days.

RFK(+)/RFK(−) lentivirus preparation
The RFK knock-up (RFK( +)) and RFK knock-down 
(RFK(−)) fragments were amplified and constructed into 
pLenti6.3-IRES2-EGFP /V5 DEST and pLenti6.3-MCS /
V5 DEST series lentiviral expression vectors, respectively. 
The Lentivirus was then packaged and concentrated in 
293 T cells. The lentivirus concentration was determined 
by fluorescence microscope observation method. Empty 
lentivirus concentration was 1.18 × 109TU/ml; RFK( +) 
lentivirus concentration was 1.06 × 109TU/ml; RFK(−) 
lentivirus concentration was 2.09 × 109TU/ml. All lentivi-
ruses were then uniformly diluted to 4 × 108TU/ml.

Lentivirus administration
We first investigated whether RFK expression could be 
changed by cerebral administration the lentivirus encod-
ing RFK( +) or RFK(−).

Wistar rats, weighted 210 ± 10  g, were randomly 
arranged into the groups of control, model, vehicle, 
RFK( +) and RFK(−). Lentivirus infection was per-
formed by cerebral administration the lentivirus encod-
ing RFK( +), RFK(−) or empty vehicle into the brain of 
rats after anesthetizing with 3% pentobarbital sodium 
solution. Lentiviral vectors were injected into three sites 
located in the left cortex and one site located in the left 
hippocampus with 5 μl (4 × 105 TU/μl) per site (Fig. 1C) 
for each rat. A stereotaxic apparatus (ASI Instruments, 
Houston, TX) was used to locate the injection sites. Loca-
tion of the four sites: site 1, 0.3 mm anterior to bregma, 
lateral 3 mm to midline and depth 2 mm to skull surface; 
site 2, 0.3 mm anterior to bregma, lateral 3 mm to mid-
line and depth 5 mm to skull surface; site 3, 0.3 mm ante-
rior to bregma, lateral 5 mm to midline and depth 3 mm 
to skull surface; site 4, 0.3 mm anterior to bregma, lateral 
5 mm to midline and depth 6 mm to skull surface.

After administrated infection for 21 days, MCAO was 
performed in the left brain of rat. After another 24 h, the 

rats were then sacrificed to dissect brain tissues for the 
following multiple detections.

Middle cerebral artery occlusion (MCAO)
MCAO is an animal model that closely mimics the 
human ischemic stroke process and induces necrosis of 
the surrounding cerebral ischemic tissue.

Wistar rats, weighing 210 ± 10 g, were subjected to per-
manent MCAO which was performed by the intralumi-
nal filament technique as described in previous reports 
(Tabet et al. 2020; Guo et al. 2013). The rats were anes-
thetized with 3% pentobarbital sodium solution. Cerebral 
focal ischemia was produced by intraluminal occlusion 
of the left middle cerebral artery using a silicone rubber-
coated nylon mono-filament (2432-A4, Beijing Xinong 
Technology Co., Ltd). Sham-operated model rats under-
went the same surgical procedure. After the surgery 
for another 24  h, the brain tissues were dissected and 
weighed to observed edema, and performed 1% 2,3,5-tri-
phenyltetrazolium chloride (TTC) (Sinopharm Chemical 
Reagent Co. Ltd., Shanghai, China) staining to observe 
cerebral infarction as described (Guo et  al. 2013). The 
degree of cerebral oedema was detected by MCAO lat-
eral hemibrain weights.

Neurons culture and transfection
Primary cultured cortical neurons from 16 to 18  day 
Wistar rat embryos were prepared according to previ-
ously established protocols (Zou et al. 2012). Briefly, neu-
rons were isolated from the cerebral cortex of Wistar rat 
embryos. The cortex was dissected under a microscope. 
After removal of the meninges, the cortex was digested 
with 0.25% trypsin (GIBCO). Cells were cultured on 
poly-D-lysine-coated plates at a density of 1 × 106 cells/
ml in medium containing neurobasal medium (GIBCO) 
supplemented with 2% B27, 100 U/ml penicillin, 100 μg/
ml streptomycin and 0.5  mM glutamine (GIBCO) and 
incubated at 37  °C with 5% CO2. In our laboratory, the 
cerebral cortex of a rat embryo is capable of producing 
between 12 × 106 and 18 × 106 cells. Medium was fresh-
ened twice a week.

Neurons were transfected with lentivirus encoding 
RFK( +) or RFK(-) for 12 h, and then continue to cultivate 
with fresh culture medium for 2–3 days.

Oxygen and glucose deprivation (OGD)
The OGD model simulates glucose deprivation and 
hypoxia of neurons after stroke at the cellular level 
in  vitro. On the day of the experiment, the neurobasal 
medium was removed. Neurons were washed twice with 
phosphate-buffered saline, transferred to high-glucose 
DMEM and incubated for 2 h in an incubator (gassed at 
37 °C under 5% CO2 and 95% air). To model ischemia-like 
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conditions in  vitro, neurons were then exposed to the 
OGD culture medium (glucose-free DMEM) and placed 
in an incubator gassed with hypoxia gas (94% N2, 5% CO2 
and 1% O2) at 37 °C for 1.5 h. The O2 concentration was 
mainteined at less than 1% by continuous flow of OGD 
gas through the incubator. Neuronal viability and protein 
expression were measured immediately after OGD. Neu-
rons in the control group were treated in the same way 
without OGD.

