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Abstract. Decreased mitochondrial metabolism suppresses
glucose metabolism, resulting in obesity and diabetes. The
present study aimed to investigate mechanisms underlying
the 5‑aminolevulinic acid (5‑ALA) hydrochloride‑mediated
increase in glucose uptake in high‑fat diet (HFD)‑fed mice
in vivo and C2C12 myotube cells in vitro. C57BL/6N male
mice (20 weeks old) were fed either HFD or normal diet (ND)
for 4 weeks. A total of five HFD‑fed mice were orally admin‑
istered with 300 mg/kg 5‑ALA hydrochloride and 47.1 mg/kg
sodium ferrous citrate (SFC; HFD + 5‑ALA/SFC), whereas ND
and other HFD‑fed mice were orally administered with saline.
After 4 weeks, these mice were intraperitoneally administered
with 2 g/kg glucose and 3.2 mg/kg 2‑deoxyglucose (2DG) for
intraperitoneal glucose tolerance test (IPGTT) and glucose
uptake test. Body weights, plasma glucose levels and the area
under the curve of IPGTT were lower in mice treated with
HFD + 5‑ALA/SFC compared with in those treated with HFD
alone. 2DG uptake in the gastrocnemius muscle and heart were
more significantly improved in the HFD + 5‑ALA/SFC mice
compared with the HFD‑fed mice. Furthermore, 5‑ALA/SFC
increased 2DG uptake in C2C12 cells to a similar level to the
insulin‑treated group. Moreover, it increased glucose transport
(GLUT)1 translocation in the plasma membrane by 2.5-fold
relative to the controls without affecting GLUT1 expression;
however, it had no effect on GLUT4 translocation. Therefore,
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5‑ALA/SFC enhanced gastrocnemius and cardiac glucose
uptake in HFD‑fed mice, and upregulated GLUT1 translo‑
cation to the plasma membrane, but not GLUT4 in C2C12
myotube cells. Therefore, it could potentially be used as a
novel drug for the treatment of diabetes.
Introduction
The endogenous amino acid 5‑aminolevulinic acid (5‑ALA)
is widely distributed in both animals and plants and is
synthesized by glycine condensation and succinyl‑CoA via
the mitochondrial ALA synthase in animal cells (1). It is
then further converted into protoporphyrin IX (PPIX) due
to well‑known subsequent enzymatic reactions (1). Next, a
divalent iron is coordinated to PPIX for heme synthesis (1).
A synthesized heme binds to corresponding apoproteins and
becomes a hemeprotein (2).
Furthermore, 5‑ALA hydrochloride has been orally
administered for the photodynamic diagnosis using specific
accumulation of fluorescent PPIX in tumor tissues of patients
with cancer (3‑5). Conversely, 5‑ALA is metabolized to
heme combined with iron in normal tissues, producing
hemeproteins that exhibit several biological effects such as
oxidoreductive activities (catalase and oxidase), electron
transport (cytochrome c), and oxygen delivery (myoglobin and
hemoglobin) (6,7). Externally administered 5‑ALA signifi‑
cantly affects energy metabolism of the whole body through
mitochondrial hemeproteins synthesized from 5‑ALA, which
is reduced with aging (8). Ingested 5‑ALA is reported to
enhance energy metabolism by activating the mitochondrial
electron transport system that promotes ATP synthesis in the
mouse liver (9). Furthermore, 5‑ALA with sodium ferrous
citrate (SFC) is reported to augment exercise efficiency in
elderly women (10). Our previous studies reported that 5‑ALA
with SFC exerts anti‑diabetic effects in Zucker diabetic
fatty (ZDF) rats and patients with borderline diabetes (11,12).
Orally administered 5‑ALA/SFC reduces fasting blood glucose
and hemoglobin A1c levels and improves glucose tolerance in
ZDF rats without affecting insulin secretion (11). The lipid
content in 3T3‑L1 adipocytes is decreased by 5‑ALA/SFC and
glucose uptake in 3T3‑L1 and L6 myotube cells is induced (13).

