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Abstract 

Background:  In the last few years, the effects of bioactive food components have received much attention because 
of their beneficial effects including decreasing inflammation, scavenging free radicals, and regulating cell signaling 
pathways. Betanin as a potent antioxidant has been previously reported to exhibit anti diabetic effects. The present 
study aimed to evaluate the effects of betanin on glycemic control, lipid profile, hepatic function tests, as well as the 
gene expression levels of 5′ adenosine monophosphate‑activated protein kinase (AMPK), sirtuin-1 (SIRT1), and nuclear 
factor kappa B (NF‑κB) in streptozocin (STZ) induced diabetic rats.

Methods:  Diabetes was induced in male Sprague–Dawley rats by intraperitoneal administration of STZ. Different 
doses of betanin (10, 20 and 40 mg/kg.b.w) was administered to diabetic rats for 28 days. Fasting blood glucose and 
serum insulin were measured. The histopathology of liver and pancreas tissue evaluated. Real-time PCR was per‑
formed to assess gene expression levels.

Results:  Treatment of diabetic rats with betanin (10 and 20 mg/kg.b.w) reduced FBG levels compared to the control 
diabetic rats (P < 0.001). Betanin at the dose of 20 mg/kg.b.w was most effective in increasing serum insulin levels 
(P < 0.001) improving glucose tolerance test (GTT) as well as improvement in lipid profile and liver enzymes levels. 
According to histopathologic assay, different damages induced by STZ to liver and pancreas tissues was largely elimi‑
nated by treatment with 10 and 20 mg/kg.b.w of betanin. Betanin also significantly upregulated the AMPK and SIRT1 
and downregulated the NF-κB mRNA expression compared to the diabetic control rats (P < 0.05).

Conclusion:  Betanin could modulate AMPK/SIRT1/NF-κB signaling pathway and this may be one of its anti-diabetic 
molecular mechanisms.
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Background
Diabetes mellitus (DM) is one of the most critical health 
problems [1] which its complications reduce the patient’s 
quality of life [2]. The burden of DM has risen signifi-
cantly [3] and it has been estimated that the number of 
diabetic people in the world will be rising to 642 million 
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by 2040 [4]. The increasing morbidity and mortality rates 
observed among diabetic patients are majorly due to the 
high incidence and severity of diabetic complications due 
to lack of proper management and persistent hypergly-
cemia which results  in derangements in metabolic pro-
cesses such as glucose, lipid, and protein metabolism [5]. 
Although the precise etiopathogenesis of DM is not com-
pletely elucidated, oxidative stress, inflammatory factors, 
and autoimmune reactions have all been proposed as the 
major pathogenic risk factors for DM [6].

In the last few years, the effects of bioactive food com-
ponents have received much attention because of their 
beneficial effects including decreasing inflammation, 
scavenging free radicals, and regulating cell signaling 
pathways [7]. Betalains, the natural pigments of red beet-
root (Beta vulgaris L.) are presently gaining popularity 
for use as natural colorants in the food industry. Tradi-
tionally, red beetroots have been used to treat diabetes in 
many countries. Betanin is the main betalain that causes 
the red-violet color of beetroot and has been shown to 
exhibit anti-diabetes, anti-oxidative, and anti-inflamma-
tory properties [8, 9].

Previous studies on rats with diabetes mellitus, oral 
betanin administrations positively regulated glycemic 
parameters and the activity of glycolytic enzymes such 
as glucokinase and pyruvate kinase. In addition, betanin 
administration significantly decreased gluconeogenic 
enzymes activity, which suggests that betanin could mod-
ulate carbohydrate metabolism [10, 11]. However, the 
exact effect of betanin in diabetes and the underlying cel-
lular mechanisms have not been elucidated.

Adenosine 5′-monophosphate-activated protein kinase 
(AMPK) is a major energy sensor enzyme and a master 
regulator of metabolic  homeostasis; hence, AMPK is 
considered as a key therapeutic target for the treatment 
of diabetes [12, 13]. AMPK can produce an anti-inflam-
matory effect and inhibit oxidative stress through the 
activation of the SIRT1-related pathway [14–16].

Sirtuins, a family of NAD+ dependent protein/histone 
deacetylases act as cellular metabolic sensors [17]. Of 
them, sirtuin-1 (SIRT1) has been shown to regulate vari-
ous metabolic pathways including glucose homeostasis, 
lipid metabolism, insulin secretion and sensitivity, cellu-
lar aging, and apoptosis [18]. In addition, SIRT1 prevents 
diabetes by reducing oxidative stress and inflammation. 
It has been shown that overexpression of SIRT1 reduces 
insulin resistance [19] and its gene mutation may induce 
type 1 diabetes mellitus [20]. Therefore, alterations in 
SIRT1 gene expression may be associated with the patho-
genesis of diabetes and its complications [19, 21].

AMPK and SIRT1 share many common target mol-
ecules and both regulate each other. The evidence sug-
gests that the activation of AMPK signaling suppresses 

the expression of the nuclear factor-kappa B (NF-κB) by 
increasing the expression of SIRT1, thereby contribut-
ing to the protection against obesity, inflammation, and 
insulin resistance [15, 22]. SIRT1 and NF-κB have antag-
onist crosstalk in regulating inflammatory responses and 
metabolic disorders. SIRT1 shows an anti-inflammatory 
effect through inhibition of NF-κB activation. In contrast, 
NF-κB signaling, and inflammatory response can sup-
press the SIRT1 activity [23, 24]. Therefore, these path-
ways represent as potential targets for the development 
of therapies to prevent and reduce the incidence of meta-
bolic disease complications and development.

The effects of several plant bioactive components on 
AMPK and SIRT1 activations have been demonstrated 
previously [25–27]. However, despite the available data 
on anti-diabetic properties of betanin, no evidence is 
available regarding possible effects of betanin on AMPK 
and/or SIRT1 expression levels in diabetes. Several previ-
ous studies reported the increased SIRT1 expression fol-
lowing betalains and betacyanins rich supplements [28, 
29].

With this background, the aim of the current study was 
to investigate the effects of betanin on glycemic control, 
lipid profile, hepatic function tests, as well as histopatho-
logical findings of the liver and pancreas tissues and then 
to investigate whether betanin could modulate AMPK/
SIRT1/NF-κB signaling pathway in STZ-induced diabetic 
rats.

Materials and methods
Chemicals and kits
STZ was purchased from Sigma Aldrich (Germany) and 
betanin was purchased from TCI (Japan). Rat insulin kit 
(ELISA) was provided from Bioassay Technology Labora-
tory (BT Lab), Shanghai Korain Biotech Co Ltd (China). 
The kits used for measuring aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), triglyceride (TG), 
total cholesterol (TC), and high-density lipoprotein cho-
lesterol (HDL-C) were obtained from Pars Azmoon, Iran. 
Ethanol, methanol, eosin, hematoxylin, and paraffin were 
purchased from MERCK (Germany). The total RNA iso-
lation kit was provided from FAVORGEN (Taiwan). The 
cDNA synthesis kit was obtained from BioFACT (Korea) 
and SYBR Green Master Mix from TaKaRa (Japan).

Betanin was purchased from TCI America (CAS Num-
ber: 7659-95-2, Product number: B0397, Lot number: 
25XUG).

Experimental animals and design
A total of 42 male Sprague–Dawley rats (180–240 g) were 
used in this study. They were housed in a room with 12-h 
light/dark cycles, a temperature of 25 °C, and free access 
to the food and water. All procedures were according to 
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the Ethics Committee of Zanjan University of Medical 
Sciences (IR.ZUMS.REC.1398.0134).

The experimental type 1 diabetes model was induced 
by the intraperitoneal injection of a single-dose of 60 mg/
kg STZ freshly dissolved in sodium citrate buffer (pH: 
4.5) [30–33]. After 72  h, blood samples were collected 
from the tail vein of the overnight fasted rats and glu-
cose levels measured by a glucometer (GLUCOCARD, 
ARKRAY, Japan). Rats with FBG over 250  mg/dl were 
considered diabetic and included in the study.

