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Abstract

The prevalence of diabetes worldwide is increasing and 629 million people are projected
to have diabetes by 2045, and the most significant burden of the disease being
concentrated in low- and middle-income countries (LMICs). Type 2 diabetes is mainly
treated with insulin adjunctive therapies such as metformin to improve insulin sensitivity
and sodium-glucose co-transporter 2 (SGLT2) inhibitors to lower blood glucose levels.
However, there was limited study on the application of SGLT2 inhibitors on type 1
diabetes, particularly empagliflozin. Therefore, this study aimed to determine the effect of
SGLT2 inhibitors on blood glucose levels and body weights in a rat model of type 1
diabetes. To mimic type 1 diabetes, the rats were injected with streptozotocin 60 mg intra-
peritoneally. Twenty-four rat models were randomly divided into four groups: normal rat
group (negative control), untreated diabetic rat group (positive control), type 1 diabetic
rats treated with metformin, and type 1 diabetic rats treated with empagliflozin. Blood
glucose levels and body weight were recorded before and after induced with streptozotocin
and on weeks 4, 6, 8 and 10 of the treatment with anti-diabetic drugs. This study found
that the blood glucose levels before and after treatment significantly decreased in all
groups (p<0.05), except in the negative control group. Similar results were observed in
body weight of the rats, which all groups experienced weight loss, except the negative
control. These results suggested that apart from being used in type 2 diabetes, SGLT2
inhibitors may also be used as a treatment for type 1 diabetes.
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Introduction

The global prevalence of diabetes is increasing, with an estimated 629 million people projected
to have diabetes by 2045, and the most significant burden of the disease being concentrated in
low- and middle-income countries (LMICs) [1]. The treatment strategies involve effective
exogenous insulin delivery to sustain glucose levels, effective management of cardiovascular
(CVD) risk factors and promoting psychosocial well-being to minimize the burden of living with
diabetes [2]. Aside from insulin medication, adjunctive therapies have been considered to
improve insulin sensitivity, glycemia and control CVD risk factors, such as metformin, alpha-
glucosidase inhibitors, amylin analogs, glucagon-like peptide-1 (GLP-1) agonists, and dipeptidyl
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peptidase-4 (DDP-4) inhibitors [3]. The current popular therapy is the administration of sodium-
glucose co-transporter two inhibitors (SGLT2 inhibitors), such as dapagliflozin, canagliflozin and
empagliflozin which inhibits glucose reabsorption in the kidney.

SGLTz2 inhibitors, recently popularly used drugs in managing type 2 DM, are said to have
many pleiotropic effects. First, inhibition of the SGLT2 receptor causes acute osmotic diuresis,
resulting in weight loss. SGLT2 inhibitors also trigger natriuresis to balance sodium and body
fluid volume to improve endothelial function and reduce vascular stiffness [4]. These three
mechanisms provide an antihypertensive effect and prevent left ventricular hypertrophy as a
cardiovascular complication due to chronic hyperglycemia. SGLT2 inhibitors can also reduce
plasma triglyceride levels and increase HDL cholesterol, a risk factor for cardiovascular
complications [5]. The antihypertensive effect of SGLT2 inhibitors is also affected by decreased
activity of the sympathetic nervous system and blood uric acid levels [6]. The decrease in blood
uric acid levels is caused by increased uric acid secretion through the urine as a substitute for
glucose reabsorption through the GLUT9 transporter [5]. Some experts are considering whether
SGLTz2 inhibitors have a role in managing type 1 diabetes as primary or additional therapy [7-9].
Therefore, this study aimed to determine the effect of SGLT2 inhibitors on blood glucose levels
and body weights in a rat model of type 1 diabetes.

Methods

Study design and setting

This study was an in vitro experimental study using the post-test only method with a control
group design, using Wistar rats that were introduced with diabetes by injecting streptozotocin
(STZ), commonly used to induce type 1 diabetes in rat models. The study was conducted from
June 2020 to January 2021 at the Physiology and the Central Laboratories, Universitas
Padjadjaran, Bandung, Indonesia.

Sample size and randomization

The minimum sample size was calculated using the Federer formula for experimental research
using experimental animals which resulted in six rats each for four treatment groups.
Randomization was carried out using the Complete Randomized Design method by drawing.