2

KURODA et al: 5-AMINOLEVULINIC ACID IMPROVES GLUCOSE TOLERANCE VIA GLUCOSE TRANSPORTER 1

Glucose uptake from blood to cells is caused by insulin
secreted from the pancreas, which translocates glucose trans‑
porter (GLUT)4 from the cytoplasm to the plasma membrane
in muscles and adipose tissues (14,15). Overall, 14 GLUT
isoforms have been detected, and their expression levels differ
among organs (16). Because the administration of 5‑ALA/SFC
decreases blood glucose level in vivo and enhances glucose
uptake in vitro, some glucose transporters in tissues are
assumed to be activated; however, no study has identified the
involved tissues and transporters.
Therefore, the present study analyzed glucose kinetics
in vivo and the expression level of GLUT isoforms in the
plasma membrane to identify a glucose transporter activated
by 5‑ALA/SFC. 5‑ALA/SFC was administered to high‑fat diet
(HFD)‑fed mice to elucidate the target tissues that reduced the
blood glucose level. Furthermore, the effect of 5‑ALA/SFC on
glucose uptake in C2C12 myotube cells was examined, and the
expression level and type of glucose transporters in the plasma
membranes of C2C12 cells were investigated.
Materials and methods
Reagents. 5‑ALA hydrochloride was provided by SBI
Pharmaceuticals Co., Ltd. SFC was obtained from Komatsuya
Corporation. Dulbecco's modified Eagle's medium (DMEM),
horse serum, HEPES, NaCl, KCl, MgSO4, KH2PO4, CaCl2,
phloretin, Tris‑HCl and dithiothreitol (DTT) were purchased
from FUJIFILM Wako Pure Chemical Corporation.
Cell culture and treatment. C2C12 myotube cells (CRL‑1772;
American Type Culture Collection) were cultured at 37˚C
under 5% CO2 using high‑glucose DMEM (4,500 mg/l glucose)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Inc.). For myotube differentiation, C2C12 cells were
cultured for 5‑7 days in high‑glucose DMEM supplemented
with 2% horse serum, and differentiated myotube cells
were used for every experiment. For 2‑deoxyglucose (2DG)
uptake analysis, differentiated C2C12 cells were incubated in
low‑glucose DMEM (1,000 mg/l glucose) containing 2% horse
serum for 18 h in a 12‑well plate. Subsequently, the cells were
treated with or without 5‑ALA/SFC in low‑glucose DMEM
containing 0.1% bovine serum albumin (BSA; Sigma‑Aldrich;
Merck KGaA) for 6 h at 37˚C. Doses of 5‑ALA (100, 250,
500 µM) and SFC (50, 125, 250 µM) were determined from
previous studies (11,13,17). The cells were washed three times
with 37˚C Krebs‑Ringer's phosphate (KRPH) buffer (20 mM
HEPES, 137 mM NaCl, 4.7 mM KCl, 1 mM MgSO 4, 5 mM
KH2PO4, 1 mM CaCl2; pH 7.4) and incubated for 18 min at
37˚C in 0.1% BSA‑added KRPH buffer with or without insulin
(Thermo Fisher Scientific, Inc.), 5‑ALA, SFC or 5‑ALA/SFC.
The amount of 2DG uptake in C2C12 cells was measured
according to the manufacturer's protocol of the 2DG Uptake
Measurement kit (Cosmo Bio Co., Ltd.). Next, 2DG was
added to a final concentration of 1 mM, and incubation was
continued for 20 min at 37˚C. This reaction was stopped by
adding an ice‑cold KRPH buffer containing 200 µM phloretin
(FUJIFILM Wako Pure Chemical Corporation). Subsequently,
cells were washed three times with ice‑cold KRPH buffer.
Cells were sonicated for 30 sec on ice with 10 mM Tris‑HCl
(pH 8.0). The sonicated cellular solutions were heated at 85˚C

