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Abstract: Alpha-ketoglutarate (AKG) is one of the key metabolites that play a crucial role in cellular
energy metabolism. Bariatric surgery is a life-saving procedure, but it carries many gastrointestinal
side effects. The present study investigated the beneficial effects of dietary AKG on the structure,
integrity, and absorption surface of the small intestine after bariatric surgery. Male 7-week-old
Sprague Dowley rats underwent gastric bypass surgery, after which they received AKG, 0.2 g/kg
body weight/day, administered in drinking water for 6 weeks. Changes in small intestinal morphol-
ogy, including histomorphometric parameters of enteric plexuses, immunolocalization of claudin
3, MarvelD3, occludin and zonula ocludens 1 in the intestinal mucosa, and selected hormones,
were evaluated. Proliferation, mucosal and submucosal thickness, number of intestinal villi and
Paneth cells, and depth of crypts were increased; however, crypt activity, the absorption surface,
the expression of claudin 3, MarvelD3, occludin and zonula ocludens 1 in the intestinal epithe-
lium were decreased after gastric bypass surgery. Alpha-ketoglutarate supplementation partially
improved intestinal structural parameters and epithelial integrity in rats undergoing this surgical
procedure. Dietary AKG can abolish adverse functional changes in the intestinal mucosa, enteric
nervous system, hormonal response, and maintenance of the intestinal barrier that occurred after
gastric bypass surgery.

Keywords: gastric bypass; duodenum; jejunum; histomorphometry; alpha-ketoglutaric acid

1. Introduction

Bariatric surgery is causal and a life-saving procedure. According to numerous recent
studies, these types of surgical interventions can help people lose weight and reduce the
risk of obesity-related diseases, such as hypertension, ischemic heart disease, stroke, dia-
betes, gastrointestinal disease, reproductive dysfunction, and cancer [1-3]. Unfortunately,
although bariatric surgery is one of the most effective therapies, this type of surgery often
causes complications that may be related to decreased absorption, impaired intestinal
motility, or adverse changes in the structure of the intestines and microbiota [4-6]. Other
surgical procedures, such as fundectomy, gastrectomy, pancreatoduodenectomy, or partial
duodenectomy, necessary in the stomach or duodenal region due to cancer or ulceration,
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also cause many side effects, similar to those mentioned above, and even more long lasting,
such as osteoporosis [7-9].There is currently extensive research into the potential use of
functional foods, nutraceuticals, and food additives, such as AKG, as supplements in
the prevention of lifestyle diseases [10-12]. The mechanisms underlying this metabolic
improvement, especially one that is independent of body weight, are not fully understood.
Alpha-ketoglutaric acid (AKG, 2-ketoglutaric acid, 2-oxoglutaric acid, 2-oxoglutamate or
2-oxopentanedioic acid) is known to play a key role in cellular energy metabolism and is
an intermediate in the tricarboxylic acid cycle (TCA, Krebs cycle), which is essential for
the oxidation of fatty acids, amino acids, and glucose [13,14]. As a precursor to glutamate
and glutamine synthesis in many tissues, AKG bridges the gap between carbohydrate and
nitrogen metabolism [15-17]. AKG content in foods varies widely, and AKG in the diet is
an important source of energy for gastrointestinal epithelial cells [18]. Recent studies point
to its functions, including modulating the immune response and intestinal homeostasis [19].
AKG supplementation exhibits potent antiproliferative activity in colon adenocarcinoma
cells [20], alleviates mucosal damage, increases the absorptive function of the small intes-
tine in lipopolysaccharide (LPS)-challenged piglets [21], and improves colitis-associated
colorectal cancer and gut microbiota in azoxymethane (AOM)/dextran sulfate sodium
(DSS)-induced mice. Unlike glutamine, AKG has high stability in aqueous solutions and is
well tolerated by the body, which is very important when administered orally [16,22-26].
The global increase in obesity prevalence and its comorbidities has motivated research on
the impact of bariatric surgery and its postoperative complications on long-term outcome.
The main objective of the present study was to test the hypothesis that dietary AKG sup-
plementation has a beneficial effect on intestinal epithelial and intestinal barrier restoration
after gastric bypass surgery, without affecting the body weight of rats undergoing this
procedure. The results obtained in this study may support new therapeutic/prophylactic
approaches that are needed to reduce the negative long-term effects of gastric bypass
surgery in clinical practice.

2. Materials and Methods
2.1. Animal Breeding and Experimental Design

All procedures performed using animals were approved by the local Ethics Committee
of Lund University, Sweden (M143/06), and were performed in accordance with the
Guiding Principles for Research Involving Animals.