The animals were divided randomly into seven groups 
(six rats in each group): group I: normal control + normal 
saline (0.5  mL/day, orally), group II: normal rats + beta-
nin (40  mg/kg/day), group III: diabetic control + nor-
mal saline (0.5  mL/day, orally), group IV: diabetic 
rats + betanin (10  mg/kg/day, orally), group V: diabetic 
rats + betanin (20  mg/kg/day, orally), group VI: diabetic 
rats + betanin (40 mg/kg/day, orally), group VII: diabetic 
rats + glibenclamide as a positive control (5  mg/kg/day, 
orally).

The administration doses of betanin [11, 34] and glib-
enclamide [35, 36] were selected on the basis of previous 
studies. The fresh betanin solutions were orally adminis-
tered daily using rat gavage for 28 days. Body weight were 
measured on the 0th and 28th days of the study. At the 
end of the study period, the animals fasted overnight and 
blood samples were collected from the portal vein after 
anesthetization with ether. The serum and whole blood 
samples were collected for further biochemical and gene 
expression examinations. Then the animals were sacri-
ficed and their liver and pancreas were dissected out for 
histopathological examination.

Measurement of fasting blood glucose and glucose 
tolerance test
On the 7th, 14th, 21th and 28th days of the study and 
after the overnight fasting, blood samples were obtained 
from the tail vein, and then FBG levels were measured 
by using a digital glucometer (GLUCOCARD, ARKRAY, 
Japan). For evaluating the glucose tolerance test (GTT), 
after the FBG measurement, a dose of 2 g/kg of glucose 
solution was administered orally to the rats on the 28th 
day of the study and then blood glucose levels were meas-
ured at the 60 and 120  min after the oral glucose load 
[37]. Glucose levels were measured by using a digital glu-
cometer (GLUCOCARD, ARKRAY, Japan). The index of 
the area under the glycemic curve (AUC) was calculated 
in order to show the general increase in glucose concen-
trations after glucose consumption.

Insulin measurement
On the 28th day of the study, the serum insulin lev-
els were determined by rat insulin enzyme-linked 

immunosorbent assays kit (Bioassay Technology Labo-
ratory, BT Lab, China) according to the instructions of 
manufacturer.

Measurement of lipid profile and liver enzymes levels
Serum TG, TC, HDL-C, AST, and ALT levels were meas-
ured by a commercial kit (Pars Azmoon, Iran). LDL-C 
was calculated by the Friedewald [38] equation: LDL-
Cholesterol (mg/dl) = [TC-HDL-(TG/5)].

Histopathological examination
The pancreas and liver were dissected out and immedi-
ately rinsed with normal saline solution. These tissues 
were fixed in 10% formaldehyde for 48–72 h, embedded 
in paraffin, and were cut into 5 μm thick sections. Then, 
the sections were stained with hematoxylin and eosin 
(H&E) and examined by light microscopy.

Real‑time PCR
On the final day of the experiment, blood samples were 
collected from the rat’s retro-orbital plexus of the eye. 
First, the mRNA was extracted from whole blood sam-
ples and liver tissues by FavorPrep™ Blood/Cultured 
Cell Total RNA Mini Kit (FAVORGEN) according to 
the manufacturer’s protocol. The concentration of the 
extracted RNAs, as well as the 260/280 and 260/230 
ratios, was determined to identify purity and contamina-
tion with chloroform and isopropanol using Nanodrop 
spectrophotometer (Thermo Scientific, USA). In addi-
tion, the integrity of RNAs was qualified by employing 
2% agarose gel electrophoresis. The cDNA synthesis kit 
(2X RT-PCR Pre-Mix (Taq), BioFACT™) was applied to 
convert the extracted RNAs into cDNA. The gene expres-
sions of AMPK, SIRT1, and NF-κB were measured using 
the Real-time PCR. For this purpose, 1  μl of synthe-
sized cDNA was combined with 0.5 μl of each Forward/
Reverse primer as well as deionized water and SYBR® 
Premix Ex TaqII PCR kit (TaKaRa). The PCR reaction 
was conducted using the ABI (StepOnePlus) system. The 
primers of target genes were designed using Gene Run-
ner software and assessed with Oligo Analyser 3.1 soft-
ware (Table 1). β-actin was additionally recruited as the 
housekeeping control gene. The relative expression level 
of target genes was normalized to β-actin and untreated 
control group levels. Ultimately, the fold change was cal-
culated using the E−ΔΔCt formula to represent the data. 
To ensure the quality of the products, final RT-PCR ali-
quots were run on 2% agarose gel electrophoresis and 
then visualized using a gel doc imaging system after 
being stained.
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Statistical analysis
The statistical analysis of data was done by the SPSS soft-
ware version 18. One-way analysis of variance (ANOVA) 
was done for evaluating significant differences between 
the mean values. The significant interrelation between 
the various groups was analyzed by Tukey’s multiple 
comparison test. P-value < 0.05 was considered statisti-
cally significant.

Results
Effect of betanin on body weight, fasting blood glucose, 
and serum insulin levels
All experimental groups showed a non-significant 
(P > 0.05) difference in their initial body weight. Diabetic 
control rats showed a significant (P < 0.01) decrease in 
body weight at the end of the study as compared to that 
of the normal control animals. Treatment of diabetic rats 
with 10 mg/kg and 20 mg/kg of betanin or glibenclamide 
exhibited an increase in body weight compared to dia-
betic control rats at the end of study but it was not sig-
nificant (P > 0.05) (Table 2).

Hyperglycemia was recorded in diabetic control rats 
during the experimental period as compared to the nor-
mal control group. Treatment of diabetic rats with beta-
nin (10 and 20  mg/kg) or glibenclamide significantly 
reduced FBG levels compared to the control diabetic rats 
at the end of the study (P < 0.001), while treatment with 
40  mg/kg of betanin could not improve FBG levels sig-
nificantly (P = 0.360). Glycemic lowering effect of betanin 
at the doses of 10 and 20 mg/kg was almost the same on 
days 14, 21, and 28 (Table 2).

Serum insulin level was measured at the end of study 
(day 28). There was a significant decrease in the insulin 
levels in diabetic control group compared to the nor-
mal control group (P < 0.001). Treatment with 20  mg/
kg of betanin was shown to produce more significant 
(P < 0.001) effect on serum insulin level compared to the 
betanin at dose of 10  mg/kg (P = 0.003) and/or gliben-
clamide (P = 0.005), while treatment with 40  mg/kg of 
betanin in diabetic rats showed no significant effect on 
serum insulin level compared to the control diabetic rats 
(P = 0.634) (Table 2).

