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Background and Objective: Type 1 Diabetes mellitus (T1DM) involves pancreatic beta-cell dysfunction and 
inadequate insulin production, leading to disrupted blood glucose levels and subsequent organ dysfunction. 
The aim of this study was to examine the influence of insulin and statins on oxidative stress and mitochondrial 
dysfunction in the salivary glands of streptozotocin-induced diabetic rats.
Material and Methods: Twenty male rats were divided into control (n=4) and experimental groups (n=16)  
of streptozotocin-induced diabetic rats. Diabetic rats were further divided into four groups (n=4/group)  
receiving vehicle, low-dose atorvastatin, low-dose insulin, or combined drugs for 4 weeks. Metabolic parameters 
were assessed via blood samples. Mitochondrial function in submandibular salivary glands was evaluated  
for reactive oxidative stress (ROS), mitochondrial membrane potential, and swelling analysis.
Results: Streptozotocin-induced T1DM rats displayed hyperglycemia, indicating heightened mitochondrial 
dysfunction in salivary glands. Mitochondrial ROS production and membrane depolarization were significantly 
elevated compared to normal rats (p<0.05). Atorvastatin, insulin, and combination therapy similarly mitigated 
mitochondrial dysfunction in induced T1DM rats (p<0.05). All three treatment groups significantly reduced plasma 
glucose, while combined therapy was the most effective.
Conclusion: Combined drug therapy demonstrated the highest efficacy in improving metabolic parameters. 
Atorvastatin, insulin, and combined therapy were equally effective in mitigating mitochondrial dysfunction in the 
salivary glands of induced T1DM rats. These findings suggest the potential of combination therapy for T1DM 
management. Further investigations are needed to understand their impact on salivary gland function and 
implications for oral health and overall well-being in individuals with T1DM.
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Introduction

 Type 1 diabetes mellitus (T1DM) is an 
autoimmune disorder that results in the destruction 
of insulin-producing pancreatic beta cells, leading 
to chronically elevated blood glucose levels and 
chronic inflammation in critical organs such as the 
heart and brain [1, 2]. Untreated hyperglycemia 
can cause long-term complications, including 
retinopathy, nephropathy, and cardiovascular 
diseases. Oxidative stress has been found to underlie 
the inflammation observed in these complications, 
and mitochondrial dysfunction has been linked to 
oxidative stress, characterized by mitochondrial 
ROS production, mitochondrial membrane 
depolarization, and mitochondrial swelling [3-6].
 Salivary glands play a vital role in maintaining 
oral homeostasis. Studies have shown that patients 
with T1DM often experience reduced salivary flow 
rates and xerostomia [7-9]. Additionally, an in vivo 
experiment demonstrated that salivary gland 
dysfunction in T1DM rats was linked to elevated 
oxidative stress, leading to decreased saliva 
production [10]. However, the extent of salivary 
mitochondrial dysfunction in T1DM remains largely 
unexplored.
 Insulin replacement therapy is crucial for 
treating T1DM by normalizing blood insulin levels. 
However, one of its main side effects is weight 
gain, as the result of hyperinsulinemia and fat 
accumulation in peripheral tissue. Consequently, 
statins, known as hydroxy-methylglutaryl-
coenzyme A (HMG-CoA) reductase inhibitors,  
are recommended as a primary preventive therapy 
in DM patients to reduce fatal cardiovascular 
events. Studies have indicated that insulin and 
statins have favorable effects on metabolic 
parameters and brain apoptosis in T1DM rats [2]. 
Furthermore, a study has suggested that statins 
may offer clinical benefits in reducing radiation 
treatment-induced side effects on salivary gland 

function [11]. However, the specific impact of 
insulin and statins on salivary gland function in the 
T1DM model requires further investigation. 
Therefore,  i t  was hypothesized that  the 
administration of insulin and statins may influence 
salivary gland function in the T1DM model.

