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Abstract: Nutritional status is a major determinant of hepatocyte injuries associated with changed
metabolism and oxidative stress. This study aimed to determine the relations between oxidative
stress, bariatric surgery, and a high-fat/high-sugar (HFS) diet in a diet-induced obesity rat model.
Male rats were maintained on a control diet (CD) or high-fat/high-sugar diet (HFS) inducing obesity.
After 8 weeks, the animals underwent SHAM (n = 14) or DJOS (n = 14) surgery and the diet was
either changed or unchanged. Eight weeks after the surgeries, the activity of superoxide dismutase
isoforms (total SOD, MnSOD, and CuZnSOD), catalase (CAT), glutathione peroxidase (GPx), glu-
tathione reductase (GR), and lutathione S-transferase, as well as the thiol groups (-SH) concentration,
total antioxidant capacity (TAC), total oxidative stress (TOS) levels, and malondialdehyde (MDA)
concentration liver tissue were assessed. The total cholesterol, triglycerides (TG), and high-density
lipoprotein (HDL) concentrations were measured in the serum. The total SOD and GPX activities
were higher in the SHAM-operated rats than in the DJOS-operated rats. The MnSOD activity was
higher in the HFS/HFS than the CD/CD groups. Higher CuZnSOD, GST, GR activities, -SH, and
MDA concentrations in the liver, and the triglyceride and cholesterol concentrations in the serum
were observed in the SHAM-operated rats than in the DJOS-operated rats. The CAT activity was
significantly higher in the HFS-fed rats. Lower TAC and higher TOS values were observed in the
SHAM-operated rats. Unhealthy habits after bariatric surgery may be responsible for treatment
failure and establishing an obesity condition with increased oxidative stress.

Keywords: bariatric surgery; duodenojejunal omega switch; high-fat, high-sugar diet; lipids; liver;
oxidative stress

1. Introduction

Oxidative stress is a significant element in pathological obesity regarded as a severe
health burden worldwide due to its related comorbidities, such as diabetes, cardiovascu-
lar disease, hepatic steatosis, and non-alcoholic fatty liver disease (NAFLD) [1]. Oxida-
tive stress generates reactive oxygen species (ROS), which activate enzymatic and non-
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enzymatic antioxidant systems, neutralizing them. According to clinical and experimental
investigations, these antioxidant systems are altered during NAFLD development [2].

Aside from long-term weight loss, bariatric surgery helps to manage metabolic pro-
cesses, resulting in improved glucose tolerance and insulin sensitivity and increased energy
expenditure [3]. As described previously [4–6], a duodenal–jejunal omega switch (DJOS) is
a bariatric procedure using a proximal duodeno-enterostomy loop to bypass the foregut
and allow for direct hindgut stimulation. The animal model used allows for addressing
questions regarding the effects of DJOS that could not be pursued experimentally in hu-
mans otherwise [4–6]. Dietary patterns greatly contribute to the genesis and risk factors of
such diseases as metabolic syndrome, NAFLD, and obesity. A high-fat/high-sugar (HFS)
diet disrupts the expression of inflammatory markers and can impair adaptive immunity
in obese people. The HFS diet is known to cause hypertension, reduced glucose tolerance,
increased abdominal fat deposition and abdominal circumference, and an altered lipid
profile [7]. The digestion of different types of dietary products has different effects on the
oxidative status of the organism. Nutritional status is a major determinant of hepatocyte
injuries associated with changed metabolism and oxidative stress [8].

The present study aimed to determine the effects and relations between oxidative
stress, bariatric surgery, and a high-fat/high-sugar (HFS) diet in a diet-induced obesity
(DIO) rat model.

2. Results
2.1. Antioxidant Status Markers

We noted statistically significant differences in the total SOD activity in both the
SHAM- and DJOS-operated animals (pSHAM < 0.001, pDJOS < 0.001). The total SOD activity
in the livers of the SHAM-operated rats was higher, especially in the rats fed with the same
diet (CD/CD and HFS/HFS) during the whole experiment. In the case of these rats, we
found statistically significant differences in the total SOD activity with higher values noted
for the rats fed with the HFS diet only compared to the rats fed with the CD diet only
(pSHAM < 0.05, pDJOS < 0.001). No differences in the total SOD activity were noted in the
livers of the rats fed according to the changing dietary pattern (Figure 1).
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ley rats (n = 56) after duodenojejunal omega switch (DJOS, n = 28,) or control (SHAM, n = 28) surgery; 