for 15 min and centrifuged at 16,000 x g for 20 min at 4˚C.
Supernatants were used to measure 2DG amounts and protein
concentrations. For western blotting analysis, differentiated
C2C12 cells were cultured in a 10‑cm dish.
Animals. The animal experiment protocols in the present
study were approved by the Institutional Animal Care and
Use Committee of Kobe University (approval no. 24‑04‑02;
Kobe) and were conducted according to the guidelines
set by this institution. A total of 18 C57BL/6N male mice
(19‑week‑old; Japan SLC, Inc.) were acclimated at 23±3˚C and
relative humidity of 50±10% in a 12 h light‑dark cycle (light
from 8:00 a.m. to 8:00 p.m.), with water and a normal diet
(ND) feed (cat. no. D12450B; Research Diets, Inc.) provided
ad libitum for 1 week. After a week of ND feed, mice (body
weight, 29‑36 g) were categorized into three groups according
to the oral administration for 4 weeks: i) ND Group with
saline administration (ND; n=5); ii) HFD group with saline
administration (HFD; 60 Kcal% fat; cat. no. D12492; Research
Diets, Inc.; n=8); and iii) HFD group with 300 mg/kg 5‑ALA
and 47.1 mg/kg SFC administration (HFD + 5‑ALA/SFC;
n=5). Body weights, food intake and water intake of mice were
measured every day during the experiment.
On the final day, all mice were fasted for 5 h. After fasting,
mixtures of 2 g/kg glucose and 3.2 mg/kg 2DG were intra‑
peritoneally injected into ND, HFD and HFD + 5‑ALA/SFC
groups (each group, n=5) for intraperitoneal glucose tolerance
test (IPGTT) and glucose uptake measurement. A total of
three mice in the HFD group were intraperitoneally injected
with glucose only as a negative control for 2DG. After
measuring blood glucose levels, all mice were anesthetized
with an intraperitoneal injection of 60 mg/kg pentobarbital and
euthanized by exsanguination until cardiac arrest. Mortality
was confirmed by respiratory arrest and reflex activity arrest.
Organ samples were collected and stored at ‑80˚C. Frozen
samples were analyzed for 2DG uptake measurement and
western blotting as described below.
IPGTT. IPGTT was performed after 5 h fasting (8:00 a.m.
to 1:00 p.m.). Blood was collected from the tail veins of the
mice. Blood glucose concentrations were measured at 0, 15,
30, 60, 90 and 120 min after the injection using Stat Strip XP
(Nipro Corporation). The areas under the curve (AUCs) were
calculated by the linear trapezoid method (18).
Measurement of 2DG uptake in mouse tissues. Amounts of
2DG uptake were measured according to the protocol of 2DG
uptake measurement kit (Cosmo Bio Co., Ltd.) (19). Protein
concentrations of the samples were determined using Pierce®
BCA™ Protein Assay kit (Thermo Fisher Scientific, Inc.).
Frozen mouse tissues were homogenized with an electric
homogenizer at 10‑40 times the weights of the dilution solution
included in the kit. Homogenized solutions were heated at 85˚C
for 15 min, followed by centrifugation at 16,000 x g for 20 min
at 4˚C. Supernatants were used to measure 2DG uptake.
Western blotting. Extractions of the membrane and total
proteins from C2C12 cells were performed as previously
described (20). Briefly, treated cells were homogenized in
50 mM Tris‑HCl (pH 8.0), containing 0.5 mM DTT, 1% Halt
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Table I. Body and organ weights in mice fed with ND, HFD or HFD + 5-ALA/SFC administration for 4 weeks.
Weights
Body weight, g
Liver, g
Spleen, mg
Kidney, g
Brown fat, g
White fat, g
Retroperitoneal and perirenal fat, g
Epididymal fat, g
Mesenteric fat, g
Subcutaneous fat, g

ND

HFD

HFD + 5-ALA/SFC

32.94±0.94
1.26±0.14
71.74±7.91
0.31±0.01
0.24±0.03
4.37±0.40
0.67±0.07
1.36±0.13
0.54±0.04
1.81±0.20

40.38±0.95a
1.26±0.09
85.58±4.41
0.36±0.02
0.40±0.08
7.67±0.56d
1.11±0.08d
2.22±0.19d
0.87±0.07d
3.44±0.39b

36.76±0.54b,c
1.40±0.04
67.02±4.68
0.34±0.01
0.31±0.06
6.58±0.60b
0.87±0.08
1.80±0.14
0.67±0.06
3.24±0.46b

Values are expressed as mean ± SEM. n=5-8. ND, normal diet; HFD, high-fat diet; 5-ALA, 5-aminolevulinic acid; SFC, sodium ferrous citrate.
a
P<0.001, bP<0.05 vs. ND group; cP<0.05 vs. HFD group; dP<0.01 vs. ND group.

