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Background: Rosmarinic acid (RA) is a natural substance that may be useful for treating
diabetes mellitus. The present study investigated the effects of RA on glucose homeostasis
and insulin regulation in rats with streptozocin (STZ)-induced type 1 diabetes or high-fat diet
(HFD)-induced type 2 diabetes.

Methods: Glucose homeostasis was determined using oral glucose tolerance tests and post-
prandial glucose tests, and insulin activity was evaluated using insulin tolerance tests and the
homeostatic model assessment for insulin resistance. Additionally, the protein expression levels
of PEPCK and GLUT4 were determined using Western blot analysis.

Results: RA administration exerted a marked hypoglycemic effect on STZ-induced diabetic
rats and enhanced glucose utilization and insulin sensitivity in HFD-fed diabetic rats. These
effects of RA were dose-dependent. Meanwhile, RA administration reversed the STZ- and HFD-
induced increase in PEPCK expression in the liver and the STZ- and HFD-induced decrease in
GLUT4 expression in skeletal muscle.

Conclusion: RA reduces hyperglycemia and ameliorates insulin sensitivity by decreasing
PEPCK expression and increasing GLUT4 expression.

Keywords: diabetes mellitus, STZ, HFD, HOMA-IR, PEPCK, GLUT4

Introduction

Diabetes mellitus (DM) is one of the most common metabolic disorders. Its prevalence
has grown as a result of the increased consumption of high-calorie foods and the
increased adoption of a sedentary lifestyle. Pharmacological approaches to this disease
frequently induce drug-related problems that are primarily seen in patients receiving
multiple drugs to control their medical conditions. Complementary or alternative
treatments, such as herbal compounds, are frequently used to treat diabetes.! In fact,
one of the most commonly used drugs, metformin, is plant derived. Therefore,
herbal medicine may be a promising source of compounds that are more effective
and less harmful than existing drugs and that may constitute innovative remedies for
treating DM.

Rosmarinic acid (RA) is a potent antioxidant that is present in many common
culinary herbs, such as those that belong to Lamiaceae, Boraginaceae, and Anthoc-
erotaceae families. RA was first isolated from rosemary (Rosmarinus officinalis), a
widely used culinary plant.? Recently, studies examining the utility of RA to treat
diabetic conditions have suggested that RA may reduce diabetes-induced disorders and
complications. In diabetic animals, initial studies showed that RA may control plasma
glucose by modulating SGLT1 trafficking to the intestinal brush-border membrane®
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to ameliorate hyperglycemia (HG).* Moreover, RA has been
shown to protect endothelial functions® and to prevent diabe-
tes-induced sexual disorders by elevating serum testosterone
levels,® primarily via its antioxidative effects. Furthermore,
RA protects against diabetic glomerular deterioration’ and
nephropathy,’® and it confers neuroprotective effects under
ischemic conditions’ and in diabetic neuropathy.'® Addition-
ally, it mitigates oxidative diabetes-induced brain damage.!!
RA also protects pancreatic cells from glucolipotoxicity.'?
These findings indicate that RA may ameliorate DM-induced
disorders and complications. However, the mechanism(s)
potentially underlying the RA-induced amelioration of DM
remains unclear.

To explore the role of RA in diabetes treatments, the
present study investigated the effect of RA on glucose
homeostasis and insulin regulation in two animal models of
diabetes: streptozocin (STZ)-induced type 1-like diabetes in
rats and high-fat diet (HFD)-induced type 2-like diabetes in
rats. We performed oral glucose tolerance tests (OGTTs) and
postprandial glucose tests (PGTs) to evaluate glucose utiliza-
tion, and we used insulin tolerance tests (ITTs) to evaluate
insulin sensitivity and the homeostatic model assessment
(HOMA) to characterize insulin resistance. Additionally,
the protein expression levels of PEPCK and GLUT4 were
determined using Western blot analysis to investigate the
potential mechanism(s) underlying the effects of RA on
glucose homeostasis.

