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N-acetylcysteine supplementation did not reverse
mitochondrial oxidative stress, apoptosis, and inflammation in
the salivary glands of hyperglycemic rats
Zalewska Anna1,2, Kuć Joanna3, Zięba Sara4, Matczuk Jan5, Kostecka-Sochoń Paula2, Szarmach Izabela6, Ładny Jerzy Robert7,
Żendzian-Piotrowska Małgorzata8 and Maciejczyk Mateusz 8✉
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BACKGROUND/OBJECTIVES: Previous studies have shown that N-acetylcysteine (NAC) supplementation with the simultaneous
inclusion of HFD prevents salivary glands from oxidative stress and mitochondrial dysfunction. In this experiment, we examined if
NAC supplementation could reverse the harmful effect of HFD on mitochondrial function, reduce the severity of apoptosis, and the
activity of pro-oxidative enzymes in the salivary glands of rats with confirmed hyperglycemia.
SUBJECTS/METHODS: Wistar rats were fed the standard or high-fat (HFD) diet for 10 weeks. After 6 weeks of the experiment, HFD
rats were diagnosed with hyperglycemia and for the next 4 weeks, the animals were given NAC intragastrically. In the mitochondrial
fraction of the parotid (PG) and submandibular salivary glands (SMG), we assessed redox status, inflammation, and apoptosis.
RESULTS: The inclusion of NAC increased the activity of mitochondrial complexes I and II+ III as well as decreased the
concentration of interleukin-1β, tumor necrosis factor α, and caspase-3, but only in the parotid glands of rats with hyperglycemia
compared to the HFD group. However, N-acetylcysteine supplementation did not reduce the activity of caspase-9 or the Bax/Bcl-2
ratio in PG and SMG mitochondria. In both salivary glands we observed reduced activity of cytochrome c oxidase, NADPH oxidase,
and xanthine oxidase, as well as hindered production of ROS and lower ADP/ATP radio, but the levels of these parameters were not
comparable to the control group.
CONCLUSIONS: We demonstrated that NAC supplementation restores the glutathione ratio only in the mitochondria of the
submandibular salivary glands. The supply of NAC did not significantly affect the other measured parameters. Our results indicate
that NAC supplementation provides little protection against free radicals, apoptosis, and inflammation in the salivary gland
mitochondria of HFD rats. Stimulated salivary secretion in hyperglycaemic rats supplemented with NAC seems to be closely related
to mitochondrial respiratory capacity and appropriate ATP level.
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INTRODUCTION
Chronic exposure to the high-fat diet (HFD) not only interferes
with the body’s carbohydrate metabolism but also contributes to
the dysregulation of mitochondrial activity [1–3]. Our previous
research found that HFD disrupts the function of the mitochon-
dria, decreases ATP production, and enhances reactive oxygen
species (ROS) formation in the salivary glands [2]. Hyperglycemia
results in greater oxygen consumption in the mitochondria, which
is inextricably linked with ROS overproduction [4] and boosts the
redox potential by shifting the oxygen transport towards complex
II of the respiratory chain [5]. Hyperglycemia is accompanied by an
increased rate of ADP regeneration, with reduced ATP production
and increased depolarization of mitochondrial membranes [6]. It is
believed that hyperglycemia-related mitochondrial dysfunction
leads to pathological changes that promote insulin resistance (IR)

as well as type 2 diabetes and the associated organ complications
[7]. Considering the above, it appears reasonable to include
substances that would not only restore normal glycemia and
tissue sensitivity to insulin but also positively affect mitochondrial
functions at the stage of hyperglycemia. Studies have proved that
N-acetylcysteine (NAC)—an analog of reduced glutathione (GSH)
—may enhance the functioning of mitochondria, especially
oxidative phosphorylation [8]. NAC improves the activity of the
mitochondrial complexes (I and IV) in the liver [9], completely
restores the function of the complex II in the heart mitochondria
and partially complex I in the mitochondria of the brain of aging
rats [10]. The administration of NAC up to 2 h after the brain injury
resulted in an improvement in the activity of mitochondrial
complexes, enhanced oxidative phosphorylation, and a reduction
in the rate of ROS production [11]. According to the authors, the

Received: 3 April 2021 Revised: 20 September 2021 Accepted: 22 October 2021

1Independent Laboratory of Experimental Dentistry, Medical University of Bialystok, Bialystok, Poland. 2Department of Restorative Dentistry, Medical University of Bialystok,
Bialystok, Poland. 3Department of Prosthodontics, Medical University of Bialystok, Bialystok, Poland. 4Doctoral Studies, Medical University of Bialystok, Bialystok, Poland.
5County Veterinary Inspection, Bialystok, Poland. 6Department of Orthodontics, Medical University of Bialystok, Bialystok, Poland. 7Department of Emergency Medicine and
Disasters, Medical University of Bialystok, Bialystok, Poland. 8Department of Hygiene, Epidemiology and Ergonomics, Medical University of Bialystok, Bialystok, Poland.
✉email: mat.maciejczyk@gmail.com

www.nature.com/nutdNutrition & Diabetes

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-021-00177-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-021-00177-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-021-00177-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41387-021-00177-w&domain=pdf
http://orcid.org/0000-0001-5609-3187
http://orcid.org/0000-0001-5609-3187
http://orcid.org/0000-0001-5609-3187
http://orcid.org/0000-0001-5609-3187
http://orcid.org/0000-0001-5609-3187
https://doi.org/10.1038/s41387-021-00177-w
mailto:mat.maciejczyk@gmail.com
www.nature.com/nutd


restoration of mitochondrial function resulted from an increase in
disulfide bonds of protein chains of the mitochondrial enzymes.
HFD is becoming more and more common in Western societies.

Therefore, measures should be taken to prevent/reverse its
harmful health effects. Our earlier study demonstrated that the
simultaneous inclusion of HFD and NAC supplementation
prevents hyperglycemia, improved the cytoplasmic antioxidant
barrier of both salivary glands, and protected against oxidative
damage in the parotid glands of IR rats [12]. This model of NAC
supplementation leads to a significant increase in the activity of
complexes I and II+ III as well as cytochrome c oxidase (COX) and
reduces the ADP/ATP ratio in the salivary glands of rats compared
to rats fed the HFD only to the level observed in the control group,
which is noteworthy [8]. However, there have been no studies to
evaluate the effect of NAC administration on mitochondrial
function in the salivary glands of rats after hyperglycemic state
induction in the so-called pre-diabetes condition. In other words, it
was not assessed whether NAC could reverse the harmful effect of
HFD on mitochondrial function.
Therefore, in the presented study, we decided to evaluate

whether NAC supplementation could reverse the mitochondrial
chain function, reduce the severity of apoptosis, and the activity of
the mitochondrial prooxidative enzymes in the salivary glands of
rats with HFD-induced hyperglycemia. We also tried to answer the
question if the salivary gland dysfunction observed in hypergly-
caemic rats supplemented by NAC has a relationship with
mitochondrial dysfunction.

MATERIALS AND METHODS
The study was conducted after prior approval of the Local Ethical
Committee for Animal Experiments in Olsztyn (No. 21/2017). All experi-
mental procedures were planned by three qualified and experienced
persons (A.Z., M.M., and M.Ż.-P.). The practical implementation of the
experiment was carried out by two trained and experienced scientists
(M.M. and J.M.).
Throughout the experiment, male Wistar rats (Rattus norvegicus; n= 40;

initial body weight (BW)= 69–72 g; initial age= 4–5 weeks) were grown in
one laboratory room (2 individuals per cage). They were kept under the
following conditions: 12 h of light/12 h of darkness; 20–21 °C; humidity
dependent on external conditions. The rats consumed drinking water
without restriction. The period of acclimatization to environmental
conditions was 5 days. Then, the rodents were divided randomly into 2
equal groups (n= 20):

● Group 1—fed the standard diet (Research Diet, USA, catalog number:
D12450J): 10% fats, 20% proteins, 70% carbohydrates.

● Group 2—fed the high-fat diet (Research Diet, USA, catalog number:
D12492) containing 60% fats, 20% proteins, and 20% carbohydrates.