Neurons viability assay
The neurons viability analysis was performed using 
a 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazo-
lium bromide (MTT) assay. The neurons were seeded 
in 96-well plates and cultured. The MTT dye (5  mg/

mL) was added at 20  μl per well and the neurons were 
subsequently incubated at 37  °C for 4  h. The dark blue 
formazan crystals that formed in intact neurons were 
solubilized by 150 μl of dimethylsulphoxide (DMSO) per 
well. The absorbance was measured at 490 nm.

Electron microscope assay
The brain tissues were cut into small pieces of 0.5 mm3; 
fixed in 0.1 M phosphate buffer containing 4% paraform-
aldehyde for more than 4 h; soaked in 0.1 M phosphate 
buffer for more than 4 h and replaced the buffer solution 
3 times during this time; fixed in 0.1 M phosphate buffer 
containing 1% osmic acid; dehydrated gradually with 
alcohol and acetone; soaked in acetone and epoxy resin 
(Epon 812) 1:1 for 1 h, 1:2 for 5–8 h, and pure epoxy resin 

Fig. 1  The RFK level is successfully regulated by the infection of lentivirus encoding RFK knock-up (RFK (+)) or RFK knock-down (RFK(-)). A–B mRNA 
levels of RFK in neurons. Neurons were infected with Lentivirus encoding RFK( +) or (RFK(−) (MOI = 10) for 12 h. After removal of the lentivirus 
and culturing for a further 3 days, the neuronal mRNA was extracted and detected by real-time PCR (n = 3). C Cerebral administration sites. D–E 
Protein levels of RFK in rat brains. Lentivirus encoding RFK (+), RFK (−), empty lentivirus (Vehicle) or saline control were stereotaxically administrated 
into the cortex and hippocampus at 4 sites (5 μl per site; 4 × 105 TU/μl) in all. Three weeks later, the rats’ brains were dissected to extract protein. The 
protein levels were examined by Western Blotting (n = 6 or 3). **P < 0.01 compared with the vehicle group
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for 1  h; embedded in epoxy resin and aggregated in an 
oven; cut thin slices with a thickness of about 1.5–2 μm 
using a tissue slicer, and the desired area was located 
under a light microscope; sliced using an LKB ultra-thin 
sectioning machine, with a thickness of 70–80  nm, and 
collected on a 200–400 mesh copper mesh. The ultrathin 
sections were double stained with saturated uranyl 
acetate and lead citrate solution. Observed and photo-
graphed under a Hitachi H-7000 electron microscope.

Flow cytometry assay
Apoptosis and death of cultured neurons induced 
by OGD were assessed using a commercial Annexin 
V-FITC/PI apoptosis detection kit (Keygen, Nanjing, 
China). After OGD, neurons were digested with 0.25% 
trypsin (GIBCO), collected and processed into a single-
cell suspension. Neurons were then stained according to 
the manufacturer’s protocols. Flow cytometry was per-
formed on a Beckton Dickinson FAC-Scan and analyzed 
using CellQuest Pro software (BD, Franklin Lakes, NJ, 
USA). The green fluorescence of Annexin V-FITC was 
detected by excitation light at 488 nm and emission light 
at 530  nm; the red fluorescence of PI was detected by 
excitation light at 488 nm and emission light at 633 nm.

Real‑time PCR
The mRNA level of RFK was quantified by real-time PCR 
(Li et  al. 2021a, b). Total RNA was extracted using Tri-
zol (Invitrogen, Carlsbad, CA, USA), and 2 μg RNA was 
reverse transcribed into cDNA using RNA reverse tran-
scriptase (Promega, Madison, WI, USA). Quantitative 
real-time PCR was performed in an Opticon Monitor 3 
Real-Time PCR System (Bio-Rad, Hercules, CA, USA) 
on an ABI 7500 PCR instrument (Applied Biosystems, 
Carlsbad, CA, USA) using SYBR Premix Ex TaqTM 
Mixture (Takara, Otsu, Japan) according to the manu-
facturer’s instructions. Primers for RFK were as follows 
5’-GTG​TCC​ACT​GGC​ATC​TAT​TACG-3’ (sense) and 
5’-CAG​GTC​TGA​GGT​AGC​CAA​CAAT-3’ (antisense); 
for GAPDH they were as follows: 5’-AGA​CCT​CTA​TGC​
CAA​CAC​AGTGC-3’ (sense) and 5’-GAG​CCA​CCA​ATC​
CAC​ACA​GAGT-3’ (antisense). GAPDH was used as an 
internal control. Real-time PCR was performed with a 
transcription efficiency of > 90%. The result was analyzed 
using the 2−ΔΔCt method.