Materials and methods

Animals

Seven-week-old male Wistar rats weighing 170-210 g
were obtained from Japan SLC, Inc. (Hamamatsu, Japan).
These rats were housed individually in a pathogen-free,
temperature- (25°C) and humidity-controlled room on a
12-hour light/12-hour dark cycle (lights on at 7 am) at the
animal center of Kagoshima University (Kagoshima, Japan).
The animals had free access to food and tap water. All experi-
mental procedures were approved by the Ethics Committee for
Animal Care and Use of Kagoshima University (institutional
review board approval number MD15017) and conducted in
accordance with the Japanese National Standardized Guide-
lines for Animal Experiments of Kagoshima University.

Induction of diabetes

After animals had fasted (48 hours), type 1-like diabetes
was induced using a single intraperitoneal injection of STZ
(65 mg/kg; Sigma-Aldrich, St Louis, MO, USA) that was
freshly dissolved in a citrate buffer (10 mM, pH 4.5). On the

seventh day after STZ administration, blood glucose concen-
trations were evaluated in samples obtained from tails using
a blood glucose meter. Only rats with a basal blood glucose
level >300 mg/dL were considered diabetic.

An insulin-resistant model was induced by feeding the
rats with a HFD (60% kcal fat; D12492; Research Diets
Inc., New Brunswick, NJ, USA) ad libitum for 8 weeks.
The altered animals were then validated: HFD rats showed
significant gains in body weight, accumulated body fat, and
impaired glucose tolerance (fasting glucose =130 mg/dL).

Experimental procedure and drug

administration

Once HGwasachieved(DM1=300mg/dL, HFD =130mg/dL),
the animals were assigned to a working group (n=8), and each
group was treated with RA at the indicated dose for 7 days.
RA (=98% purified by high-performance liquid chromatog-
raphy; Sigma-Aldrich) was dissolved in saline and admin-
istrated via intraperitoneal injection once a day for 7 days.
The control group was administered saline. Additionally, to
investigate the chronic effects of RA, additional STZ and
HFD groups that displayed HG were treated with RA at the
indicated dose for 28 days. Then, changes in body weight and
variations in daily food and water intake were evaluated on
the 28th day and compared to the values that were obtained
on the first day prior to treatment with RA.

Once treatment was complete, the animals were fasted
for 8 hours and then anesthetized using an intraperitoneal
injection of pentobarbital (150 mg/kg). After blood samples
were obtained via heart puncture, the animals were sacrificed
using cervical dislocation. Serum was collected in heparin-
ized tubes containing heparin and maintained on ice. The
samples were centrifuged at 3,000x g for 15 minutes at 4°C,
and then the top yellow plasma layer was carefully pipetted
and placed in a new tube. Liver samples were also collected
from the right ventral lobe, and skeletal muscle samples
were taken from soleus muscle. All samples were frozen in
isopentane, cooled in liquid nitrogen, and stored at —80°C
until further processing. To investigate its chronic effects,
RA was administered to rats for 28 days after a confirmation
of diabetes, and food and water intake was measured during
the RA administration period. No infusion-related side effects
were observed during RA treatment.

Measurements of biochemical parameters
To study the effectiveness of RA at different doses in modulating
hypoglycemic activity, postprandial blood glucose (PGT) was
estimated daily during the RA treatment period in the STZ rats.
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Fasting animals (8 hours) were fed a bolus of 180 mg/dL of
glucose, and 2 hours later, their blood was drained and tested
to determine the concentration of glucose.

Tounderstand the acute effects of RA on glucose modula-
tion, OGTTs were performed in the normal and STZ groups.
The rats were fasted for 8 hours, and D-glucose (2 g/kg) was
then administered via intragastric gavage to each rat. Blood
samples were drawn from the tail vein of each rat at 0, 30,
60, 120, and 180 minutes after the administration of glucose,
and glucose levels were measured. The OGTT was performed
after 7 days of treatment with RA. The area-under-the-curve
(AUC) value of glucose was determined using the total AUC
from the sampling period from 0 to 120 minutes.