In this study, 24 seven-week-old male Sprague Dowley rats with an average body
weight of 123 g £ 15 g were used. The animals were kept individually in standard
rearing conditions (in Macrolon IV cages, Macrolon®) with controlled temperature and
humidity and 12 h day/night cycle. The rats had free access to water and standard feed for
laboratory rodents (Lactamin, Vadstena, Sweden). The experiment lasted for 6 weeks. At
the beginning and end of the experiment, the animals were weighed to the nearest 0.01 g
using an electronic balance. The animals were divided into four experimental groups (1 = 6).
Two groups were sham operated and another two were subjected to gastric bypass surgery.
Subcutaneous injections with Stresnil and Ketaral solutions in physiological saline, in doses
of 0.1 and 0.6 mL/kg body weight, respectively, were used for anesthesia. The control group
(C) comprised rats submitted to sham surgery, in which the skin, abdominal muscles, and
peritoneum were cut in the middle line. Next, the stomach and small intestine were moved,
the abdominal wall was stitched. In the experimental group (O), a gastric bypass operation
was performed. Briefly, the esophagus, just before the cardia, was cut off of the stomach
and joined to the duodenum one centimeter after pylorus. The cardia was immediately
stitched to avoid any leakages. The stomach was left intact in the abdominal cavity. The
next group (O + AKG) was subjected to gastric bypass (as above) and received a solution
of alpha-ketoglutarate (0.2 g/kg/body mass/day) in the drinking water. The last group
(AKG) was subjected to a sham surgery and AKG was administered in drinking water
(the sodium salt of AKG was administered at a dose of 14.6 g/L). The concentration and
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duration of AKG administration were based on previous studies, but the dose was reduced
because of the baseline age of the rats, which were fully mature and not growing [27-29].

2.2. Histology Preparation and Histomorphometric Analysis

At the end of the experiment, all animals were sacrificed, and samples of small intestine
segments were taken from each animal and subjected to histology. Briefly, 15 mm long
segments of the duodenum (20 mm below the stomach) and jejunum (from the middle
portion of the small intestine) were fixed in 4% buffered formaldehyde (pH 7.0) for 24 h
and rinsed in running water for 4 h. After dehydration in graded ethanol solutions and
clearing in xylene, the samples were embedded in paraffin. Then, 4 pm thick cross sections
(with a 20 um interval after each four-slice section) were cut with a microtome (Microm HM
360, Microm, Walldorf, Germany) from every sample of the small intestine. The sections
were stained with Goldner’s and Masson'’s trichrome methods to differentiate the small
intestine wall layers and for planimetric measurements. Hoechst + Eosin staining was
used to identify apoptotic cells, and Picro Sirius Red staining (Sirius Red and picric acid,
PSR) was carried out to localize fine and coarse collagen fibers [28,30]. Microscopic images
were taken for each slide using a confocal microscope (AXIOVERT 200 M, Carl Zeiss, Jena,
Germany) and polarizing microscope (Olympus BX63, Tokyo, Japan) for PSR staining
using the method described previously [28,31]. Microscopic images of each small intestine
segment examined were further analyzed histomorphometrically using graphical analysis
software (Image] 1.53, National Institutes of Health, Bethesda, MD, USA; accessible at:
http:/ /rsb.info.nih.gov/ij/index.html accessed on August 2021). The following parameters
were analyzed: the thickness of the inner and outer muscle layer, mucosa and submucosa
thickness, crypt depth (defined as the depth of the invagination between adjacent villi from
the bottom of the crypt to the base of the villus) and width (measured in the middle of
the crypt depth), the height of villi (from the tip of the villus to the villus—crypt junction)
and its width (measured in the middle of the villus height), the total number of crypts
(opened plus closed crypts), the number of opened crypts (showing mitoses, having an
open internal space and access to the intestinal lumen) and closed crypts (not showing
mitoses and having a closed lumen), the number of villi (total, intact and damaged) per
millimeter of mucosa, height of the villi epithelium, number of proliferating cells per mm of
crypts epithelium, the number of enterocytes and Goblet cells per 100 um of villi epithelium,
the number of Paneth’s cells per 10 crypts, number of apoptotic cells/mm? of tissue [32].
The small intestinal absorptive surface was also determined according to Kisielinski [33].
The fractal dimension of the intestinal villi, the surface of the villi epithelium, shape of the
lacteal space and the intestinal mucosa. The morphology of the nerve plexuses of the enteric
nervous system was studied in the submucosa and muscle membrane. The characteristics
of Miessner’s and Auerbach’s plexuses, i.e., mean number, shape, and surface area were
analyzed as well in both the duodenum and jejunum part of the small intestine [32].