Figure 1. Total superoxide dismutase (SOD) activity (NU/mg protein) in the livers of Sprague-Dawley
rats (n = 56) after duodenojejunal omega switch (DJOS, n = 28,) or control (SHAM, n = 28) surgery;
rats were fed according to different dietary patterns (CD/CD, n = 7; CD/HFS, n = 7; HFS/CD, n = 7;
HFS/HFS, n = 7) for 8 weeks after the surgery. Legend: CD—control diet, HFS—high-fat, high-sugar
diet. For reader’s convenience, the dashed lines connect the groups subjected to the same type of surgery.
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We identified statistically significant changes in the MnSOD activity of the liver tissue
of rats from the DJOS- and SHAM-operated groups (pDJOS < 0.001, pSHAM < 0.001). Apart
from the rats fed with the CD/HFS dietary pattern, we identified higher MnSOD activity
in the SHAM-operated groups (Figure 2A). We observed statistically significant changes
in the MnSOD activity in the groups fed with the same diet before and after the surgery,
with higher MnSOD activity in the HFS/HFS groups compared to the CD/CD groups
(pDJOS < 0.05, pSHAM < 0.001). The MnSOD activity in the livers of the SHAM-operated rats
fed with the CD/CD, CD/HFS, and HFS/CD dietary pattern was the same.
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Figure 2. Mn–superoxide dismutase (MNSOD) activity (NU/mg protein) (a) and Cu–Zn–superoxide
dismutase (CuZnSOD) activity (NU/mg protein) (b) in the livers of Sprague-Dawley rats (n = 56)
after duodenojejunal omega switch (DJOS, n = 28,) or control (SHAM, n = 28) surgery; rats were fed
according to different dietary patterns (CD/CD, n = 7; CD/HFS, n = 7; HFS/CD, n = 7; HFS/HFS,
n = 7) for 8 weeks after the surgery. Legend: CD—control diet, HFS—high-fat, high-sugar diet. For
reader’s convenience, the dashed lines connect the groups subjected to the same type of surgery.

We discovered statistically significant differences in the CuZnSOD activity between
the DJOS- and SHAM-operated rats (pDJOS < 0.001, pSHAM < 0.001). We found higher
CuZnSOD activity in the SHAM-operated rats fed according to all the dietary patterns,
except for the HFS/CD pattern (Figure 2B). We detected statistically significant changes in
the CuZnSOD activity in the groups of rats fed with the same diet during the experiment,
with higher CuZnSOD activity in the livers of rats from the HFS/HFS group than in the
CD/CD group (pDJOS < 0.001, pSHAM < 0.001). We observed no statistically significant
changes in the SHAM- (p = 0.849) and DJOS-operated animals (p = 1) from the groups that
had the diet changed after the surgery.

We discovered statistically significant differences in the CAT activity in the DJOS- and
SHAM-operated rats (pDJOS < 0.001, pSHAM < 0.001). However, we observed decreased CAT
activity in the SHAM-operated rats compared to the DJOS-operated rats, but only in the rats
fed according to the HFS/CD dietary pattern (Figure 3). For the DJOS-operated animals, the
lowest CAT activity was noted for the animals fed according to the CD/CD dietary pattern,
but it did not differ from the CAT activity noted for the animals fed according to the CD/HFS
(p = 0.053) or HFS/CD (p = 1) dietary pattern. When comparing the CAT activity in the
rats fed according to the mixed dietary pattern (CD/HFS vs. HFS/CD), we observed no
statistically significant differences in either the DJOS- (pDJOS = 0.990) or SHAM-operated
animals (pSHAM = 0.434). In the rats fed with the same diet before and after the surgery
(CD/CD and HFS/HFS), the CAT activity was significantly higher in the animals fed with the
HFS diet during the whole experiment (pDJOS < 0.001, pSHAM < 0.001) (Figure 3).
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Figure 3. Catalase (CAT) activity (IU/g protein) in the livers of Sprague-Dawley rats (n = 56) after
duodenojejunal omega switch (DJOS, n = 28,) or control (SHAM, n = 28) surgery; rats were fed
according to different dietary patterns (CD/CD, n = 7; CD/HFS, n = 7; HFS/CD, n = 7; HFS/HFS,
n = 7) for 8 weeks after the surgery. Legend: CD—control diet, HFS—high-fat, high-sugar diet. For
reader’s convenience, the dashed lines connect the groups subjected to the same type of surgery.

