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Abstract

Background: Obesity is a risk factor for insulin resistance, dyslip-
idemia, fatty liver disease, and all disorders associated with meta-
bolic syndrome. Here we evaluated the association of the glucagon-
like peptide 1 (GLP-1) analog, liraglutide, and the sodium-glucose 
cotransporter-2 (SGLT-2) inhibitor, canagliflozin, on the improve-
ment of metabolic syndrome symptoms in a high-fat diet (HFD)-in-
duced obesity rat model.

Methods: Male Wistar rats received either a control diet or HFD ad 
libitum for 5 months. After 4 months of diet, HFD rats were random-
ly divided into four experimental groups (HFD, HFD + liraglutide, 
HFD + canagliflozin, and HFD + liraglutide + canagliflozin). Treat-
ment groups received liraglutide (100 µg/kg) and/or canagliflozin 
(10 mg/kg) once daily for one month. Body mass and food intake 
were monitored throughout the experiment. An oral glucose toler-
ance test, biochemical parameters, epididymal and liver fat, and adi-
pocyte morphology were assessed after the treatment period.

Results: Rats on the HFD developed obesity, glucose intolerance, 
dyslipidemia, and fatty liver. Liraglutide reduced food intake and body 
weight, normalized the lipid profile, and reduced abdominal and liver 
fat. Canagliflozin slightly reduced body mass and improved glucose 
tolerance and dyslipidemia. The combination therapy was more effec-
tive than the monotherapies in normalizing the lipid profile.

Conclusions: The combination of liraglutide and canagliflozin was 
more effective than the monotherapies in improving dyslipidemia and 
liver fat. These results indicate that the combination of GLP-1 recep-
tor agonists and SGLT-2 inhibitors is a promising therapeutic strategy 
to treat dyslipidemia, and possibly prevent fatty liver disease in meta-
bolic syndrome and obese patients.

Keywords: Obesity; Dyslipidemia; Fatty liver; Liraglutide; Canagli-
flozin

Introduction

The prevalence of obesity and metabolic syndrome is increas-
ing worldwide [1]. Excessive accumulation of adipose tissue 
is a risk factor for metabolic syndrome, cardiovascular dis-
eases, and type 2 diabetes [2]. Metabolic syndrome encom-
passes various features (hyperglycemia, hypertriglyceridemia, 
low high-density lipoprotein (HDL) cholesterol, hypertension, 
central obesity, and fatty liver) that together increase the risk 
of cardiovascular disease and diabetes mellitus [2, 3]. Intra-
abdominal adiposity has a well-known association with an 
increased risk of insulin resistance and fatty liver disease [3, 
4]. Furthermore, high-fat diets (HFDs) are consistently associ-
ated with metabolic alterations, central obesity, and negative 
changes in lipid profile and glucose metabolism, contributing 
to insulin resistance and obesity [4, 5].

Canagliflozin is a competitive and reversible inhibitor of 
renal sodium-glucose cotransporter-2 (SGLT-2). SGLT-2 in-
hibitors, as a class effect, reduce plasma glucose concentration 
by reducing glucose reabsorption to 40-50%, enhancing glyco-
suria and improving blood glucose control in type 2 diabetes 
patients [6]. In addition, SGLT-2 inhibitors present a low risk 
of hypoglycemia because their mechanism is independent of 
insulin [7]. However, the effects of SGLT-2 inhibitors on body 
mass, food intake, and dyslipidemia are modest [8].

Liraglutide is a glucagon-like peptide 1 (GLP-1) receptor 
agonist and a potent insulin secretagogue used to treat type 2 
diabetes and obesity [9]. Liraglutide improves glycemic con-
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trol and body weight combined with cardioprotection and is 
considered a safe drug to treat diabetes, obesity, and related 
cardiometabolic disorders [10].