Western blot
Western blot analysis was performed as we previously 
described (Zou et  al. 2012). Briefly, total protein was 
immediately extracted and subjected to 12% SDS-PAGE 
(sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis). Proteins were electro transferred to nitrocellu-
lose membranes, incubated with primary antibodies for 

2.5 h, and then incubated with the appropriate secondary 
antibodies. Images were captured and analyzed using the 
Odyssey infrared fluorescence imaging system (Li-Cor 
Bioscience, Lincoln, NE, USA).

Anti-Ero1L (1:1000, Abcam, ab81959); Anti-Caspase 12 
(1:1000, Abcam, ab62484); Anti-Caspase 3 (1:1000, Cell 
Signaling Technology, 9665); Anti-CHOP (1: 1000, Cell 
Signaling Technology, 2895); Anti-RFK (1:1000, Abcam, 
ab133974); IRDye secondary antibodies (1:10,000, 
ROCKLAND, 611–131-003 and 610–131-003) were used 
for Western blotting.

Lifespan assay
A total of 30 male SHR-SP were randomly arranged into 
2 groups: control and riboflavin. The rats in the riboflavin 
group were fed with water supplemented with riboflavin 
at the final concentration of 120 mg/L until natural death. 
The rats in the control group were fed with water. The 
lifespans of the rats were recorded and the lifespan curve 
was drawn.

Effect of flavins on OGD feurons
Neurons were infected with empty lentivirus (vehi-
cle), RFK(+) lentivirus or RFK(−) lentivirus for 12  h 
(MOI = 10). After removing the lentivirus and culturing 
for a further 3  days, the neurons were subjected to the 
OGD program in the culture medium with or without 
flavins. The neurons viability was examined.

Effect of erodoxin on OGD neurons
Erodoxin is the inhibitor of endoplasmic reticulum oxi-
dase 1 (Ero1). Neurons were infected and cultured the 
same procedure as above. Neurons were then proceeded 
OGD program in the culture medium containing 25 nM 
Erodoxin. The neurons viability was examined.

Statistical analysis
Data are expressed as mean ± SD. For data measurement, 
the Bartlett test was used to assess whether the variances 
were standard normal distributions. Subsequently, the 
F-test (ANOVA, two-sided) was performed to evaluate 
the variances. Fischer’s least significant difference (LSD) 
was used if the variances were homogenous; otherwise, 
Dunnett’s T3 test was used. For non-standard normal 
distributions, the Kruskal–Wallis test was used. If the 
result was notable, nonparametric tests were used to 
compare every two groups. The Log-rank test was used 
to evaluate the equality of survival curves. P < 0.05 was 
considered to indicate statistically significant difference.
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Results
The RFK level is successfully regulated
We first examined the expression levels of RFK after 
regulation. The mRNA levels of RFK in neurons infected 
with RFK( +) or RFK(−) lentivirus were 5.71 and 0.11 
times than those in the vehicle group, respectively 
(P < 0.01) (Fig.  1A, B). The protein levels of RFK in rat 
brains administrated with RFK( +) or RFK(−) lentivirus 
were 2.76 and 0.52 times than those in the vehicle group, 
respectively (P < 0.01) (Fig. 1D, E). These results indicated 

that, both in neurons in vitro and in rat brains in vivo, the 
RFK expression was successfully upregulated or down-
regulated by RFK( +) or RFK(−) lentivirus.

RFK inhibits cerebral ischemic injury in rats
We next assessed the protective effect of RFK in rat brain. 
Rats were subjected to MCAO after cerebral administra-
tion of RFK( +) or RFK(−) lentivirus. As shown in Fig. 2, 
the infarct size (P < 0.05) (Fig. 2A, B) and the brain edema 
(P < 0.01) (Fig. 2C) induced by MCAO were significantly 

Fig. 2  RFK inhibits the cerebral ischemic injury induced by middle cerebral artery occlusion (MCAO) in rats. Lentivirus encoding RFK (+), RFK (−), 
empty lentivirus (Vehicle) or saline control were stereotaxically administrated into the cortex and hippocampus at 4 sites (5 μl per site; 4 × 105TU/
μl) in all. Three weeks later, the rats underwent MCAO surgery. 24 h later, the rats’ brains were dissected for further examinations. A TTC-stained rat 
brain sections. B Infarct area statistics (n = 6). C Edema of the MCAO side brain (n = 6). D Ultrastructure of cortex (10,000 ×) (n = 3). Data are presented 
as mean ± SD. **P < 0.01; *P < 0.05
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reduced in the RFK( +) group. We also observed the 
effect of RFK( +) and RFK (−) on the ultrastructural 
damage of cortical cells in rats after MCAO surgery. As 
shown in Fig. 2D, the nucleus of neurons in the control 
group is large and round, with abundant cytoplasmic 
contents and clear mitochondrial ridges; in the model 
group, mitochondria in neurons swelled, synaptic vesicles 
slightly expanded, some contents disappeared, and endo-
plasmic reticulum (ER) slightly expanded; in the vehicle 
group, synaptic vesicles in neurons expanded, contents 
disappeared, ER expanded and mitochondria had vacu-
oles; in the RFK(-) group, neurons swelled, synaptic vesi-
cles in cells expanded extremely, contents disappeared, 
ER expanded and mitochondria extremely swelled; the 
structure of neurons in the RFK( +) group was basically 
normal and this state was similar to that of neurons in the 
control group. These results indicated that overexpres-
sion of RFK inhibited MCAO induced cortical injuries, 
while low expression of RFK aggravated MCAO induced 
cortical injuries. Conclusively, RFK inhibited the cerebral 
ischemic injuries in rats.