The DJOS and SHAM surgeries had statistically significant effects on changes in the
GPX activity (pDJOS < 0.001, pSHAM < 0.001). We observed higher GPX activity in the
SHAM-operated animals, irrespective of the used dietary pattern (Figure 4A). We noted
statistically significant changes in the GPX activity of the rats fed with the same diet before
and after the surgery (HFS/HFS and CD/CD), with higher GPX activity in the rats fed only
with the HFS diet than in the rats fed with the control diet (pDJOS < 0.001, pSHAM < 0.001).
No statistically significant differences in the GPx activity were observed in the rats with a
change in diet after the surgery (pSHAM = 0.849, pDJOS = 1) (Figure 3).
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Figure 4. Glutathione peroxidase (GPx) activity (IU/g protein) (a) and glutathione reductase (GR)
activity (IU/g protein) (b) in the livers of Sprague-Dawley rats (n = 56) after duodenojejunal omega
switch (DJOS, n = 28,) or control (SHAM, n = 28) surgery; rats were fed according to different dietary
patterns (CD/CD, n = 7; CD/HFS, n = 7; HFS/CD, n = 7; HFS/HFS, n = 7) for 8 weeks after the
surgery. Legend: CD—control diet, HFS—high-fat, high-sugar diet. For reader’s convenience, the
dashed lines connect the groups subjected to the same type of surgery.

Both the DJOS and SHAM surgeries had statistically significant effects on the GR activity
(pDJOS < 0.001, pSHAM < 0.001). In the DJOS-operated rats, the ones fed according to the
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CD/HFS and HFS/CD dietary patterns showed the highest levels of GR activity. The GR
activity was reduced in all the groups of the DJOS-operated rats, irrespective of the dietary
pattern followed during the experiment compared to the SHAM-operated rats. The rats fed
with the same diet before and after surgery (CD/CD and HFS/HFS) showed no statistically
significant difference in GR activity (pDJOS = 0.849, pSHAM = 0.849). However, the rats fed
only with the control diet (CD/CD) presented the lowest GR activity in both the DJOS- and
SHAM-operated groups. The rats that had their diet changed after the surgery showed higher
GR activity, but no statistically significant differences were observed between the rats fed
according to the CD/HFS and HFS/CD dietary patterns (Figure 4B).

Both the DJOS and SHAM-operated rats showed statistically significant changes in
GST activity (pDJOS < 0.001, pSHAM < 0.001). The SHAM-operated rats presented higher
GST activity, except for the rats fed according to the HFS/CD dietary pattern (Figure 5A).
We observed statistically significant differences in the GST activity between the rats fed
according to different dietary patterns, with higher GST activity in the rats fed with the
HFS diet than in the rats fed with the control diet during the whole experiment (HFS/HFS
vs. CD/CD; pDJOS < 0.05, pSHAM < 0.001). No statistically significant differences (p = 0.849)
were noted in the SHAM-operated rats that had the diet changed after the surgery. However,
such differences were observed in the DJOS-operated rats only (p < 0.05) (Figure 5A).
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We noted statistically significant differences in the SH group concentrations in both the
DJOS- and SHAM-operated rats (pDJOS < 0.001, pSHAM < 0.01). The SH group concentration
was lower in the DJOS-operated rats (Figure 5B). The lowest SH group concentrations were
measured in the rats fed with the control diet only (CD/CD) in both the DJOS- and SHAM-
operated rats. Furthermore, the concentration of the SH groups did not differ statistically
between the rats fed the same diet (CD/CD and HFS/HFS) before and after the surgery in
both study groups (pDJOS = 0.849, pSHAM = 0.849). The concentration of the SH groups was
higher in the rats with the changed dietary pattern (CD/HFS and HFS/CD), but no statistically
significant differences were noted between them. The lowest concentrations of the SH groups
were noted for the rats fed with the control diet only (CD/CD). In the DJOS-operated rats,
they were statistically lower than in the rats fed with HFS diet only (p < 0.05), while in the
SHAM-operated rats, the concentrations were higher (p = 0.164).