The above procedure was maintained for 6 weeks. The composition of
diets was presented in Table 1. However, blinding was not used in our study.
After 6 weeks, all rats of both groups had the concentration of glucose in

venous blood obtained from the tail vein determined. The criteria
excluding from further studies were: blood glucose concentration below
70mg/dL and above 150mg/dL and poor general condition (lethargy, lack
of appetite, or any signs of illness). The blood glucose concentration in all
rats fed the high-fat diet was above 95mg/dL and below 135mg/dL, and
below 86mg/dL in group 1. All rats were also in good general condition.
Then, both groups were randomly divided into 2 subgroups of 10

individuals each. The following scheme was implemented for the next
4 weeks:

● Group C—fed the standard diet (Research Diet, USA, catalog number:
D12450J): 10% fats, 20% proteins, 70% carbohydrates.

● C+ NAC group—fed the standard diet (Research Diet, USA, catalog
number: D12450J): 10% fats, 20% proteins, 70% carbohydrates as
well as had NAC solution (500 mg/kg B.W., Sigma-Aldrich catalog
number A9165) administered intragastrically once a day (between
8 AM and 9 AM).

● HFD group—fed the high-fat diet (Research Diet, USA, catalog
number D12492) containing 60% fats, 20% proteins, and 20%
carbohydrates.

● HFD+ NAC group—fed the high-fat diet (Research Diet, USA, catalog
number D12492) containing 60% fats, 20% proteins, and 20%
carbohydrates, and had NAC solution (500 mg/kg B.W., Sigma-Aldrich
catalog number A9165) administered intragastrically once a day
(between 8 AM and 9 AM).

To maintain identical procedures in groups C and HFD, saline solution
was administered intragastrically once a day at a volume of 2mL/kg BW.
Both the saline solution and NAC were administered always by two

qualified specialists (J.M. and M.M.). Food consumption was assessed every
day in the morning. The NAC dose was estimated every two days, which
was preceded by the BW evaluation of the rats.
The dose of NAC (500 mg/kg BW) was selected after a thorough

literature search. The dose implemented in our study is safe for animals,
does not introduce toxic influence, and has a beneficial antioxidant
effect [8, 13].
All rats in the four groups at the end of the experiment were in good

general condition. Therefore, all rats underwent the last stage of the
experiment: sacrifice and tissue removal.
Four weeks after the introduction of NAC supplementation (10 weeks

from the beginning of HFD administration), after overnight starvation, the
rats were dosed with phenobarbital (80 mg/kg BW) and then placed on a
heated table. A tail vein was taken to measure glucose concentration. The
criterion excluding from further studies was blood glucose concentration
below 70mg/dL and above 150mg/dL. The rate of stimulated and non-
stimulated saliva secretion was measured, as described in our earlier
study [8]. After cutting the abdominal integuments, blood was collected
from the abdominal aorta into a tube with EDTA. The obtained plasma
was enriched with antiprotease solution (1:10, protease inhibitors) and
BHT (Sigma-Aldrich, Germany). Totally, 100 µL of the collected plasma
was used to assay insulin concentration (ELISA kit, Shibayagi Co., Gunma,
Japan); the samples were placed in liquid nitrogen and stored at −80 °C.
The content of plasma-free fatty acids was analyzed by gas chromato-
graphy [14]. This determination was performed within 2 weeks after the
plasma samples were frozen.
Tissue sensitivity to insulin was assayed using the homeostasis model

assessment of IR: HOMA-IR index= (fasting insulin [U/mL] × fasting glucose
[mM]/22.5) [15].
The salivary gland index was calculated by dividing the weight of

salivary glands (parotid or submandibular) by total BW.
In the next stage, the submandibular and parotid salivary glands were

collected by M.M. and J.M. and treated on the same day. The harvested
tissues were cleaned, weighed, and prepared for homogenization in ice-
cold isolation buffer (1:10, w/v) using Teflon-and-glass homogenizer. The
composition of mitochondrial isolation buffer was as follows: 250mM
saccharose, 5 mM Tris (Tris(hydroxymethyl)aminomethane)-HCl, and 2mM
ethylene glycol bis(2-aminoethyl)tetraacetic acid (EGTA), pH 7.4. Anti-
protease solution (1:10, protease inhibitors) and BHT (Sigma-Aldrich,
Germany) were also added to the buffer. The homogenates were spun
(500×g, 10 min, 4 °C), followed by two more spins at 8000×g [16]. An
isolating buffer was added to the mitochondrial sediment and the
procedure was continued on the same day. The assessment of the purity of

Table 1. General composition of the control and high-fat diet (HFD).

Ingredient Control
diet (g)

HFD (g)

Carbohydrate Starch, corn 506.20 0.00

Lodex 10 125.00 125.00

Sucrose, fine
granulated

72.80 72.80

Fat Soybean oil, USP 25.00 25.00

Lard 20.00 245.00

Protein Casein, lactic, 30 mesh 200.00 200.00

Cystine, L 3.00 3.00

Fiber Solka floc, FCC200 50.00 50.00

Mineral S10026B 50.00 50.00

Vitamins Choline bitartrate 2.00 2.00

V10001C 1.00 1.00
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the mitochondrial fraction was made on the basis of western blot analysis.
This analysis excludes the presence of cytoplasmic glyceraldehyde
3-phosphate dehydrogenase or the nuclear marker histone H3 [8].

Biochemical determinations
In the obtained mitochondrial fraction, we assayed the activity of
mitochondrial membrane protein complexes, the ADP/ATP ratio, hydrogen
peroxide production, the activity of mitochondrial citrate synthase (CS),
cytochrome c oxidase (COX), NADPH oxidase (NOX), xanthine oxidase (XO),
free radical production—by means of the DCFH-DA test, caspase-3 and -9
activity, the concentration of Bax, Bcl-2, interleukin 1 (IL-1β), the content of
reduced glutathione (GSH), oxidized glutathione (GSSG), and redox state. The
obtained results were standardized to 1mg of total mitochondrial proteins.

Mitochondrial membrane protein complexes
The activity of mitochondrial complex I (ubiquinone oxidoreductase; E.C.
1.6.5.3) was analyzed colorimetrically in duplicate samples based on 2,6-
dichloroindophenol (DCIP) reduction by electrons accepted from ubiqui-
none-1,2,3-Dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone
(coenzyme Q1) [17].
The activities of mitochondrial complex II (succinate dehydrogenase;

E.C. 1.3.5.1) and complex II+ III (succinate dehydrogenase+ quinol-
cytochrome-c reductase, E.C. 1.10.2.2) were assayed colorimetrically in
duplicate samples according to Rustin et al. [18].

ADP/ATP ratio and H2O2 level
The ADP/ATP ratio in the salivary gland mitochondria was analyzed in
duplicate samples according to the bioluminescent method based on the
conversion of ATP to ADP by luciferase. The procedure was performed
using a commercial kit (ADP/ATP Ratio Assay Kit ab65313; Abcam, USA)
according to the manufacturer’s instructions.
Mitochondrial hydrogen peroxide (H2O2) was measured in duplicate

samples using the Amplex Red fluorimetric method. H2O2 level was
calculated using a standard curve of H2O2 stabilized solution [19].

Activity of COX
Mitochondrial COX, complex IV, E.C. 1.9.3.1 activity was determined in
duplicate samples using the colorimetric method. Oxidation of reduced
cytochrome c was measured at 550 nm wavelength [20].

Activity of CS
Mitochondrial CS, E.C. 2.3.3.1 activity was estimated colorimetrically in
duplicate samples using enzymatic reaction with 5-thio-2-nitrobenzoic acid
(TNB) formed from Ellman’s reagent (DTNB, 5,5′-dithiobis-(2-nitrobenzoic
acid) [21].

ROS-generating enzymes
Mitochondrial NOX, E.C. 1.6.3.1 activity was established in duplicate
samples by a luminescence method. One unit of NOX activity was
determined as the quantity of the enzyme required to release 1 nM of the
superoxide anion for 1 min [22].
Mitochondrial XO, E.C. 1.17.3.2. the activity was established in duplicate

samples based on the uric acid formation. An increase in uric acid optical
density was measured at 290 nm wavelength. One unit of XO activity was
determined as the quantity of the enzyme required to release 1 μM of uric
acid for 1 min [23].
Mitochondrial production of ROS was analyzed spectrofluorimetrically in

duplicate samples using 2,7-dichlorodihydrofluorescein diacetate (DCFH-
DA). In this assay, DCFH-DA was de-esterified to 2,7-dichlorodihydrofluor-
escein (DCFH) [24].
Mitochondrial ROS-generating enzymes were measured immediately

after salivary gland collection [25].