RFK confers neuroprotection in vitro
We also monitored the protective effect of RFK in OGD 
model neurons in vitro. Neurons were divided into con-
trol, model, vehicle, RFK(+) and RFK(−) groups. The 
neurons were infected with lentivirus encoding RFK(+), 
RFK(−) or empty lentivirus (vehicle) for 12  h and then 
cultured for another 3  days. After 2  h of OGD model 
treatment, neuronal viability and apoptosis were deter-
mined by MTT method and flow cytometry, respectively.

As shown in Fig.  3A, compared to vehicle group, the 
viability of RFK (+) neurons was upregulated (P < 0.01), 
whereas the viability of RFK(-) neurons was downregu-
lated (P < 0.05). This result suggested that RFK(+) pro-
tected neurons from OGD induced injury and RFK(−) 
exacerbated the injury. This was the evidence that RFK is 
a neuron protector in vitro.

Apoptosis after cerebral ischemia is responsible for an 
important part of ischemic brain damage (Sairanen et al. 
2006). As shown in Fig.  3B  and Additional file  1, com-
pared with the control group, the neuronal necrotic and 
apoptotic rate significantly increased in the OGD model 
group; the infection of empty lentivirus in vehicle group 
further increased the neuronal necrotic and apoptotic 
rate after OGD; compared with the vehicle group, the 
neuronal necrotic and apoptotic rate was significantly 
decreased in the RFK( +) group (P < 0.01); while it was 
significantly increased in the RFK(-) group (P < 0.01). 
These results suggested that RFK(+) inhibited OGD 
induced neuronal apoptosis and death and thus has a 
protective effect; RFK(−) aggravated neuronal necrosis 
and apoptosis induced by OGD. This is consistent with 

the results of the neuronal activity assay described above 
and further confirms that RFK is a protective regulator 
against ischemic neuronal injury.

We also observed the effect of RFK on the neuronal 
ultrastructural damages induced by OGD. As shown 
in Fig.  3C, the nucleus of neurons in the control group 
is large and round, with abundant cytoplasmic content 
and clear mitochondrial ridges; mild expansion of syn-
aptic vesicles was found in the neurons in the model 
group; in the vehicle group, neurons swelled, mitochon-
dria swelled, some mitochondrial membranes ruptured, 
synaptic vesicle content disappeared, and the matrix was 
light; in the RFK(-) group, the matrix of the neurons was 
light, the synaptic vesicles were extremely dilated, the 
contents disappeared, the membranes before and after 
the synaptic vesicles were separated, and the ER was 
dilated; in the RFK( +) group, the structure of the neu-
rons was basically normal, and the state of the neurons 
was similar to that of the control group. These results 
are consistent with those in  vivo experimental results 
and again indicate that RFK(+) has a protective effect 
on ischemic neurons, whereas RFK(-) has a detrimental 
effect on ischemic neurons.

RFK regulates ER proteins
If RFK is an anti-ischemic brain injury protein, how does 
it work? What is the signaling pathway through which it 
acts? Through a large number of literature searches, we 
decided to observe the effects of RFK on endoplasmic 
reticulum stress (ERS) related proteins, including Ero1, 
Caspase 12, CHOP (C/EBP homology protein) and Cas-
pase 3.

The cortex protein of rats was extracted to determine 
the ERS related protein levels. As Fig. 4 shown, without 
MCAO, the protein levels of Ero1 (Fig. 4A), Caspase 12 
(Fig. 4B) and Caspase 3 (Fig. 4D) in the rat cerebral cortex 
were not affected by RFK (+) or RFK(−). After MCAO, 
the protein level of Ero1 significantly decreased, and 
the level of RFK did not change this decrease (P < 0.01, 
Fig.  4A); the protein level of Caspase 12 significantly 
increased, and RFK(−) aggravated this increase (P < 0.01, 
Fig. 4B); the total protein level of Caspase 3 significantly 
increased (P < 0.01, Fig.  4D); compared with the vehicle 
group, RFK( +) decreased (P < 0.05, Fig. 4D) and RFK(−) 
increased (P < 0.01, Fig. 4D) the total protein level of Cas-
pase 3. Furthermore, the decreased activation fragment 
of Caspase 3 in the RFK (−) group indicated that RFK( +) 
inhibited the activation of Caspase 3; and the dramati-
cally increased Caspase 3 zymogen in the RFK(−) group 
indicated that RFK(-) promoted the gene expression of 
Caspase 3.

Compared with the control group, the protein level of 
CHOP in the model group was significantly higher than 
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that in the control group (P < 0.01, Fig.  4C). This indi-
cated that the ERS was activated by MCAO in the rat 
brain. However, no regular effect of RFK on CHOP pro-
tein level was observed.