We hypothesized that combining drugs with distinct 
pharmacodynamics, a GLP-1 receptor agonist and an SGLT-
2 inhibitor, would be more effective than the monotherapies 
of these drugs in improving features of metabolic syndrome, 
including glucose metabolism, body weight, liver adiposity, 
and lipid metabolism. For this study, an animal model of 
metabolic syndrome was generated by feeding Wistar rats 
with a HFD, which were then used to test the combination of 
liraglutide and canagliflozin compared with the monothera-
pies.

Materials and Methods

Animals

A total of 50 male Wistar rats weighing 200 - 210 g, bred and 
maintained in the animal facility of Iguacu University, were 
used in this study. All the animals received food and water 
ad libitum under a 12 h light-dark cycle (lights on from 7:00 
am to 7:00 pm) and controlled temperature (25 ± 1 °C). This 
study was conducted in compliance with all the applicable 
institutional ethical guidelines for the care, welfare and use 
of animals. All the protocols used in this study were approved 
by the Ethics Committee on Animal Use of Iguacu Univer-
sity (PEBIO/UNIG No. 010/2017), which based their analy-
sis on the principles adopted and promulgated by Brazilian 
law [11].

Experimental groups

Animals were fed with commercial food (Purina®, Sao Paulo, 
Brazil) and filtered water ad libitum until 21 days of age and 
then were separated into two experimental groups: control 
rats fed with the regular commercial diet and rats fed with a 
HFD (Table 1), which was prepared according to the sugges-
tion of the American Institute of Nutrition (AIN93-M), for 5 
months.

Drug treatments

After 4 months of HFD, the HFD rats were separated into four 
experimental groups (n = 10 per group): HFD, HFD treated with 
liraglutide (HFD-L), HFD treated with canagliflozin (HFD-C), 
and HFD treated with liraglutide plus canagliflozin (HFD-LC). 
Liraglutide at 100 µg/kg/day was administered subcutaneously 
(Victoza®; Novo Nordisk, Denmark), and canagliflozin at 10 
mg/kg/day was administered orally (Invokana®; Janssen-Cilag 
Farmaceutica Ltda, Brazil). The HFD rats, and the control group 
on the regular diet, received a 0.9% saline solution (vehicle) 
subcutaneously and by gavage. Drugs were administered at the 
beginning of the circadian cycle’s light phase daily for 1 month. 
Average food intake (g) was measured every 4 days, and body 

weight (g) was verified every week.

Glucose tolerance test

The oral glucose tolerance test (OGTT) was performed fol-
lowing 12 h of fasting to determine insulin sensitivity changes. 
Blood samples were collected from the tail vein before and 30, 
60, 90, and 120 min after oral glucose administration (2 g/kg 
of a 50% glucose solution). The OGTT was performed before 
drug administration on the last day of drug treatment. Blood 
glucose concentrations were measured with an Accu-Chek 
Glucose Testing device (Roche, Switzerland). The incremental 
area under the glucose tolerance curve was calculated as the 
integrated area under the curve (AUC) above the basal value 
(time 0) over the 120 min sampling period.

Euthanasia and sample collection

After 1 month of drug treatment, all the animals were eutha-
nized (between 8:00 am and 2:00 pm) by thiopental overdose. 
The urine was aspirated directly from the bladder, and glucose 
concentration was measured with the Accu-Chek Glucose 
Testing device (Roche, Switzerland). Blood samples were col-
lected from the heart and centrifuged at 1,500 × g for 20 min at 
4 °C to obtain serum, which was kept at -20 °C until the assay. 
The following organs were collected: intra-abdominal epididy-
mal adipose tissue and liver. Tissues were weighed and liver 
fragments of approximately 1 cm3 were immediately frozen in 
liquid nitrogen then stored at -70 °C until analysis.