Protease Inhibitor Cocktail (Thermo Fisher Scientific, Inc.)
and phosphatase inhibitors (Thermo Fisher Scientific, Inc.)
(solution A). To prepare total cell lysate, a homogenized solu‑
tion was gently stirred with an equal volume of solution A
containing 1.0% NP‑40, 0.5% sodium deoxycholate and 0.1%
sodium dodecyl sulfate (SDS) on ice for 1 h. To prepare the
plasma membrane, another homogenized solution was centri‑
fuged at 3,000 x g for 10 min at 4˚C. The washed precipitate
was reacted for 1 h with gentle stirring on ice, then centrifuged
at 20,000 x g for 20 min at 4˚C. The proteins (5‑20 µg/lane)
were subjected to SDS‑PAGE using a 4‑15% Miniprotein®
TGX™ precast gel (Bio‑Rad Laboratories, Inc.) and trans‑
ferred to a PVDF membrane (Bio‑Rad Laboratories, Inc.).
After blocking the membrane with 5% non‑fat milk in TBS
with 0.05% Tween‑20 (TBST) for 1 h at room temperature, the
membrane was incubated with an anti‑GLUT1 antibody (cat.
no. 12939; Cell Signaling Technology, Inc.) and anti‑insulin
receptor β (IR‑ β) antibody (cat. no. sc‑711; Santa Cruz
Biotechnology, Inc.) overnight at 4˚C. After washing, the
membranes were incubated with HRP‑linked donkey
anti‑rabbit IgG antibody (cat. no. NA934; Cytiva) for 1 h at
room temperature, and developed with Immuno Star LD (cat.
no. 292‑699003; FUJIFILM Wako Pure Chemical Corporation)
using ChemiDoc MP Imaging System (Bio‑Rad Laboratories,
Inc.). Image Lab software 4.0.1 (Bio‑Rad Laboratories, Inc.)
was used for densitometry. GLUT4 and GAPDH detections
were conducted using the same membranes after stripping
antibodies with Restore™ Western Blot Stripping Buffer
(Thermo Fisher Scientific, Inc.). The stripped membrane was
blocked with 5% milk in TBST and reacted with anti‑GLUT4
antibody (cat. no. 2213; Cell Signaling Technology, Inc.) or
anti‑GAPDH antibody (cat. no. E1C604‑1; EnoGene Biotech
Co, Ltd.) overnight at 4˚C. HRP‑linked sheep anti‑mouse IgG
antibody (cat. no. NA931; Cytiva) for GLUT4 and HRP‑linked
donkey anti‑rabbit IgG antibody (cat. no. NA934; Cytiva) for
GAPDH were used. IR‑β was used as an internal control in
the plasma membrane according to the previous study (21),
and GAPDH was used as a control for the total protein. The
data were analyzed using the ChemiDoc MP Imaging System
(Bio‑Rad Laboratories, Inc.).