We detected statistically significant variations in the TAC levels among the rats assigned
to different dietary groups in both the DJOS- and SHAM-operated rats (pDJOS < 0.001,
pSHAM < 0.001). We observed lower TAC values in the livers of the SHAM-operated rats
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from all the dietary pattern groups (Figure 6A). We noted statistically significant differences in
the TAC levels between the rats fed with the control (CD/CD) and HFS (HFS/HFS) diet only,
with lower values noted for the rats fed with the HFS diet (pDJOS < 0.001, pSHAM < 0.05).
We found statistically significant differences in the TAC levels in the SHAM-operated rats
that had the diet changed after the surgery (p < 0.05) and no such differences between the
respective dietary pattern groups for the DJOS-operated rats.
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Figure 6. Total antioxidant concentration (TAC) (µmol/g protein) (a) and total oxidative status (TOS)
(µmol/g protein) (b) in the livers of Sprague-Dawley rats (n = 56) after duodenojejunal omega switch
(DJOS, n = 28,) or control (SHAM, n = 28) surgery; rats were fed according to different dietary patterns
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Legend: CD—control diet, HFS—high-fat, high-sugar diet. For reader’s convenience, the dashed
lines connect the groups subjected to the same type of surgery.

We observed statistically significant differences in the TOS levels in both the DJOS-
and SHAM-operated rats (pDJOS < 0.001, pSHAM < 0.001). The SHAM-operated rats from
all the dietary groups presented higher TOS levels (Figure 6B). We discovered statistically
significant higher TOS levels in the rats fed with the HFS diet only compared to the rats fed
with the control diet only (pDJOS < 0.05, pSHAM < 0.001). The DJOS-operated rats showed
changes in the TOS levels, but only the groups that had the diet changed after the surgery
(p < 0.05). No such changes were observed in the SHAM-operated rats.

We noted statistically significantly differences in the MDA concentrations in the livers
of the rats subjected to both DJOS and SHAM surgery (pDJOS < 0.01, pSHAM < 0.001).
We found that the SHAM-operated rats from all the dietary pattern groups presented
increased MDA concentrations. We detected statistically significant differences in the MDA
concentrations in both the unchanged (pDJOS = 0.119, pSHAM = 0.849) or modified diet
groups (Figure 7).

2.2. Cholesterol, Triglyceride (TG), and HDL Levels in the Serum

We detected that in both the DJOS- (p < 0.001) and SHAM-operated rats, the cholesterol
levels differed significantly depending on the followed dietary patterns (Table 1). The rats
fed only with the control diet (CD/CD group) had the lowest, while those fed only with the
HFS diet (HFS/HFS) had the highest cholesterol levels. We discovered no statistically sig-
nificant differences between the rats fed according to the CD/CD and CD/HFS or CD/HFS
and HFS/HFS dietary patterns in the DJOS-operated rats (Table 2). We found that the
cholesterol levels differed between the SHAM-operated rats fed according to the CD/CD
and CD/HFS and between the CD/CD and HFS/HFS dietary patterns (Table 2). The DJOS-
operated rats presented lower cholesterol levels than the SHAM-operated rats (Table 1).
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Table 1. Cholesterol, triglyceride (TG), and HDL concentrations (mg/dL) in the serum of Sprague-
Dawley rats (n = 56) after duodenojejunal omega switch (DJOS, n = 28,) or control (SHAM, n = 28)
surgery; rats were fed according to different dietary patterns (CD/CD, n = 7; CD/HFS, n = 7; HFS/CD,
n = 7; HFS/HFS, n = 7) for 8 weeks after the surgery.

Surgery Type Parameter [mg/dL] CD/CD CD/HFS HFS/CD HFS/HFS Pdiet

DJOS
Cholesterol 35 (33–37) 38 (37–39) 44 (44–45) 55 (54–56) <0.001

TG 49 (46–49) 57 (55–57) 54 (52–56) 59 (54–60) <0.001
HDL 16 (15–17) 20 (19–20) 23 (22–24) 20 (19–20) <0.001

SHAM
Cholesterol 41 (40–41) 63 (63–65) 50 (50–50) 77 (74–79) <0.001

TG 61 (60–62) 135 (133–140) 75 (69–78) 149 (140–168) <0.001
HDL 11 (11–12) 13 (13–14) 36 (30–41) 12 (10–14) <0.001

Legend: CD—control diet, DJOS—duodenojejunal omega switch surgery, HDL—high-density lipoprotein,
HFS—high-fat, high-sugar diet, SHAM—control surgery.

Table 2. Comparison of cholesterol, triglyceride (TG), and HDL concentrations in the serum of
Sprague-Dawley rats (n = 56) after duodenojejunal omega switch (DJOS, n = 28,) or control (SHAM,
n = 28) surgery; rats were fed according to different dietary patterns (CD/CD, n = 7; CD/HFS, n = 7;
HFS/CD, n = 7; HFS/HFS, n = 7) at 8 weeks after the surgery.