Table 1.  Composition of the Experimental High-Fat Diet

Ingredient (g/kg) Control HFD
Casein 140 175
Cornstarch 465.7 192.6
Sucrose 155 155
Soybean oil 100 100
Lard - 238
Fiber 50 50
AIN-93G mineral mix 35 35
AIN-93 vitamin mix 10 10
L-cystine 1.8 1.8
Choline bitartrate 2.5 2.5
BHT 0.008 0.06
Energy (kcal/g) 15,909 20,934
Protein (% of energy) 76 36
Carbohydrate (% of energy) 14 14
Fat (% of energy) 10 50

The diet was formulated to meet the American Institute of Nutrition 
AIN-93G recommendations for rodent diets by Prag Solucoes. Control 
group was fed with a diet containing only soybean oil. The high fat diets 
containing soybean oil and lard. BHT: butylhydroxytoluene.
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Biochemical measurements

The lipid profile (total cholesterol, triglycerides, HDL cho-
lesterol, and low-density lipoprotein (LDL) cholesterol), and 
levels of aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) were measured in the serum samples (in 
duplicate) in a Vitros® 250 Chemistry Analyzer equipment 
(Ortho Clinical Diagnostics, Raritan, NJ, USA) at the Clinical 
Analysis of Laboratory Animals subunit of the Oswaldo Cruz 
Foundation. Triglycerides and total cholesterol measurements 
were replicated using a colorimetric assay kit (Bioclin-Quiba-
sa, Belo Horizonte, MG, Brazil) and evaluated in a spectro-
photometer (UV-1600; Pro-analise, Porto Alegre RS, Brazil).

Oil red O (ORO) staining

Frozen sections of 10-µm thickness from the liver fragments 
were obtained in a Leica cryostat (model CM1850; Wetzlar, 
Germany), air-dried at room temperature, fixed with 4% para-
formaldehyde for 10 min, and then washed with phosphate-
buffered saline (PBS). The sections were incubated in 100% 
propylene glycol for 3 min, stained with a pre-heated 0.5% 
ORO solution in propylene glycol for 10 min at 60 °C, then 
differentiated in 85% propylene glycol for 3 min, washed in 
distilled water twice, counterstained with hematoxylin and 
mounted with glycerin. The intensity of hepatic steatosis was 
studied in the histological slices as described. For each section, 
10 nonconsecutive random digital images were obtained per 
animal in an Olympus optical microscope (model BX51, 100 × 
plan-achromatic objective, DP71 camera; Olympus Corpora-
tion, Tokyo, Japan) in TIFF format, 36-bit, and 1,280 × 1,024 
pixels resolution. For each slide, 10 images were acquired, and 
a blinded experimenter performed all the quantitative analyses 
using the Image J/NIH software.

Morphometry of adipose tissue

Samples of adipose tissue were fixed in buffered formaldehyde. 
After 24 h of fixation, samples were dehydrated with increasing 
concentration of ethanol (1 × 80%, 1 × 90%, 2 × 100%), incu-
bated with xylol (3 ×) and liquid paraffin (3 ×), and embedded 
into paraffin. Sections of 5 µm were obtained using a microTec 
microtome (model CUT 4050; microTec Laborgerate, Walldorf, 
Germany), placed onto slides, and stained with hematoxylin/
eosin. Ten images were acquired per animal with an Olympus 
light microscope (model BX40; Olympus Corporation, Tokyo, 
Japan) coupled to a digital camera (Olympus DP71). A blinded 
experimenter performed all morphometric analyses, and for 
each image, randomly selected all the visible adipocytes in each 
field. At least five fields of each slide were analyzed per animal, 
and the area was measured using the Image J/NIH software.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism ver-

sion 9.1.0 (San Diego, CA, USA). Food intake, body mass, and 
OGTT were analyzed by repeated measures two-way analysis 
of variance (ANOVA). To evaluate the differences between 
the experimental groups and the efficacy of the monothera-
pies compared to the combination therapy with liraglutide and 
canagliflozin, we used one-way ANOVA and Tukey’s multiple 
comparisons test for parametric analysis. A P value lower than 
0.05 was considered significant.