Inflammation and apoptosis
The activity of mitochondrial caspase-3 (CAS-3, EC 3.4.22.56) was estimated
colorimetrically in duplicate samples using Ac-DEVD-pNA (Ac-Asp-Glu-Val-
Asp-p-nitroanilide; Km = 9.7 µM) as a substrate. The quantity of
p-nitroaniline (p-NA) released by CAS-3 activity was analyzed at a
405 nm wavelength [26].
The activity of mitochondrial caspase-9 (CAS-9, EC 3.4.22.62) was

analyzed fluorometrically in duplicate samples using AFC:7-amino-4-

(trifluoromethyl)coumarin as a substrate. After cleavage of the substrate
by CAS-9, free AFC emitted yellow and green fluorescence (505 nm
wavelength) which was quantified using a fluorometer.
The levels of mitochondrial Bax, Bcl-2, and tumor necrosis factor α

(TNF-α) were established colorimetrically in duplicate samples by
commercial ELISA kits (Rat Apoptosis regulator BAX and rat apoptosis
regulator Bcl-2, rat tumor necrosis factor, all from EIAab (Wuhan, China).
The level of mitochondrial interleukin-1β (IL-1β) was measured in

duplicate samples using a commercial enzyme-linked immunosorbent
assay (ELISA) kit (IL-1β ELISA kit, R&D Systems; Minneapolis, USA) according
to the manufacturer’s instructions.
Inflammation and apoptosis parameters were also determined by real-

time polymerase chain reaction (RT-PCR) in whole salivary gland samples.
For RNA purification, frozen fragments of left salivary glands were
homogenized by grinding with liquid nitrogen and dissolved in RTK Buffer
provided in the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. The RNA concentration and
purity were checked at 260 nm and 280 nm using Infinite M200 PRO
Multimode Microplate Reader (Tecan). The mRNA expression levels of IL-1β,
CAS-3, and CAS-9 were analyzed using the LightCycler® 96 Real-Time PCR
System (Mannheim Germany) with SYBR Green Supermix (Bio-Rad
Laboratories, Hercules, CA), according to the manufacturer’s instructions.
Duplicate plates were tested for each condition. Briefly, the three steps of
the PCR included: denaturation at 94 °C for 2 min, annealing at 62 °C for
30 s with fluorescence reading, and extension at 72 °C for 30 s. β2-
microglobulin (B2M) was used as a housekeeping gene. Gene expression
was assessed by measurement of steady-state levels of mRNA. Relative
expression from RT-PCR was calculated from the equation 2A-B/2C-D
(where A= Cycle Threshold [Ct] number for the gene of interest in the first
control sample; B= Ct number for the gene of interest in the analyzed
sample; C= Ct number for the housekeeping gene in the first control
sample; D= Ct number for housekeeping gene in the analyzed sample).
Sequences of PCR primers are shown (IL-1β forward AAACAGATGA
AGTGCTCCTTCCAGG and revers TGGAGAACACCACTTGTTGCTCCA; CAS-3
forward 5′-TGCAGCATGCTGAAGCTGTA and revers 5′-GAGCATGGACACAAT
ACACG; CAS-9 forward 5′-AGCAGAGAGTAGTGAAGCTG and revers 5′-A
CACAGACATCATGAGCTCC; B2M forward 5′-AAGTATACTCACGCCACCCA
and revers 5′-AAGACCAGTCCTTGCTGAAG).

Reduced and oxidized glutathione content and redox status
The level of mitochondrial total glutathione was measured in triplicate
samples based on an enzymatic reaction with glutathione reductase (GR),
DTNB, and NADPH [27]. Before the determination of mitochondrial
oxidized glutathione (GSSG), the samples had been thawed and
neutralized to pH 6–7. For this purpose, 1 M triethanolamine hydrochloride
(TEA) was used. Then, the samples were incubated with 2-ethenylpyridine
(2-vinylpyridine) [27]. After that, measures were estimated in a manner
similar to the assay performed for mitochondrial total glutathione. The
level of mitochondrial reduced glutathione (GSH) was calculated using the
formula: [mitochondrial GSH]= [mitochondrial total glutathione]− [mito-
chondrial GSSG] [27].
The mitochondrial redox (oxidation/reduction) status was calculated

using the formula: [GSH]2/[GSSG] [16].

Enzymatic antioxidants and oxidative stress
The activity of mitochondrial Cu–Zn–superoxide dismutase (SOD, EC
1.15.1.1) was determined in duplicate samples by a spectrophotometric
method. For this purpose, the inhibition rate of adrenaline oxidation to
adrenochrome was measured [28]. It was qualified that one unit of enzyme
activity inhibits the oxidation of adrenaline by 50% at 480 nm.
Mitochondrial sialoperoxidase (Px, E.C. 1.11.1.7) activity was determined

colorimetrically in duplicate samples based on the reduction of DTNB to
TNB [29]. A decrease in the absorbance of TNB at 412 nm was measured
five times with intervals of 30 s.
The activity of serum glutathione peroxidase (GPx, E.C. 1.11.1.9) was

assessed in duplicate samples by a colorimetric method at 340 nm. For this
purpose, the reduction of organic peroxides in the presence of NADPH was
measured [27]. It was assumed that one unit of enzyme activity catalyzes
the oxidation of 1 μM NADPH per 1 min.
Mitochondrial catalase (CAT, E.C. 1.11.1.6) activity was analyzed in

duplicate samples by measuring the rate of hydrogen peroxide decom-
position. For this purpose, the colorimetric method at a wavelength of
240 nm was used [30]. It was assumed that one unit of enzyme activity
decomposes 1mM of hydrogen peroxide per 1min.
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Mitochondrial malondialdehyde (MDA) concentration was analyzed in
duplicate samples by measuring thiobarbituric acid reactive substances
(TBARS). 1,1,3,3-tetramethoxypropane was used as a standard [31].

Histological studies
The left submandibular and parotid glands were fixed with 10%
phosphate-buffered formaldehyde and processed for histology using
standard techniques. Tissues were embedded in paraffin for making
five-micron sections, deparaffinized, rehydrated, and stained with
hematoxylin–eosin (H–E) as previously described [32]. Then, the slides
were examined under a light microscope (OPLYMPUS BX 51, OLYMPUS;
60× magnification). Cell morphology and a number of fat vacuoles were
evaluated according to the following criteria: +: single vacuoles in the
cytoplasm of salivary acinar cells; ++: 5–10% of each section occupied by
pathological alternations; +++: 11–20% of each section occupied
by pathological alternations; ++++: 21–30% of each section occupied
by pathological alternations; +++++: >30% of each section occupied by
pathological alternations [32]. Histological studies were carried out by an
experienced histologist.

Statistical analysis
The results of the conducted study were then subjected to statistical
analysis, determining mean values, standard deviations for a given group,
and one-way analysis of variance (one-way ANOVA). The significance of the
differences between the mean values for the groups was determined
based on Tukey’s post hoc. Normality of the distribution was confirmed by
the Kolmogorov–Smirnov test, while homogeneity of variance was
assumed based on Levene’s test. Correlations between the assayed
parameters were assessed using the Pearson correlation coefficient. The
value of p < 0.05 was considered statistically significant. The following
levels of statistical significance were used: *p < 0.05, **p < 0.005, ***p <
0.0005, ****p < 0.0001.
The number of animals was calculated a priori based on previous

preliminary experiments. Type I error α= 0.05, and statistical power (type II
error) of 0.9 were considered. The minimum number of rats in one group
was eight. Thus, the analysis was performed on ten individuals. The
analysis was conducted using the statistical package GraphPad Prism 8.3.0
for MacOS (GraphPad Software, La Jolla, CA, USA).

RESULTS
The results showed a normal distribution, and the variances in the
compared groups were similar to each other.