Surgery
Type Parameter CD/CD vs.

CD/HFS
CD/CD vs.
HFS/CD

CD/CD vs.
HFS/HFS

CD/HFS vs.
HFS/CD

CD/HFS vs.
HFS/HFS

HFS/CD vs.
HFS/HFS

DJOS
Cholesterol 1 <0.05 <0.001 0.384 <0.01 0.668

TG <0.01 0.156 <0.001 1 1 0.690
HDL 0.081 <0.001 0.106 0.149 1 0.115

SHAM
Cholesterol <0.01 0.668 <0.001 0.688 0.688 <0.01

TG <0.01 0.668 <0.001 0.476 1 <0.05
HDL 0.176 <0.001 1 0.284 0.917 <0.01

Legend: CD—control diet, DJOS—duodenojejunal omega switch surgery, HDL—high-density lipoprotein,
HFS—high-fat, high-sugar diet, SHAM—control surgery.
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We found that the rats subjected to DJOS surgery presented lower levels of triglycerides
(TG) than the rats submitted to SHAM surgery. We discovered statistically significant
changes in the TG concentrations among the groups fed according to different dietary
patterns when looking at each type of surgery independently (p < 0.001). In the DJOS-
and SHAM-operated rats, we identified differences in the TG levels between the rats fed
according to the CD/CD and CD/HFS (pDJOS < 0.01, pSHAM < 0.01) and the CD/CD and
HFS/HFS dietary patterns (both p < 0.001). Higher TG concentrations were observed in
the rats fed with the HFS diet (CD/HFS and HFS/HFS) after each type of surgery, and the
concentrations did not differ significantly among these groups (Table 2).

As for HDL, the SHAM-operated rats presented reduced HDL concentrations, except
for the rats fed according to the HFS/CD dietary pattern. We identified statistically signifi-
cant changes in the HDL levels based on the applied dietary pattern in the rats subjected
to SHAM or DJOS surgery (Table 1). The HDL concentrations differed between the rats
fed only with the control diet (CD/CD) and those fed according to the HFS/CD dietary
pattern (Table 2).

3. Discussion

Despite the fact that oxidative stress is an imminent characteristic of diet-induced obe-
sity (DIO), no single biomarker has been identified as a gold standard reflecting the redox
state of this metabolic illness so far [9]. Since different studies report different antioxidant
levels/activities in the DIO context, the present study aimed to assess the enzymatic and non-
enzymatic oxidative stress markers in the liver tissue, as oxidative stress is thought to be the
primary cause of liver damage and liver-related disease development, such as NAFLD [10,11].
Non-alcoholic fatty liver disease is the most prevalent chronic hepatic pathology, and the
clinical spectrum includes non-alcoholic simple steatohepatitis (NASH) or cirrhosis with
all the characteristics of portal hypertension, simple hepatic steatosis, and, subsequently,
hepatic cell carcinoma (HCC) [12]. According to some research, oxidative stress and the
renin–angiotensin system (RAS) may mediate liver injury during NAFLD [13]. In alcoholic
liver disease (ALD), pathogenesis appears to begin with elevated angiotensin II levels. A
study on Ren2 transgenic rats shows that elevated levels of endogenous angiotensin II had
pro-oxidant, pro-inflammatory, and pro-fibrotic effects in the liver. In addition, the elevated
levels of angiotensin II induced ROS production in the liver [14,15].

Oxidative stress is particularly damaging to mitochondria, as it lowers the number of
mitochondria, impairs mitochondrial gene expression and proteins synthesis, and affects
beta-oxidation [12]. Elevated NADPH oxidase activity and reduced CuZnSOD activity
are signs of increased ROS production during ALD. Excessive oxidative agent production
causes lipid peroxidation, which additionally enhances mitochondrial permeability and
modifies their function [16,17].