Results

Effects of liraglutide and canagliflozin on the body mass 
gain and food intake of HFD rats

Body mass and food intake of Wistar rats were monitored over 
the 5 months of experiment (Fig. 1). After 4 months of HFD, 
rats on the HFD presented a 16% increment in body mass com-
pared to control rats on the regular commercial diet (P < 0.05). 
The HFD rats treated with liraglutide showed a significant de-
crease in mass gain (HFD-L, -16.6% and HFD-LC, -17.8%, 
compared to the other groups, P < 0.001) but the association 
of liraglutide and canagliflozin did not have an additional ef-
fect on body weight (Fig. 1b). Accordingly, the food intake 
evaluated in the same period was significantly decreased in the 
liraglutide-treated groups only (Fig. 1c).

Effects of liraglutide and canagliflozin on the glucose 
metabolism of HFD rats

Non-treated HFD rats developed severe hyperglycemia dur-
ing the glucose tolerance test (HFD peak of 490 mg/dL, P < 
0.001) (Fig. 2a). The HFD rats exhibited glucose intolerance, 
with blood glucose levels at 38.6% higher than control rats on 
the regular diet (P < 0.001), as evidenced by a larger AUC of 
blood glucose compared to control rats (Fig. 2b). The mean 
values of fasting blood glucose during the OGTT were 87 mg/
dL in control rats, 159 mg/dL in HFD rats, 158 mg/dL in the 
HFD-L group, 106 mg/dL in the HFD-C group, and 88 mg/dL 
in the HFD-LC group (Fig. 2c).

All drug treatments significantly reduced blood glucose 
compared to the untreated HFD rats (HFD-L, -40.9%; HFD-C, 
-49.2%; HFD-LC, -51%; P < 0.05) in the OGTT. Canagliflozin 
was more effective than liraglutide in normalizing glycemia; 
however, the association of these drugs did not have any ad-
ditive effects on glycemia in our experimental model. As ex-
pected, HFD rats treated with canagliflozin, either as mono-
therapy or combined with liraglutide, had increased glycosuria 
(control 65.7 ± 3.3 mg/dL vs. HFD-C 185.3 ± 2.8 and HFD-LC 
184.7 ± 4.1; P < 0.001) (Table 2).

Effects of liraglutide and canagliflozin on the lipid metabo-
lism of HFD rats

In addition to glucose intolerance, HFD rats also developed 
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Figure 2. Effects of liraglutide and canagliflozin on the glucose metabolism of high-fat diet-fed rats. (a) Oral glucose tolerance test 
(OGTT) performed after the treatment period. (b) Area under the curve (AUC) of the OGTT graph. ***P < 0.001 HFD vs. control, 
HFD-C, and HFD-LC. **P < 0.01 HFD vs. HFD-C and HFD-LC. ##P < 0.001 HFD-L vs. HFD. @@P < 0.001 HFD-C and HFD-LC 
vs. HFD. @P < 0.01 HFD-C and HFD-LC vs. HFD. #P < 0.05 HFD-L vs. HFD-C and HFD-LC. (c) Fasting blood glucose before 
OGTT. Values are means and SEM (n = 10 per experimental group). Control: rats on a regular diet; HFD: high-fat diet; HFD-L: 
HFD treated with liraglutide; HFD-C: HFD treated with canagliflozin; HFD-LC: HFD treated with liraglutide plus canagliflozin; 
SEM: standard error of the mean.

Figure 1. Effects of liraglutide and canagliflozin on body mass and food intake of high-fat diet-fed rats. (a) Experimental design. 
(b) Body mass evolution, #P < 0.001 HFD vs. control, HFD-L, and HFD-LC. *P < 0.001 HFD-L vs. HFD-C. @P < 0.01 HFD-C vs. 
HFD, HFD-L, and HFD-LC. (c) Food intake evolution, expressed as the amount consumed per rat per day. *P < 0.05 HFD vs. 
HFD-LC. Values are means and SEM (n = 10 per experimental group). Control: rats on a regular diet; HFD: high-fat diet; HFD-
L: HFD treated with liraglutide; HFD-C: HFD treated with canagliflozin; HFD-LC: HFD treated with liraglutide plus canagliflozin; 
SEM: standard error of the mean.