Materials and Methods

Animal models and experimental protocols
 The Faculty of Medicine, Chiang Mai 
University authorized all experimental procedures 
and ensured that they were carried out under 
international and national standards for the care 
and use of animals. This approval was based on 
the findings of the Institutional Animal Care and 
Use Committee with Ethical No.AF01-009. Twenty 
male Wistar rats weighing 170-200 grams (aged 
approximately 6 weeks old) were obtained from 
the National Animal Center, Salaya Campus, 
Mahidol University, Thailand. All rats were 
accommodated separately in a controlled 
environment with a 12:12 light-dark cycle for 7 
days. Body weight and food consumption were 
monitored weekly. Then the rats were divided into 
a control group (n=4) and an experimental  
group (n=16). The control group was injected 
intraperitoneally with citrate buffer (10 mM,  
pH 4.5), while the experimental group received  
a single injection of streptozotocin (65 mg/kg) 
intraperitoneally to develop diabetes. Following 
the diabetes condition progression for 1 week, the 
experimental group was equally divided into four 
subgroups and given either vehicle (DM), 
atorvastatin (10 mg/kg/day; p.o.: DS), insulin  
(s.c.: DI), or the combination of atorvastatin and 
insulin (10 mg/kg/day; p.o., s.c.; accordingly: DIS) 
through 4 weeks. The first 40 U/kg dose of insulin 
was administered in the case of insulin injection 
after the individual was diagnosed with diabetes 
(fasting plasma glucose level > 250 mg/dl).
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 Afterward, daily fasting plasma glucose was 
investigated before an insulin injection. According 
to maintain the normal plasma glucose level  
(70-120 mg/dl) after treatment with insulin, if the 
fasting plasma glucose level had been 200-250 
mg/dl, the dose of insulin injection was 30U/kg.  
If the fasting plasma glucose level had been  
150-200 mg/dl, the dose of insulin injection was  
20 U/kg, and if the fasting plasma glucose level 
had been 100-150 mg/dl, the dose of insulin 
injection was 10 U/kg. The intention of the study's 
low-dose insulin intervention was to avoid 
hypoglycemia, a critically adverse effect of 

pharmacological therapy for people with diabetes 
[12-14]. All rats fasted for 5 hours as the experiment 
was finalized. To give the rats deep anesthesia, 
2-3% isoflurane was administered. To investigate 
metabolic parameters, blood samples were taken 
(insulin, glucose, total cholesterol levels). The right 
submandibular glands of each rat were then 
removed and separated into two pieces before the 
rat was sacrificed. One was used for the experiment 
and another one was for a precautionary approach 
to mitigate potential experimental failures, thereby 
retaining the supplementary. The experiment's 
protocol is displayed in (Figure 1).

Control
(n=4)

DI
Low-dose insulin
(40U/day; s.c.)

(n=4)

DM
(n=4)

DS
Atorvastatin

(10mg/kg/day; p.o.)
(n=4)

DIS
Combined atorvastatin
and low-dose insulin
(10mg/kg/day;p.o.)

(n=4)

Body weight & Blood collection
(Fasting Plasma Glucose level, Plasma Insulin, Cholesterol)

4 weeks

Body weight & Blood collection
(Fasting Plasma Glucose level, Plasma Insulin, Cholesterol)

1 week

Control
citrate buffer (10 mM; i.p.)

DM
STZ (65 mg/kg; i.p.)

Male Wistar rat
(170 –200 g) 

Sacrifice

Harvest submandibular glands

Homogenize

Salivary gland mitochondria function

Figure 1 The experimental protocol of the study. 
 STZ = Streptozotocin; C = Control rats; DM = Diabetic rats; DI = Insulin-treated diabetic rats; 

DS = Atorvastatin-treated diabetic rats; DIS = Combined drug-treated diabetic.
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Blood sampling
 Blood was collected from the tail vein at the 
beginning of the study (week 0), week 12, and at 
the end of the treatment period. The collected 
blood was transferred into tubes and centrifuged 
at 6,000 rpm for 10 minutes at 4°C to separate the 
plasma. The plasma was then stored at -80°C until 
analysis. Plasma insulin levels were measured 
using a sandwich enzyme-linked immunosorbent 
assay (ELISA) kit developed by Willa Hsueh 
(2005). Plasma glucose and total cholesterol 
levels were measured using colorimetric assay 
kits from ERBA Mannheim (Mannheim, Germany).