Exogenous factors that promote oxidative stress in liver physiopathology include diet,
viruses, alcohol, and medications. Endogenous factors include insulin resistance, obesity,
and diabetes [18]. The present study demonstrates that adherence to the HFS diet combined
with bariatric surgery affected the liver oxidative status and blood lipid profiles in rats with
DIO. This study reveals that DJOS surgery combined with HFS consumption for eight weeks
before and after the surgery led to significant reductions in the liver CAT, SOD, MnSOD,
CuZnSOD, GPX, GR, and GST activities, and SH groups, TOS, TAC, and MDA levels in all
the DJOS-operated rats compared to the SHAM-operated rats. Increased oxidative stress
undoubtedly plays a crucial role in the development of numerous chronic liver diseases and
stimulates their progression. Oxidative stress underlies viral and alcoholic liver diseases,
participates in the liver fibrogenic response, and results in altered gene expression and
progressive liver damage [19–21]. A similar result was observed in the presented study. The
serum lipid profiles, such as the total cholesterol and TG, were lower in the DJOS-operated
groups regardless of the type of diet consumed before and after the surgery.

The primary cause of oxidative stress occurring in the liver is the detoxifying process
itself, as one of the most essential functions of the liver is filtering the blood and neutralizing
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potentially harmful exo- or endogenous substances [22]. Oxidation and detoxification
processes of metabolites, secondary compounds, and toxins generate reactive oxygen
species (ROS) as intermediate compounds of biotransformation processes [12]. An excess
of metabolites or lack of natural antioxidants promotes oxidative stress, causing tissue
damage and inflammation, which seems to be one of the most critical pathogenic processes
during DIO development and a link between simple steatosis and non-alcoholic simple
steatohepatitis (NASH) expression [18,23]. Many chronic illnesses, particularly those
characterized by low-grade inflammation, such as diabetes, metabolic syndrome, and
obesity, relate to oxidative stress [23].

The first line of defense against ROS comprises the inactivating or scavenging an-
tioxidant enzymes, such as SOD and CAT. Superoxide dismutase is the only enzyme that
breaks down superoxide radicals. This process generates H2O2, which is eliminated by
catalase, whose role is to inhibit the creation of hydroxyl radicals. Glutathione peroxidase
also catalyzes the reduction of H2O2 and other hydroperoxides to H2O by oxidizing the
reduced glutathione (GSH) into glutathione disulfide (GSSH) [24]. Glutathione reductase
is an NADPH-dependent oxidoreductase catalyzing the conversion of the oxidized glu-
tathione (GSSG) back to is to reduced form (GSH). Some glutathione transferase (GST)
enzymes present GSH-dependent thiol transferase activity, enabling antioxidant (i.e., ascor-
bate, flavonoids, quinones) recycling, while other isoenzymes use GSH as co-substrate. A
significant portion of GST isoenzymes also demonstrates glutathione peroxidase activity
and can convert lipid peroxides and other peroxides to less harmful compounds [25]. In
our study, the activities of all the enzymes analyzed in the livers of the DJOS-operated rats
fed only with the HFS diet or according to mixed dietary patterns were significantly re-
duced compared to the SHAM-operated rats. This suggests that bariatric surgery increases
the non-enzymatic antioxidant response in the liver, lowering the endogenous enzymatic
defense even in the presence of the HFS diet. This study shows that the high-fat, high-sugar
dietary pattern applied after DJOS surgery leads to increased MDA and reduced levels of
antioxidant factors. Other studies show that patients with cirrhosis present increased levels
of pro-oxidant markers, e.g., serum MDA and reduced levels of antioxidant factors, e.g.,
catalase, SOD, and reduced blood GSH, indicating that oxidative stress is known to factor
into cirrhosis development [26].

TAC tests estimate the antioxidant components globally, whereas using individually
assessed antioxidant markers is time-consuming and labor-intensive and requires compli-
cated and expensive procedures [27–29]. Other benefits of employing TAC assays include
the ease of use of the procedures, the cheap cost per sample, the speed of the reactions, and
the ability to run them using automated, semi-automated, or manual methods [29]. In this
study, the TAC was significantly higher in the DJOS-operated animals regardless of the
applied dietary pattern. Nevertheless, the rats fed with HFS only presented significantly
reduced TAC levels, showing that the HFS diet has deleterious effects on beneficial aspects
of bariatric therapy shortly after the surgery. In addition, the oxidative damage to lipids
and proteins in the rats’ livers measured with MDA was lower in the DJOS-operated rats.
However, the highest levels of MDA were observed in the rats that had the diet changed to
an HFS diet after the surgery (CD/HFS), suggesting that conversion form control to an HFS
diet has a more deleterious impact on lipid peroxidation than consuming an HFS diet before
and after DJOS surgery. The mechanism of this phenomena needs further investigation.