General characteristics and salivary gland function
Before NAC administration. After 4 weeks of the experiment, the
bodyweight of rats fed an HFD diet was significantly higher (C:
285.8 ± 17.54, HFD: 350.4 ± 10.32, p < 0.0001), while food intake was
significantly lower compared to the control group (C: 17.68 ± 3.1,
HFD: 12.43 ± 1.82, p < 0.0001). Hyperglycemia was confirmed in all
rats fed the HFD diet (C: 95.63 ± 6.15, HFD: 158.1 ± 8.18, p < 0.0001).

After NAC administration. Despite significantly lower food intake,
rats fed a high-fat diet had significantly higher body weight than
the control group. The HFD rats administered with NAC had
significantly higher food intake and statistically lower body weight
than the HFD group. Glycemia, insulinemia, and HOMA-IR levels in
the HFD group were significantly higher than the control and HFD
+ NAC groups. We did not notice any differences in the assessed
parameters between groups C and C+ NAC or C and HFD+ NAC.
The PG and SMG weight of rats fed the high-fat diet was
significantly higher than the control group. Only the parotid
gland’s mass decreased after the introduction of NAC administra-
tion. The non-stimulated salivary secretion did not differ
significantly between the groups, while the stimulated salivation
in the HFD rats was significantly lower than the control group.
NAC administration did not affect the stimulated salivation and
was significantly lower than the control group. The total protein
content in the parotid and submandibular salivary gland
homogenate of rats fed a high-fat diet was significantly reduced

compared to the control group. After NAC administration, the total
protein content in the homogenate of the PG and SMG in the
rodents from the HFD+ NAC group was significantly higher
compared to the rats fed HFD (Fig. 1).

Mitochondrial chain
Parotid glands. The activity of complex I in the mitochondrial
fraction of the parotid glands of HFD rats was significantly lower
compared to the control group (↓22% p < 0.0001). The introduc-
tion of NAC administration in hyperglycemic rats resulted in
considerably higher mitochondrial complex I activity compared to
the group fed the high-fat diet (↑14% p= 0.0132). Moreover, the
activity of this complex in the HFD+ NAC group was at a similar
level as in the control group. Interestingly, NAC administration in
the group of rats not provided with any specific diet resulted in
significantly increased activity of mitochondrial complex I
compared to the control rats without administration (↑14%
p= 0.0011) (Fig. 2).
Complex II activity in the mitochondrial fraction of the parotid

glands was comparable in all groups of rats (Fig. 2).
The activity of mitochondrial complexes II+ III in the parotid

glands of HFD rodents was significantly lower in comparison with
the control group (↓24% p < 0.0001). The inclusion of NAC
administration in rats with hyperglycemia significantly increased
the activity of mitochondrial complex II+ III compared to the
group fed the high-fat diet (↑12% p= 0.0081), but it remained
lower than in the control group (↓14% p= 0.0003) (Fig. 2).

Submandibular glands. The activity of complexes I and II+ III in
the mitochondrial fraction of the submandibular salivary glands of
HFD rats was significantly lower compared to the control group
(↓49% p < 0.0001, ↓23% p < 0.0001, respectively). The introduction
of NAC s administration in rats with hyperglycemia did not entail
any significant changes in the activity of both mitochondrial
complexes compared to the HFD group. Furthermore, the activity
of these complexes in the HFD+ NAC group remained lower
compared to the activity of complexes I and II+ III in the control
group (↓46% p < 0.0001, ↓12% p= 0.001, respectively). Interest-
ingly, NAC administration in the group of rats without a particular
diet resulted in a considerable decrease in mitochondrial complex
I activity compared to the controls without NAC administration
(↓16% p < 0.0001) (Fig. 2).
The activity of complex II in the mitochondrial fraction of the

submandibular glands was comparable in all groups of rats
(Fig. 2).

ADP/ATP ratio
The ADP/ATP ratio in the mitochondria of the parotid and
submandibular salivary glands of HFD rats was significantly higher
compared to the control group (↑17% p= 0.0193, ↑20% p=
0.0017, respectively). The inclusion of NAC administration in rats
with hyperglycemia resulted in a decrease in the ADP/ATP ratio in
the mitochondria of the parotid and submandibular glands
compared to the HFD group (↓20% p= 0.005, ↓16% p= 0.0165,
respectively) (Fig. 3).

H2O2 concentration
The concentration of H2O2 in the mitochondrial fraction of the
parotid and submandibular salivary glands of rats fed the HFD was
significantly higher compared to the control group (↑47% p <
0.0001, ↑14% p= 0.0025, respectively). The introduction of NAC
administration in hyperglycemic rats resulted in decreased
concentration of H2O2 in the mitochondria of the parotid glands
compared to the HFD group (↓36% p < 0.0001). Moreover,
mitochondrial H2O2 concentration in the HFD+ NAC group was
at a level comparable to the controls. The inclusion of NAC
administration in rats with hyperglycemia did not cause any
significant changes in mitochondrial H2O2 concentration in the
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submandibular glands compared to the HFD group, but it was
significantly higher compared to the control group (↑11% p=
0.0351) (Fig. 3).

CS activity
The activity of CS in the mitochondrial fraction of the parotid and
submandibular salivary glands of HFD rats was significantly lower
compared to the control group (↓27% p < 0.0001, ↓40% p <
0.0001, respectively). The inclusion of NAC administration in rats
with hyperglycemia did not cause any considerable changes in
mitochondrial CS activity compared to the HFD group. What is
more, the activity of this enzyme in the parotid and submandib-
ular glands of the HFD+ NAC group remained lower compared to
mitochondrial CS activity in the control group (↓24% p < 0.0001,
↓36% p < 0.0001, respectively) (Fig. 4).
The COX activity in the mitochondrial fraction of the parotid

salivary glands of HFD rats was significantly higher compared to
the control group (↑22 % p < 0.0001). NAC administration of rats
with hyperglycemia remaining on the high-fat diet resulted in
lower mitochondrial COX activity compared to the HFD group
(↓15% p= 0.0002). Interestingly, mitochondrial COX activity in the
HFD+ NAC group was at a similar level to that observed in the
control group (Fig. 4).
The activity of COX in the mitochondrial fraction of the

submandibular salivary glands of HFD rats was significantly
enhanced compared to the control group (↑38% p < 0.0001).
NAC administration of hyperglycemic rats fed the HFD resulted in
decreased mitochondrial COX activity compared to the HFD group
(↓21% p < 0.0001). Interestingly, mitochondrial COX activity in the

HFD+ NAC group was significantly higher compared to that of
the control group (↑21% p < 0.0001) (Fig. 4).

The activity of ROS-generating enzymes and DCFH-DA
NOX and XO activity in the mitochondrial fraction of the parotid
(↑34% p < 0.0001, ↑30% p < 0.0001, respectively) and submandib-
ular (↑24% p < 0.0001, ↑36% p < 0.0001, respectively) glands of
HFD rats was significantly higher compared to the control group.
The inclusion of NAC administration in hyperglycemic rats resulted
in considerably lower mitochondrial NOX and XO activity in the
parotid (↓30% p < 0.0001, ↓28% p < 0.0001, respectively) and
submandibular (↓6% p= 0.0004, ↓20% p < 0.0001, respectively)
glands compared to the group fed the high-fat diet. However, the
activity of mitochondrial NOX and XO in the submandibular
glands of HFD rats administered with NAC remained significantly
higher compared to the control rats (↑19% p < 0.0001, ↑21% p <
0.0001, respectively). The activity of NOX and XO in the
mitochondria of the parotid salivary glands of HFD+ NAC rats
was at a similar level to that in the control group (Fig. 5).
DCFH-DA in the mitochondrial fraction in both the parotid and

submandibular glands of HFD rats was significantly higher
compared to the control group (↑54% p < 0.0001, ↑42% p <
0.0001, respectively). The 4-week NAC administration introduced
at the hyperglycemic stage resulted in considerably lower
mitochondrial DCFH-DA content in the parotid as well as
submandibular glands compared to the group fed the HFD
exclusively (↓32% p < 0.0001, ↓18% p= 0.0005, respectively).
However, it should be emphasized that NAC administration did
not effectively prevent the increase of mitochondrial DCFH-DA in

Fig. 1 General characteristics of rats and salivary gland function. ap < 0.05 vs. C, bp < 0.05 vs. HFD. C control group, C+NAC control rats+
NAC administration, HFD high-fat-fed group, HFD+NAC high-fat-fed rats+NAC administration, HOMA-IR homeostasis model assessment of
insulin resistance, NWS non-stimulated whole salivary flow PG parotid salivary glands, SMG submandibular salivary glands, SWS stimulated
whole salivary flow, TP total salivary proteins.
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both salivary glands of rats since its level in both the parotid and
submandibular glands of HFD+ NAC rats was significantly higher
compared to the control group (↑33% p < 0.0001, ↑28% p <
0.0001, respectively) (Fig. 5).