2.3. Immunohistochemical Analysis

The tight junction (T7) proteins (claudin 3, Marvel D3 (MD3), occludin, zonula occlu-
dens 1 (Zo-1) and the cellular proliferation marker protein Ki-67) were evaluated according
to the modified protocol previously described [34]. Immunohistochemical reactions were
performed on deparaffinized sections of the small intestine. To reduce non-specific back-
ground staining due to endogenous peroxidase, slides were incubated in hydrogen peroxide
(3% hydrogen peroxide in deionized water) for 10 min. The sections were washed 2 times
in PBS buffer. Heat-induced epitope retrieval was performed in sodium citrate buffer
(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) using a pressure cooker, Rapid Cook
(Morphy Richards, Swinton, UK). The sections were cooled to room temperature and
washed 2 times in PBS buffer. Sections were incubated in pre-antibody blocking solution
(UltraCruse® Blocking Reagent, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 5 min
at room temperature. The sections were washed 2 times in PBS buffer. The sections were
then incubated with primary antibodies for one hour at room temperature in a humid
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chamber. All primary antibodies were rat specific (rabbit as a host): anti-Ki-67 (AB16667,
monoclonal, Abcam, Cambridge, UK, 1:200); anti-claudin 3 (AB15102, polyclonal, Abcam,
Cambridge, Great Britain 1:100); MarvelD3 (PA5-42629, polyclonal, Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA, dilution 1:100); occludin (13409-1-AP, polyclonal,
Proteintech, Wuhan, China, 1:100), and anti-Zo-1 (zonula occludens 1) (orb11587, Biorbyt,
St. Louis, MO, USA, dilution 1:100) were used. The sections were washed 2 times in PBS
buffer. Post-antibody blocking solution (DPVB110HRP, BrightVision, two-step detection
system Goat Anti-Mouse/Rabbit HRP) was applied for 15 min and then sections were
washed 2 times in PBS buffer. The sections were then incubated for 30 min with Poly-
HRP-Goat Anti-Mouse/Rabbit IgG (DPVB110HRP, BrightVision, two-step detection system
Goat Anti-Mouse/Rabbit HRP) at room temperature. After washing sections 2 times in
PBS buffer the reaction was visualized with the use of DAB+ (3,3'-diaminobenzidine chro-
mogen solution and imidazol-HCI buffer, pH 7.5, containing hydrogen peroxide and an
antibacterial agent) as a dye (DakoCytomation, DakoCytomation Denmark A /S, Glostrup,
Denmark) for 15 min at room temperature. In the control reaction, the first antibody was
replaced with PBS. Counterstaining was performed with Mayer’s hematoxylin (Sigma-
Aldrich, St. Louis, MO, USA). Four determinations were made for each specimen, which
were photographed for further analysis. Microscopic images of each small intestine seg-
ment examined were further analyzed histomorphometrically using graphical analysis
software (Image] 1.53, National Institutes of Health, Bethesda, MD, USA; accessible at:
http:/ /rsb.info.nih.gov/ij/index.html accessed on August 2021). The integrated intensity
of immunoreaction was measured by comparing pixel brightness values adjusted for DAB
staining color detection, using IHC Tool Box color analysis with H-DAB model and inverted
8-bit grayscale, such that a higher pixel value reflects a higher immunoreaction intensity
(darkness of the assessed elements).

2.4. Statistical Analysis

The results are expressed as means = SEM. One-way ANOVA followed by Tukey’s
multiple comparison posttests, the W. Shapiro-Wilk test and the Brown—-Forsythe test was
performed using STATISTICA (data analysis software system), version 12. StatSoft, Inc.,
Tulsa, OK, USA (2014). In reasonable cases, the Kruskal-Wallis and median test was applied.
The statistical model presented below was used to analyze selected parameters.

Xijj = b+ o + By + (B + €ij ¢y

where: xjj—observation (intestinal parameter), i—the level of the first factor (diet: no
supplementation, supplementation with AKG), j—level of the second operation factor
(use of the bariatric surgery), or not, k—number of measurements, p—constant, general
mean, o;—main effect of the first factor, 3;—main effect of the second factor, (xf3);—
interaction effect of main factors, ¢;x—random error. Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Body Weight

Rats in the control and experimental groups had similar initial weights, averaging
123 g &+ 15 g. AKG supplementation did not cause differences in animal body weights.
However, a significant effect of surgery was observed in the first week after gastric bypass,
when the operated rats showed a 15% reduction in weight gain (p = 0.012) compared to the
sham-operated groups. In subsequent weeks, there was no difference in the rate of weight
gain between groups (Figure 1).
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Figure 1. Effect of bariatric surgery and administration of alpha-ketoglutarate (AKG) on body weight
in rats. C—control, O—gastric bypass surgery, O + AKG—gastric bypass surgery and adminis-

tration of alpha-ketoglutarate, AKG—administration of alpha-ketoglutarate. Alpha-ketoglutarate
(0.2 g/kg/body mass/day) was administered in the drinking water.