Excessive lipids deposited in visceral adipose tissue and in fatty liver negatively
influence the antioxidant capacity and increase ROS generation [30,31]. In this study, we
observed that the rats subjected to the DJOS surgery presented reduced serum cholesterol
and TG levels. Our previous findings revealed a significant increase in the body weight of
animals fed with HFS (vs. control diet) in both the DJOS- and SHAM-operated groups [7].
Hence, higher oxidation levels, measured by oxidative stress enzymes in the liver tissues
of rats fed with an HFS diet, may be strongly related to the measured higher serum lipid
levels and previously reported higher body weight [7].



Int. J. Mol. Sci. 2023, 24, 16535 10 of 14

4. Materials and Methods
4.1. Ethical Permission

The procedures within the experimental design were approved by the Ethical Com-
mittee for Animal Experimentation of the Medical University of Silesia (Katowice, Poland)
(58/2014). The institutional and national guidelines for animal care and use (Directive
2010/63/EU) were followed. The number of animals used in the study was minimal, as the
3Rs guidelines for the humane treatment of animals suggest [32]. The survival rate of the
animals subjected to the surgeries was 100%.

4.2. Study Subject

The study included 7-week-old male Sprague-Dawley rats (Charles River Breeding
Laboratories, Wilmington, MA, USA) weighing 250–275 g. The rats (n = 56) were kept in fully
controlled conditions: 12/12 h of dark/light cycle, at 23 ◦C, water and food ad libitum.

4.3. Study Design

After a 7-day acclimation, the animals were randomly divided into the experimental
groups. The first part of the experiment assumed to feed the rats for 8 weeks with either a
control diet (CD) (n = 28) or a high-fat/high-sugar diet (HFS) (n = 28) that induced obesity.
The nutritional and energetical characteristics of the CD and HFS diets are described in
detail in Stygar et al. [7].

After 8 weeks, rats from each experimental group (CD and HFS) were randomly
subjected to either control (SHAM) (n = 14) or duodenojejunal omega switch (DJOS) (n = 14)
surgery, creating four subgroups: CD/SHAM, CD/DJOS, HFS/SHAM, and HFS/DJOS.
After the surgery, rats from each subgroup were fed either the same diet or a changed diet
for an additional 8 weeks, creating eight final cohorts of 7 individuals (CD/SHAM/CD n = 7,
CD/DJOS/CD n = 7, HFS/SHAM/HFS n = 7, HFS/DJOS/HFS n = 7 and CD/SHAM/HFS
n = 7, CD/DJOS/HFS n = 7, HFS/SHAM/CD n = 7, HFS/DJOS/CD, n = 7, respectively).
No animal deaths occurred before the study ending points.

Eight weeks after the DJOS and SHAM surgeries, the antioxidant status markers in
the liver tissue and serum samples were analyzed. In the liver tissue, we analyzed the
enzymatic activities of the total, Mn, and CuZn superoxide dismutase (SOD, MnSOD,
and CuZnSOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR),
and glutatione S-transferase. Additionally, we analyzed the non-enzymatic antioxidant
levels, such as the thiol groups (-SH) concentration, total antioxidant capacity (TAC), total
oxidative stress (TOS) levels, and oxidative stress index (OSI) value and the product of the
lipid peroxidation–malondialdehyde (MDA) concentration. In the serum, we analyzed the
total cholesterol, triglycerides (TG), and high-density lipoprotein (HDL) concentrations.

4.4. Experimental Procedures
4.4.1. Control (SHAM) and Duodenojejunal Omega Switch (DJOS) Surgery

The animals were subjected to anesthesia with 2% isoflurane (AbbVie, Ludwigshafen,
Germany) and oxygen 2 L/min under spontaneous breathing, analgesia with xylazine (5 mg/kg,
ip; Xylapan, Vetoquinol Biovet, Puławy, Poland), and antibiotic prophylaxis with gentamicin
(gentamycin 40 mg/mL, Krka, Warsaw, Poland). The control (SHAM) and duodenojejunal
omega switch (DJOS) surgeries were performed as described by Stygar et al. [4].

The analgesia was maintained in the post-operative period for 72 h with carprofen
(4 mg/kg, sc; Rimadyl, Pfizer, Zürich, Switzerland).