Inflammation biomarkers
Parotid glands. The concentrations of both IL-1β and TNF-α in
the mitochondrial fraction of the parotid salivary glands of HFD
rats were considerably enhanced compared to the control group
(↑39% p < 0.0001, ↑17% p < 0.0001, respectively). NAC administra-
tion effectively prevented the increase of mitochondrial IL-1β and
TNF-α content as the concentrations of both these cytokines in the
parotid glands of HFD+ NAC rats did not differ significantly
compared to the control group but were considerably lower than
IL-1β and TNF-α concentrations in the mitochondrial fraction of

the parotid glands of HFD rats (↓27% p= 0.0007, ↓13% p= 0.0042,
respectively) (Fig. 6).

Submandibular glands. Both IL-1β and TNF-α concentrations in the
mitochondrial fraction of the submandibular salivary glands of HFD
rats were considerably enhanced compared to the control group
(↑64% p < 0.0001, ↑18% p < 0.0001, respectively). NAC administration
did not effectively prevent the increase of mitochondrial IL-1β and
TNF-α levels as the concentrations of both these cytokines in the
submandibular glands of HFD+NAC rats were markedly higher
compared to the control group (↑59% p < 0.0001, ↑13% p < 0.0001,
respectively). However, it should be noted that they were
significantly lower compared to IL-1β and TNF-α concentrations in
the mitochondrial fraction of the submandibular glands of HFD rats
(↓12% p= 0.0404, ↓6% p= 0.0239, respectively) (Fig. 6).

Fig. 2 Impact of N-acetylcysteine (NAC) administration on mitochondrial respiratory complexes in the parotid and submandibular
glands of rats. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, HFD rats fed the
high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration, ns not significant, PG parotid salivary glands, SMG submandibular
salivary glands.
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Apoptosis parameters
Parotid glands. The activities of both CAS-3 and CAS-9 in the
mitochondrial fraction of the parotid salivary glands of HFD rats
were significantly higher compared to the control group (↑49 %
p < 0.0001, ↑41% p= 0.0004, respectively). CAS-3 activity in the
mitochondrial fraction of the parotid glands of HFD+ NAC rats
was considerably lower compared to the HFD group (↓23% p=
0.0375), and it was not different compared to the control group.
AC administration did not prevent an increase in mitochondrial
CAS-9 concentration, which led to the significantly higher activity
of this enzyme in the parotid glands of the HFD+ NAC group
compared to the control rats (↑35% p= 0.0055). CAS-3 activity did
not differ from the HFD group (Fig. 7).
The concentration of Bax and Bcl-2, as well as the Bax/Bcl-2 ratio

in the mitochondrial fraction of the parotid salivary glands of HFD
rats, was significantly higher compared to the control group
(↑45% p < 0.0001, ↑31% p= 0.0029, ↑62% p < 0.0001, respectively).
NAC administration added at the stage of developed hypergly-
cemia did not counteract an increase in Bax and Bcl-2 levels as
well as the Bax/Bcl-2 ratio in the mitochondrial fraction of the
parotid glands of rats, which resulted in considerably higher
concentrations of Bax, Bcl-2, and the Bax/Bcl-2 ratio compared to
the controls (↑31% p= 0.0052, ↑24% p= 0.0315, ↑48% p= 0.0310,
respectively). Only Bax concentration in the mitochondrial fraction
of the parotid glands of rodents from the HFD+ NAC group was
significantly lower compared to the HFD group (↓20% p= 0.0244).
Mitochondrial Bcl-2 concentration and the Bax/Bcl-2 ratio did not
differ between HFD+ NAC and HFD groups (Fig. 8).

Submandibular glands. Both CAS-3 and CAS-9 activities in the
mitochondrial fraction of the submandibular salivary glands of
HFD rats were considerably enhanced compared to the control

group (↑48% p < 0.0001, ↑35% p= 0.0012, respectively). NAC did
not prevent the increase in mitochondrial CAS-3 and CAS-9
concentrations, which resulted in a markedly higher activity of
these enzymes in the submandibular glands of HFD+ NAC rats
compared to the control group (↑47% p < 0.0001, ↑28% p=
0.0249, respectively). Mitochondrial CAS-3 and CAS-9 activities did
not differ from the HFD group (Fig. 7).
The concentrations of Bax and Bcl-2, as well as the Bax/Bcl-2

ratio in the mitochondrial fraction of the submandibular salivary
glands of HFD rats, was significantly higher compared to the
control group (↑29% p= 0.0092, ↑33% p= 0.0024, ↑58% p=
0.002, respectively). NAC administration included at the stage of
developed hyperglycemia did not prevent an increase of Bax and
Bcl-2 concentrations or the Bax/Bcl-2 ratio in the mitochondrial
fraction of the submandibular glands of rats, as a result of which
Bax and Bcl-2 levels and the Bax/Bcl-2 ratio were considerably
enhanced compared to the control group (↑37% p= 0.0001, ↑34%
p= 0.0017, ↑61 % p= 0.0003, respectively). However, they did not
differ from their values obtained in the HFD group (Fig. 8).

Inflammation and apoptosis mRNA expression
Parotid glands. mRNA expression of IL-1 β, CAS-3, and CAS-9
were significantly higher in the parotid glands of hyperglycemic
rats compared to controls (↑50% p < 0.0001, ↑33% p= 0,002,
↑42% p < 0.0001, respectively). NAC administration in the HFD
group led to a significant decrease in IL-1 β and CAS-3 expression
to the levels observed in healthy rats (↓41% p= 0.0002, ↓30% p=
0.0056, respectively). Despite the fact that in the HFD+ NAC
group there was a significant decrease in the CAS-9 expression
compared to the HFD group (↓21% p= 0.0379, respectively), its
level was still significantly higher compared to the control group
(↑26% p= 0.0492, respectively) (Fig. 9).

Fig. 3 Impact of N-acetylcysteine (NAC) administration on the ADP/ATP ratio and hydrogen peroxide production in the salivary gland
mitochondria. *p < 0.05, **p < 0.005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, HFD rats fed the high-fat diet,
HFD+NAC rats fed the high-fat diet+NAC administration, H2O2 hydrogen peroxide, ns not significant, PG parotid salivary glands, SMG
submandibular salivary glands.
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Submandibular glands. mRNA expression of IL-1 β, CAS-3, and
CAS-9 was significantly higher in the submandibular glands of
HFD rats compared to the control group (↑47% p= 0.0017, ↑41%
p < 0.0001, ↑40% p= 0.0058, respectively). NAC administration in
rats with hyperglycemia did not lead to a significant reduction in
the expression of the above-mentioned parameters. The level of
IL-1 β, CAS-3, and CAS-9 mRNA expression was still significantly
higher compared to the control group (↑45% p= 0.0042, ↑35%
p= 0.0002, ↑39% p= 0.0078, respectively) (Fig. 9).

Glutathione
Parotid glands. In the mitochondrial fraction of the parotid
salivary glands, GSH concentration and the glutathione ratio were
significantly lower (↓49 % p < 0.0001, ↓82% p < 0.0001, respec-
tively), and the GSSG level were significantly higher (↑36% p <
0.0001) in HFD rats compared to the control. NAC administration
of hyperglycemic rats did not prevent adverse changes in
mitochondrial reduced glutathione concentration and the
GSH/GSSG ratio, as GSH and the glutathione ratio were still
considerably lower than in the control group (↓21% p= 0.0348,
↓49% p= 0.0002, respectively). It is noteworthy, however, that
these values were significantly higher than in the HFD group
(↑36% p= 0.0016, ↑65% p= 0.0123, respectively). NAC adminis-
tration did not reduce mitochondrial GSSG pool to the levels
observed in the control group, as a result of which GSSG
concentration in the HFD+ NAC group was markedly higher than
in the control group (↑24% p < 0.0001), but significantly lower
than in the HFD group (↓17% p < 0.0001) (Fig. 10).