Plasma glucose levels were measured using a blood
glucose meter (NIPRO, Osaka, Japan), and insulin levels
were determined using enzyme-linked immunosorbent
assay (ELISA) with a rat insulin ELISA kit (Mercodia AB,
Uppsala, Sweden) according to the manufacturer’s instruc-
tions. To determine whether RA treatment improved insulin
resistance, we assessed the results of the ITT and the HOMA
for insulin resistance (HOMA-IR) on the first and last days
of RA treatment. In the ITT experiment, after the rats were
fasted for 8 hours, they were intraperitoneally injected with
insulin at 0.5 IU/kg body weight, and blood samples were
collected at 0, 15, 30, and 60 minutes to measure glucose
levels. The HOMA index was calculated as the fasting
glucose concentration (mmol/L) X the fasting insulin con-
centration (U/mL)/22.5, with the insulin resistance of normal
subjects assumed to be 1, as previously described.'

Western blot analysis

The expression of PEPCK and GLUT4 was characterized
using Western blot analysis as previously described.'* Frozen
muscle samples (100 mg) were homogenized in 1 mL of
lysis buffer. The homogenate was centrifuged at 1,000x g
for 5 minutes to pellet the nuclei and insoluble material.
The supernatant was moved to a new tube and further cen-
trifuged at 100,000x g for 1 hour to pellet the membranes.
The supernatant from this step was collected as the cytosolic
fraction that was used in the assay. Protein concentrations
were measured using bicinchoninic acid protein assay
methods (Thermo Fisher Scientific, Waltham, MA, USA).
Protein samples were filtered and transferred to membranes
via sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (10% acrylamide gels) in a Bio-Rad Trans-Blot system
(Bio-Rad Laboratories, Inc., Tokyo, Japan). The membranes
were submerged in 5% nonfat milk in Tris-buffered saline
containing 0.1% Tween 20 (TBS-T) for ~1 hour. They were

then washed in TBS-T and hybridized with primary antibod-
ies (diluted in Tris-buffered saline) for 16 hours. The fol-
lowing specific antibodies were used to characterize protein
expression: PEPCK (anti-rabbit, 1:1,000 dilution; Santa
Cruz Biotechnology Inc., Dallas, TX, USA) and GLUT4
(anti-mouse, 1:1,000 dilution; Abcam plc, Cambridge,
UK). Additionally, the membranes were incubated with an
antibody for B-actin (Sigma-Aldrich) (1:5,000 dilution) as
the internal control. Incubation with secondary antibodies and
antigen—antibody complex detection were performed using
an electrochemiluminescence kit (Thermo Fisher Scientific).
The immunoblots for PEPCK (62 kDa), GLUT4 (30 kDa),
and B-actin (42 kDa) were compared to those for anti-B-actin
(1:1,000; Santa Cruz Biotechnology), which was used as an
internal control.

Statistical analysis

Statistical analyses were performed using SPSS software
(SPSS Inc., Chicago, IL, USA). Between-group differences
were analyzed using one-way analysis of variance followed
by Dunnett or Tukey—Kramer multiple comparisons tests.
A post hoc least significant difference test was used to analyze
insulin and HOMA-IR. OGTT responses were analyzed
using repeated measures analysis of variance. The results
are reported as the mean =+ standard error of the mean and
were considered significant at P<<0.05.

Results

RA improved glucose homeostasis in the
diabetic groups

Figure 1 demonstrates that PGT was performed via
an intraperitoneal injection of a 20% glucose solution
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Figure | Dose-response effects of RA on plasma glucose level in STZ-rats.
Notes: STZ rats were administered saline or RA (120, 160, or 200 mg/kg) via
an intraperitoneal injection. Plasma glucose levels were determined at 120 minutes
after RA treatment. The data are expressed as the means = SEM (n=8). **P<0.01,
significantly different from the value in the respective saline-administered STZ rats
(control).