Articles © The authors   |   Journal compilation © J Endocrinol Metab and Elmer Press Inc™   |   www.jofem.org172

Liraglutide and Canagliflozin Improve Lipid Metabolism J Endocrinol Metab. 2022;12(6):168-177

dyslipidemia (Table 2), presenting higher levels of blood to-
tal cholesterol (HFD 110.6 ± 14.5 vs. control 60.1 ± 4.8, P < 
0.001), triglycerides (HFD 215.9 ± 16.1 vs. control 82.9 ± 5.9, 
P < 0.001), and LDL cholesterol (HFD 92.5 ± 3.4 vs. control 
44.5 ± 8.0, P < 0.01), and lower levels of HDL cholesterol 
(HFD 38.7 ± 5.2 vs. control 93.5 ± 7.9, P < 0.001). Liraglutide 
treatment decreased total cholesterol (HFD 110.6 ± 14.5 vs. 
HFD-L 79.5 ± 4.3, non-significant (ns)), triglycerides (HFD 
215.9 ± 16.1 vs. HFD-L 94.4 ± 9.3, P < 0.05), and LDL cho-
lesterol (HFD 92.5 ± 3.4 vs. HFD-L 47.0 ± 11.0, P < 0.05), and 
increased HDL cholesterol (HFD 38.7 ± 5.2 vs. HFD-L 72.3 ± 
8.6, P < 0.05) in comparison to the untreated HFD rats. Cana-
gliflozin improved the lipid profile of HFD rats in a less extent, 
significantly increasing HDL cholesterol (HFD 38.7 ± 5.2 vs. 
HFD-L 64.1 ± 5.1, P < 0.05). Interestingly, the combination 
of liraglutide and canagliflozin normalized all parameters of 
the lipid profile to levels comparable to control rats that had 
been on the regular diet: total cholesterol (control 60.1 ± 4.8 
vs. HFD-LC 63.3 ± 3.4), triglycerides (control 82.9 ± 5.9 vs. 
HFD-LC 70.3 ± 10.3), LDL cholesterol (control 44.5 ± 8.0 
vs. HFD-LC 33.3 ± 5.5) and HDL cholesterol (control 93.5 
± 7.9 vs. HFD-LC 91.5 ± 8.9). Comparing the three treatment 
regimens, we observed that the combination therapy signifi-
cantly reduced blood triglycerides compared to canagliflozin 
(HFD-LC 70.3 ± 10.3 vs. HFD-C 138.9 ± 11.5, P < 0.001) and 
to liraglutide monotherapy (HFD-LC 70.3 ± 10.3 vs. HFD-L 
94.4 ± 9.3, ns). The combination therapy was more effective 
to increase HDL cholesterol levels than canagliflozin (HFD-
LC 91.5 ± 8.9 vs. HFD-C 64.1 ± 5.1, P < 0.05) and liraglutide 
(HFD-LC 91.5 ± 8.9 vs. HFD-L 72.3 ± 8.6, ns).

Effects of liraglutide and canagliflozin on liver fat of HFD 
rats

HFD rats presented hepatic steatosis, as evidenced by the nu-
merous ORO-stained lipid drops in the liver tissue (Fig. 3). 
However, it was not enough to produce tissue injury and stea-
tohepatitis since the blood levels of ALT and AST enzymes 
were normal in all groups of rats (Table 2). Quantitative analy-

sis revealed a four-fold increase in liver ORO staining of un-
treated HFD rats compared to control rats (Fig. 3b). All drug 
treatments reduced liver ORO staining of the HFD rats, espe-
cially the liraglutide-treated rats (HFD 18.5 ± 0.8 vs. HFD-L 
9.2 ± 0.4, P < 0.0001), while the canagliflozin treatment was 
found to be less effective when quantified (HFD 18.5 ± 0.8 vs. 
HFD-C 16.8 ± 0.4, ns). Nonetheless, the combination of lira-
glutide and canagliflozin significantly reduced liver fat com-
pared to the canagliflozin monotherapy (HFD-LC 7.2 ± 0.1 
vs. HFD-C 16.8 ± 0.4, P < 0.0001). The reduction in liver fat 
produced by the combination therapy was also evidenced by a 
significant decrease in liver weights of HFD-LC rats compared 
to untreated HFD rats (Fig. 3c).