Effect of betanin on GTT during 120 min
The effect of betanin on GTT in control and experimen-
tal rats is shown in Fig. 1A. Blood glucose level was ele-
vated to a peak value at 60 min and declined to near basal 
level at 120 min in betanin treated diabetic rats, whereas 
the blood glucose peak was noticed even after 60 min and 
remained high over the next 60  min in diabetic control 
rats. Similar pattern in blood glucose rise was observed 
in diabetic rats which received 40 mg/kg of betanin. After 
loading the glucose, it was observed that diabetic con-
trol rats showed the higher AUC​glucose values. Treatment 

Table 1  Primer sequences

Gene Sequence

AMPK F. 5′AGA​TAG​CTG​ACT​TCG​GAC​TCTCT3′
R. 5′AAC​CTC​AGG​ACC​CGC​ATA​CA3′

NF-κB F. 5′AGA​GCA​ACC​GAA​ACA​GAG​AGG3′
R. 5′TTT​GCA​GGC​CCC​ACA​TAG​TT3′

SIRT1 F. 5′TGG​ACG​AGC​TGA​CCC​TTG​A3′
R. 5′TCC​TGC​GGA​TGT​GGA​GAT​T3′

β-actin F. 5′TCA​CCC​ACA​CTG​TGC​CCA​TCT​ATG​A3′
R. 5′CAT​CGG​AAC​CGC​TCA​TTG​CCG​ATA​G3′

Table 2  Effect of betanin on body weight, FBG and serum insulin levels

Data were expressed as mean ± SD

FBG: fasting blood glucose
†† P < 0.01, †††P < 0.001 versus normal control group
φφ P < 0.01, φφφP < 0.001 versus diabetic control group
# P < 0.05, ###P < 0.001 versus diabetic + glibenclamide group
** P < 0.01, ***P < 0.001 versus diabetic + betanin 40 mg/kg group (differences among diabetic rats received betanin)

Variables Normal control Normal + Betanin 
(40 mg/kg)

Diabetic control Diabetic + betanin 
(10 mg/kg)

Diabetic + betanin 
(20 mg/kg)

Diabetic + betanin 
(40 mg/kg)

Diabetic + glibenclamide

Body weight (g)

Initial 192.67 ± 32.07 196.80 ± 26.31 197.60 ± 45.00 197.00 ± 10.42 186.00 ± 23.53 182.20 ± 15.45 184.00 ± 8.06

Final 204.50 ± 29.90 205.20 ± 28.62 150.60 ± 16.47†† 160.50 ± 9.25 176.60 ± 21.09 151.40 ± 19.97 182.80 ± 9.34

FBG (mg/dl)

Day 7 86.00 ± 12.18 74.80 ± 7.36 383.60 ± 39.44††† 348.50 ± 11.03 355.00 ± 38.81 392.60 ± 52.32 334.00 ± 13.13

Day 14 94.83 ± 5.34 73.80 ± 8.58 413.60 ± 41.91††† 319.00 ± 5.89φφφ,** 317.80 ± 35.15φφφ,** 394.00 ± 43.52### 275.80 ± 12.85φφφ

Day 21 94.17 ± 9.28 75.80 ± 4.21 464.20 ± 52.01††† 283.25 ± 6.75φφφ,*** 280.80 ± 27.52φφφ,*** 404.60 ± 49.83### 228.00 ± 25.61φφφ

Day 28 92.67 ± 3.67 75.00 ± 2.91 499.80 ± 42.69††† 259.00 ± 3.37φφφ,*** 235.00 ± 16.57φφφ,*** 471.80 ± 20.56### 141.00 ± 21.29φφφ

Insulin (mIU/L) 24.67 ± 1.37 23.20 ± 2.77 9.00 ± 1.58††† 15.00 ± 1.82φφ 19.00 ± 2.74φφφ,#,*** 11.20 ± 1.92 14.40 ± 1.95φφ
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with the different doses of the betanin (10 and 20 mg/kg) 
showed significantly lower AUC glucose values as com-
pared to the diabetic control rats (P < 0.001) (Fig. 1B).

Effect of betanin on lipid profile and liver enzymes levels
Lipid profile (TC, LDL-C, HDL-C, and TG) as well as 
liver enzymes levels (ALT and AST) were compared 
among control and experimental rats (Table  3). There 
were significant differences in TC, LDL-C, HDL-C 
(P < 0.001), and TG (P = 0.005) values between diabetic 
and normal control rats. Similar to glibenclamide, beta-
nin significantly improved TC levels at the dose of 20 mg/
kg compared to the diabetic control rats (P < 0.001). Sig-
nificant decreases in LDL-C and TG as well as increase 
in HDL-C serum levels were seen in both diabetic rats 
treated with betanin at the doses of 10 and 20 mg/kg and 
the diabetic rats treated with glibenclamide in compari-
son to the diabetic control rats (P < 0.001). Betanin at the 
dose of 40 mg/kg had no significant effect on serum lipid 
profile variables (P > 0.05).

Significant increases were identified in the levels of 
serum ALT and AST in the diabetic control group com-
pared to the normal control group (P < 0.001). Treatment 
of diabetic rats with betanin (20  mg/kg body weight) 
or glibenclamide resulted in considerable reductions 
(P < 0.05) in the levels of ALT and AST when compared to 
the diabetic control group. Betanin at the dose of 10 mg/
kg significantly reduced AST levels compared to the dia-
betic control rats (P < 0.001), while it had no significant 
effect on ALT levels.

Histopathological findings
Liver
Histopathological examination of the liver tissue showed 
no changes between the normal rats and those treated 
with high dose of betanin. The liver of the diabetic con-
trol rats showed disarrangement of hepatic strands, 
accumulation of fat droplets, inflammation, and dilation 
of sinusoids. While, treating diabetic rats with 10 and 
20 mg/kg of betanin attenuated the hepatic inflammation 

Fig. 1  Effect of different doses of betanin (10, 20 and 40 mg/kg 
body weight) and Glibenclamide on oral glucose tolerance test 
(A) and area under the curve (AUC) after glucose load of rats (B). 
Data were presented by mean ± SD. NC: Normal Control, N + B-40: 
Normal rats + 40 mg/kg body weight betanin, DM: Diabetic 
Control, DM + B-10: Diabetic rat + 10 mg/kg body weight betanin, 
DM + B-20: Diabetic rat + 20 mg/kg body weight betanin, DM + B-40: 
Diabetic rat + 40 mg/kg body weight betanin, DM + GI: Diabetic 
rat + Glibenclamide. The number of rats in NC group was 6, in 
DM + B-10 was 4 and in all other study groups was 5.

Table 3  Effect of betanin on serum lipid profile and liver enzymes levels

Data were expressed as mean ± SD

TC: total cholesterol, LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density lipoprotein cholesterol, TG: triglyceride, ALT: alanine aminotransferase, AST: 
aspartate aminotransferase
†† P < 0.01, †††P < 0.001 versus normal control group
φ P < 0.05, φφP < 0.01, φφφP < 0.001 versus diabetic control group
### P < 0.001 versus diabetic + glibenclamide group
** P < 0.01, ***P < 0.001 versus diabetic + betanin 40 mg/kg group (differences among diabetic rats received betanin)

Variables Normal control Normal + Betanin 
(40 mg/kg)

Diabetic control Diabetic + betanin 
(10 mg/kg)

Diabetic + betanin 
(20 mg/kg)

Diabetic + betanin 
(40 mg/kg)

Diabetic + glibenclamide

TC (mg/dL) 72.33 ± 5.35 70.60 ± 9.21 129.20 ± 8.11††† 115.50 ± 11.90## 98.40 ± 11.26φφφ,** 124.80 ± 7.59### 91.00 ± 11.25φφφ

LDL-C, (mg/dL) 15.83 ± 3.71 18.80 ± 5.40 57.00 ± 3.61††† 35.50 ± 2.64φφφ,*** 30.00 ± 2.74φφφ,*** 50.60 ± 5.94### 29.20 ± 4.82φφφ

HDL-C, (mg/dL) 43.83 ± 5.74 47.80 ± 4.76 23.40 ± 2.97††† 35.00 ± 3.56φφ,*** 35.20 ± 2.49φφ,*** 20.60 ± 2.07### 40.40 ± 2.41φφφ

TG, (mg/dL) 105.33 ± 52.83 91.20 ± 18.70 209.00 ± 63.28†† 113.75 ± 17.56φ 98.60 ± 23.03φφ 165.40 ± 59.47 99.60 ± 10.45φφ

ALT, (U/L) 83.17 ± 12.32 82.40 ± 9.48 152.60 ± 10.97††† 138.75 ± 7.93 123.20 ± 9.68φφ,** 148.80 ± 6.30 130.40 ± 12.70φ

AST, (U/L) 104.17 ± 17.52 105.60 ± 18.23 208.60 ± 25.28††† 141.25 ± 10.69φφφ,*** 132.20 ± 10.64φφφ,*** 198.00 ± 7.55### 140.20 ± 15.83φφφ
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and lesions. Histopathological findings of the liver of dia-
betic rats treated with high dose of betanin were almost 
similar to that of diabetic control rats (Fig. 2).