Abbreviations: RA, rosmarinic acid; STZ, streptozocin; SEM, standard error of
the mean.
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Notes: After an 8-hour fast, normal and STZ-induced diabetic mice were intragastrically administered with equal volumes of 0.9% saline or different doses of RA (120, 160,
and 200 mg/kg). After |5 minutes, D-glucose (2 g/kg) was orally administered for the OGTT. The results represent the OGTT in (A) normal and (B) diabetic mice, and
(C and D) the corresponding calculated relative AUC for glucose concentration. The results are expressed as the means + SEM (n=8); *P<<0.05 and **P<<0.0] compared to

the control group.

Abbreviations: RA, rosmarinic acid; OGTT, oral glucose tolerance test; STZ, streptozocin; AUC, area under the curve; SEM, standard error of the mean.

(2 mg/g of body weight) at 1 week after STZ administration.
Plasma glucose levels decreased and reached a minimum
value at 120 minutes. The higher dose of RA (200 mg/kg)
resulted in a lower glucose level than the 160 mg/kg dose.
It therefore appears that 200 mg/kg of RA is the most effec-
tive dose for affecting postprandial blood glucose in STZ rats.
Thus, we found that RA had a pronounced dose-dependent
hypoglycemic effect.

In pharmacology studies, OGTT was performed after the
STZ rats and normal rats were treated with RA (Figure 2)
to demonstrate the therapeutic efficiency of RA. The OGTT
showed that the maximal blood glucose levels at 30 minutes
after glucose administration were 183%5.12 mg/dL in normal
rats and 522+11.99 mg/dL in diabetic rats. Pretreatment with
RA improved glucose tolerance in a dose-dependent manner
(Figure 2A and B) and significantly reduced the calculated
relative area under the glucose concentration curve (AUC)
(Figure 2C and D) in both normal and diabetic rats.

In the HFD group, ITT was conducted once a hyperg-
lycemic condition was confirmed to determine the effect of
RA on insulin sensitivity. The blood glucose level in the
RA-administered group (160 and 200 mg/kg) was signifi-
cantly different and remained lower after insulin loading than
the level in the diabetic rats at the 15- and 30-minute time
points (Figure 3). These results indicate that RA enhanced

insulin sensitivity in diabetic rats. The effect of RA on insulin
sensitivity was greater at higher doses.

RA reversed insulin resistance in the
insulin-resistant group

Plasma glucose and insulin levels were measured to deter-
mine the effect of RA on insulin sensitivity in HFD-fed rats.
Before the administration of RA, the rats in all groups were
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Figure 3 Insulin tolerance test in HFD-fed diabetic rats after 7 days of RA treatment
at the indicated doses.

Notes: The values indicate the mean + SEM (n=8). *P<<0.05, **P<<0.0l, and
***P<0.005 compared to the saline-administered HFD rat control group, which
received the same volume of vehicle.

Abbreviations: HFD, high-fat diet; RA, rosmarinic acid; SEM, standard error of
the mean.
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Table | Effect of rosmarinic acid on blood glucose, plasma
insulin, and HOMA-IR levels in the experimental groups of rats
after a 7-day experimental period

Groups Normal HFD HFD + HFD +
120 mg/kg 200 mgl/kg
Glucose (mmol/L) 571+0.16 7.42+0.13 7.04+0.10  6.67+0.08
Insulin (LU/mL) 36.60+1.10 74.76£2.83 66.65+4.11  59.01+3.81
HOMA-IR 9.1240.24 24.70+1.14 20.76£1.09 17.50+1.18

Note: The values are shown as the mean + SEM (n=8).
Abbreviations: HOMA-IR, homeostatic model assessment for insulin resistance;
HFD, high-fat diet; SEM, standard error of the mean.