Animal model

Twenty-four male Wistar rats aged 8 to 10 weeks and weighed 250—350 grams were used as the
model organism in this study. The rats were obtained from the Bio Farma Laboratory, Bandung,
Indonesia.

Inclusion criteria were healthy male Wistar rats, aged 8—10 weeks, weighing 250—350 grams
and engaged in normal activities without external interventions, such as treadmill exercise.
Exclusion criteria were rats that were sick or died during the study and rats which blood glucose
levels did not increase after administration of STZ.

Intervention

Rats were habituated in sawdust-bedding cages in a room with temperature ranged of 20—28°C
and 50—97% humidity, and fed a standard diet for adult rats. After passing through the
habituation/adaptation period, the rats were allocated randomly to four groups with six rats each.
The allocated four groups were NC: negative control (non-diabetic rat); PC (STZ): positive control
(diabetic rats without treatment); STZ+metformin: metformin-treated diabetic rats; and
STZ+empagliflozin: empagliflozin-treated diabetic rats (Figure 1). Rats were induced to type 1
diabetes with a single dose of 60 mg/kg BW of intraperitoneal STZ injection. Rats were included
in this study if their blood glucose levels were more than 250 mg/dL in three blood examinations.
Drug administration was carried out for eight weeks, with the drug being delivered via a probe
daily in the morning. The dosages were 100 mg/kgBW metformin and 30 mg/kgBW
empagliflozin.
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Endpoints

Body weight and blood glucose levels were measured six times each: before STZ injection (week
0), two weeks after STZ injection (week 2), week 4, week 6, week 8 and week 10. Glucocard
(Arkray, Maharashtra, India) was used to examine blood glucose levels with blood samples taken
from the rat tail.
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Figure 1. Diagram of the study groups and treatments.

Statistical analysis

The study used one-way ANOVA to assessing the observed decrease and through repeated
analyses, a conclusion was made to determine the significance of the observed difference. Data
was expressed with a 95% confidence interval (CI) with a significance limit that is accepted when
P<0.05.

Results

Habituated rats were measured for initial blood glucose levels and body weights (Table 1). There
was no statistically significant difference of blood glucose levels and body weight before STZ
injection across all four groups (p>0.05). In post-STZ, there was a significant difference in blood
glucose levels (p<0.05), which was likely due to the stable value of blood glucose levels in normal
rat group (negative control).

Table 1. Baseline data of blood glucose levels and body weight

Variable Group (mean+SD) p-value
NC PC (STZ) STZ+metformin STZ+empagliflozin
Blood glucose levels
(mg/dL)
Pre-STZ 107.50£17.08 110.00+18.08 109.42+17.97 113.83+22.55 0.958
Post-STZ 116.00%8.04 354.67+24.11 333.76+31.52 336.83152.52 0.000*
Body weight (g)
Pre-STZ 284.25+12.99 302.83+14.50  271.28+30.99 282.83+13.96 0.116
Post-STZ 207.75+15.19 201.50+16.36 264.14+33.77 269.83+23.48 0.101

NC: negative control (non-diabetic rat); PC (STZ): positive control (diabetic rats without treatment);
STZ+metformin: metformin-treated diabetic rats; and STZ+empagliflozin: empagliflozin-treated diabetic
rats.
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The average weights of the rats initially were similar in all groups, aligning with the inclusion
criteria of 250—-350 g body weight. ANOVA analysis showed that the difference in body weight
between each group was insignificant before STZ injection (p>0.05) which could be assumed that
rats across four groups had similar baseline characteristics. Two weeks after STZ administration,
rats in all groups experienced weight loss except in the negative control group, but there was not
significantly different.

Blood glucose levels

There were decreases of blood glucose levels between before and after treatment in all groups
(Figure 2). However, only three groups (PC, STZ+empagliflozin and STZ+metformin)
experienced significant decrease (p<0.05). Moreover, the decline occurred more in the rats
treated with the empagliflozin, reaching 63.24% decline compared to 35.84% in the metformin
group, starting from the second week after drug administration. In addition, throughout the
treatment, it could be seen that all the groups were in declining trends (Figure 3). The negative
control group had relatively stable decrease, while the STZ+empagliflozin group experienced the
most drastic decrease. The other two treatment groups showed similar patterns with small
difference of blood glucose levels at the last measurement time (STZ+metformin 214.14 mg/dl;
positive control 259.67 mg/dl).