Statistical analysis. Data were analyzed using GraphPad
Prism 7 (GraphPad Software, Inc.). Results are expressed as
means ± standard error of the mean. In vivo data were statisti‑
cally analyzed by one‑way ANOVA with Tukey's test. In vitro
data were statistically analyzed by one‑way ANOVA with
Dunnett's test. P<0.05 was considered to indicate a statistically
significant difference.
Results
5‑ALA/SFC improves glucose tolerance in HFD‑fed mice
via upregulation of glucose uptake in muscle tissues. The
effects of 5‑ALA/SFC on body weight and glucose tolerance
in HFD‑fed mice were investigated. HFD‑fed mice became
23% heavier compared with ND‑fed mice, which was a
significant change (Fig. 1A; Table I). No significant differ‑
ences in food and water intakes were observed among the
HFD and HFD + 5‑ALA/SFC groups (data not shown). Body
weights were significantly lighter in the HFD + 5‑ALA/SFC
group compared with the HFD group at 4 weeks after the
administration (Fig. 1A; Table I). Total white fat weights
were significantly heavier in the HFD group compared with
the ND group (Table I). By contrast, white fat weights were
not significant change between the HFD + 5‑ALA/SFC and
HFD groups (Table I). Next, the effect of 5‑ALA/SFC on
glucose tolerance was confirmed (Fig. 1B). Plasma glucose
levels from 15‑60 min after glucose administration were
significantly higher in the HFD group compared with the ND
group (Fig. 1B). Plasma glucose levels were significantly lower
in the HFD + 5‑ALA/SFC group compared with the HFD group
at 30 min (Fig. 1B). Moreover, the AUC of plasma glucose
levels was significantly lower in the HFD + 5‑ALA/SFC group
compared with the HFD group (Fig. 1C), suggesting that
5‑ALA/SFC prevented obesity and improved glucose toler‑
ance in HFD‑fed mice.
Glucose uptakes in various tissues were investigated in
the ND, HFD and HFD + 5‑ALA/SFC groups by measuring
the amount of 2DG uptake (Fig. 1D), a non‑metabolized
glucose analog (20). The average amount of 2DG uptake in
gastrocnemius muscle was significantly lower in the HFD
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Figure 1. 5‑ALA/SFC enhances glucose tolerance in the high‑fat diet fed group by increasing glucose uptake in muscle tissues. (A) Body weight for 4 weeks
after the administration of 5‑ALA/SFC or saline. (B) Plasma glucose levels during IPGTT. (C) AUC of glucose levels during IPGTT. (D) 2DG uptake into
each tissue in the ND, HFD and HFD + 5‑ALA/SFC groups. n=5‑8. *P<0.05, **P<0.01, ***P<0.01 vs. ND group; #P<0.05, ##P<0.01 vs. HFD group. AUC, area
under the curve; IPGTT, intraperitoneal glucose tolerance test; 5‑ALA, 5‑aminolevulinic acid; SFC, sodium ferrous citrate; 2DG, 2‑deoxyglucose; ND, normal
diet, HFD, high‑fat diet.

group compared with in ND group (Fig. 1D). The uptake of
2DG was slightly lower in soleus muscle, heart, white adipose
tissues, brown adipose tissue and cerebrum in the HFD groups
compared with those in the ND groups; however, the differ‑
ences were not significant. By contrast, 2DG uptake levels in
gastrocnemius muscle and heart were significantly higher in
the HFD + 5‑ALA/SFC group compared with those in the
HFD group (Fig. 1D). The uptakes of 2DG in soleus muscle,
white adipose tissues and cerebrum were markedly higher
in the HFD + 5‑ALA/SFC groups compared with the HFD
groups, but these were not significant (Fig. 1D). Glucose uptake
was upregulated by treatment with 5‑ALA/SFC in gastrocne‑
mius muscle and heart of HFD diabetic mice, followed by the
improvement in glucose tolerance. Subsequently, the cellular
mechanism underlying glucose uptake by 5‑ALA/SFC was
investigated using C2C12 myotube cells.

5‑ALA/SFC upregulates GLUT1 translocation to the plasma
membrane of C2C12 mouse myotube cells. The effect of
5‑ALA/SFC on glucose uptake was investigated in C2C12
mouse myotube cells. Differentiated C2C12 cells were used
to investigate the mechanism underlying 2DG uptake by
insulin stimulation. 2DG uptake was significantly increased
by treatment with a combination of >250 µM 5‑ALA and
>125 µM SFC in C2C12 cells compared with that of untreated
cells (Fig. 2A). Next, glucose uptake in C2C12 cells treated
with 5‑ALA alone, SFC alone and their combination were
examined. 5‑ALA alone significantly increased 2DG uptake,
but SFC alone did not change 2DG uptake in C2C12 cells
relative to that in the untreated control cells (Fig. 2B). The
average amount of 2DG uptake with 250 µM 5‑ALA/125 µM
SFC was a significant increase of 145% relative to that in
untreated controls (Fig. 2C). This increase in 5‑ALA/SFC
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Figure 2. 5‑ALA/SFC promotes glucose uptake and GLUT1 translocation in the plasma membrane of C2C12 mouse myotube cells. (A) 2DG uptake level is
dependent on the concentration of treatment with 5‑ALA/SFC. (B) 2DG uptake level for differences between 5‑ALA alone, SFC alone and their combination.
(C) Comparison of 2DG uptake level after treatment with 5‑ALA/SFC or insulin (100 nM). (D) GLUT1 and GLUT4 protein expression levels in the plasma
membrane relative to those in the total protein after treatment with 5‑ALA/SFC or insulin. n=3. **P<0.01 vs. ctrl. Ctrl, control; 5‑ALA, 5‑aminolevulinic acid;
SFC, sodium ferrous citrate; GLUT, glucose transporter; 2DG, 2‑deoxyglucose; PM, plasma membrane.