Submandibular glands. GSH concentration and the glutathione
ratio were significantly lower (↓22% p= 0.0102, ↓45% p= 0.0006,

respectively), and GSSG was considerably higher (↑13% p=
0.0368) in the mitochondrial fraction of the submandibular salivary
glands of HFD rats compared to the controls. NAC administration
of hyperglycemic rats prevented unfavorable changes in mito-
chondrial reduced glutathione level, the glutathione ratio, and
GSSG concentration, as GSH and GSSG concentrations, as well as
the glutathione ratio, did not differ significantly from similar assays
performed in the control group (Fig. 10).

Plasma. GSH concentration and glutathione ratio were signifi-
cantly lower (↓49% p < 0.0001, ↓78% p < 0.0001, respectively) in
the plasma of HFD rats compared to the control. NAC adminis-
tration of rats with HFD prevented unfavorable changes in the
concentration of reduced glutathione and glutathione ratio,
reaching values similar to the control group (↓47% p < 0.0001,
↓77% p= 0.0002, respectively). We showed no significant
difference in GSSG concentration between the HFD group and
the control group (Fig. 10).

Enzymatic antioxidants and oxidative stress
Parotid glands. The activity of SOD and Px was significantly lower
and the concentration of MDA was significantly higher in the
mitochondrial fraction of the parotid glands of HFD rats compared
to the control (↑48% p < 0.0001, ↑29% p= 0.007, ↑50% p= 0.0001,
respectively). NAC administration of hyperglycemic rats did not
prevent changes in reduced mitochondrial SOD and Px activity,
since SOD and Px were still significantly lower than in the control
group (↓40% p < 0.0001, ↓28% p= 0.008, respectively). Never-
theless, the HFC+ NAC group had a significantly lower concen-
tration of mitochondrial MDA compared to the HFD group,
reaching values similar to the control group (↓28% p= 0.0373,

Fig. 4 Impact of N-acetylcysteine (NAC) administration on citrate synthase and cytochrome c oxidase activity in the salivary gland
mitochondria. ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, COX cytochrome c oxidase, CS citrate
synthase, HFD rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration, ns not significant, PG parotid salivary
glands, SMG submandibular salivary glands.
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respectively). There were no significant differences in CAT activity
in the mitochondrial fraction of the parotid glands of HFD rats
compared to the control, but administration with NAC caused a
significant increase in CAT activity in the HFD+ NAC group
compared to the HFD group (↑36% p= 0.0017, respectively)
(Fig. 11).

Submandibular glands. The mitochondrial fraction of the sub-
mandibular glands of HFD rats was characterized by significantly
lower SOD, Px, and CAT activity and significantly higher MDA
concentration compared to the control group (↓18% p= 0.0391,
↓27% p= 0.0136, ↓26% p= 0.0197, ↑39% p= 0.0001, respec-
tively). NAC administration significantly increased the activity of
mitochondrial SOD, Px, and CAT and lowered the concentration of
MDA to the levels observed in the control group (↑23% p=
0.0016, ↑34% p= 0.0003, ↑29% p= 0.0055, ↓22% p= 0.0405,
respectively) (Fig. 11).

Serum/plasma. Although there was no significant difference in
the activity of serum GPx, the activity of serum SOD and CAT in
the group of insulin-resistant rats was significantly lower
compared to the control group (↓61% p < 0.0001, ↓42% p <
0.0001, respectively). NAC administration significantly increased
the activity of SOD and CAT compared to the HFD group but did
not reach levels similar to the control group (↑38% p= 0.0012,
↑29% p < 0.0001, respectively). The concentration of MDA in the
group of rats fed a high-fat diet was significantly higher compared
to the control group (↑39% p < 0.0001, respectively). Administra-
tion with NAC led to a significant reduction in the concentration of
MDA in the plasma of HFD rats reaching levels similar to the
control group (↓26% p= 0.0006, respectively) (Fig. 11).

Histological studies
In general, the histological structure of salivary glands did not
differ between groups. However, both parotid and submandibular

Fig. 5 Impact of N-acetylcysteine (NAC) administration on pro-oxidant enzymes and free radical production in the salivary gland
mitochondria. ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, DCFH-DA 2,7-dichlorodihydrofluor-
escein diacetate, HFD rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration, NOX NADPH oxidase, ns not
significant, PG parotid salivary glands, SMG submandibular salivary glands, XO xanthine oxidase.
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glands of HFD rats showed degenerative changes in the form of
vacuolation. They are more marked in the parotid gland than in
the submandibular gland. Importantly, NAC administration did not
reduce these alterations (Fig. 12, Table 2).

Correlations
In the HFD+ NAC group we showed a negative correlation
between the ADP/ATP ratio in parotid gland mitochondria and
stimulated saliva secretion (r=−0.886, p= 0.0006), as well as a
positive correlation between the activity of complex II+ III in the
mitochondria of this salivary gland and stimulated saliva secretion
(r= 0.819, p= 0.0038). In addition, in the parotid glands of HFD+
NAC rats we observed a negative correlation between mitochon-
drial CAS-9 activity and GSH concentration (r=−0.649, p= 0.042),
and a positive correlation between GSH concentration and the
activity of complex II+ III (r= 0.775, p= 0.0084) as well as
between TNF-α concentration and the Bax/Bcl-2 ratio (r= 0.853,
p= 0.002).
In the HFD+ NAC group, a positive correlation was found

between COX activity and the ADP/ATP ratio in the submandibular
gland mitochondria (r= 0.719, p= 0.0192)
Moreover, in both salivary glands there was a negative

correlation between the activity of mitochondrial complex II+ III
and DCFH-DA concentration (PG: r=−0.786, p= 0.007; SMG: r=
−0.509 p= 0.05), and a positive correlation between DCFH-DA
concentration and caspase 9 activity (PG: r= 0.621, p= 0.05; SMG:
r= 0.901, p < 0.0001).

DISCUSSION
Previous studies demonstrated that rats fed the high-fat diet
for 6 weeks developed hyperglycemia [2, 3, 33]. The inclusion
of a 4-week NAC supplementation at this stage, despite the

continuation of the HFD, prevented the development of IR and
strengthened the cytoplasmic antioxidant systems of salivary
glands [33]. Interestingly, NAC blocked oxidative modifications of
proteins and carbohydrates and did not reduce lipid peroxidation
in the cytoplasm of acinar cells of the submandibular glands of
rats fed the HFD vs. the control rats. In the cytoplasm of acinar
cells of the parotid glands, NAC supplementation reduced the
intensity of lipid peroxidation compared to the HFD group, but
these values were significantly higher than those observed in the
control group [33]. NAC supplementation did not entail the
reduction of carbohydrate and protein oxidation in the cytoplasm
of acinar cells of the parotid glands. In conclusion, NAC-dependent
reduction of cytoplasmic OS was only partial and dependent on
the type of the salivary gland [33]. The persistence of OS despite
NAC administration is probably a result of excessive ROS
formation, but this hypothesis needs to be examined and
explained. The main salivary source of ROS/RNS are processes
generated in the mitochondria during cellular respiration as well
as oxidative reactions catalyzed by oxidative enzymes [34]. A
significant ROS source in the saliva is inflammatory mediators:
NOX, IL-1β, TNF-α, IL-6, suPAR, or galectin-3 [34–38]. The
intracellular ROS/RNS generation is also associated with mito-
chondrial apoptosis [2, 8]. However, the redox homeostasis of
salivary gland cells may differ from the mitochondrial oxidor-
eductive balance. Therefore, it is essential to evaluate energy
production, antioxidant barrier, oxidative damage, inflammation,
and apoptosis not in the salivary gland homogenate but in the
mitochondria themselves.
The results presented herein are innovative and allow us to

assess the activity of the main sources of ROS/RNS: respiratory
chain enzymes, NOX, and XO as well as the processes
accompanied by ROS formation, i.e., inflammation and apoptosis
in the salivary glands of rats in whom NAC supplementation was