Determination of Malondialdehyde (MDA) Level
 Submandibular gland MDA levels were 
measured as an assessment of oxidative stress. 
MDA is produced during lipid peroxidation, and its 
level was determined using a colorimetric (532 nm) 
assay that measures the product formed by the 
reaction of MDA with thiobarbituric acid (TBA). 
The lipid peroxidation assay was conducted using 
the MAK085 – Lipid Peroxidation (MDA) Assay Kit. 
The procedure involved the combination of 20 µl 
of serum from the salivary gland was mixed with 
500 µl of a 42 mM sulfuric acid solution and 125 µl 
of a phosphotungstic acid solution (PTA). 
Subsequently, centrifugation was performed at 
13,000 rpm for 5 minutes at room temperature. 
Following this, the serum pellet was resuspended on  
ice using a 102 µl water/Butylated hydroxytoluene 
(BHT) solution. The sample volume was then 
adjusted to 200 µl with water, and incubation was 
carried out at 37 °C for 2 hours. Following incubation, 
the formation of an MDA-TBA adduct was achieved 
by combining 600 µl of a TBA solution with 200 µl 
of the MDA/serum mixture, followed by incubation 
at 95 °C for 1 hour. Subsequently, the mixture was 
placed in an ice bath for 15 minutes. Each reaction 
mixture was then pipetted into a 96-well plate in  
a 200 µl volume, and its absorbance was  
measured at 532 nm. The concentration of TBARS 

(Thiobarbituric acid reactive substances) was 
determined using a standard curve and expressed 
as MDA concentration (nmol/µl).

Preparation of Salivary Gland Mitochondria
 After the rats were sacri f iced, their 
submandibular glands were rapidly harvested and 
homogenized in iced-cold TES buffer (300 mmol/L 
sucrose, 5 mmol/L TRIS, and 0.2 mmol/L EGTA, 
pH 7.2 at 4°C). The homogenized gland samples 
were centrifuged at 800 g for 5 minutes, and the 
supernatants were collected and centrifuged 
again at 8,800 g for 5 minutes. The mitochondrial 
pellets were then resuspended in the ice-cold buffer 
and centrifuged again at 8,800 g for 5 minutes.

Determination of Reactive Oxygen Species (ROS)
 ROS levels were determined using the dye 
dichlorohydrofluorescein diacetate (DCFDA). The 
isolated salivary mitochondria were incubated with 
2 µM DCFDA for 25 minutes at 25°C and then 
examined using a fluorescent microplate reader at 
485 nm (bandwidth 5 nm) and 530 nm for emission 
(bandwidth 10 nm).

Determination of salivary gland mitochondrial 
membrane potential change
 The dye 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolcarbocyanine iodide (JC-1) 
was used to investigate the change in the 
membrane potential of salivary gland mitochondria. 
The isolated salivary mitochondria were stained 
with JC-1 (5 µM) for 30 minutes at 37°C. The 
salivary mitochondrial membrane potential was 
calculated as fluorescence intensity using a 
fluorescent microplate reader. The emission of the 
JC-1 monomer fluorescent, which appears green 
in color, was detected at a wavelength of 590 nm 
after being excited at a wavelength of 485 nm.  
The emission of the JC-1 aggregated form 
fluorescent, which appears red in color, was 
observed at a wavelength of 530 nm, induced at 
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485 nm. The ratio of red to green fluorescence was 
used to calculate the change in mitochondrial 
membrane potential.

Determination of salivary mitochondrial swelling
 The isolated salivary mitochondria (0.4 mg/
ml) were incubated in 1.5 ml of respiration buffer 
(100 mM KCl, 50 mM sucrose, 10 mM HEPES,  
5 mM KH2PO4, pH 7.4 at 37°C) with the addition 
of 10 mM pyruvate/malate for 1 minute. The rise in 
suspension absorbance at 540 nm was analyzed 
for 30 minutes using a spectrophotometer to 
investigate salivary mitochondrial swelling.

Statistical analysis
 Data was presented as mean ± standard 
error of the mean (SEM). Differences among 
groups were analyzed using one-way analysis of 
variance (ANOVA) followed by Fisher's post-hoc 
test for significant differences. A p-value less than 
0.05 was considered statistically significant.