3.2. Histomorphometry of the Small Intestine

Surgical intervention resulted in significant differences in the histological structure
of the duodenal and jejunal walls for almost all parameters studied, as shown in Figure 2
and Table 1. Gastric bypass surgery and AKG supplementation increased mucosal (44%,
p < 0.001) and submucosal (30%, p < 0.001) thickness in the jejunum and duodenum,
respectively. Furthermore, AKG administration after surgery increased muscle thickness
in both jejunum and duodenum (Figure 2). Compared with the control group, several
intestinal indices were significantly reduced in the duodenum of rats after gastric bypass
surgery, namely: intestinal villi length (31%, p = 0.028), number of intestinal crypts (30%,
p = 0.047), including the number of active crypts (42%, p = 0.025) (Figure 2, Tables 1 and S1).
Like the duodenum, the total number of crypts in the jejunum after gastric surgery was
34% lower (p = 0.048) (Figure 2). More crypts were observed in the sham-operated, AKG-
supplemented group, but these differences were not statistically significant (p < 0.05)
(Figure 2). In addition, the depth of the intestinal crypts was significantly greater in all
groups compared with the control group. Gastric bypass surgery increased crypt depth by
65% (p < 0.001) in the duodenum and by 147% (p < 0.001) in the jejunum (Table 1). Gastric
bypass resulted in a 26% increase in the number of villi in the duodenum (p = 0.044). The
opposite result was observed in rats after surgery and AKG supplementation (Figure 2).
The total number of intestinal villi in this group was reduced, but they were wider than in
rats in the operated group, that is, by 188% in the jejunum (p < 0.001) and by 162% in the
duodenum (p < 0.001) (Table 1). Epithelial height increased in the O + AKG group by 11%
(p < 0.001) in the duodenum and 10% (p < 0.001) in the jejunum compared to respective
controls; no other changes were observed (Table 1).
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Figure 2. Effects of bariatric surgery and alpha-ketoglutarate (AKG) administration on selected
structural parameters of the duodenum and jejunum in rats. C—control, O—gastric bypass surgery,
O + AKG—gastric bypass surgery and administration of alpha-ketoglutarate, AKG—administration
of alpha-ketoglutarate. Alpha-ketoglutarate (0.2 g/kg/body mass/day) was administered in the
drinking water. Different letters above the bars indicate significant differences at p < 0.05, and colors
are used to indicate the corresponding intestinal segments.
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Table 1. Effects of bariatric surgery and alpha-ketoglutarate (AKG) administration on the histological

structure of selected parameters of the duodenum and jejunum of the rat.

Parameter C (0} O + AKG AKG
Duodenum
Villi width/pum 119.8 +434°¢ 121.6 + 33.8 b¢ 3133 +£100.62 2009 +69.0P
Villi length /pum 623.8 +£153.32 4336 +516°¢ 572.5+89.82  521.3479.8P
Crypt depth/um 973 +529°¢ 160.6 + 28.8 b 205.4 +94.02 152.2 +38.7b
Crypt width/um 444+68° 417 +745b¢ 489 +£9.0° 409+71°
The height of the villi epithelium [um] 32.3+03° 3224+ 05° 36.0 042 324 4+03°
Number of enterocytes per 100 um of villi epithelium 18.6 +4.02 17.8 £ 4.02 178+ 382 15.0 +£ 3.7
Number of apoptotic cells/mm? of tissue 24+02° 1.0+0.2bc 0.5+0.1°¢ 13+02P
Jejunum
Villi width [um] 79.3 +32.0P 101.6 +23.4° 2282 +2692 206.8 +32.62
Villi length [um] 439.5+700° 4865+ 7472 5159 +£113.72 3954 +529°¢
Crypt depth [um] 66.3 +22.8°¢ 163.7 4 38.4 2 161.0 + 40.1 2 128.4 +28.7b
Crypt width [pum] 436 +892 404 +7.82 4027+772 380+ 7.1P
The height of the villi epithelium [pm] 30.8 +0.3° 3044+ 0.6° 33.8 4042 30.7 4040
Number of enterocytes per 100 um of villi epithelium 243+5472 21.6+3.92 18.2 +£3.2°bc 157 £43°¢
Number of apoptotic cells/mm? of tissue 0.7 +02b 07+01b 0.6+0.1b 1.8+022