Fig. 6 Impact of N-acetylcysteine (NAC) administration on inflammation biomarkers in the salivary gland mitochondria. *p < 0.05, **p <
0.005, ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, HFD rats fed the high-fat diet, HFD+NAC rats
fed the high-fat diet+NAC administration, IL-1β interleukin 1β, ns not significant, PG parotid salivary glands, SMG submandibular salivary
glands, TNF-α tumor necrosis factor α.
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introduced at the stage of HFD-induced hyperglycemia. We also
tried to determine if NAC supplementation could reverse the
harmful effect of HFD on mitochondrial function, apoptosis, and
inflammation in the salivary glands of hyperglycaemic rats. Our
previous paper showed that the inclusion of NAC supplementa-
tion at the stage of hyperglycemia prevented the dysfunction of
the salivary glands only to a limited extent [33]. However, this
study was performed only in salivary gland homogenates and the
cause of the decreased function of the salivary glands is still
unknown. Therefore, the current study was an attempt to assess
whether salivary gland dysfunction in HFD+ NAC rats can be
caused by mitochondrial dysfunction.
Generally, the results obtained in the group fed the HFD are

consistent with our previous observations [2]. We were surprised
by the fact that HFD-induced alteration in the functioning of
respiratory chain complexes was not normalized after the
introduction of NAC supplementation at the stage of hyperglyce-
mia. One of the most important processes that occur in the
mitochondria is oxidative phosphorylation, during which electrons
are removed from energy substrates and transported to oxygen.
The process is accompanied by ATP generation by the system of
mitochondrial complexes (I–IV). Approximately, 0.1–1% of the
oxygen consumed in the mitochondria is transformed to super-
oxide anion, which is then converted to hydrogen peroxide and
water. Under physiological conditions, complexes I and III are
responsible for oxygen reduction to superoxide anion [39].
According to our results, NAC supplementation applied at the
stage of induced hyperglycemia recreated the mitochondrial
chain function in both salivary glands of HFD+ NAC rats to a small
extent. Only the activity of complex I and COX in the parotid
glands of these rats was completely normalized by NAC. The
observed partial recovery of complex II+ III function in the parotid
gland mitochondria of NAC-treated rats could reflect the

decreased GSH concentration, which seems to be confirmed by
a positive correlation between GSH concentration and the activity
of this complex. In the submandibular glands of HFD+ NAC rats,
NAC supplementation did not rescue the activity of complexes I
and II+ III and COX at all. Their values, exception COX, remained at
the level similar to the activity of these complexes in the group of
HFD rats, and lower—compared to the control group. As
mitochondrial COX is of transcendental importance with respect
to energy metabolism [40], a positive correlation between the
activity of COX and the ADP/ATP ratio and HFD-induced increase
in COX activity in the submandibular glands might contribute to
the impairment of ATP production in this salivary gland. It should
be highlighted that increased ADP/ATP ratio in the salivary glands
of HFD+ NAC group can result from sustained reduced activity of
CS—an enzyme associated with the cycle of tricarboxylic acid
which, under physiological conditions, contributes to the delivery
of 12 ATP molecules. Negative correlations between the activity of
complex II+ III and DCFH-DA concentration in both salivary
glands suggest, on the one hand, that reduced activity of this
complex entails the increased generation of mitochondrial ROS.
This, in turn, can maintain OS despite NAC supplementation. On
the other hand, they may prove that excessive ROS production is
crucial for the induction of mitochondrial alteration.
It is possible that HFD decreases enzymatic activities of

respiratory chain subunits, owing to decreased number of fully
constructed complexes as a result of the reduced rate of their
synthesis, as observed in the liver of mice with induced non-
alcoholic steatohepatitis [1]. In the case of salivary glands, these
changes may be irreversible, or the lack of evidence of any
particular effect of NAC on the mitochondrial system cannot
reflect the in vivo condition. It was demonstrated that precise
functioning of mitochondria, especially NAD+-dependent dehy-
drogenases, as well as transport of the reducing equivalent

Fig. 7 Impact of N-acetylcysteine (NAC) administration on the activity of caspases in the salivary gland mitochondria. *p< 0.05, **p< 0.005,
***p< 0.0005, ****p< 0.0001. C control rats, C+NAC control rats+NAC administration, CAS-3 caspase 3, CAS-9 caspase 9, HFD rats fed the high-fat
diet, HFD+NAC rats fed the high-fat diet+NAC administration, ns not significant, PG parotid salivary glands, SMG submandibular salivary glands.

Z. Anna et al.

11

Nutrition and Diabetes           (2021) 11:35 



through NADH are lost during operation in isolated mitochon-
dria [41].
It is assumed that intracellular redox homeostasis is largely

dependent on enzymatic antioxidant activity and GSH concen-
tration. Moreover, the GSH/GSSG ratio represents the main redox
buffer and is, therefore, an indicator of redox balance in a cell.
According to Luschack [42], elevated OS severity is manifested by
increased concentration of GSSG as well as decreased content of
GSH and GSH/GSSG ratio. Direct GSH supplementation is not
recommended because GSH is not transported inside the cells—it
is synthesized in them [43]. Although it has been evidenced that
one of the best sources of disulfide groups for GSH regeneration
is NAC [44]. In our experiment, NAC supplementation restored
GSH/GSSG balance solely in the mitochondria of the submandib-
ular salivary glands and in the plasma. Reduced activities of

mitochondrial antioxidant enzymes (↓SOD, ↓Px, ↓CAT) in the HFD
group are normalized only in the submandibular salivary glands
of rats supplemented with NAC. In the parotid gland, only the
mitochondrial CAT, due to NAC supplementation, equals the
enzyme activity in control salivary glands. In the parotid gland
mitochondria, despite an undoubtedly significant improvement
of these parameters compared to the HFD group (↑59% GSH,
↓19% GSSG, ↑186% GSH/GSSG ratio), we still observed consider-
ably reduced GSH concentration (↓21%), increased GSSG (↑31%)
and decreased GSH/GSSG ratio (↓50%) compared to the control
group. The reason for the obtained differences between the
examined salivary glands remains unknown, and the results of
our study do not explain this phenomenon. GSH is synthesized
solely in the cytoplasm and can easily permeate through the
outer mitochondrial membrane through the porin channels, but

Fig. 8 Impact of N-acetylcysteine (NAC) administration on apoptotic proteins in the salivary gland mitochondria. *p < 0.05, **p < 0.005,
***p < 0.0005, ****p < 0.0001. Bax pro-apoptotic protein, Bcl-2 anti-apoptotic protein, C control rats, C+NAC control rats+NAC
administration, HFD rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration, ns not significant, PG parotid
salivary glands, SMG submandibular salivary glands.
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as an anion, it cannot diffuse through the inner mitochondrial
membrane. At least two systems transporting GSH into mito-
chondria through the inner membrane are known [45]. Their
efficient functioning ensures a suitable concentration of GSH in
the mitochondria. Interestingly, histological studies of Kołodziej
et al. [46]. demonstrated increased fatty vacuolization of the
parotid gland cells and minimal morphological changes in the
submandibular glands of rats with hyperglycemia induced by the
HFD. Our study confirms these observations. Ittichaicharoen et al.
[47]. observed that a 16-week HFD results in mitochondrial
edema, reduced number of cristae, and depolarization of the
inner mitochondrial membrane of salivary glands. Perhaps HFD/
hyperglycemia-induced morphological disturbances of the mito-
chondria in the parotid glands, as opposed to submandibular
glands, are irreversible and persist despite NAC supplementation.
On the other hand, there is a probability of oxidative damage to
the enzymes responsible for GSH synthesis and too slow de novo

synthesis, selectively in the parotid glands. Interestingly, it has been
observed that GSH deficiency is associated with the activation of
caspases [48] and stimulation of the apoptotic pathway, which is
confirmed by the negative correlation between CAS-9 activity and
GSH concentration in the parotid glands of HFD+NAC rats. The
positive correlation between DCFH-DA and caspase 9 activity and
increased cascade 3 and 9 activity in both salivary glands (vs. the
control group) suggests that the apoptotic pathway, most likely due
to increased ROS formation, is not inhibited by NAC supplementa-
tion. However, it should be emphasized that RT-PCR showed that
the relative expression of both CAS-3 and -9 in the mitochondria of
the parotid gland is reduced after NAC supplementation compared
to the group exposed to HFD. In our study apoptosis parameters in
the salivary glands of rats supplemented with NAC were virtually
unchanged compared to the group fed only the HFD, without NAC
supplementation. These parameters remained significantly higher
compared to the control group (in the parotid glands: ↑44% Bax,