Effects of liraglutide and canagliflozin on the adipose tis-
sue of HFD rats

HFD rats presented increased adipocyte size (HFD +98%, P < 
0.0001) compared to the control rats fed with the regular diet 
(Fig. 4). Liraglutide treatments significantly decreased adipo-
cyte area relative to the untreated HFD group (HFD-L -31%, P 
< 0.05 and HFD-LC -41%, P < 0.01), while canagliflozin treat-
ment did not have a significant effect on reducing adipocyte 
size (HFD-C -15%, ns) (Fig. 4b). The association of liraglu-
tide and canagliflozin was slightly more effective than liraglu-
tide monotherapy in reducing adipocyte size (HFD-LC -13% 
relative to HFD-L, ns). HFD rats presented a 54% increase in 
epididymal fat accumulation compared to the control rats on 
the regular diet (Fig. 4c). All treatments had some effect in de-
creasing epididymal fat, but only treatments involving liraglu-
tide showed statistically significant reductions of epididymal 
fat related to the untreated HFD rats (HFD-L -40%, P < 0.05; 
and HFD-LC -44%, P < 0.01).

Discussion

Here we evaluated the combination of the GLP-1 receptor 

Table 2.  Effects of Liraglutide and Canagliflozin in Metabolic Parameters of HFD Rats

Variables (mg/dL) Control HFD HFD-L HFD-C HFD-LC
Total cholesterol 60.1 ± 4.8 110.6 ± 14.5a 79.5 ± 4.3b 85.7 ± 5.8b 63.3 ± 3.4c

Triglycerides 82.9 ± 5.9 215.9 ± 16.1a 94.4 ± 9.3b 138.9 ± 11.5c 70.3 ± 10.3b

LDL cholesterol 44.5 ± 8.0 92.5 ± 3.4a 47.0 ± 11.0b 58.2 ± 10.1b 33.3 ± 5.5c

HDL cholesterol 93.5 ± 7.9 38.7 ± 5.2a 72.3 ± 8.6b 64.1 ± 5.1c 91.5 ± 8.9b

AST 37.1 ± 3.6 36.0 ± 3.4 35.0 ± 4.5 33.0 ± 4.9 37.0 ± 5.3
ALT 47.7 ± 5.9 46.5 ± 1.5 38.3 ± 2.1 53.0 ± 6.4 54.2 ± 2.4
Glucose in urine 65.7 ± 3.3 68.0 ± 3.0 65.7 ± 3.1 185.3 ± 2.8a 184.7 ± 4.1a