confirmed to be markedly hyperglycemic, with fasting plasma
glucose levels >130 mg/dL. The insulin and plasma glucose
levels after 7 days of RA treatment were significantly lower
than the levels in the control group (insulin 537.76120.71 vs
409.79426.49 pmol/L and fasting plasma glucose 13313.61
vs 12042.41 mg/dL, both shown before RA treatment vs after
7 days of RA treatment; P<<0.05). ITT was conducted once
a hyperglycemic condition was confirmed to determine the
effect of RA on insulin sensitivity. Compared to the chow
diet group, the HFD-fed rats were insulin resistant. Within the
HFD group, the blood glucose level in the RA-administered
group (160 and 200 mg/kg) was significantly different after
insulin loading and remained lower than the level in the
diabetic rats at the 15- and 30-minute time points (Figure 3).
The mean values of the analyzed parameters (insulin, glyce-
mia, HOMA-IR) in the study groups are shown in Table 1.
These data indicate that RA enhanced insulin sensitivity in
diabetic rats. The effect of RA on insulin sensitivity was
greater at higher doses.

In addition, a comparison of the effects of lowest and high-
est dosage (120 and 200 mg/kg) of RA revealed a dose-related
effect on plasma insulin and glucose levels (data not shown).
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X 30-
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Figure 4 HOMA-IR analysis in HFD-fed diabetic rats after the 7-day experimental
period.

Notes: The values represent the mean + SEM (n=8). *P<<0.05 and **P<<0.0l
compared to the HFD group, which received the same volume of vehicle.
Abbreviations: HOMA-IR, homeostatic model assessment for insulin resistance;
HFD, high-fat diet; SEM, standard error of the mean.

Furthermore, in the HFD-fed diabetic rats, RA decreased
the HOMA-IR index in a dose-related manner (Figure 4).
Therefore, RA treatment for 7 days reversed insulin resistance
in HFD-fed rats.

Effects of RA on hepatic gluconeogenesis
activity via PEPCK expression and on

insulin sensitivity via GLUT4 expression
The protein expression levels of PEPCK and GLUT4 were
analyzed in STZ-induced diabetic rats and HFD-fed diabetic
rats using Western blot analysis. PEPCK expression was
markedly increased in isolated liver cells (Figures 5 and 6) in
both the STZ-induced diabetic rats and the HFD-fed diabetic
rats. RA treatment reduced hepatic PEPCK expression in both
groups, suggesting that RA increased gluconeogenesis in the
livers of diabetic rats. However, the decrease in PEPCK levels
in the STZ group was more significant than the decrease in
the HFD group. Additionally, we examined GLUT4 protein
expression in muscle tissues to explore changes in glucose
uptake (Figure 6), and we found that GLUT4 expression was
significantly lower in both the STZ-induced diabetic rats and
the HFD-fed diabetic rats. RA treatment markedly increased
GLUT4 expression in both groups. Therefore, RA increased
GLUT4 expression in skeletal muscle.

Effect of RA on body weight, water

intake, and food intake

To investigate the long-term effects of RA in diabetic rats,
changes in body weight and daily food and water intake were
measured in both the STZ and the HFD groups, and the results
are shown in Table 2. The administration of RA (120, 160,
or 200 mg/kg) for 28 days caused a significant decrease in
body weight in the HFD group, but there was no significant
difference in daily food or water intake. Furthermore, RA had
no significant effect on body weight or daily food or water
intake in the normal (control) and STZ groups.

Discussion

Diabetic disorders are metabolic diseases that are character-
ized by prolonged HG, mainly as a result of the dysfunctional
secretion and action of insulin. Glucose-stimulated insulin
secretion occurs mainly in B-cells in the islets of Langerhans
of the pancreas, and this process enhances glucose uptake.'’
Therefore, the main diabetes treatment strategies are designed
to maintain blood glucose levels, enhance B-cell function,
and reduce insulin resistance to prevent complications. Mean-
while, medications used to treat diabetic disorders must not

Drug Design, Development and Therapy 2016:10
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Figure 5 Effect of RA on the PEPCK protein levels in the liver and GLUT4 protein levels in the skeletal muscle of STZ-induced diabetic rats.