treatment was equivalent to the increase observed in insulin
treatment (Fig. 2C).
Next, GLUT1 and GLUT4 translocations in C2C12
cells were examined using western blotting. Sodium potas‑
sium ATPase 1a in the plasma membrane was decreased by
5‑ALA/SFC (data not shown), thus IR‑β was used as a control
in the plasma membrane in the present study. GLUT1 expres‑
sion in the plasma membrane was significantly increased
by 5‑ALA/SFC by 2.5‑fold relative to the control (Fig. 2D).
Insulin markedly increased GLUT1 expression in the plasma
membrane by 1.4‑fold relative to the control, but the differ‑
ence was not statistically significant (Fig. 2D). By contrast,
insulin significantly increased GLUT4 expression in the
plasma membrane by 2.5‑fold relative to the control (Fig. 2D).
GLUT4 expression in the plasma membrane was increased
in 5‑ALA/SFC‑treated cells by 1.7‑fold relative to that in the
control, but this change was not significant (Fig. 2D). Overall,
these results suggested that 5‑ALA/SFC upregulated glucose
uptake via GLUT1 translocation in myotube cells.

Discussion
The present study investigated the mechanism underlying
the 5‑ALA/SFC‑mediated increase in glucose uptake using
HFD‑fed diabetic mice in vivo and C2C12 myotube cells in
vitro. Administration of 5‑ALA/SFC suppressed body weight
gain and recovered impaired glucose tolerance in HFD‑fed
mice. These results are consistent with those of our previous
report (13), which suggests that improved obesity and glucose
tolerance are directly caused by 5‑ALA/SFC to reduce fat
accumulation and promote glucose uptake from blood to cells.
Additionally, this study revealed that 5‑ALA/SFC enhances
glucose uptake in 3T3‑L1 adipocytes by 70‑90% and rat
L6 myoblasts by 30% relative to the uptake in untreated
cells (13). The present study confirmed that both 5‑ALA alone
and 5‑ALA/SFC promoted glucose uptake in mouse C2C12
myotube cells. Additionally, the target organs in mice with
increased glucose uptake by 5‑ALA/SFC were demonstrated
to mainly be the gastrocnemius muscle and the heart. It was
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suggested that the 5‑ALA/SFC‑mediated increase of glucose
uptake in gastrocnemius muscle and heart indicated the
existence of an unknown mechanism by which 5‑ALA/SFC
enhances glucose uptake specifically in these muscles.
Muscle is a major contributor to the basal metabolic rate of
the whole body (22,23) and is responsible for ~20% of the energy
consumption in the whole body at rest (23,24). Thus, glucose
uptake in muscles can be more energy efficient compared with
glucose uptake in other organs. The present study revealed
that glucose uptake is the highest in soleus muscle among all
examined organs; however, soleus muscle was not affected by
5‑ALA/SFC. It was hypothesized that glucose uptake in both
gastrocnemius muscle and heart sufficiently lowered systemic
glucose concentrations in HFD‑fed mice, because the weight of
the soleus was lighter compared with the weight of the gastroc‑
nemius. When calculated as the total amount of 2DG uptake
per organ, gastrocnemius muscle demonstrated greater uptake
compared with soleus muscle. Decreased blood glucose level in
the HFD + 5‑ALA/SFC group was considered to be the result
of increased direct glucose uptake from blood to muscle tissues.
The current study demonstrated that the combination treat‑
ment of 5‑ALA and SFC on C2C12 cells enhanced glucose
uptake. SFC alone did not affect glucose uptake, whereas 5‑ALA
alone treatment weakly enhanced glucose uptake in C2C12 cells.
These results are consistent with our previous report on glucose
uptake in rat L6 skeletal muscle cells (13), and also suggested
the importance of 5‑ALA metabolization to heme by adding
SFC to increase glucose uptake in muscle tissues. Presumably,
treatment with 5‑ALA alone resulted in the metabolization of
some 5‑ALA to heme by using iron in a culture medium, which
slightly increased the glucose uptake in C2C12 cells.
5‑ALA is considered a precursor of the mitochondrial
electronic transport chain complex and upregulates ATP
production by inducing the expression levels of complex IV
and ATP synthase in vivo (9,25). Overall, the combination
of 5‑ALA and SFC improves aerobic metabolism, thereby
promoting cellular glucose consumption and leading to lower
blood glucose levels (11,13). Glucose uptake in muscle tissues
is known to be caused mainly by insulin‑independent GLUT1
and insulin‑dependent GLUT4 (16,26‑28). In the present
study, the C2C12 cell experiment results demonstrated an
insignificant increase of GLUT1 translocation in insulin treat‑
ment compared with controls. This indicated that a significant
induction of GLUT1 translocation may not always occur
after insulin treatment. A previous report demonstrated that
GLUT1 translocation is unchanged by insulin treatment in
L6 cells (29). In the present study, 5‑ALA/SFC significantly
increased GLUT1 translocation from the cytoplasm to the
plasma membrane compared with that of GLUT4 in C2C12
cells, without affecting GLUT1 expression. GLUT4 is
required for acute insulin‑ and contraction‑induced glucose
uptake in skeletal muscle. However, the effect of GLUT1 on
the skeletal muscle glucose uptake remains unclear. GLUT1 is
widely expressed in various types of cells and tissues, such as
erythrocytes and the brain (30,31). GLUT1 is responsible for
basal glucose transport and necessary for cell survival (30).
Thus, the effect of 5‑ALA/SFC on the membrane localization
of GLUT1 may increase systemic glucose metabolism. Further
examination of the 5‑ALA/SFC mechanisms in diabetic mice
or human muscle cells will be carried out in the future.