Results

Metabolic parameters
 STZ-induced T1DM rats exhibited typical 
characteristics of DM, including a decrease in 
plasma insulin levels, elevated fasting plasma 
glucose, and a significant decrease in body 
weight. However, all treatment groups showed a 
significant reduction in fasting plasma glucose 
levels and an increase in insulin levels. Moreover, 
the DIS group showed the most improvement in 
metabolic parameters among the treatment 
groups. The cholesterol level was significantly 
reduced in the group that received statin, DS, and 
DIS. Furthermore, the DIS group demonstrated a 
better reduction in cholesterol level than the DS 
group. These findings suggest that the combination 
treatment not only cured the diabetic condition but 
also improved the cholesterol level (Table 1). Ta
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Salivary gland mitochondrial function and oxidative 
stress
 Mitochondrial dysfunction was evaluated by 
mitochondrial ROS production, mitochondrial 
membrane potential change (depolarization), and 
mitochondrial swelling. Our study demonstrated 
that the submandibular glands of DM rats had a 
significant increase in mitochondrial ROS production 
and mitochondrial membrane potential change, 
but the salivary mitochondrial swelling was not 
different from the control group (Figure 2a).  

These findings suggest that T1DM rats had salivary 
gland mitochondrial dysfunction. On the other hand, 
the other treated groups showed a significant 
improvement in salivary mitochondrial function, as 
indicated by attenuated mitochondrial ROS 
production (Figure 2a), preserved mitochondrial 
membrane potential (Figure 2b), and prevented 
mitochondrial swelling (Figure 2c). These findings 
suggest that insulin, atorvastatin, and the 
combination treatment could recover salivary 
gland mitochondrial function.

Figure 2  The outcomes of insulin, atorvastatin, and combination treatment on salivary gland 
mitochondrial ROS production (a), mitochondrial membrane potential changes (b), 
mitochondrial swelling (c).

 C = Control rats; DM = Diabetic rats; DI = Insulin-treated diabetic rats; DS = Atorvastatin-
treated diabetic rats; DIS = Combined drug-treated diabetic

 *p<0.05 compared with C group; †p < 0.05 compared with DM group.
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Salivary oxidative stress production
 Salivary gland oxidative stress was measured 
by elevated salivary gland MDA levels. When 
compared to the C group, DM did not demonstrate 
significantly higher salivary gland MDA levels, and 
they exhibited no significant difference from DI, DS, 
and DIS either. These results suggest that similar 
salivary gland oxidative stress production was 
addressed by atorvastatin, insulin, and combination 
therapy (Figure 3).

Discussion

 The principal results of this study are listed below;
 1) T1DM was associated with accelerated 
hyperglycemia, impaired salivary gland mitochondrial 
function, and elevated salivary gland oxidative stress.
 2) In T1DM rats, respectively atorvastatin 
and insulin treatment lowered plasma glucose 
levels similarly.
 3) There were significant differences in 
weight between individual treatments.
 4) The combination of atorvastatin and insulin 
was shown to be the most effective in reducing 
hyperglycemia and dyslipidemia when compared 
to the individual treatments as a single therapy.
 5) Salivary gland oxidative stress and 
mitochondrial dysfunction were all considerably 
lowered by atorvastatin, insulin, and combination therapy.

 Insulin is the main medication for T1DM.  
The key mechanism of insulin treatment in diabetic 
conditions appears through the stimulation of glucose 
and lipid consumption in different parts of the body. 
Besides that, greater plasma levels of triglycerides, 
cholesterol, and low-density lipoprotein (LDL) 
cholesterol are among T1DM's primary characteristics 
[15, 16]. Atorvastatin is among the most commonly 
prescribed medications, and also the most 
commonly prescribed statins globally. In addition 
to decreasing cholesterol biosynthesis, atorvastatin 
also has glycemic control effects [2, 17]. In this study, 
aside from the explained circumstances, it is also 
determined that both single insulin treatment and 
atorvastatin treatment led to reduced hyperglycemia. 
Besides that, neither the plasma insulin nor 
cholesterol levels of the T1DM rats are impacted 
by these treatments. Our data's speculative 
explanation could be that the study's doses of 
atorvastatin or insulin therapy were insufficient to 
reduce the hypoinsulinemia and dyslipidemia 
associated with T1DM. Interestingly, this study 
revealed that, compared to separate monotherapy, 
the combination treatment was more effective at 
reducing hyperglycemia and dyslipidemia. These 
findings indicate that atorvastatin and low-dose 
insulin affect glycemic control in T1DM rats differently. 
So, it might be concluded that the combined treatment 
group's effect on reducing blood glucose levels 
appears to be associated with elevated insulin levels.