Notes: Sample extracts were prepared from the NC, STZ, and STZ + RA groups. STZ rats were treated with RA (200 mg/kg) via intraperitoneal injection for 7 days.
(A) The PEPCK expression level in the liver. (B) Immunoblots of GLUT4 levels in the cytosol and membrane fractions of skeletal muscle samples. GLUT4 protein levels in
the rats fed control chow were used as the control for the relevant quantifications. Each bar represents the mean + SEM (n=6). *P<0.05 vs NC and #P<<0.05 vs STZ.
Abbreviations: RA, rosmarinic acid; STZ, streptozocin; NC, normal control; SEM, standard error of the mean.
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Figure 6 Effect of RA on PEPCK protein levels in the liver and GLUT4 protein levels in the skeletal muscle in HFD rats.

Notes: Sample extracts were prepared from the NC, HFD, and HFD + RA groups. HFD rats were treated with RA (200 mg/kg) via intraperitoneal injection for 7 days.
(A) PEPCK expression levels in the liver. (B) Immunoblots showing GLUT4 levels in the cytosol and membrane fractions of skeletal muscle samples. The GLUT4 protein level
in rats fed control chow was used as the control for the relevant quantifications. Each bar represents the mean £ SEM (n=6). *P<<0.05 vs NC and #P<<0.05 vs HFD.
Abbreviations: RA, rosmarinic acid; HFD, high-fat diet; NC, normal control; SEM, standard error of the mean.

Table 2 Changes in body weight, food intake, and water intake in the experimental groups

Groups Body weight (g) Food intake (g) Water intake (mL)
Day | Day 28 Day | Day 28 Day | Day 28

Control 194.10+4.27 231.92+5.87 21.29+1.22 28.19+1.67 30.18+4.05 35.98+2.80
RA 120 mg/kg 193.28+4.39 226.99+10.04 21.59+2.11 28.3142.12 30.57+3.37 39.2745.17
RA 160 mg/kg 192.78+4.68 212.43+7.50 22.81+2.54 29.88+2.33 31.25+3.49 36.27+3.78
RA 200 mg/kg 194.80+4.98 215.52+8.13 21.82+2.20 28.39+2.59 31.95+3.68 39.22+5.31
STZ 202.81+3.43 174.18+5.02 36.02+2.70 54.26+3.26 149.20+6.45 202.99+6.67
RA 120 mg/kg 201.45+4.47 174.25+4.84 36.01+2.07 52.67+3.58 150.15£7.19 207.25+6.23
RA 160 mg/kg 203.96+4.38 176.67£5.79 36.82+1.99 52.05+3.05 152.49+6.88 208.91+7.94
RA 200 mg/kg 202.12+4.54 177.42+6.86 36.84+2.26 49.08+4.56 155.33£8.99 204.44+7.86
HFD 330.17+5.40 389.82+8.95 56.48+2.53 77.99+3.28 38.05+3.86 42.85+3.71
RA 120 mg/kg 331.94+4.42 365.261+6.65*% 56.88+2.69 74.90+3.66 39.79+3.83 42.05+5.71
RA 160 mg/kg 330.31+£5.75 359.34+9.09* 55.52+4.26 73.02+3.43 37.12+4.71 43.85+4.40
RA 200 mg/kg 334.00+8.21 356.81+9.75* 58.00+2.63 68.13+4.01 39.79+3.83 44.82+5.02

Notes: The values are shown as the mean £ SEM (n=8). *P<<0.05 compared with the untreated group (vehicle).
Abbreviations: RA, rosmarinic acid; STZ, streptozocin; HFD, high-fat diet; SEM, standard error of the mean.
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only lower blood glucose levels but also improve glucose
homeostasis and insulin sensitivity.'®