Increased Caspase 12 and CHOP protein expres-
sion is a sign of ERS. Overexpression of CHOP (Tajiri 
et  al. 2004) and Caspase 12 (García de la Cadena et  al. 
2016) promotes cell cycle arrest or apoptosis. The above 
results suggested that the protein level of Ero1 was 
downregulated, whereas the protein levels of Caspase 
12, CHOP and Caspase 3 were upregulated by MCAO; 
The RFK(-) aggravated the overexpression of Caspase 12 
in ERS induced by MCAO, and thus promoted the high 

expression of apoptotic protein Caspase 3. However, RFK 
did not affect the protein level of Ero1 in the rat brain. 
These indicated that RFK plays an anti-ischemic role 
in brain injury by inhibiting proteins in the ER stress 
pathway.

RFK protection is independent of flavins
To observe the dependence of RFK protection on flavins, 
we designed the following experiments. Flavins refer to 
riboflavin, FMN and FAD.

The lifespan prolonging effect of riboflavin on SHR-
SP (which was recognized as RFK gene dysfunction 
(Zou et  al. 2012)) was observed by increasing the daily 

Fig. 3  RFK inhibited oxygen and glucose deprivation (OGD) induced neuronal damages. Neurons were infected with empty lentivirus (vehicle), RFK 
knock-up (RFK (+)) lentivirus and RFK knock-down (RFK (−)) lentivirus for 12 h (MOI = 10). After removal of the lentivirus and culturing for a further 
3 days, the neurons were subjected to the OGD program. Neurons viability was assessed by the MTT method. Neuronal necrotic and apoptotic rates 
were assessed by flow cytometry. A Neurons viability after OGD (n = 6). B Neuronal necrotic and apoptotic rates (n = 3). C Ultrastructure of neurons 
(10,000 ×) (n = 3). Data are presented as mean ± SD. *P < 0.05, **P < 0.01
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riboflavin intake (120  mg/L) throughout life, and the 
compensatory effect of supplemental riboflavin intake 
on RFK dysfunction was evaluated. As shown in Fig. 5A, 
the life spans of SHR-SP in the riboflavin group were sig-
nificantly prolonged compared with the control group 
(Log rank χ2 = 5.255, P = 0.022). This result suggested that 
riboflavin supplementation throughout life can signifi-
cantly prolong the lifespans of SHR-SP. It also suggested 
that riboflavin supplementation probably at least partially 
compensate for the effects of RFK gene dysfunction.

Riboflavin supplementation can alleviate the effects of 
RFK gene dysfunction, so is the protective effect of RFK 
dependent on riboflavin?

We then observed the effects of RFK( +) and RFK(−) 
on neurons exposed to OGD with or without ribofla-
vin. As shown in Fig.  5B, in the absence of riboflavin, 
the protective effect of RFK( +) on neurons was still pre-
sent (P < 0.01); in the presence of riboflavin, the protec-
tive effect of RFK( +) on neurons showed a trend toward 
enhancement, but there was no statistical significance; 
with riboflavin, the neuronal activity of RFK(−) showed 

a trend toward enhancement compared to that without 
riboflavin, but the difference was not statistically signifi-
cant. These results indicated that the absence of ribo-
flavin did not affect the protective effect of RFK, i.e. the 
protective effect of RFK is independent of riboflavin; 
however, the presence of riboflavin enhanced the neu-
ronal activity of RFK(+) or RFK(−) to a small extent, 
suggesting that riboflavin supplementation had a small 
compensatory effect on RFK dysfunction, but could not 
completely reverse the damaging effect caused by RFK 
dysfunction.

Whether RFK affected the tolerance of neurons to 
OGD in the absence of riboflavin was observed by flow 
cytometry. As shown in Fig.  5C  and Additional file  2, 
without riboflavin, the necrosis rate of RFK( +) neurons 
after OGD was still lower than that of the vehicle group 
(P < 0.01), but the necrosis rate was higher than that 
of the RFK( +) group with riboflavin (P < 0.05). These 
results further confirmed that the protective effect of 
RFK against ischemic injury was not entirely dependent 
on riboflavin, but its coexistence with riboflavin could 

Fig. 4  Protein expression levels in rat cortex. Lentiviral vectors encoding RFK knock-up (5 μl per site; 4 × 105TU/µl, empty lentiviral vectors (vehicle) 
or saline control) were stereotaxically injected into the cortex and hippocampus. Three weeks later, these animals were subjected to MCAO. 24 h 
later, the rats were anaesthetized and the brains were immediately separated for protein extraction. The protein levels were analyzed by western 
blotting. A Ero1 protein levels in RFK (+) rats (n = 6) and RFK(-) rats (n = 3). B Caspase 12 protein level in RFK (+) rats (n = 6) and RFK(-) rats (n = 3). 
C CHOP protein level in RFK( +) rats (n = 6) and RFK(−) rats (n = 3). D Caspase 3 protein level in RFK (+) rats (n = 3) and RFK(-) rats (n = 3). Data are 
presented as mean ± SD. **P < 0.01, *P < 0.05
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enhance the protective effect of RFK. Removing ribofla-
vin showed a trend towards reducing the protective effect 
of RFK, but there was no statistically significant differ-
ence (Fig. 5C, Additional file 2).