Figure 3 The outcomes of insulin, atorvastatin, and combination treatment on salivary gland oxidative stress 
production indicated by malondialdehyde level. C = Control rats; DM = Diabetic rats; DI = Insulin- 
treated diabetic rats; DS = Atorvastatin-treated diabetic rats; DIS = Combined drug-treated diabetic.
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 The significant weight differences between 
each experimental group; the DM group had the least 
weight, which can be the result of the excess sugar 
failure to serve as a source of energy for the body, 
prompting a compensatory mechanism wherein 
the body resorts to metabolizing fat and muscle 
tissues for energy production, thereby leading to 
observable weight loss [18]. The DI group had gained 
weight compared to DM due to insulin-regulating 
blood glucose levels by facilitating the uptake of 
glucose into cells, preventing excessive glucose 
accumulation in the bloodstream. By achieving better 
blood glucose control with insulin, the body can reduce 
the reliance on burning fat and muscle for energy. 
This can help prevent further weight loss and promote 
weight stabilization [19]. DS and DIS also had weight 
influences which could be explained that by managing 
blood glucose levels effectively with insulin and 
reducing the risk of cardiovascular events with 
statins, individuals may experience improved overall 
health and well-being. Better health can promote 
increased physical activity and appetite, potentially 
leading to weight maintenance or modest weight gain  
in individuals who were previously experiencing 
weight loss due to uncontrolled diabetes [20]. 
 Also, atorvastatin, insulin, and the combination 
treatment seem to evenly improve salivary gland 
mitochondrial dysfunction and salivary gland oxidative 
stress. DM is a metabolic disease correlated with 
enhanced production of free radicals and reduced 
antioxidant potential, attending to macro and 
microvascular complications. The oxidative stress 
stimulation effect in a DM complication as an explicit 
mechanism is not completely acknowledged.  
The cardiovascular complications which are caused  
by prothrombotic reactions can also be developed 
by oxidative stress in DM patients. Tissue-
oxidative-damaging effects can be found in chronic 
hyperglycemia damage [21, 22]. Increased 
intracellular glucose generates too much ROS, 
which exceeds the capacity of the cell's antioxidants  
to neutralize them. Oxidative stress, which is a chain 

reaction of mitochondrial ROS leakage and induced 
membrane degeneration, can increase lipid peroxidation. 
These processes are assumed to play an important 
part in cellular apoptosis or necrosis [23-25].
 However, this research demonstrated that 
insulin, atorvastatin, and the combined drug 
groups all improved salivary gland mitochondrial 
dysfunction (by lowering ROS) and mitochondrial 
membrane potential change but did not differ 
considerably in mitochondria swelling and MDA 
levels. The ROS production in this study was 
probably insuff icient to result in the l ipid 
peroxidation detected by MDA levels, which is the 
hypothetical explanation for the disparate oxidative 
stress assessment by ROS and MDA [26-28].
 It is, therefore, possible that the duration of 
undergoing STZ-induced diabetes treatment in 
the diabetic groups (1 week) was inadequate to 
demonstrate the fibrosis of the salivary glands. 
Since these medications may initially affect the 
oxidative stress, as well as the subsequent development 
of salivary gland fibrosis, the brief time after STZ 
inducement and/or the short duration of treatment 
with these therapies may be responsible for the 
study's findings. Prolonged administration of insulin, 
atorvastatin, or combined medications may 
significantly enhance salivary gland mitochondrial 
function to a level comparable to that observed in 
the C group. So, further investigation is necessary 
to obtain more solid evidence that this hypothetical 
description is legitimate.

Conclusion

 In conclusion, the study suggests that both 
insulin and atorvastatin treatments can reduce 
hyperglycemia in rats with T1DM, but their effects 
on plasma insulin and cholesterol levels were limited. 
The combination of these two therapies was found 
to be more effective in reducing hyperglycemia and 
dyslipidemia than individual treatments. Furthermore, 
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all three treatment groups (insulin, atorvastatin, 
and combination therapy) improved salivary gland 
mitochondrial dysfunction, and oxidative stress. 
The study also suggests that oxidative stress is  
a crucial factor in the development of diabetic 
complications, including macro and microvascular 
complications, and that improved glycemic control 
through combination therapy may reduce oxidative 
stress levels. Overall, the findings of this study provide 
valuable insights into the mechanisms underlying 
T1DM and its potential treatment strategies.
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