* * *
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Figure 2. Mean blood glucose levels of rats in each group before STZ injection, after two weeks of
STZ injection (baseline/before therapy) and after eight weeks of anti-diabetic administration
(p>0.05). NC: negative control (non-diabetic rat); PC (STZ): positive control (diabetic rats
without treatment); STZ+metformin: metformin-treated diabetic rats; and STZ+empagliflozin:
empagliflozin-treated diabetic rats. *Statistically significant at p<0.05 compared to before STZ of
each group.

Body weight

Body weight of rats were measured before STZ injection, after injection of STZ (baseline/before
therapy), and on week 4, 6, 8 and 10 after anti-diabetics administration (Figure 4 and Figure
5). The initial average weights of the rats in all groups were insignificantly different (p>0.05),
aligning with the body weight inclusion criteria of 250—350 g which could be assumed that all of
the rats had similar baseline characteristics. Two weeks after STZ administration, all rats
experienced weight loss except in the negative control group. After eight weeks of therapy, rats in
the three groups experienced weight gain although there were no significant difference (PC group
with p=0.053, STZ+metformin with p=0.181, and STZ+empagliflozin with p=0.416). A
significant weight gain only occurred in the negative control group (p=0.029). The weight loss
experienced by rats after STZ injection coincided with the increase of blood glucose levels. After
anti-diabetic medications were given from week two onwards, there were gradual slight weight
gains only in the groups treated with metformin and empagliflozin.
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Figure 3. Mean of blood glucose levels of rats in each group before STZ, after injection of STZ
(baseline/before therapy), and weeks 4, 6, 8 and 10 after administration of anti-diabetics. NC:
negative control (non-diabetic rat); PC (STZ): positive control (diabetic rats without treatment);
STZ+metformin: metformin-treated diabetic rats; and STZ+empagliflozin: empagliflozin-treated
diabetic rats.
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Figure 4. Average body weight of rats in each group before STZ, after injection of STZ
(baseline/before therapy), and weeks 4, 6, 8 and 10 after administration of anti-diabetics
(p>0.05). NC: negative control (non-diabetic rat); PC (STZ): positive control (diabetic rats
without treatment); STZ+metformin: metformin-treated diabetic rats; and STZ+empagliflozin:
empagliflozin-treated diabetic rats. “Statistically significant at p<0.05 compared to post STZ.

Discussion

Blood glucose levels

Unlike for type 2 diabetes, metformin is not commonly recommended as part of a treatment plan
for type 1 diabetes. However, previous studies showed that adding metformin as an adjunctive
therapy is beneficial, safe, and well-tolerated for type 1 diabetes, even in the adolescent population
[10]. Metformin decreases blood glucose concentrations and metabolic syndrome prevalence, as
well as lowers insulin dose requirement [11]. In contrast, empagliflozin and other SGLT2
inhibitors have been proven as effective glucose-lowering agents for type 2 diabetes. A recent trial
called Empagliflozin as Adjunct to inSulin thErapy (EASE) showed a beneficial effect on glycated
hemoglobin (HbA1C), body weight and glucose variability in type 1 diabetes patients [12]. It may
be due to its role in improving blood glucose homeostasis through the protective effects on
pancreatic beta cells from oxidative stress [13].
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Figure 5. The average weight of rats in each group before STZ, after injection of STZ
(baseline/before therapy), and weeks 4, 6, 8 and 10 after administration of anti-diabetics. NC:
negative control (non-diabetic rat); PC (STZ): positive control (diabetic rats without treatment);
STZ+metformin: metformin-treated diabetic rats; and STZ+empagliflozin: empagliflozin-treated
diabetic rats.

This study found that the effect of reducing blood glucose occurred in all three diabetic rat
groups, i.e., the positive control, metformin-treated and empagliflozin-treated groups. The blood
glucose levels in the positive control group were stable until the sixth week but then decreased.
This indicated that a single dose of 60 mg/kg BW of intraperitoneal STZ was able to maintain
satisfactory hyperglycemia until the sixth week. However, after the sixth week, it decreased even
though it was still in the high range (259.67 mg/dl).