Riboflavin plays its role only after it has been catalyzed 
by RFK into its two active forms, FMN and FAD. Is it 
because of the RFK gene dysfunction that the conversion 
of riboflavin is affected and thus cannot play a protective 
role? This is why we designed the following experiment.

The effect of exogenous flavins supplementation on 
the decreased neuronal activity of RFK(-) was observed 
to evaluate the compensatory effect of flavins supple-
mentation on the dysfunction of RFK gene. As shown 
in Fig.  5D, after OGD, the activity of RFK(-) neurons 
decreased significantly (P < 0.01), whereas supplemen-
tation with riboflavin (P < 0.05), FMN (P < 0.05) and 
FAD (P < 0. 01) protected neuronal activity to some 
extent, but the protective effect was not strong and 
could not completely reverse the neuronal damage 
caused by RFK(-). And the flavins protective effect on 
ischemic neurons was independent of their concentra-
tion (300.6 nM or 12.6 nM) (Fig. 5E). The concentration 

of 12.6  nM represents the physical concentration of 
riboflavin in human plasma; the concentration of 
300.6  nM represents the riboflavin concentration in 
human plasma after riboflavin supplementation.

Therefore, we inferred that the susceptibility to 
ischemic brain injury induced by RFK gene dysfunction 
was not related to the reduced conversion of ribofla-
vin to the active forms of FMN and FAD, nor to their 
concentration.

Ero1 inhibitor removes RFK protection
Since RFK is an inhibitor of ERS, can the protective 
effect of RFK on ischemic neurons be blocked by Ero1 
inhibitors? To address this question, we observed the 
tolerance of RFK( +) neurons to OGD by the external 
addition of erodoxin, an Ero1 inhibitor. As shown in 
Fig.  6, the protection of RFK (+) was lost. This result 
indicated that the effect of RFK on ischemic neuronal 
injury depended on Ero1. It also demonstrated that 
RFK was involved in the downstream process of Ero1 
mediated ERS regulation.

Fig. 5  RFK protection doesn’t depend on riboflavin, but riboflavin supplementation probably partially increase the protective effect of RFK. A 
Lifelong supplementation with riboflavin prolonged the lifespan of SHR-SP rats (n = 15). B–C RFK inhibits damages to neurons induced by OGD 
(oxygen and glucose deprivation); and the inhibition doesn’t depend on the presence of riboflavin. Neurons were infected with empty lentivirus 
(vehicle), RFK knock-up (RFK( +)) lentivirus and RFK knock-down (RFK(-)) lentivirus for 12 h (MOI = 10). After removing the lentivirus and culturing 
for another 3 days, the neurons were subjected to the OGD program. Rib: riboflavin. D–E Supplementation with riboflavin, FMN or FAD partially 
protects neuron but cannot reverse the damage caused by RFK dysfunction in OGD model. Neuronal apoptosis and death rates were assessed 
by flow cytometry (n = 3). Neuronal viability was assessed by MTT method (n = 6). Data are presented as mean ± SD. **P < 0.01, *P < 0.05
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Discussion
More and more evidence suggest the protective role of 
RFK in the central nervous system. The RFK gene and 
FMN alleviate cellular Aβ42 toxicity, which is highly 
associated with Alzheimer’s disease (Chen et  al. 2020). 
RFK is required for 4, 4’-dimethoxychalcone medi-
ated neuroprotection in Parkinson’s disease (PD) mouse 
models, and reduction of RFK may be related to PD 
pathogenesis (Gong et  al. 2021). RFK is involved in the 
regulation of circadian rhythms (Hirano et al. 2017). RFK 
overexpression abolished the effects of FMN in inhibit-
ing inflammation induced cognitive decline (Zhang et al. 
2023). Research on the search for RFK ligands has been 
reported (Rivero et al. 2023).

Our previous study showed that RFK gene dysfunction 
may be associated with susceptibility to ischemic stroke 
(Zou et  al. 2012). In this study, the protective role and 
mechanism of RFK against ischemic stroke were inten-
sively investigated.

Model animal experiments often better reflect the 
overall effects of target molecules in complex body sys-
tems. As this study showed, RFK inhibited the cerebral 
ischemic injuries induced by MCAO in rats: RFK( +) 
reduced the infarct size and the brain edema induced 
by MCAO; RFK ( +) protected, while RFK(−) worsens 
the subcellular structural damage of the rat cerebral cor-
tex induced by MCAO. These results indicated that RFK 
inhibited the cerebral ischemic injuries in MCAO rats.

Neurons are the most fundamental structural and 
functional units of the nervous system, playing a role in 
connecting, integrating, and transmitting information. 
Neuron damage caused by ischemic stroke often leads to 
serious consequences such as disability and motor disor-
ders in patients. Therefore, studying the role of RFK on 
ischemic damage to neurons is an important aspect of 
exploring the protective effect of RFK on ischemic brain 
tissue. In our results, RFK( +) played a protective role in 
OGD neurons, while RFK(-) exacerbated the injuries in 
these neurons, including decreasing activity, increasing 
apoptosis and aggravating ultrastructural damages. These 
results indicated that RFK inhibited the injury in OGD 
neurons.