Values are expressed as means and SEM of six to eight animals per group. Total cholesterol: aP < 0.001 vs. control; bP < 0.05 vs. HFD; cP < 0.001 
vs. HFD. Triglycerides: aP < 0.001 vs. control; bP < 0.001 vs. HFD; cP < 0.01 vs. HFD-LC and vs. HFD. HDL cholesterol: aP < 0.01 vs. control; bP < 
0.01 vs. HFD; cP < 0.05 vs. HFD. LDL cholesterol: aP < 0.01 vs. control; bP < 0.01 vs. HFD; cP < 0.001 vs. HFD. Glucose urine: aP < 0.001 vs. con-
trol. HDL: high-density lipoprotein; LDL: low-density lipoprotein; AST: aspartate aminotransferase; ALT: alanine aminotransferase; HFD: high-fat diet; 
HFD-L: HFD treated with liraglutide; HFD-C: HFD treated with canagliflozin; HFD-LC: HFD treated with liraglutide plus canagliflozin; SEM: standard 
error of the mean.
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Figure 3. Treatments with liraglutide and canagliflozin reduced liver fat of high-fat diet-fed rats. Liver slices were stained with 
oil red O to enable observation of hepatic steatosis (red). (a) Rats on a regular diet (control). (b) High-fat diet (HFD). (c) HFD + 
liraglutide (HFD-L). (d) HFD + canagliflozin (HFD-C). (e) HFD + canagliflozin + liraglutide (HFD-LC). (f) Morphometric analysis 
of liver steatosis after treatment period. (g) Liver weights after treatment period. Values are means and SEM. *P < 0.05, ****P < 
0.0001. Scale bar = 50 µm. SEM: standard error of the mean; ns: non-significant.
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agonist liraglutide and the SGLT-2 inhibitor canagliflozin on 
improving features of metabolic syndrome in HFD-induced 
obese rats. Overall, the results indicate that the combination 
of liraglutide and canagliflozin was more effective than the 
monotherapies in improving dyslipidemia and fatty liver in our 
experimental model of metabolic syndrome (Table 3).

Our experimental model reproduced most features of 
metabolic syndrome, such as body mass gain, glucose intoler-
ance, increased abdominal and liver fat, and dyslipidemia. The 

HFD-induced obesity in rodents produced symptoms compa-
rable to other models that use a high carbohydrate diet, genetic 
or drug-induced obesity, and very similar to human metabolic 
syndrome [12].

Liraglutide was more effective than canagliflozin in decreas-
ing body weight, food intake (Fig. 1), hepatic steatosis (Fig. 3), 
adipocyte size, epidydimal fat (Fig. 4), and lipid profile (Table 
2). On the other hand, canagliflozin was more effective than lira-
glutide in normalizing blood glucose (Fig. 2). The combination 

Figure 4. Effects of liraglutide and canagliflozin in the epididymal adipose tissue of high-fat diet-fed rats. Histology of the epididy-
mal adipose tissue of: (a) rats on a regular diet (control), (b) high-fat diet (HFD), (c) HFD + liraglutide (HFD-L), (d) HFD + canagli-
flozin (HFD-C), (e) HFD + canagliflozin + liraglutide HFD-LC. (f) Morphometric analysis of adipocyte area after treatment period. 
(g) Epididymal weight after treatment period. ****P < 0.0001, **P < 0.001, *P < 0.05. Scale bar = 100 µm.
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therapy and liraglutide monotherapy showed significant advan-
tages in normalizing lipid profiles compared to canagliflozin 
alone. The reduction of adipocyte size and liver fat was more 
expressive in the rats treated with the combination therapy.

Liraglutide is currently approved to treat obesity [13]. 
Its primary action is to increase satiety [14], consistent with 
our findings of reduced food intake in the liraglutide-treated 
groups (Fig. 1). In the present study, liraglutide improved li-
pid metabolism and reduced intra-abdominal and liver fat of 
obese rats (Table 2, Figs. 3, 4). These results are consistent 
with clinical findings in humans treated with liraglutide, which 
have demonstrated body weight reduction associated with a 
reduction in visceral fat [15], as well as an improvement in li-
pid profile with high doses of liraglutide [16]. However, since 
we used a relatively low dose of liraglutide in this study (100 
µg/kg/day), the effect of the treatment on body mass reduction 
did not reflect a strong beneficial effect on glycemia of HFD 
rats. Other experimental studies have used higher doses (from 
200 µg/kg/day up to 1,200 µg/kg/day), which were shown to 
significantly reduce visceral fat and insulin resistance [17-20].

Liraglutide controls insulin release by directly binding to 
GLP-1 receptors in β-cells and neural pathways [21]. There-
fore, a GLP-1 receptor agonist is expected to enhance β-cell 
glucose sensitivity [9]. A recent clinical study with type 2 dia-
betes patients compared the effects of 16 weeks of treatment 
with canagliflozin and liraglutide and their combination on 
β-cell function. They found that liraglutide and canagliflozin 
significantly lowered glycated hemoglobin (HbA1c) with no 
significant additive effect of the combination therapy in these 
patients [22]. Furthermore, the decrease in HbA1c was report-
ed to be strongly and inversely correlated with the increase in 
β-cell glucose sensitivity [22].