Many researchers have studied the effects of hyperglycemia in the rat model of STZ-induced
diabetes [14,15]. Giving a single dose or divided small doses of STZ can induce type 1 diabetes in
experimental animals because STZ can cause total destruction or damage to only a portion of the
pancreatic beta cells and giving hyperglycemic effect [14,15]. This causes the effects of
hyperglycemia to be reversible even without treatment. Usually, a single dose of 60 mg/kg BW of
STZ can induce a reversible increase in blood glucose level, but STZ of more than 75 mg/kg BW
often causes the death of rats. This could also explain the decrease in blood glucose levels in
diabetic rat models not treated with anti-hyperglycemic drugs [14,15].

The group of diabetic rats treated with metformin and empagliflozin, both also experienced
decreases, which was clear that there was a higher decrease in the empagliflozin group. Repeated
measures analysis proved that the difference in reducing blood glucose levels in rats treated with
empagliflozin and metformin was quite significant. Empagliflozin was superior in reducing blood
glucose levels compared to metformin (p=0.017). That is, although these two drugs are significant
in reducing blood glucose, empagliflozin was superior when compared to metformin.

There were no other studies have compared the effects of reducing blood glucose levels by
metformin and SGLT2 inhibitors in experimental animals. A previous study demonstrated the
effectiveness of metformin in lowering blood glucose in diabetic mice [16] while another studied
rodent models with empagliflozin [17].

Body weight

In normal rats (negative control), the average weight gain increased continuously. In contrast,
the average body weight of rats in the positive control decreased two weeks after the STZ injection
then it increased slightly (1.43%) compared to normal rats. This finding was similar to a previous
study that diabetic rats injected with STZ had an average body weight that decreased within 21
days of injection, whereas normal rats had a body weight that continued to increase [18]. The
trend differences of the body weight is caused by the toxic effects of STZ, which resulted in a
significant increase in blood glucose level, a decrease in body weight and the chance of
experiencing diarrhea [14].
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Moreover, the diabetic rats treated with metformin had a lower average body weight
compared to diabetic rats who were not given any therapy. This aligned with a study conducted
by Yanardag et al., which found that diabetic rats treated with metformin had lower body weight
than rats not treated with any drug [20]. Metformin increases fatty acid uptake and adipose tissue
utilization and as well as stimulates fatty acid oxidation that inhibits fat accumulation [21,22],
therefore, the causes of weight loss in diabetic rats treated with metformin could be explained.

It resonated to the rats treated with empagliflozin, which the average body weight of the rats
decreased significantly and the decrease was equivalent to the weight loss that occurred in
metformin group (p>0.05). Vallon et al. found that treating diabetic rats with empagliflozin had
no effect on body weight until the 10th week of treatment, but there was a slight increase in body
weight at the 15t week of treatment [23]. The inhibition of SGLT2 by empagliflozin increased
food intake in Wild-Type rats, possibly to balance ongoing urinary and caloric losses [23]. In
addition, empagliflozin treatment found to have an impact on weight loss in diabetic rats with
high-fat diet, but not in STZ-induced diabetic rats [24]. The treatment of rats with empagliflozin
can reduce body weight by increasing energy expenditure, adipose tissue browning and reducing
obesity associated with inflammation and insulin resistance by macrophage activation in white
adipose tissue and liver from obese rats [25].

This study confirmed that SGLT2 inhibitors, besides reducing blood glucose, are also able to
decrease body weight. The limitation of this study was the absence of direct assessment of
pancreatic damage in rat models. Additionally, using oral preparations for both metformin and
empagliflozin, rather than pure extracts, may influence the observed outcomes.

()
D
Q
£
<
—
<
j=
oo
j=
O

Conclusion

Empagliflozin, a SGLT2 inhibitor, was superior in reducing blood glucose levels in rats with STZ-
induced type 1 diabetes rat models compared to metformin (p<0.05). It was also able to decrease
body weight. These results suggest that apart from being used in type 2 diabetes, SGLT2 inhibitors
may also be used as a treatment for type 1 diabetes.
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