Data are presented as mean =+ SD. Different superscript letters in a row indicate significant differences at p < 0.05.
C—control group undergoing sham surgery; O—group undergoing gastric bypass surgery; O + AKG—group
undergoing gastric bypass surgery and receiving alpha-ketoglutarate (AKG); AKG—group undergoing sham
surgery and receiving alpha-ketoglutarate. AKG was administered at a dose of 0.2 g/kg/body weight/day in
drinking water.

Gastric bypass surgery did not change the number of enterocytes in the duodenum
(p = 0.867) and in the jejunum (p = 0.565). In contrast, AKG supplementation reduced the
number of enterocytes per 100 um of villi epithelium by 35% (p < 0.001) in the jejunum and
19% (p < 0.001) in the duodenum. In addition, a 25% (p < 0.001) decrease in the number
of enterocytes was observed in the operated and supplemented groups, but only in the
jejunum (Table 1). The number of Paneth cells increased by 45% (p = 0.004) after surgery
in the duodenum, whereas AKG administration in sham-operated rats decreased their
number by 33% (p = 0.004). The differences in Paneth cell numbers observed in the jejunum
were not significant (p > 0.05) (Figure 2).

Evaluation of the number of proliferating cells in the intestinal glands showed differ-
ential effects of both AKG and surgery on the selected small intestinal segment. Gastric
bypass surgery increased proliferation in the jejunum and supplementation of AKG to
operated animals reversed this effect. On the contrary, the opposite situation was observed
in the duodenum; however, the effect was not significant compared to control. The greatest
increase in proliferating cells was observed in the jejunum after surgery. Their number
increased by 54% (p < 0.001) compared with the control group. In contrast, in the duo-
denum, surgery resulted in a 24% decrease in the number of proliferating cells, but this
difference was not statistically significant (p = 0.394). Approximately 25% (p = 0.013) more
proliferating cells were observed in the duodenum of animals after surgery and AKG
supplementation compared to controls. In addition, AKG supplementation caused a 50%
(p = 0.010) increase in the number of proliferating cells in the jejunum, with no significant
effect in the duodenum (p = 0.995) (Figure 2).

Bariatric surgery reduced the number of apoptotic cells in the duodenum by 60%
(p =0.001), whereas in the jejunum, the value was similar to control (p = 0.501). In the
O + AKG group, the number of apoptotic cells was reduced by 81% in the duodenum
(p <0.001) and by 13% in the jejunum (p = 0.501). The greatest increase in apoptotic cells
was observed in the jejunum of AKG-supplemented rats, where their number increased
by 154% (p < 0.001) compared with the control group. In contrast, a 48% decrease in this
parameter was observed in the duodenum (p = 0.003) (Table 1).
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A significant reduction in absorption area in the small intestine was observed in all
groups in both intestinal segments, except in the jejunum in the operated group, compared
to the respective controls. Moreover, AKG supplementation further reduced the absorption
surface area. A large reduction in absorption area was observed in both intestinal segments,
i.e., by 34% (p = 0.003) in the duodenum and 39% (p = 0.001) in the jejunum (Figure 2).

The area of nerve ganglia was drastically reduced in the duodenum of operated rats,
whereas AKG supplementation increased this parameter compared to control, with no
significant effects observed in the jejunum (Figure 2).

Neither bariatric surgery nor AKG supplementation had any effect on the number of
ganglia in small intestinal nerve plexuses (p > 0.05). Analysis of the plexus shape showed
no statistically significant differences between the groups, as did other shape descriptors of
the other parameters measured (Supplementary Tables S1 and S2).

3.3. Biochemical Analysis of Gastrin and CCK

The levels of gastrin and cholecystokinin (CCK) in the blood are presented in Table 2.
After the bariatric surgery, the level of gastrin in the blood decreased significantly by 85%
(p = 0.002). The level of cholecystokinin was also reduced by 43%; however, this was not
statistically significant (p = 0.156). In the operated and AKG-supplemented group, the level
of gastrointestinal hormones decreased by 77% (p = 0.001) in the case of gastrin and by 58%
(p = 0.016) for cholecystokinin. In turn, the difference in the quantity of both hormones in
the rats receiving only AKG was significantly reduced, i.e., by 6% (p = 0.997) for gastrin
and by 11% (p = 0.869) for cholecystokinin.