Fig. 9 Impact of N-acetylcysteine (NAC) administration on the mRNA expression of inflammation and apoptosis biomarkers in the whole
salivary glands. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, CAS-3: caspase
3 CAS-9 caspase 9, HFD rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration, IL-1β interleukin 1β, ns not
significant, PG parotid salivary glands, SMG submandibular salivary glands.
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↓24% Bcl-2, ↑91% Bax/Bcl-2 ratio; in the submandibular glands:
↑57% Bax, ↓35% Bcl-2, ↑157% Bax/Bcl-2 ratio). These results are
consistent with the observations suggesting that the statement that
NAC is solely an anti-apoptotic agent is probably an over-
generalization [49]. The intensity of apoptosis processes is more
pronounced in the mitochondria of the parotid glands compared to
the submandibular glands of HFD+NAC rats. Perhaps the
stimulation of apoptotic pathways results from the inability of both
salivary glands of HFD+NAC rats to maintain adequate ATP
concentration (the above-mentioned significant decrease of the
ADP/ATP ratio vs. the control in the parotid as well as
submandibular salivary glands). Bailey et al. [50] showed that
reduced ATP concentration leads to intensified hepatocyte apop-
tosis. The positive correlation between TNF-α concentration and the
Bax/Bcl-2 ratio in the parotid glands of HFD+NAC rats suggests
that lower intensity of apoptosis may be caused by the fact that
parotid gland inflammation in these rats is suppressed compared to
the control group (NOX activity, IL-1β, and TNF-α concentrations
comparable to the controls). In the submandibular salivary glands,

despite a significant decrease in NOX activity and IL-1β and TNF-α
concentrations as compared to the HFD group, these values were
considerably higher than in the control rats. The elimination/
reduction of an inflammatory state is most likely an effect of NAC-
dependent inhibition of NF-κB activity. NF- κB enhances the
production of proinflammatory cytokines [51]. Furthermore, NF-κB
regulates NOX activity by inducing the expression of the phox
subunit for phagocytic oxidase gp91phox [52].
NAC supplementation reduced the lipid peroxidation process

(MDA) in the mitochondria of both salivary glands and in the
plasma of hyperglycemic rats to the levels observed in the control
group. This result may indicate reduced ROS/RNS generation. It
should be remembered that the molecules of membrane lipids
undergo peroxidation at higher concentrations of ROS than
proteins [53]. It cannot be also assumed that the elimination of OS
is complete, a single marker of oxidative damage has a limited
diagnostic and prognostic value.
Salivary biomarkers are often used in the diagnosis of oral and

general diseases [35–37, 54–59]. In the present study, we have
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Fig. 10 Impact of N-acetylcysteine (NAC) administration on glutathione metabolism in the salivary gland mitochondria and plasma. *p <
0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, HFD rats fed the high-fat diet, HFD+
NAC rats fed the high-fat diet+NAC administration, GSH reduced glutathione, GSSG oxidized glutathione, ns not significant, PG parotid
salivary glands, SMG submandibular salivary glands.
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shown no correlation between the markers of OS (antioxidants
and MDA concentration) in the plasma and the mitochondria of
the salivary glands. According to us, the demonstrated lack of
dependence suggests that changes in the activity/concentration
of redox equilibrium components are the result of pathological

processes in the mitochondria of the salivary glands, regardless of
systemic changes.
We observed the negative correlation between the ADP/ATP ratio

in the mitochondria of the parotid gland and SWS as well as the
positive correlation between the activity of complex II+ III in the

Fig. 11 Impact of N-acetylcysteine (NAC) administration on enzymatic antioxidants and oxidative stress in the salivary gland
mitochondria and plasma. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. C control rats, C+NAC control rats+NAC administration, HFD
rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration, ns not significant, PG parotid salivary glands, SMG
submandibular salivary glands, SOD superoxide dismutase, Px peroxidase, GPx glutathione peroxidase, CAT catalase, MDA malondialdehyde.
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mitochondria of this salivary gland and SWS. These correlations may
suggest that SWS is closely related to the mitochondrial respiratory
capacity and appropriate ATP level, which is consistent with the
observations of Xiang et al. [60]. What is more, Ittichaicharoen et al.
[47] proved that mitochondria play a key role in the regulation of the
Ca2+ mobilization pathway in human follicular cells of salivary glands,
which is a prerequisite for saliva secretion.

Our results indicate that in a rat model of experimental IR, NAC
administration after the induction of a hyperglycemic state
provided little protection of the salivary gland mitochondria
against free radical injury, apoptosis, and inflammation. We did
not observe the expected effects, which was rather not due to the
lack of NAC action in the salivary gland mitochondria of rats. It
seems that in the salivary glands the effects of NAC

Table 2. Effect of NAC supplementation on histological observation of rat salivary glands.

C C+NAC HFD HFD+NAC

Parotid glands 10 (+) 10 (+) 6 (++++), 4 (+++++)* 5 (++++), 5 (+++++)*

Submandibular glands 10 (+) 10 (+) 7 (++), 3 (+++)* 8 (++), 2 (+++)*

C control rats C+NAC control rats+N-acetylcysteine, HFD rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+N-acetylcysteine, + single
vacuoles in the cytoplasm of salivary acinar cells, ++ 5–10% of each section occupied by pathological alternations, +++ 11–20% of each section occupied by
pathological alternations, ++++ 21–30% of each section occupied by pathological alternations, +++++ >30% of each section occupied by pathological
alternations.

Fig. 12 Impact of N-acetylcysteine (NAC) administration on histological observation of rat salivary glands. A Parotid salivary glands of
control rats; B submandibular salivary glands of control rats; C parotid salivary glands of C+NAC rats; D submandibular salivary glands of C+
NAC rats; E parotid salivary glands of HFD rats; F submandibular salivary glands of HFD rats; G parotid salivary glands of HFD+NAC rats;
H submandibular salivary glands of HFD+NAC rats. Red circles indicate vacuoles. C control rats, C+NAC control rats+NAC administration,
HFD rats fed the high-fat diet, HFD+NAC rats fed the high-fat diet+NAC administration.
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supplementation depend on the timing of the start of its
administration, i.e., the earlier the start of NAC supplementation,
the more satisfactory effects. We demonstrated, as mentioned in
the introduction, that the inclusion of NAC supplementation at the
same time as exposing rats to the HFD resulted in respiratory
chain normalization, i.e., it restored the activity of the complexes,
reduced the ADP/ATP ratio, decreased ROS production, weakened
apoptotic pathways, rescued GSH pool and prevented cytokine
production to the levels observed in the control salivary glands [8]
(Fig. 13).

CONCLUSIONS

1. NAC supplementation does not rescue HFD-induced altera-
tion of the respiratory chain complexes in the salivary glands
of hyperglycaemic rats.

2. The reduced activity of mitochondrial complex II+ III entails
the increased generation of mitochondrial ROS despite NAC
supplementation. This persistent alteration may maintain OS
in the salivary glands.

3. NAC supplementation in the current experiment scheme
restores GSH/GSSG balance and activity of antioxidants
enzymes only in the mitochondria of the submandibular
salivary glands.

4. NAC supplementation in the current experiment scheme
reduces the lipid peroxidation process in the mitochondria
of both salivary glands and the plasma of HFD rats to the
levels of the control group.

5. Introducing NAC supplementation at the stage of HFD-
induced hyperglycemia reduces apoptosis and inflamma-
tion only in the mitochondria of the parotid glands.

6. SWS in rats from the HFD+ NAC group is closely related to
mitochondrial respiratory capacity and appropriate ATP level.
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