Pancreas
The pancreatic tissues of normal control and those 
treated with high dose of betanin showed a normal struc-
ture with arranged islets of Langerhans, whereas the 
pancreas of diabetic control rats exhibited signs of degen-
eration and inflammation in addition to the decrease in 

the number of β-cells. Treatment of diabetic rats with 10 
and 20  mg/kg of betanin showed efficient regeneration 
and improvement in pancreatic tissue compared to the 
diabetic rats treated with high dose of betanin (Fig. 2).

Gene expression findings
The effects of different doses of betanin treatment on the 
expression levels of AMPK, SIRT1, and NF-κB were eval-
uated in whole blood and liver by Real-time PCR. Results 
of this investigation revealed that treatment of normal 

NC N+B-40 DM

DM+B-10 DM+B-20 DM+B-40

NC N+B-40 DM

DM+B-10 DM+B-20 DM+B-40

Fig. 2  Histopathological findings of the liver and pancreas following treatments with different doses of betanin (10, 20 and 40 mg/kg.b.w) in 
SZT-induced diabetic and normal rats (the images above are related to liver tissue and the images below are related to pancreatic tissue)
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rats with high dose of betanin (40  mg/kg) did not have 
significant effect on gene expression of all the aftermen-
tioned genes in the blood and liver compared to the nor-
mal control rats (P > 0.05) (Figs. 3 and 4).

AMPK
In comparison to the normal control rats, gene expres-
sion levels of AMPK in diabetic control rats was reduced 
in both blood and liver cells, but the difference was not 
significant (P = 0.756 and P = 0.142, respectively). The 
treated diabetic rats with low dose of betanin (10 mg/kg) 
exhibited increased expression of AMPK compared to 
the diabetic control rats in blood (P = 0.041) and liver tis-
sue (P < 0.001). A similar upward trend was observed in 
diabetic rats treated with 20 mg/kg of betanin compared 

to diabetic control rats in the blood (P = 0.003) and in the 
liver tissue (P < 0.001). Interestingly, the effect of betanin 
at the dose of 20 mg/kg was significantly more than that 
of 10 mg/kg of betanin in the liver tissue (P = 0.025).

SIRT1
The gene expression of SIRT1 in diabetic control rats was 
reduced compared to the normal control rats. Treatment 
of diabetic rats with 10 and 20 mg/kg of betanin signifi-
cantly upregulated the mRNA expression of SIRT1 in 
comparison to the diabetic control rats (P < 0.001). The 
effect of the 20 mg/kg of betanin on SIRT1 gene expres-
sion seemed to be greater in aall the study groups, espe-
cially in the liver (P = 0.014). Betanin at the highest dose 
did not show any changes in SIRT1expression neither in 

Fig. 3  The effects of different doses of betanin on the gene expression of AMPK, SIRT1 and NF-κB in the blood of study groups (data are presented 
as mean ± SEM)
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blood nor in the liver compared to the diabetic control 
rats (P = 0.927 and P = 0.464, respectively).

NF‑κB
NF-κB mRNA expression was significantly upregulated 
in the diabetic rats compared to the normal control 
rats in the blood and liver (P < 0.001). Betanin at differ-
ent doses could significantly attenuate the expression of 
NF-κB in the blood (P < 0.05), while in the liver, treatment 
with the doses of 10 and 20 mg/kg of betanin significantly 
reduced the gene expression of NF-κB (P < 0.001) com-
pared to the diabetic control rats.

Discussion
Earlier preclinical studies largely present a promising 
perspective regarding the potential effect of bioactive 
food components in preventing and treating metabolic 
disturbances via different molecular pathways [7]. Beta-
nin, the main natural pigment of red beetroot has been 
shown to exhibit anti-diabetes properties [39]. In the cur-
rent study, the effect of different doses of betanin treat-
ment on glycemic control, lipid profile, hepatic function 
tests as well as histopathological findings of the liver and 
pancreas tissues were evaluated in STZ-induced diabetic 
rats. Additionally, the effect of betanin on AMPK, SIRT1, 

Fig. 4  The effects of different doses of betanin on the gene expression of AMPK, SIRT1 and NF-κB in the liver of study groups (data are presented as 
mean ± SEM)
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and NF-κB gene expression in the whole blood and liver 
of the diabetic rats was investigated compared to that of 
glibenclamide.

Results of the present work showed that STZ injection 
significantly increased blood glucose levels associated 
with a significant decrease in insulin levels in diabetic 
group compared to the control group. Treatment with 
betanin (10 and 20  mg/kg) and glibenclamide showed 
decreased FBG levels as well as postprandial glycaemia 
during a GTT and increased serum insulin levels com-
pared to that of diabetic control. Interestingly, treat-
ment with 20  mg/kg betanin exhibited greater impacts 
on these factors in comparison with the groups which 
treated with 10  mg/kg betanin and glibenclamide. GTT 
has more sensitivity than FBG in the timely assessment 
of abnormalities in glucose regulation. From the data 
obtained from GTT, the level of blood glucose reached a 
peak and returned to fasting values after 2 h in both nor-
mal and betanin treated rats (10 and 20 mg/kg) whereas, 
in diabetic rats, blood glucose levels remained elevated 
even after 2 h. Betanin effectively prevented the increase 
of glucose probably due to the enhanced insulin secretion 
from existing beta cells. STZ induces diabetes by damag-
ing the pancreatic beta cells, reducing insulin secretion 
and uptake of glucose by the tissues [40]. Based on the 
previous literature, betanin regenerates the remaining 
pancreatic beta cells and increases the amount of insu-
lin immunoreactive beta cells, thereby stimulates insu-
lin secretion and improves the level of blood glucose 
in experimental animals [34, 41]. These finding were 
supported by the histopathological assay results of our 
study which showed efficient regeneration and improve-
ment in pancreatic tissue and enhanced insulin secre-
tion after treatment of diabetic rats with 10 and 20 mg/
kg of betanin. Sutariya et al. [42] also demonstrated the 
blood glucose lowering effect of betanin in STZ induced 
diabetic nephropathy. Similarly, Dhananjayan et  al. [34] 
concluded that the ethanolic extract of beetroot has a 
potential anti-diabetic activity against STZ induced dia-
betic rats. According to Olumese and Oboh [43], beet-
root juice administration for six weeks led to decreased 
blood glucose levels by inhibition of carbohydrate diges-
tion and glucose absorption in the intestine as well as the 
modulation of glucose release from the liver. Addition-
ally, the hypoglycemic activity of the betalains is thought 
to be attributed to their ability to prevent glycogenolysis 
and gluconeogenesis [8].

Betanin administration in the present study also led 
to a significant reduction in TC, TG, and LDL-C levels 
and a significant increase in HDL-C levels compared to 
the diabetic control rats. To our knowledge, no previous 
research is available regarding possible effects of betanin 
on serum lipid profile in experimental or clinical studies. 

In an experimental study, the effects of red beetroot 
crisps (0, 0.3, 1 or 3% of total diet) were investigated in 
rats with a normal and high-fat diet, and serum TC and 
TG levels have been reduced at the end of study [44]. 
In addition, in hypercholesterolemic rats fed with red 
beetroot extract (250–500  mg/kg), reduced lipid accu-
mulation and significant increase in HDL-C level and 
antioxidant activity was observed [45].

Some clinical trials also demonstrated the antihy-
perlipidemic effects of the red beetroot. Holy et  al. [46] 
indicated that red beetroot juice (250  ml) reduced post 
prandial lipid levels in apparently healthy subjects. Sup-
plementation with betalain-rich extract significantly 
decreased the concentration of TC, TG, and LDL-C in 
coronary artery disease patients [47].