Table 2. Effects of bariatric surgery and alpha-ketoglutarate (AKG) administration on cholecystokinin
and gastrin levels in rats.

Parameter C (6] O + AKG AKG
Cholecystokinin 63+192 3.6+ 142 274+1.1° 5.6+ 132
Gastrin 61.24+16.12 93+15b 14.0 +£29b 578 +17.62

Data are presented as mean =+ SD. Different superscript letters in a row indicate significant differences between
groups at p < 0.05. C—control group undergoing sham surgery; O—group undergoing gastric bypass surgery;
O + AKG—group undergoing gastric bypass surgery and receiving alpha-ketoglutarate (AKG); AKG—group
undergoing sham surgery and receiving alpha-ketoglutarate. AKG was administered at a dose of 0.2 g/kg/body
weight/day in drinking water.

3.4. Immunohistochemical Analysis of Selected Proteins of the Small Intestinal Barrier

Examples of immunohistochemical detection and spatial distribution of claudin 3,
MD3, occludin and Zo-1, as well as the results of integrated intensity of immunoreaction
analysis, are shown in Figures 3 and 4. Gastric bypass surgery led to a significant reduction
in the intensity of the detection response and spatial distribution of all T] proteins tested
in the duodenum, but only in case of claudin 3 in the jejunum. AKG supplementation
abolished this effect in the O + AKG group in both intestinal segments tested.
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Figure 3. Effects of bariatric surgery and alpha-ketoglutarate (AKG) administration on selected tight
junction proteins of the intestinal barrier. (A) Representative images of the immunolocalization and
distribution of claudin 3, MD3, occludin and Zo-1 in the rat duodenum. C—control group undergoing
sham surgery; O—group undergoing gastric bypass surgery; O + AKG—group undergoing gastric
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bypass surgery and receiving alpha-ketoglutarate (AKG); AKG—group undergoing sham surgery
and receiving alpha-ketoglutarate. AKG was administered at a dose of 0.2 g/kg/body weight/day in
drinking water. All the scale bars represent 50 1. (B) The bar graph shows the integrated intensity of
immunoreactions, measured by comparing pixel brightness values adjusted to DAB staining color
detection and inverted 8-bit grayscale, such that a higher pixel value reflects a higher immunoreaction
intensity. Different letters above the bars indicate significant differences at p < 0.05, and colors are
used to indicate the corresponding tight junction protein.
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Figure 4. Effects of bariatric surgery and alpha-ketoglutarate (AKG) administration on selected tight
junction proteins of the intestinal barrier. (A) Representative images of the immunolocalization and
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distribution of claudin 3, MD3, occludin and Zo-1 in the rat jejunum. C—control group undergoing
sham surgery; O—group undergoing gastric bypass surgery; O + AKG—group undergoing gastric
bypass surgery and receiving alpha-ketoglutarate (AKG); AKG—group undergoing sham surgery
and receiving alpha-ketoglutarate. AKG was administered at a dose of 0.2 g/kg/body weight/day in
drinking water. All the scale bars represent 50 p. (B) The bar graph shows the integrated intensity of
immunoreactions, measured by comparing pixel brightness values adjusted to DAB staining color
detection and inverted 8-bit grayscale, such that a higher pixel value reflects a higher immunoreaction
intensity. Different letters above the bars indicate significant differences at p < 0.05, and colors are
used to indicate the corresponding tight junction protein.

4. Discussion

Surgical treatment, which includes gastric bypass, disrupts the physiology of the
digestive system, causing changes in gastrointestinal function, often leading to deficiencies
of certain nutrients [35].

The small intestine is not only the terminal organ for digestion and absorption of nutri-
ents from the diet, but it is also crucial for preventing exogenous pathogens from entering
the systemic circulation [36,37]. Gut integrity is, therefore, essential for the survival, growth,
and health of both animals and humans [38]. Extensive studies in experimental animals,
including rats, have shown that a number of stressors, such as infections, inflammation, and
surgical interventions, can lead to damage and dysfunction in the intestinal mucosa [21,39].
Therefore, restitution of the intestinal epithelial barrier plays a key role in maintaining
gastrointestinal tract homeostasis under stress conditions [40].