Canagliflozin is the first-in-class SGLT-2 receptor blocker 
approved for type 2 diabetes by increasing urinary glucose 
excretion without inducing hypoglycemia, thereby promoting 
body weight reduction due to the loss of about 300 kcal per day 
[7]. In a recent review, SGLT-2 inhibitors appeared to reduce 
the risk of cardiovascular events and mortality, suggesting that 
the benefits of these drugs seen in people with diabetes may 

apply to a broader population [23]. One significant advantage 
of SGLT-2 inhibitors is that they eliminate excess glucose 
through urine instead of stimulating tissue glucose utilization 
by tissues, avoiding glucose toxicity. High glucose levels in 
the blood and within cells have a toxic effect on mitochon-
dria and other organelles, generating oxidative stress and dam-
age to cells and tissues, known as glucotoxicity [24]. Chronic 
hyperglycemia and glucotoxicity can be especially damaging 
to particular cell types more vulnerable to elevated plasma 
glucose levels, such as pancreatic β-cells, neuronal cells, and 
vascular endothelial cells, which equilibrate their intracellular 
glucose level to that of their extracellular environment [25].

Intra-abdominal fat accumulation is an essential predictor 
of metabolic syndrome, even in young adult subjects [26]. Our 
results show that canagliflozin had a small but significant effect 
on reducing body weight and improving lipid metabolism, and a 
substantial effect on normalizing glucose in obese rats. Together, 
these findings reinforce the beneficial effect of canagliflozin on 
improving body weight, glucose, and lipid metabolism observed 
in the clinical treatment of type 2 diabetic patients [27].

A limitation of our study was that we did not evalu-
ate the blood pressure and insulin of the rats. However, it is 
well-established that rats fed a HFD develop hypertension 
and increase blood insulin levels [28]. Epidemiological stud-
ies have shown that obesity predicts the future development of 
hypertension and insulin resistance [29]. According to the Na-
tional Cholesterol Education Program/Adult Treatment Panel 
III (NCEP/ATP III), metabolic syndrome is characterized by 
the presence of at least three of the following symptoms: in-
creased waist circumference (> 102 cm in men and > 88 cm in 
women), elevated blood pressure (130/85 mm Hg or higher), 
elevated fasting blood glucose (> 100 mg/dL), elevated blood 
triglycerides (> 150 mg/dL), and decreased blood HDL choles-
terol (< 40 mg/dL in men and < 50 mg/dL in women). There-
fore, blood insulin concentration is not necessary to diagnose 
metabolic syndrome.

Conclusions

The present study showed that combining the beneficial effects 
of canagliflozin on glucose metabolism with a low dose of 
liraglutide was advantageous to improve lipid metabolism and 
visceral adiposity in our experimental model of metabolic syn-
drome (Table 3). Treating dyslipidemia and reducing visceral 
fat in parallel to glycemic control is an important measure to 
avoid metabolic syndrome complications, preventing diabetes, 
fatty liver, and cardiovascular diseases. Therefore, the data 
presented here support the advantages of the association of low 
doses of GLP-1 agonists with SGLT-2 inhibitors in the pre-
vention of metabolic complications of obesity and encourage 
further investigations to test the clinical benefit of this therapy.

Acknowledgments

We want to thank the biologist Marli Amaro da Silva for help-
ing take care of the animals and our laboratory.

Table 3.  Summary of Effects on Metabolic Syndrome Param-
eters

Treatments
Lira Cana Lira + Cana
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  Food intake ++ + ++
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  Liver fat ++ + +++
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Lira: liraglutide; Cana: canagliflozin; HDL: high-density lipoprotein.
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