Hyperglycemia can induce hepatocellular damages, 
resulting in elevated liver enzymes including ALT and 
AST in the blood stream [48, 49]. Results of the present 
study showed that betanin administration led to a sig-
nificant reduction in ALT and AST levels, suggesting the 
tissue protective property of the betanin. As indicated 
in our histopathological findings, treating diabetic rats 
with 10 and 20 mg/kg of betanin attenuated the hepatic 
inflammation and lesions. These results are compatible 
with Dhananjayan et  al. [34] who noticed that the oral 
administration of betanin could be able to reduce the 
AST and ALT activities. Decreased liver enzymes levels 
via the consumption of beetroot have been demonstrated 
in several other studies [50, 51]. Further evidences sup-
port the hepatoprotective effects of beetroot due to the 
presence of bioactive compounds including betalains as 
the potent antioxidants [52–55]. Oxidative stress is an 
important factor in the mechanism of hepatotoxicity 
and pathogenesis. So, the inhibition of free radicals and/
or antioxidant activity plays a crucial role in protecting 
hepatic injury.

Our findings reveal the antidiabetic, antihyperlipi-
demic, and hepatoprotective properties of betanin. In 
order to determine the molecular pathways of these 
favorable effects of betanin, we further evaluated the 
effects of different doses of betanin treatment on the gene 
expressions of AMPK, SIRT1, and NF-κB in the whole 
blood and liver of the diabetic rats by Real-time PCR.

The study results demonstrated that treatment of dia-
betic rats with betanin (10 and 20 mg/kg.b.w/day) signifi-
cantly upregulated the mRNA expression of AMPK and 
SIRT1 and downregulated the expression of NF-κB in 
comparison with diabetic control rats.

AMPK serves as a major cellular energy sensor and a 
master regulator of metabolic  homeostasis, where dys-
regulations in its activity has been reported to contrib-
ute to the pathogenesis and progression of metabolic 
disorders [13]. Some therapeutic alternatives regulate 
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metabolic  homeostasis through modulation of different 
mediators and enzymes, such as AMPK as a potential 
therapeutic target [26]. AMPK has been demonstrated to 
upregulate the expression of SIRT1, which regulates vari-
ous metabolic pathways [15, 56]. Upregulation of SIRT1 
has been associated with improved glucose homeostasis, 
insulin sensitivity, and lipid profile in animal models [57]. 
SIRT1 is activated downstream, possibly because AMPK 
activation increases the NAD+/NADH ratio, which con-
sequently enhance SIRT1 expression and activation [58]. 
Besides, there are emerging evidence indicating that the 
activation of AMPK signaling can inhibit the inflam-
matory responses induced by the NF-κB system via its 
downstream mediators like SIRT1, thereby minimizing 
the inflammatory response [24, 59]. Accordingly, the 
expression of SIRT1 in peripheral blood mononuclear 
cells (PBMCs) of patients with coronary artery disease 
was significantly correlated with inflammatory cytokines 
levels [28]. Therefore, AMPK and SIRT1 represent as 
potential targets for the development of therapies to pre-
vent and reduce the incidence of metabolic disease com-
plications and development [26, 57].

Several dietary polyphenols such as flavonoids and 
resveratrol, alkaloids such as berberine, and some other 
plant components are potential natural activators of 
AMPK and SIRT1 [25–27]. It seems that their anti-
inflammatory effects are also mediated via the  AMPK/
SIRT1-induced NF-κB signaling suppress [60].

It has been reported that quercetin, a plant flavonol, 
increases glucose uptake through stimulation of GLUT4 
translocation by activating AMPK [61]. Moreover, a 
recent study showed that quercetin treatment improved 
glucose and lipid metabolism and also alleviated hepatic 
histomorphological injury in STZ-induced diabetic rats, 
which probably associated with the upregulation of 
SIRT1 activity by quercetin [62]. Resveratrol, a natural 
polyphenol, has also been shown to normalize hyper-
glycemia and hyperlipidemia, improve beta-cell func-
tion and insulin sensitivity, and lower hepatic glucose 
production through the activation of SIRT1 [63, 64]. In 
another study, the stimulatory effect of hesperetin, a cit-
rus polyphenolic flavonoid, on SIRT1 and AMPK sign-
aling pathway was indicated in HepG2 cells which was 
even stronger than resveratrol [65]. These findings are 
consistent with the present study, which reported that 
the beneficial effects of betanin on glucose and lipid 
metabolism were enhanced the following increased gene 
expression of AMPK and SIRT1 in the liver and whole 
blood of diabetic rats. This finding indicated that modu-
lation of the AMPK/SIRT1/NF-κB signaling pathway by 
betanin was most likely responsible for its anti-diabetic, 
anti-hyperlipidemic, and hepatoprotective properties. 
The relation between AMPK/SIRT1/NF-κB signaling 

axis and hepatoprotection has been proven in several 
publication and well-studied. Yu et al. demonstrated that 
AMPK plays a key role in the hepatoprotective properties 
of cyanidin-3-glucoside, a natural polyphenol [66]. Simi-
larly, activation of AMPK via a natural polyphenol-rich 
diet can alleviate alcohol-induced fatty liver in animal 
model [67]. Moreover, in another animal study, the role 
of AMPK/SIRT1 signaling axis in hepatoprotection have 
been confirmed. Ethanol feeding causes alcoholic liver 
disease (ALD) via the suppression of AMPK activation 
and cytoplasmic Sirt-1, and administration of dihydro-
myricetin (5 mg/kg) for 8 weeks can reversed this process 
[68]. In another study modification of SIRT1by polyphe-
nols was suggested as an important step in the treatment 
of hepatotoxicity [69].

Despite the numerous studies evaluating the effects of 
bioactive phytochemicals on cellular metabolic pathways, 
however, limited evidence is available regarding possible 
effects of betalains on AMPK and/or SIRT1 levels in dia-
betes. Kelly et al. [29] reported that the beetroot enriched 
betalain supplements had significant dose-dependent 
effects on SIRT1 expression more potent than resveratrol, 
a well-known SIRT1 activator. Similar results also were 
found in Rahimi et al. [28] study which showed that treat-
ment with a betalains-rich supplement and particularly 
a betacyanins-rich supplement significantly increased 
SIRT1 expression level in PBMCs of coronary artery dis-
ease patients. Albalawi et  al. [70] showed that adminis-
tration of beetroot extract led to a significant decrease 
in NF-kB and TNF-α levels in liver tissue. El Gamal et al. 
[71] also reported a significant reduction of several pro-
inflammatory mediators with oral administration of beet-
root ethanol extract in rodents for four weeks.

Our study was initially assumed to consider both 
low and high doses of betanin on gene expression of 
AMPK, SIRT1, and NF-κB in STZ-induced diabetic 
rats. Although betanin augmented SIRT1 expression at 
the doses of 10 and 20 mg/kg, it was not induced at the 
higher dose of of betanin (40  mg/kg). This finding sug-
gests that betanin may exert different responses in vari-
ous doses. Morin et  al. [72] defined the biphasic dose 
responses for nobiletin, a citrus flavonoid, which acti-
vated sterol regulatory element-binding proteins at low 
doses and inhibited it at higher doses. Therefore, it seems 
likely that betanin has more favorable functions at the 
lower concentrations.

The current study for the first time indicated that 
betanin can play its protective roles via the regula-
tion of AMPK/SIRT1/NF-κB signaling pathway in 
experimentally induced diabetes mellitus. However, as 
a limitation, the protein levels  of AMPK, SIRT1, and 
NF-κB as well as their activations were not evaluated 
in this study. In addition, one of the most important 
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end effectors of AMPK/SIRT1 activation in reducing 
oxidative stress, tissue inflammation, and apoptosis 
take place by promoting mitochondrial biogenesis and 
alteration in the mitochondrial physiology [73]. This 
aspect was also not addressed in the present study and 
requires further investigation. It is also suggested that 
in the future researches, the effect of betanin on eat-
ing behaviors such as food and water intake, frequency 
of food intake, adipokine levels such as ghrelin, leptin 
and adiponectin in STZ-induced diabetic rats should be 
investigated.