Multiple lines of evidence suggest a link between tight junction proteins and epithelial
restitution [41]. Tight junctions are the most apical intercellular structures in epithelial
and endothelial cells that regulate lateral intercellular permeability and are crucial for
epithelial barrier integrity [42]. Thus, to test whether AKG can promote intestinal epithelial
restitution under stress injury, the expression and localization of tight junctions in the small
intestine were determined by immunohistochemical analysis. We investigated the localiza-
tion, distribution, and integrated intensity of immunoreaction in representatives of integral
transmembrane proteins, such as claudin 3 and occludin, and peripheral membrane adap-
tor proteins, such as zonula occludens 1, as well as the transmembrane protein MarvelD3,
acting as a regulator of epithelial cell proliferation, migration, and survival [43,44]. Bariatric
surgery disrupted their primary distribution and subsequently led to intestinal barrier dys-
function. AKG supplementation improved the restoration of these tight junction proteins.
These findings support many previous studies that reported that decreased expression of
tight junctions can lead to alteration or disruption of the intestinal barrier [45]. Reduced
AKG synthesis has recently been demonstrated in IBD patients with increased intestinal
permeability associated with altered tight junction expression [46]. Our results showed
that bariatric surgery significantly decreased the expression of T] proteins, as reported in
previous studies [47]. As expected, AKG administration increased the expression of TJ
proteins in the intestine of operated rats, suggesting that AKG administration enhances the
protective and restorative function of some TJ proteins in stress defense after gastric surgery.
Recent studies in mammals have shown that AKG used as a dietary supplement can have
beneficial effects on both injured and healthy organisms [48,49]. He L. et al. demonstrated
that AKG administration can lead to increased intestinal-mucosal mass and improved
tight junctions under stress conditions [41]. In addition, AKG administration was shown
to positively modulate antioxidant capacity and protein synthesis to improve epithelial
restitution in rats under protein deficiency and oxidative stress [48,50].

Gut morphology is a major indicator of intestinal health and also reflects the matura-
tion rate of enterocytes [41]. The height of the villi and the depth of the crypts reflect the
number and maturation rate of enterocytes, which affect the ability to absorb and trans-
port nutrients in the intestine [51]. In addition to morphological changes, it also includes
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adaptations in the nervous system, endocrine system, and nutrient signaling. Seeley et al.
hypothesized that changes in neuronal innervation or neuronal activity may result in an
increase in enteroendocrine cell number or sensitivity to stimuli and increased nutrient
absorption by increasing the number and/or length of villi and/or depth of crypts, as
well as stimulation of intracellular signaling processes by increasing nutrient transport or
production of digestive products [35]. In the present study, gastric bypass resulted in a
decrease in the absorptive surface area in the duodenum and an increase in this parameter
in the jejunum. In contrast, the AKG diet caused an increase in the height and width of
villi, depth of crypts, and thickness of mucosa in the small intestine of rats undergoing
surgery. These results were consistent with previous studies, suggesting that AKG in
enterocytes can beneficially regulate the intracellular concentration of endogenous amino
acids through the TCA cycle and subsequently affect various signaling pathways, such as
AMP-activated protein kinase (AMPK), nuclear factor kappa B (NF-kB), and mammalian
target of rapamycin (mTOR) pathways, thereby improving intestinal morphology [41].

AKG supplementation increased villi height in the jejunum, as well as crypt depth
and mucosal thickness, in both the duodenum and jejunum. These results suggest that
AKG can improve intestinal morphology after bariatric surgery in rats. In the current study,
minor morphological changes were observed in the duodenum after bariatric surgery,
whereas there was hypertrophy in the jejunum. Such morphological changes have been
observed after various surgical procedures involving manipulation of the gastrointestinal
tract in rodent models. Li et al. observed that when the stomach was left intact and
the upper intestine was bypassed (duodenojejunal bypass), atrophy was observed in the
bypassed organ and hyperplasia was observed in the portion of the jejunum exposed
to nutrients [52]. Similarly, intestinal proliferation was observed in earlier studies after
Roux-en-Y gastric bypass, where significant increases in cell proliferation, intestinal width,
villi height, and crypt depth were observed in the terminal gastrointestinal tract and
common intestine [53,54]. These results indicate that functional elimination of one part of
the gastrointestinal tract may cause a compensatory response in the other parts, involving
some form of morphological adaptation. Thus, bypass surgery may cause hypertrophy in
the remaining part of the intestine. This hypertrophy is the result of intestinal hyperplasia,
which is associated with a higher rate of cell proliferation in the crypts and an increase in
crypt depth and villi height, as confirmed by a previous study by McDuffie et al. [55]. In
light of these results, the hypertrophy coupled with an increase in cell proliferation and
a concomitant decrease in enterocytes observed in jejunum in the current study can be
explained by the extent of the surgical procedure performed and further studies are needed
to understand the underlying mechanisms.