Chemically, RA (alpha-O-caffeoyl-3,4-dihydroxyphenyl lac-
ticacid) is an ester of caffeic acid (CA) and 3,4-dihydroxyphenyl
lactic acid.'” It is a common CA ester often found in plants that
are the members of the Lamiaceae and Boraginaceae families.?
RA was originally isolated from rosemary (R. officinalis) by
ML Scarpatti and G Oriente in 1958. The chemical structure
of RA is a dimer of CA and 3,4-dihydroxyphenyl lactic acid,
with phenylpropanoid as the ester linkage. Biologically, it
is synthesized from 4-coumaroyl-4’-hydroxyphenyllactate.
In plants, RA constitutes an essential preformed defense com-
pound against pathogens and herbivores.>!” RA can be directly
absorbed from the gastrointestinal tract. In rats, oral adminis-
tration of RA produces seven metabolites in urine, including
the intact form of RA and other metabolites, such as trans-CA
4-O-sulfate, trans-ferulic acid 4-O-sulfate, trans-m-coumaric
acid 3-O-sulfate, trans-CA, trans-m-coumaric acid, and m-hy-
droxyphenylpropionic acid.'® These metabolites account for
~31.8% oftotal excretions in urine at 48 hours after oral admin-
istration of RA. Surprisingly, these metabolites are not found in
bile, suggesting that RA is mainly excreted in urine."

Antioxidant supplementation has been shown to improve
the overall treatment outcome of diabetes, particularly
chronic diabetes. Excessive oxidative stress worsens diabetic
conditions and their complications.?’ Persistent HG and
elevated levels of free fatty acids contribute to oxidative
stress and constitute a proximate cause of the onset and
progression of diabetes and its complications.'* Therefore,
in clinical practice, antioxidants are frequently included in
complementary therapeutics.?!

RA has been identified as a potent antioxidant.?>?
Extensive studies of RA have demonstrated its therapeutic
properties, which mainly stem from its potent antioxidative
effects.”> Those therapeutic properties include analgesic
and anti-inflammatory effects,? anticancer effects,® and
antidepressant, anxiolytic, and neuroprotective effects.?6?’
RA can also disrupt the amyloid-B conglomerates that are
characteristic of Alzheimer’s disease,?® and it has demon-
strated antiviral®® as well as antibacterial and nematicidal
activities.’® Additionally, no reports, including studies of
hepatic and renal function and extensive blood cell counts,
have identified any adverse effects of RA.3'*? Taken together,
these data suggest that RA is a potential treatment for dia-
betes, particularly chronic diabetes.

In the present study, we focused on the efficacy of RA
in treating diabetes. A previous paper showed that RA had
little impact on glucose levels in normal rats.* Therefore,
experiments were conducted to explore the effects of RA in

animal models of both type 1 and type 2 diabetes. Injecting
STZ at a high dose (>55 mg/kg) can induce type 1-like
diabetes® as a result of damage to pancreatic B-cells,
which subsequently causes HG. Therefore, this procedure
is frequently implemented to create animal models of
type 1 DM.3*% Furthermore, HFD feeding produces insulin
resistance®® and can be implemented to create animal models
of type 2 DM.**3*37 In the present study, RA was shown to
be effective at improving glucose homeostasis and insulin
sensitivity in a dose-dependent manner.

The results from the PGTs, OGTTs, and ITTs showed
that RA significantly improved glucose utilization and insulin
sensitivity in normal, HFD-fed, and STZ-induced diabetic
rats, all in a dose-dependent manner. The HOMA-IR pro-
vides an accurate measurement of insulin sensitivity in rats.>
The HOMA-IR evolved from the first HOMA, which was
introduced in 1985, and included modifications to formulate
amodel of steady-state insulin and glucose domains by deter-
mining the physiological dose responses of insulin secretion
and glucose uptake. In this assay, plasma glucose and insulin
concentrations were used to estimate peripheral and hepatic
glucose uptake and efflux. Thus, cell function defects could
be estimated by altering the cell response to plasma glucose
levels.*” In the present study, we adopted this model to esti-
mate insulin resistance based on fasting glucose and insulin
levels. The results of the HOMA-IR demonstrated that the
RA-treated rats showed a significantly higher dose-dependent
reduction than the rats in the control group, suggesting that
RA has the potential to improve insulin resistance.