Oxidative stress, calcium metabolism disorders and 
ischemia–reperfusion injury can all lead to protein mis-
folding in the ER (Le Pape et al. 2014; Zheng et al. 2015; 
Krebs et  al. 2015). Accumulation of misfolded proteins 
and concomitant induction of ERS in neurons contrib-
utes to neuronal dysfunction (Sprenkle et al. 2017). Regu-
lating ERS significantly inhibited ischemic brain injury 
(Xin et al. 2014). ERS regulates OGD-induced cell death 
by ameliorating intracellular ROS (Wang et al. 2018).

To further investigate the mechanism of protective 
effect of RFK against ischemic brain injury, we observed 
the effect of RFK on ERS-related proteins, including 
Ero1, Caspase 12, CHOP and Caspase 3.

The increased expression of CHOP protein is a hall-
mark of ERS, and overexpression of CHOP promotes 
cell cycle arrest or apoptosis. In our MCAO model, the 
CHOP protein was upregulated, suggesting that the 
ERS was activated in the rat brain. CHOP was reported 
to mediate the ERS pathway in ischemia-induced neu-
ronal death (Tajiri et  al. 2004) and participate in ROS 
induced neuronal apoptosis (Lu et  al. 2014). However, 
we did not observe a consistent effect of RFK levels on 
MCAO induced CHOP protein overexpression in our 
experiment.

Ero1, a member of the flavin protein family, is mainly 
involved in the oxidative folding of proteins in the 
ER and mediates ER-associated death (ER-associated 
death, ERAD) (Li et  al. 2009). This process depends on 
the involvement of FAD (Tu et  al. 2000; Tu and Weiss-
man 2002). RFK gene dysfunction will affect the conver-
sion rate of riboflavin in vivo, resulting in a decrease in 
the concentration of FAD. Ero1 was reported to be a tar-
get gene of CHOP (Poone et al 2015). Conversely, there 
are also reports that CHOP and Ero1 are independent 
regulators (Marciniak et  al. 2004; Varone et  al. 2022). 
In our experiment, the results of increasing CHOP pro-
tein and decreasing Ero1 protein in MCAO model more 
supported the latter theory. It is worth noting that, 
whether before or after MCAO, RFK does not affect the 

Fig. 6  The addition of erodoxin (Ero1 inhibitor) disrupts 
the protective effect of RFK (n = 6). Neurons were infected with empty 
lentivirus (vehicle) or RFK knock-up (RFK( +)) lentivirus for 12 h 
(MOI = 10). After removal of the lentivirus and culturing for a further 
3 days, the neurons were subjected to the OGD program. Neuronal 
viability was assessed by the MTT method. Data are presented 
as mean ± SD. **P < 0.01, *P < 0.05
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expression of Ero1 and CHOP. However, erodoxin (Ero1 
inhibitor) removed the protective effect of RFK on OGD 
neurons, suggesting that RFK protection in ischemic 
neuronal injury depended on Ero1. This further demon-
strated that RFK was involved in the downstream signal-
ing regulation of Ero1 in the ERS process.

ERS induced CHOP expression and activated Cas-
pase  12 proteolytic enzymes specific to the ER mem-
brane. CHOP protein is an important intermediate 
signaling molecule that connects ERS with cell apoptosis, 
and Caspase 12 is a molecule that executes cell apoptosis. 
Activated Caspase 12 is transported from the ER to the 
cytoplasm, activating cytoplasmic Caspase 3 and trigger-
ing cell apoptosis. Caspase 12 is involved in the neuronal 
death of cerebral ischemia (Shibata et al. 2003).

In our MCAO model, RFK did not affect the level 
of CHOP increasing and Ero1 decreasing; but RFK(-) 
aggravated the Caspase 12 and Caspase 3 increasing and 
RFK( +) inhibited the Caspase  3 increasing. These indi-
cated that RFK plays an anti-ischemic role by modulat-
ing ER stress pathway; the target molecular might be the 
upstream factor of Caspase 12; however, CHOP and Ero1 
was beyond the modulating scope. RFK( +) decreased 
and RFK(−) increased the total protein level of Caspase 3. 
Furthermore, RFK( +) inhibited the activation of Caspase 
3 protein; and RFK(−) increased the zymogen amount of 
Caspase 3. These results further demonstrated the pro-
tective effect of RFK in ERS pathway.

Since RFK is a catalytic enzyme for the transformation 
of riboflavin in the body, the utilization of riboflavin by 
the body’s cells is first affected by the RFK gene dysfunc-
tion; If RFK gene dysfunction increases the susceptibility 
to stroke (Zou et  al. 2012), is it because the decreasing 
utilization of riboflavin? Can riboflavin supplementing 
prolong the lifespan of SHR-SP (which was recognized as 
RFK gene dysfunction)?