Conclusion
In conclusion, the results of the present study demon-
strated that betanin exertes beneficial effects against 
diabetes complications in the STZ-induced diabetic 
rats. These effects are mediated by reducing hyperglyce-
mia, hyperlipidemia, and liver functional tests as well as 
improving liver and pancreas tissues functionality. These 
promising effects of betanin were demonstrated to be 
mediated through the AMPK/SIRT1/NF-κB signaling 
pathway. Our findings support the theory by which beta-
nin have been recognized as an effective nature-inspired 
bioactive ingredient in the management of metabolic dis-
orders such as diabetes mellitus. However, future studies 
are needed in order to further establish the potential pro-
tective effects of betanin to overcome metabolic diseases.

Abbreviations
ALT: Alanine aminotransferase; AMPK: 5′ Adenosine monophosphate‑acti‑
vated protein kinase; ANOVA: Analysis of variance; AST: Aspartate transami‑
nase; CAD: Coronary artery disease; DM: Diabetes mellitus; ELISA: Enzyme-
linked immunosorbent assay; FBG: Fasting blood glucose; GTT​: Glucose 
tolerance test; HDL-c: High-density lipoprotein cholesterol; NADH: Nicotina‑
mide adenine dinucleotide; NF-κB: Nuclear factor kappa B; PBMC: Peripheral 
blood mononuclear cell; PCR: Polymerase chain reaction; SIRT1: Sirtuin 1; STZ: 
Streptozotocin; TC: Total cholesterol; TG: Triglyceride.

Acknowledgements
We thank the Vice Chancellor for Research of Zanjan University of Medical 
Sciences for the financial support.

Authors’ contributions
NA was involved in conceptualization; formal analysis; data curation, meth‑
odology, writing original draft and review and editing and visualization. SA 
contributed in writing original draft; and review and editing. KM, ZD, SR, SS 
and AHF contributed in investigation and validation. SHH, IJA, MN and SA 
were involved in data curation and formal analysis. MRE and BM contributed in 
conceptualization, methodology, editing; supervision; and project administra‑
tion. All authors read and approved the final manuscript.

Funding
The present study was funded by the Vice Chancellor for Research of Zanjan 
University of Medical Sciences (Grants Nos. A-12-501-41, A-12-501-42 and 
A-12-501-48).

Availability of data and materials
All data of present study are available from the corresponding author on 
reasonable request.

Declarations

Ethics approval and consent to participate
All procedures were according to the Ethics Committee of Zanjan University of 
Medical Sciences (IR.ZUMS.REC.1398.0134).

Consent for publication
No personal data is noted herein.

Competing interests
The authors declare no potential conflict of interest.

Author details
1 Department of Nutrition, School of Medicine, Zanjan University of Medical 
Sciences, Zanjan, Iran. 2 Department of Clinical Nutrition, School of Nutritional 
Sciences and Dietetics, Tehran University of Medical Sciences, Tehran, Iran. 
3 Department of Pharmacology and Toxicology, School of Pharmacy, Zanjan 
University of Medical Sciences, Zanjan, Iran. 4 Department of Physiology 
and Pharmacology, School of Medicine, Zanjan University of Medical Sciences, 
Zanjan, Iran. 5 Department of Anatomical Sciences, School of Medicine, Zanjan 
University of Medical Science, Zanjan, Iran. 6 Zanjan Pharmaceutical Nano‑
technology Research Center (ZPNRC), Zanjan University of Medical Science, 
Zanjan, Iran. 7 Department of Clinical Biochemistry, School of Medicine, Zanjan 
University of Medical Sciences, Zanjan, Iran. 

Received: 9 July 2021   Accepted: 3 October 2021

References
	1.	 Albalawi Y, Amin HS, Alharbi K. Comparison of diabetes control among 

type 2 diabetes mellitus patients treated in the primary health care clinics 
and diabetes center in King Saud University Hospitals. Am J Res Com‑
mun. 2014;2(11):1–27.

	2.	 Iskender H, Dokumacioglu E, Sen TM, Ince I, Kanbay Y, Saral S. The effect 
of hesperidin and quercetin on oxidative stress, NF-κB and SIRT1 levels 
in a STZ-induced experimental diabetes model. Biomed pharmacother. 
2017;90:500–8.

	3.	 Ogurtsova K, da Rocha FJ, Huang Y, Linnenkamp U, Guariguata L, Cho 
NH, Cavan D, Shaw J, Makaroff L. IDF Diabetes Atlas: global estimates for 
the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin Pract. 
2017;128:40–50.

	4.	 Al-Lawati JA. Diabetes mellitus: a local and global public health emer‑
gency! Oman Med J. 2017;32(3):177.

	5.	 Deshpande AD, Harris-Hayes M, Schootman M. Epidemiology of diabetes 
and diabetes-related complications. Phys Ther. 2008;88(11):1254–64.

	6.	 Ozougwu J, Obimba K, Belonwu C, Unakalamba C. The pathogenesis 
and pathophysiology of type 1 and type 2 diabetes mellitus. J Physiol 
Pathophysiol. 2013;4(4):46–57.

	7.	 Gupta C, Prakash D. Phytonutrients as therapeutic agents. J Complement 
Integr Med. 2014;11(3):151–69.

	8.	 Madadi E, Mazloum-Ravasan S, Yu JS, Ha JW, Hamishehkar H, Kim KH. 
Therapeutic application of betalains: a review. Plants. 2020;9(9):1219.

	9.	 Silva DVTd, Silva FdO, Perrone D, Pierucci APTR, Conte-Junior CA, Alvares 
TdS, Aguila EMD, Paschoalin VMF. Physicochemical, nutritional, and sen‑
sory analyses of a nitrate-enriched beetroot gel and its effects on plas‑
matic nitric oxide and blood pressure. Food Nutr Res. 2016;60(1):29909.

	10.	 Dhananjayan I, Kathiroli S, Subramani S, Veerasamy V. Ameliorating effect 
of betanin, a natural chromoalkaloid by modulating hepatic carbohy‑
drate metabolic enzyme activities and glycogen content in streptozo‑
tocin - nicotinamide induced experimental rats. Biomed Pharmacother. 
2017;88:1069–79.

	11.	 Indumathi D, Sujithra K, Srinivasan S, Vinothkumar V. Protective effect of 
betanin against streptozotocin-nicotinamide induced liver, kidney and 
pancreas damage by attenuating lipid byproducts and improving renal 
biomarkers in Wistar rats. Int J Adv Res Biol Sci. 2017;4:160–70.

	12.	 Li F, Chen Y, Li Y, Huang M, Zhao W. Geniposide alleviates diabetic 
nephropathy of mice through AMPK/SIRT1/NF-κB pathway. Eur J Pharma‑
col. 2020;886:173449.



Page 12 of 13Abedimanesh et al. Nutr Metab (Lond)           (2021) 18:92 

	13.	 Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that 
maintains energy homeostasis. Nat Rev Mol Cell Biol. 2012;13(4):251–62.

	14.	 Ruderman NB, Xu XJ, Nelson L, Cacicedo JM, Saha AK, Lan F, Ido Y. AMPK 
and SIRT1: a long-standing partnership? Am J Physiol Endocrinol Metab. 
2010;298:E751–60.

	15.	 Chen B, Li J, Zhu H. AMP-activated protein kinase attenuates oxLDL 
uptake in macrophages through PP2A/NF-κB/LOX-1 pathway. Vasc Phar‑
macol. 2016;85:1–10.

	16.	 Han X, Tai H, Wang X, Wang Z, Zhou J, Wei X, Ding Y, Gong H, Mo C, Zhang 
J. AMPK activation protects cells from oxidative stress-induced senes‑
cence via autophagic flux restoration and intracellular NAD+ elevation. 
Aging Cell. 2016;15(3):416–27.