4.4.2. Sample Collection and Preparation

Blood (700 µL) was collected via the right tail vein, which was cannulated with a 26-
gauge cannula into EDTA-containing (7.2 mg) tubes (Sigma-Aldrich, Burlington, MA, USA),
and then it was centrifuged (4000× g rpm, 10 min, 4 ◦C). The separated serum was collected,
snap-frozen in liquid nitrogen, and stored at −80 ◦C until further analysis.
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Liver tissues were sampled from animals that were euthanized according to the
procedures approved by the Ethical Committee for Animal Experimentation of the Medical
University of Silesia (Katowice, Poland). The tissues were collected in 0.9% NaCl to obtain
10% homogenates. The homogenates were centrifuged (12,000× g, 10 min, 4 ◦C), then
the supernatant was collected, snap-frozen in liquid nitrogen, and stored at −80 ◦C until
further analysis.

The protein concentration in both the liver and serum samples was determined us-
ing the Lowry method and a calibration curve prepared with bovine serum albumin as
the standard [33].

4.4.3. Antioxidant Status Markers Analysis

Antioxidant status marker analyses were performed using colorimetric methods. The
absorbance or absorbance changes were registered using a Victor X3 reader (PerkinElmer,
Inc., Waltham, MA, USA).

Superoxide Dismutase (SOD) (EC 1.15.1.1) Activity

The SOD activities were determined using the Oyanagui method [34]. The CuZnSOD
activity was calculated from the difference between the total SOD and MnSOD activity
after inhibiting the CuZnSOD activity with potassium cyanide (KCN). The SOD activities
were expressed in NU/mg of protein, with 1 NU (nitrate unit) equal to 50% inhibition of
nitrite ion formation.

Catalase (CAT) Activity (EC 1.11.1.6)

The CAT activity was determined using the Aebi method [35] and expressed as units
per 1 g protein (IU/g protein).

Glutathione Peroxidase (GPx) Activity (EC 1.11.1.9)

The GPx activity was measured using the kinetic method [36] with t-butyl perox-
ide as a substrate and expressed as µmoles of oxidized NADPH in 1 min per 1 g of
protein (IU/g protein).

Glutathione Reductase (GR) Activity (EC 1.8.1.7)

The GR activity was determined using the kinetic method [37] and expressed in
µmoles of NADPH utilized in 1 min by 1 g of protein (IU/g protein).

Glutathione-S Transferase (GST) Activity (EC 2.5.1.18)

The GST activity was estimated using the Habig and Jakoby kinetic method [38] and
expressed as µmoles of thioether formed within 1 min per 1 g of protein (IU/g protein).

Sulfhydryl Groups (SH) Concentration

The concentration of the sulfhydryl groups (SH) (µmol/g protein) was determined
with a semi-automatic method according to Koster et al. [39] and calculated from a calibra-
tion curve prepared with reduced glutathione as a standard.

Total Oxidant Status (TOS) and Total Antioxidant Capacity (TAC)

The total oxidant status (TOS) and total antioxidant capacity (TAC) levels were deter-
mined using the Erel methods [40,41].

Malondialdehyde (MDA) Concentration

The malondialdehyde (MDA) concentration was measured using a reaction with thiobarbi-
turic acid [42], calculated from the standard curve prepared with 1,1,3,3-tetraethoxypropane,
and expressed in µmol/g protein.
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4.4.4. Cholesterol, Triglycerides (TG), and HDL Concentrations

The cholesterol, TG, and HDL concentrations were measured using a BS-200E biochemical
analyzer (Mindray, Shenzhen, China) and Alpha Diagnostics reagents (San Antonio, TX, USA).

4.5. Statistical Analysis

Statistical analyses were performed using Statistica v. 13.3.0 (TIBCO Software Inc.,
Palo Alto, CA, USA). All the tests were two-tailed, and the significance level was <0.05.
The data distribution was assessed using the Shapiro–Wilk test and quantile–quantile
plots. The non-normal data were presented as the median with lower and upper quartile
(Me(Q1 − Q3). The intra-operative comparisons were performed using ANOVA and a
non-parametric Kruskal–Wallis test with multiple comparisons. The data for the SHAM-
and DJOS-operated animals were presented in one graph. The results for the different
dietary pattern groups were connected with a dashed line to increase graph readability.

5. Conclusions

The results suggest that an HFS diet consumed before and after or only after DJOS
surgery reduces the antioxidant potential of the liver. Nevertheless, DJOS surgery reduces
serum lipids levels despite the type of diet used before and after the surgery. A lack of
healthy habits after bariatric surgery in combination with an HFS diet may be responsible
for DJOS treatment failure and lead to or establish an obesity condition including increased
oxidative stress.
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