The present study has some potential limitations. First, C2C12
cells are mouse myotube cells, thus the effect of 5‑ALA/SFC
on GLUT1 translocation in human cell lines has not been veri‑
fied. The purpose of these cellular experiments was to clarify
the contribution of GLUT as a result of 5‑ALA/SFC‑induced
glucose uptake in HFD‑fed mice. C2C12 cells are a well‑docu‑
mented model of diabetes (32). Differentiated C2C12 cells have
myosin and glycogen, and closely mimic human myotube (32);
therefore, this effect of 5‑ALA/SFC was considered similar to
humans. However, an additional study using a human cell line
should be conducted in the future. Second, the present study
has a lack of knockdown or inhibitor experiments; therefore,
the mechanism of 5‑ALA/SFC on GLUT1 translocation may
not be accurately concluded from these results. STF31, the only
GLUT‑1 specific inhibitor, blocks GLUT1 activity by inhibiting
NAD synthase (33‑35). Thus, STF31 inhibits mitochondrial
function. It is hypothesized that 5‑ALA/SFC‑induced glucose
uptake results from enhanced mitochondrial function. STF31
would possibly antagonize the effect of 5‑ALA/SFC by inhib‑
iting mitochondrial function. Therefore, STF31 is considered
inappropriate to evaluate the effectiveness of 5‑ALA/SFC. On
the other hand, GLUT1 siRNA is likely to affect cell survival
and differentiation. Differentiated cells that express GLUT1
and GLUT4 are essential for the glucose uptake test (19), and
mixed culture of un‑differential cells cannot be evaluated.
GLUT1 siRNA can affect the experimental system itself as
well as GLUT1 interference. Resolving these limitations are
still difficult to achieve and are a future challenge.
In conclusion, the current study demonstrated that
5‑ALA/SFC enhanced glucose uptake in skeletal muscles and
heart, and prevented impaired glucose tolerance in HFD‑fed
mice. Moreover, it was revealed that GLUT1 translocation
may be involved in this mechanism. However, further studies
are warranted to elucidate the molecular mechanisms under‑
lying GLUT1 translocation by 5‑ALA/SFC. The present
results suggested that 5‑ALA/SFC may be a useful drug for
the treatment of diabetes, particularly in patients with insulin
resistance and resistance to existing antidiabetic drugs.
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