The liver is a primary organ that is involved in the regu-
lation of blood glucose levels, and it does this by balancing
glucose uptake and storage (glycogenesis) with glucose
release (glycogenolysis and gluconeogenesis). Hepatic glu-
cose production (HGP) occurs via the breakdown of glycogen
and the de novo synthesis of glucose from noncarbohydrate
precursors via gluconeogenesis.***? In contrast to acute
HG, in which HGP and gluconeogenic gene expression
are suppressed, chronic HG is characterized by a progressive
increase in basal HGP and is the main form of HG observed
in diabetes.** The rate of gluconeogenesis is modulated by
enzymes, including PEPCK, fructose-1,6-biphosphatase,
and glucose-6-phosphatase.**** However, the initial step in
hepatic gluconeogenesis is catalyzed by PEPCK,* which
is upregulated during chronic HG, including when this
condition occurs in diabetic patients. Additionally, PEPCK
is insulin-independent* and can therefore be analyzed to
investigate the amelioration of HG separately from increased
insulin sensitivity. In the present study, the increase in the
level of PEPCK expression in the liver was significantly
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lower after RA treatment. This effect of RA contributed to
a reduction in HG in diabetic rats.

Skeletal muscle is a crucial site for glucose disposal
activities. Glucose uptake is increased by insulin in skeletal
muscles via the triggering of the translocation of GLUT4
from an intracellular deposit site to the membrane. There-
fore, impaired GLUT4 translocation increases insulin
resistance.®® Acute glucose-induced insulin resistance in
rat skeletal muscle results in part from the consequential
rapid decrease in GLUT4 in the plasma membrane. Glucose
induces a decrease in plasma membrane levels of GLUT4
as a protective mechanism against excessive glucose uptake
during HG accompanied by insulin resistance.*® Insulin sen-
sitivity is enhanced by an increase in GLUT4 expression in
skeletal muscle.*” In the present study, RA increased GLUT4
expression in skeletal muscle, and this process reversed the
development of insulin resistance.

The limitations of the present study are mainly associated
with the inclusion of data from only in vivo experiments. The
cellular actions of RA were not analyzed in this report. There-
fore, the mechanisms underlying the RA-induced increases
of PEPCK and GLUT4 expression and the amelioration of
HG, glucose levels, and insulin tolerance by upregulation
of these proteins require additional studies for clarification.
Additionally, many enzymes and pathways contribute to
the regulation of HGP. Other key enzymes in the glucose
phosphorylation/dephosphorylation, glycogen synthesis/deg-
radation, and glycolysis and gluconeogenesis pathways must
be analyzed in future studies. RA possesses antioxidant-like
activity, and antioxidants are associated with decreased HG in
animals.*®# Therefore, the attenuation of HG by RA is likely
to stem, in part, from its antioxidant-like activity. However,
this hypothesis was not addressed in the present study.

Conclusion

The obtained data suggest that RA dose-dependently amelio-
rates HG and insulin resistance by decreasing PEPCK expres-
sion in the liver and increasing GLUT4 expression in muscles.
For comparison, the clinical dose of RA in humans is 200 mg/
kg,*® and this level has been found to be conducive to most of
its favorable biological properties, including anti-inflammatory
and antiallergic effects.”! In the present study, a 200 mg/kg dose
by body weight in rats was found to be the most effective dose
for attaining RA’s antidiabetic properties. This dose is similar
to that used in previous studies of RA in rats*>>* but may not
be appropriate for humans. Therefore, RA should be further
investigated in clinical trials to evaluate its effectiveness as a
new therapeutic agent for treating DM in humans.
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