	17.	 Kupis W, Pałyga J, Tomal E, Niewiadomska E. The role of sirtuins in cellular 
homeostasis. J Physiol Biochem. 2016;72(3):371–80.

	18.	 Strycharz J, Rygielska Z, Swiderska E, Drzewoski J, Szemraj J, Szmigiero L, 
Sliwinska A. SIRT1 as a therapeutic target in diabetic complications. Curr 
Med Chem. 2018;25(9):1002–35.

	19.	 Turkmen K, Karagoz A, Kucuk A. Sirtuins as novel players in the pathogen‑
esis of diabetes mellitus. World J Diabetes. 2014;5(6):894.

	20.	 Biason-Lauber A, Böni-Schnetzler M, Hubbard BP, Bouzakri K, Brunner A, 
Cavelti-Weder C, Keller C, Meyer-Böni M, Meier DT, Brorsson C. Identifica‑
tion of a SIRT1 mutation in a family with type 1 diabetes. Cell metab. 
2013;17(3):448–55.

	21.	 Yu J, Wu Y, Yang P. High glucose-induced oxidative stress represses sirtuin 
deacetylase expression and increases histone acetylation leading to 
neural tube defects. J Neurochem. 2016;137(3):371–83.

	22.	 Yang Z, Kahn BB, Shi H, Xue B-z. Macrophage α1 AMP-activated protein 
kinase (α1AMPK) antagonizes fatty acid-induced inflammation through 
SIRT1. J Biol Chem. 2010;285(25):19051–19059.

	23.	 Kauppinen A, Suuronen T, Ojala J, Kaarniranta K, Salminen A. Antagonistic 
crosstalk between NF-κB and SIRT1 in the regulation of inflammation and 
metabolic disorders. Cell Signal. 2013;25(10):1939–48.

	24.	 Yang H, Zhang W, Pan H, Feldser HG, Lainez E, Miller C, Leung S, Zhong 
Z, Zhao H, Sweitzer S. SIRT1 activators suppress inflammatory responses 
through promotion of p65 deacetylation and inhibition of NF-κB activity. 
PLoS ONE. 2012;7:e46364.

	25.	 Steinberg GR, Kemp BE. AMPK in health and disease. Physiol Rev. 
2009;89(3):1025–78.

	26.	 Fogarty S, Hardie D. Development of protein kinase activators: AMPK as a 
target in metabolic disorders and cancer. Biochim Biophys Acta Proteins 
Proteom. 2010;1804(3):581–91.

	27.	 Fusi J, Bianchi S, Daniele S, Pellegrini S, Martini C, Galetta F, Giovannini 
L, Franzoni F. An in vitro comparative study of the antioxidant activity 
and SIRT1 modulation of natural compounds. Biomed Pharmacother. 
2018;101:805–19.

	28.	 Rahimi P, Mesbah-Namin SA, Ostadrahimi A, Separham A, Jafarabadi MA. 
Betalain-and betacyanin-rich supplements’ impacts on the PBMC SIRT1 
and LOX1 genes expression and Sirtuin-1 protein levels in coronary 
artery disease patients: a pilot crossover clinical trial. J Funct Foods. 
2019;60:103401.

	29.	 Kelly G. A review of the sirtuin system, its clinical implications, and the 
potential role of dietary activators like resveratrol: part 1. Altern Med Rev. 
2010;15(3).

	30.	 Wu J, Yan L-J. Streptozotocin-induced type 1 diabetes in rodents as a 
model for studying mitochondrial mechanisms of diabetic β cell gluco‑
toxicity. Diabetes Metab Syndr Obes. 2015;8:181.

	31.	 He W-Y, Zhang B, Zhao W-C, He J, Wang Y, Zhang L, Xiong Q-M, Wang H-B. 
mTOR activation due to APPL1 deficiency exacerbates hyperalgesia via 
Rab5/Akt and AMPK signaling pathway in streptozocin-induced diabetic 
rats. Mol Pain. 2019;15:1744806919880643.

	32.	 Ismail CAN, Suppian R, Abd Aziz CB, Haris K, Long I. Increased nociceptive 
responses in streptozotocin-induced diabetic rats and the related expres‑
sion of spinal NR2B subunit of N-methyl-d-aspartate receptors. Diabetes 
Metab J. 2019;43(2):222–35.

	33.	 Zhu X, Liu H, Liu Y, Chen Y, Liu Y, Yin X. The antidepressant-like effects of 
hesperidin in streptozotocin-induced diabetic rats by activating Nrf2/
ARE/Glyoxalase 1 pathway. Front Pharmacol. 2020;11:1325.

	34.	 Dhananjayan I, Kathiroli S, Subramani S, Veerasamy V. Ameliorating 
effect of betanin, a natural chromoalkaloid by modulating hepatic 
carbohydrate metabolic enzyme activities and glycogen content in 

streptozotocin–nicotinamide induced experimental rats. Biomed Phar‑
macother. 2017;88:1069–79.

	35.	 Sarkarizi HK, Sazegar G, Rajabzadeh A. The effect of hydro-alcoholic 
Teucrium polium L. extract with glibenclamide administration on blood 
glucose and lipids in streptozotocin-induced diabetic rats. Clin Res. 
2015;1(2):38–45.

	36.	 Ajebli M, Eddouks M. Flavonoid-enriched extract from desert plant 
Warionia saharae improves glucose and cholesterol levels in diabetic rats. 
Cardiovasc Hematol Agents Med Chem. 2019;17(1):28–39.

	37.	 Hulman A, Wagner R, Vistisen D, Færch K, Balkau B, Manco M, Golay A, 
Häring H-U, Heni M, Fritsche A. Glucose measurements at various time 
points during the OGTT and their role in capturing glucose response 
patterns. Diabetes Care. 2019;42(4):e56–7.

	38.	 Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration 
of low-density lipoprotein cholesterol in plasma, without use of the 
preparative ultracentrifuge. Clin Chem. 1972;18(6):499–502.

	39.	 Hadipour E, Taleghani A, Tayarani-Najaran N, Tayarani-Najaran Z. Bio‑
logical effects of red beetroot and betalains: a review. Phytother Res. 
2020;34(8):1847–67.

	40.	 Al Nahdi AM, John A, Raza H. Elucidation of molecular mechanisms of 
streptozotocin-induced oxidative stress, apoptosis, and mitochondrial 
dysfunction in Rin-5F pancreatic β-cells. Oxi Med Cell Longev. 2017;2017.

	41.	 Han J, Zhang Z, Yang S, Wang J, Yang X, Tan D. Betanin attenuates 
paraquat-induced liver toxicity through a mitochondrial pathway. Food 
Chem Toxicol. 2014;70:100–6.

	42.	 Sutariya B, Saraf M. Betanin, isolated from fruits of Opuntia elatior Mill 
attenuates renal fibrosis in diabetic rats through regulating oxidative 
stress and TGF-β pathway. J Ethnopharmacol. 2017;198:432–43.

	43.	 Olumese F, Oboh H. Effects of daily intake of beetroot juice on blood 
glucose and hormones in young healthy subjects. Ann Trop Pathol. 
2016;26:455–62.

	44.	 Wroblewska M, Juskiewicz J, Wiczkowski W. Physiological properties of 
beetroot crisps applied in standard and dyslipidaemic diets of rats. Lipids 
Health Dis. 2011;10(1):1–8.

	45.	 Al-Dosari M, Alqasoumi S, Ahmed M, Al-Yahya M, Ansari MN, Rafatullah S. 
Effect of Beta vulgaris L. on cholesterol rich diet-induced hypercholester‑
olemia in rats. Farmacia. 2011;59(5):669–678.

	46.	 NNIaBON BH. Post-prandial effect of beetroot (beta vulgaris) juice on 
glucose and lipids levels of apparently healthy subjects. Eur J Pharm Med 
Res. 2017;4(5):60–62.