Riboflavin is one of the thirteen essential vitamins in 
the human body, which cannot be synthesized by the 
body itself and needs to be obtained from food. Ribofla-
vin is a potential neuroprotective agent affecting a wide 
range of neurological disorders by ameliorating oxidative 
stress, mitochondrial dysfunction, neuroinflammation, 
and glutamate excitotoxicity, all of which are implicated 
in neurological disorders (Marashly et al. 2017). Ribofla-
vin deficiency in rats resulted in reduced levels of myelin 
lipids, cerebrosides, sphingomyelin and phosphatidyle-
thanolamine in the cerebrum and cerebellum, leading to 
impaired brain development and maturation (Erecin-
ska et al. 2004). Riboflavin has a good safety record, and 
excess riboflavin in the body is excreted through the 
bladder (Buehler et al. 2011). Acute stroke patients were 
found riboflavin deficient immediately post-infarct (Gari-
balla et  al. 2007). Riboflavin supplements prevented the 

cognitive decline of elderly adults (Li et  al. 2021a, b). 
Our previous research found that riboflavin pretreat-
ment reduced the apoptosis rate and mortality rate of 
isolated OGD neurons, suggesting that riboflavin pre-
treatment may have a protective effect on ischemic brain 
injury (Zou et al. 2012). Can riboflavin supplementation 
improve the susceptibility to stroke caused by RFK gene 
dysfunction and thereby prolong the survival cycle? We 
selected SHR-SP with RFK gene dysfunction to conduct 
this experiment.

Riboflavin, through its cofactors FMN and FAD, regu-
lates the structure and function of flavoenzymes and pro-
tects cells from oxidative stress and apoptosis (Wanders 
et al. 2010). Therefore, it is not surprising that any disrup-
tion in riboflavin metabolism and absorption may affect 
cellular levels of FAD and FMN, leading to mitochondrial 
dysfunction through reduced energy levels (Udhayabanu 
et al. 2017).

In our experiment on lifespan of SHR-SP and neuronal 
viability, the presence of flavins probably at least partially 
compensated for the effect of RFK dysfunction, but could 
not completely reverse the detrimental effect caused 
by RFK dysfunction. In our OGD model, the protective 
effect of RFK against ischemic injury was independ-
ent of riboflavin, but the coexistence of riboflavin could 
enhance the protective effect of RFK. Therefore, we con-
cluded that the susceptibility to ischemic brain injury 
induced by RFK gene dysfunction was not related to the 
reduced conversion of riboflavin to the active forms of 
FMN and FAD, nor to the concentration of flavins; how-
ever, the presence of flavins reduced to some extent the 
negative effect of RFK dysfunction. Conversely, RFK was 
reported to be inhibited by the reaction products FMN 
or FAD, but not by substrates riboflavin and ATP (Anoz-
Carbonell et  al. 2020; Sebastián et  al. 2017). However, 
these conclusions were based on chemical experiments, 
which may be the main reason why they differ from our 
conclusions based on cell experiments.

Among the reports on the effect of riboflavin in the 
pathogenesis of stroke, the interaction between ribofla-
vin and serum homocysteine was mostly followed (Han-
key et al. 1999; Frosst et al. 1995); but there has been no 
report linking the riboflavin protective role in stroke with 
RFK gene dysfunction. Riboflavin pretreatment reduced 
the injury induced by ischemia in rats (Hoane et al. 2005; 
Bets et  al. 1994; Mack et  al. 1995). The compensatory 
effect of riboflavin on RFK gene dysfunction may par-
tially explain the effectiveness of riboflavin adjuvant drug 
therapy after acute stroke (Gariballa et al. 2007; Da Silva‐
Candal et al. 2018).

In conclusion, we have demonstrated that RFK is 
an endogenous protein against ischemic brain injury, 
and that RFK inhibits the area of infarction, oedema 



Page 13 of 14Zou et al. Molecular Medicine          (2025) 31:125 	

and neuronal apoptosis after cerebral ischemia. Its 
mechanisms include inhibition of the protein expres-
sion of Caspase 12 and Caspase 3 induced by cerebral 
ischemia, thereby inhibiting ERS and inhibiting neu-
ronal apoptosis; the protective effect of RFK depends 
on the presence of the flavoprotein Ero1; exogenous 
riboflavin supplementation protected neurons against 
ischemic injury and prolonged the lifespan of SHR-
SP rats with low RFK gene function, but this protec-
tive effect is limited and cannot completely reverse 
the decreasing trend of neuronal tolerance to ischemic 
injury caused by RFK gene dysfunction; the protective 
effect of RFK against ischemic injury is independent of 
the presence of flavins and their concentrations.

However, there are some limitations to this study. 
Although we have discovered some signaling molecules 
in the process of anti-cerebral ischemic injury by RFK, 
we have not yet identified a regulatory target mol-
ecule of RFK. Furthermore, due to species differences, 
extrapolation of the data to humans should be done 
with great caution.

RFK deserves further investigation as a promising 
target gene for stroke susceptibility detection. Flavins 
can be used as a preventive or adjunctive treatment for 
ischemic brain injury. They may also be used as partial 
compensatory medicines for RFK gene dysfunction.
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