Data from detailed histomorphometric analyses performed in the present study con-
firm the effects of AKG supplementation observed in previous studies. However, in this
study, AKG did not have any effect on body weight. The significantly increased villi height,
crypt depth, mucosal thickness, and crypt and villi width observed in the present study after
dietary administration of AKG is consistent with the results of previous studies [21,38,48].

The current study is unique in that it is the first study to compare, in detail, the
effects of bariatric surgery, including gastric bypass, on small intestinal development and
structure in rats. Furthermore, the results presented here also show, for the first time, an
improvement in small intestinal innervation after AKG administration in rats undergoing
bariatric surgery. The gastrointestinal tract is innervated by an extensive internal network
of ganglion-rich nerve connections, called the enteric nervous system (ENS), which can
be divided into two main networks, the myenteric and submucosal plexuses, also known
as the Auerbach and Meissner plexuses, respectively [56-58]. The ENS is involved in
the control of intestinal motility, blood flow, mucosal and secretory transport, as well as
endocrine and immune functions. In the present study the parameters of the myenteric
(Auerbach) and submucosal (Meissner) plexuses were investigated. Gastric bypass surgery
was found to slightly (but not significantly) reduce the number of Auerbach’s ganglia in the
duodenum and significantly reduce the size of Meissner’s and Auerbach’s ganglia in the
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duodenum (Table S1 and Figure 2). In contrast to the operated group, AKG significantly
improved innervation and reduced the negative effects of surgery on the small intestine in
rats. AKG supplementation significantly increased the area of ganglia, in the duodenum.

The gut is the largest endocrine organ in the body, expressing over 30 gut hormone
genes and a wealth of bioactive peptides [59]. As two of the first gastrointestinal peptides
discovered, gastrin and CCK play important roles in digestive processes, including gastric
acid secretion, pancreatic enzyme release, gallbladder emptying, intestinal motility, and
energy homeostasis [60,61]. As classical gut hormones and potent neurotransmitters,
gastrin and CCK are widely distributed in the gastrointestinal tract, CNS, and peripheral
neurons [61,62]. According to studies, the expression and secretion of hormones in the
small intestine depend on systemic factors related to metabolic status, as well as locally
acting factors [63]. Changes in the number or density of endocrine cells have been observed
after various anastomosis procedures. In the present study, the decrease in serum gastrin
and CCK levels after bariatric surgery appears to be a natural response associated with
the lack of stimulation of the bypassed stomach (Table 2). Dietary AKG supplementation
did not significantly alter CCK secretion, whereas gastrin was higher compared with
the surgery group. Because gastric-derived hormones are involved in various activities
throughout the GIT, eliminating their effects/functions after gastric bypass surgery may be
important not only for GIT function but also for the control of food intake, glycemia, and
other activities [64].

Although the study does not focus on body weight, body weight is significantly
reduced after bariatric surgery [65]. AKG did not alter body weight gain in operated rats
(Figure 1), which would be an important issue with long-term supplementation in practice.

Although many of the beneficial metabolic effects of bariatric surgery can be attributed
to weight loss, the rapid changes in most gut hormones, accompanied by improvements in
comorbidities, suggest that anatomic and physiologic changes after surgery are also important.

Finally, looking to the future, we discuss the need to translate the wealth of data
obtained from animal studies to the clinical setting and, thus, to better understand all the
changes in GIT physiology and morphology. Therefore, although the presented study has
some limitations, such as the lack of detailed data on serum biochemical parameters and
accurate hormonal analysis, we are confident that the results obtained can be clinically
helpful to investigate the similarities between rat and human models, including changes in
the postoperative intestinal hormone profile and metabolic effects in bariatric patients. We
acknowledge that our results represent structural changes in the small intestinal barrier;
however, the absorption surface area that was assessed in this study reflects, to some extent,
the ability of the intestine to absorb nutrients, and defects in the intestinal barrier reflect
a degree of permeability that is widely reported in the literature [43]. At this point, we
would like to gain more insight into actual nutrient absorption, but the purpose of this
study was to elucidate the potential for structural changes and subsequent prognosis after
bariatric surgery and the impact of AKG supplementation. Based on the current promising
data on the effects of AKG, further studies are needed to further study this topic and reveal
the relationship between the intestinal barrier and hormones, based on more complex
additional studies, e.g., hormone receptors, additional markers, and functional studies of
permeability and absorption.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nu14102062/s1, Table S1: The effect of bariatric surgery and
alpha-ketoglutarate administration on histomor-phometry of selected parameters of rat duodenum;
Table S2: The effect of bariatric surgery and alpha-ketoglutarate administration on histomor-phometry
of selected parameters of rat jejunum.
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