	47.	 Rahimi P, Mesbah-Namin SA, Ostadrahimi A, Abedimanesh S, Separ‑
ham A, Jafarabadi MA. Effects of betalains on atherogenic risk factors 
in patients with atherosclerotic cardiovascular disease. Food Funct. 
2019;10(12):8286–97.

	48.	 Mohamed J, Nafizah AN, Zariyantey A, Budin S. Mechanisms of diabetes-
induced liver damage: the role of oxidative stress and inflammation. 
Sultan Qaboos Univ Med. 2016;16(2):e132.

	49.	 Mirmohammadlu M, Hosseini SH, Kamalinejad M, Gavgani ME, Noubarani 
M, Eskandari MR. Hypolipidemic, hepatoprotective and renoprotective 
effects of Cydonia oblonga Mill. fruit in streptozotocin-induced diabetic 
rats. Iran J Pharm Res. 2015;14(4):1207.

	50.	 Amnah M. Nutritional, sensory and biological study of biscuits fortified 
with red beet roots. Life Sci J. 2013;10(3):1579–84.

	51.	 Srivastava S, Siddiqi Z, Singh T, Bala L. Beetroot supplementation 
on non-alcoholic fatty liver disease patients. Curr Res Nutr Food Sci. 
2019;7(1):96–101.

	52.	 Butt MS, Randhawa MA, Shahid M. Hepatoprotective effects of red beet‑
root‐based beverages against CCl4‐induced hepatic stress in Sprague 
Dawley rats. J Food Biochem. 2019;43(12):e13057.

	53.	 Olumese FE, Oboh H. Hepatoprotective effect of beetroot juice on liver 
injury in male Sprague–Dawley rats. Ann Trop Pathol. 2018;9(1):83.

	54.	 Sinaga F, Hasibuan R, Risfandi M, Sinaga R: Hepatoprotective effects 
of beetroot juice at maximum physical activity. J Phys Conf Ser. 
2020:012007.

	55.	 Sadeek EA. Protective effect of fresh juice from red beetroot (Beta vulgaris 
L.) and radish (Raphanus sativus L.) against carbon tetrachloride induced 
hepatotoxicity in rat models. Afr J Biol Sci. 2011;7(1):69–84.

	56.	 Yuan T, Yang T, Chen H, Fu D, Hu Y, Wang J, Yuan Q, Yu H, Xu W, Xie X. New 
insights into oxidative stress and inflammation during diabetes mellitus-
accelerated atherosclerosis. Redox Biol. 2019;20:247–60.



Page 13 of 13Abedimanesh et al. Nutr Metab (Lond)           (2021) 18:92 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	57.	 Elliott PJ, Jirousek M. Sirtuins: novel targets for metabolic disease. Expert 
Opin Investig Drugs. 2008;9(4):371–8.

	58.	 Cantó C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, 
Elliott PJ, Puigserver P, Auwerx J. AMPK regulates energy expendi‑
ture by modulating NAD+ metabolism and SIRT1 activity. Nature. 
2009;458(7241):1056–60.

	59.	 Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, Mayo MW. 
Modulation of NF-κB-dependent transcription and cell survival by the 
SIRT1 deacetylase. EMBO J. 2004;23(12):2369–80.

	60.	 Chung S, Yao H, Caito S, Hwang J-w, Arunachalam G, Rahman I. Regula‑
tion of SIRT1 in cellular functions: role of polyphenols. Arch Biochem 
Biophys. 2010;501(1):79–90.

	61.	 Jiang H, Yamashita Y, Nakamura A, Croft K, Ashida H. Quercetin and its 
metabolite isorhamnetin promote glucose uptake through different 
signalling pathways in myotubes. Sci Rep. 2019;9(1):1–15.

	62.	 Peng J, Li Q, Li K, Zhu L, Lin X, Lin X, Shen Q, Li G, Xie X. Quercetin 
improves glucose and lipid metabolism of diabetic rats: involvement of 
Akt signaling and SIRT1. J Diabetes Res. 2017;2017.

	63.	 Oyenihi OR, Oyenihi AB, Adeyanju AA, Oguntibeju OO. Antidiabetic 
effects of resveratrol: the way forward in its clinical utility. J Diabetes Res. 
2016;2016.

	64.	 Pannu N, Bhatnagar A. Resveratrol: from enhanced biosynthesis and 
bioavailability to multitargeting chronic diseases. Biomed Pharmacother. 
2019;109:2237–51.

	65.	 Afra HS, Zangooei M, Meshkani R, Ghahremani MH, Ilbeigi D, Khedri 
A, Shahmohamadnejad S, Khaghani S, Nourbakhsh M. Hesperetin is 
a potent bioactivator that activates SIRT1-AMPK signaling pathway in 
HepG2 cells. J Physiol Biochem. 2019;75(2):125–33.

	66.	 Yu L, Zhang S-d, Zhao X-l, Ni H-y, Song X-r, Wang W, Yao L-p, Zhao X-h, Fu 
Y-j. Cyanidin-3-glucoside protects liver from oxidative damage through 

AMPK/Nrf2 mediated signaling pathway in vivo and in vitro. J Funct 
Foods. 2020;73:104148.

	67.	 Herath KHINM, Cho J, Kim A, Eom TK, Kim J-S, Kim J-B, Doh YH, Jee Y. 
Phenolic acid and flavonoid-rich fraction of Sasa quelpaertensis Nakai 
leaves prevent alcohol induced fatty liver through AMPK activation. J 
Ethnopharmacol. 2018;224:335–348.

	68.	 Silva J, Spatz MH, Folk C, Chang A, Cadenas E, Liang J, Davies DL. Dihydro‑
myricetin improves mitochondrial outcomes in the liver of alcohol-fed 
mice via the AMPK/Sirt-1/PGC-1α signaling axis. Alcohol. 2021;91:1–9.

	69.	 Farghali H, Kemelo MK, Canová NK. SIRT1 modulators in experimentally 
induced liver injury. Oxid Med Cell Longev. 2019;2019.

	70.	 Albalawi WI, Majid NAA, Sharaf IA. Prophylactic impact of Beta vulgaris L 
in ameliorating cyclosporine a-induced hepatotoxicity in rats. Int J Pharm 
Res Allied Sci. 2019;8(3).

	71.	 El Gamal AA, AlSaid MS, Raish M, Al-Sohaibani M, Al-Massarani SM, 
Ahmad A, Hefnawy M, Al-Yahya M, Basoudan OA, Rafatullah S. Beetroot 
(Beta vulgaris L.) extract ameliorates gentamicin-induced nephrotoxicity 
associated oxidative stress, inflammation, and apoptosis in rodent model. 
Mediators Inflamm. 2014;2014.

	72.	 Morin B, Nichols LA, Zalasky KM, Davis JW, Manthey JA, Holland LJ. The 
citrus flavonoids hesperetin and nobiletin differentially regulate low den‑
sity lipoprotein receptor gene transcription in HepG2 liver cells. J Nutr. 
2008;138(7):1274–81.

	73.	 Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial 
homeostasis. Nat Rev Mol Cell Biol. 2018;19(2):121–35.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	The anti-diabetic effects of betanin in streptozotocin-induced diabetic rats through modulating AMPKSIRT1NF-κB signaling pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Chemicals and kits
	Experimental animals and design
	Measurement of fasting blood glucose and glucose tolerance test
	Insulin measurement
	Measurement of lipid profile and liver enzymes levels
	Histopathological examination
	Real-time PCR
	Statistical analysis

	Results
	Effect of betanin on body weight, fasting blood glucose, and serum insulin levels
	Effect of betanin on GTT during 120 min
	Effect of betanin on lipid profile and liver enzymes levels
	Histopathological findings
	Liver
	Pancreas

	Gene expression findings
	AMPK
	SIRT1
	NF-κB

	Discussion
	Conclusion
	Acknowledgements
	References


