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Abstract: Evidence suggests that microbiota-derived metabolites, including short-chain fatty acids
(SCFAs) and trimethylamine-oxide (TMAO), affect the course of diabetic multiorgan pathology. We
hypothesized that diabetes activates the intestinal renin—angiotensin system (RAS), contributing
to gut pathology. Twelve-week-old male rats were divided into three groups: controls, diabetic
(streptozotocin-induced) and diabetic treated with enalapril. Histological examination and RT-qPCR
were performed to evaluate morphology and RAS expression in the jejunum and the colon. SCFA
and TMAO concentrations in stools, portal and systemic blood were evaluated. In comparison to
the controls, the diabetic rats showed hyperplastic changes in jejunal and colonic mucosa, increased
plasma SCFA, and slightly increased plasma TMAO. The size of the changes was smaller in enalapril-
treated rats. Diabetic rats had a lower expression of Mas receptor (MasR) and angiotensinogen in
the jejunum whereas, in the colon, the expression of MasR and renin was greater in diabetic rats.
Enalapril-treated rats had a lower expression of MasR in the colon. The expression of AT1a, AT1b,
and AT2 receptors was similar between groups. In conclusion, diabetes produces morphological
changes in the intestines, increases plasma SCFA, and alters the expression of renin and MasR.
These alterations were reduced in enalapril-treated rats. Future studies need to evaluate the clinical
significance of intestinal pathology in diabetes.
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1. Introduction

Intestinal digestion, absorption and hormonal activity are of major importance for
the normal functioning of the whole organism. Numerous homeostatic processes in the
intestines, such as water—electrolyte balance, digestion, secretion, and peptide absorption,
are regulated by the intestinal renin-angiotensin system (RAS). The hyperactivity of the
local RAS in the retina or kidneys may contribute to diabetic complications [1-3], but data
on the intestinal RAS in diabetes are scant.

The intestines, especially the colon, constitute a major site for microbiome-host inter-
actions. Ample evidence points to the pleiotropic effects of gut bacteria on the host [4,5].
For example, gut microbiota produces biologically active compounds that affect metabolic
homeostasis [6]. Recently, bacteria-derived trimethylamine N-oxide (TMAO) has been asso-
ciated with diabetes risk [7,8]. Short-chain fatty acids (SCFAs), as intestinal bacteria-derived
metabolites, appear to have beneficial effects on metabolism [9].

Furthermore, there is evidence that bacterial metabolites may affect the functioning of
the RAS. For example, SCFAs modulate blood pressure via the local RAS in the kidneys [10]
and TMAO treatment alters the expression of RAS receptors in the heart [11].
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We hypothesized that diabetes activates the intestinal RAS which contributes to gut
pathology and increases the blood concentration of microbiota-derived metabolites. There-
fore, in this study, we assessed the intestinal barrier morphology, intestinal RAS gene
expression and concentration of TMAO and SCFAs in the portal and systemic circulation
in a rat model of diabetes.

2. Results

The study was conducted on three experimental groups: (i) a control (sham) group
(n = 12), (ii) a diabetic (streptozotocin-induced) group (n = 17), and (iii) an ACE-I group
(diabetic rats receiving enalapril, an angiotensin-converting enzyme inhibitor, for 4 weeks,
n = 14). Tissues, blood and stool samples were obtained 4 weeks after streptozotocin or
saline (control) administration. Histological examination and RT-qPCR were performed
to evaluate morphology and RAS expression in the jejunum and colon. The concentra-
tions in the stool, portal and systemic blood of TMAO and the following SCFAs were
evaluated: acetic acid (AA), propionic acid (PA), isobutyric acid (IBA), butyric acid (BA),
2-methylbutyric acid (2MeB), isovaleric acid (IVA), valeric acid (VA), isocaproic acid (ICA),
and caproic acid (CA).

2.1. Diabetes Produces Morphological Changes in the Intestines

The control group had no signs of pathological changes in the jejunum or colon
(Figures 1A,D and 2A,D).

Control Diabetes ACE-I

Figure 1. Histopathology of the jejunum in rats of the control (n = 7), diabetes (n = 7) and ACE-I
(n =7) groups. The diabetes group was assessed 4 weeks after streptozotocin administration; the
ACE-I group comprised diabetic rats treated with enalapril for 4 weeks. (A) Mucosa of the jejunum in
the control (x10); (B) mucosa of the jejunum in rats with diabetes (x10); (C) mucosa of the jejunum
in rats with diabetes treated with enalapril (x10); (D) villi of jejunum mucosa in the control (x40);
(E) villi of jejunum mucosa in diabetes (x40), disturbed and discontinuous structure of the brush
border (arrow), dysplastic changes (asterisk); (F) villi od jejunum mucosa in the ACE-I group (x40);
hyperplasia (H).
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Control Diabetes ACE-

Figure 2. Histopathology of the colon in rats of the control (1 = 7), diabetes (1 = 7) and ACE-I (n =7)
groups. Diabetes group were assessed 4 weeks after streptozotocin administration and the ACE-I
group comprised diabetic rats treated with enalapril for 4 weeks. (A) Colonic mucosa in the control
(x10); (B) colonic mucosa in rats with diabetes (x10); (C) colonic mucosa in rats with diabetes treated
with enalapril (x10); (D) colonic mucosa in the control (x40); (E) colonic mucosa in diabetes (x40)
presenting with an increase in height and cellularity (arrow); (F) colonic mucosa in the ACE-I group
(x40) presenting with an increase in height but normal cellularity (asterisk).

The diabetic group revealed pronounced morphological changes in the jejunum, in-
cluding hyperplasia of the mucous membrane (hyperplasia of enterocytes, double-row
enterocyte testicular system), dysplastic changes in the intestinal epithelium, disturbed and
discontinuous structure of the brush border, increased mucus on the surface of the mucosa,
and an increase in stromal cellularity caused by connective tissue hyperplasia. Hyper-
plastic changes were confirmed in the morphometric analysis; the diabetic group showed
increased crypt depth and villus height in comparison to the control group (p = 0.025 and
p = 0.006, respectively). Additionally, the diabetic group showed increased lymphocytic
stromal infiltration, slight features of edema, and degenerative changes of nerve ganglion
cells in the submucosa and muscle membrane arterioles with features of endothelial stim-
ulation and the vacuolation of tunica intima. Colons of the diabetic group showed an
increase in height and cellularity of the colonic mucosa (Figures 1B,E and 2B,E). Morpho-
metric analysis did not show significant differences in the number of goblet cells (per 50
enterocytes) and number of mitoses in crypts between the groups. Detailed results of the
morphometric analysis are shown in the Supplementary Materials (Supplementary Results,
Supplementary Figures S1 and S2).

Diabetic rats receiving enalapril (ACE-I group) showed smaller hyperplastic and
dysplastic changes in the jejunal mucosa than the diabetic group. Similarly, hyperplastic
changes and the infiltration of lymphocytes in the stroma were less pronounced than in the
diabetic group. Colons of the ACE-I group showed an increased height of colonic mucosa
(Figures 1C,F and 2C,F).
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2.2. Diabetes Alters the mRNA Expression of Intestinal RAS

In the jejunum, there were significant differences between the groups with respect
to the Mas receptor (F2,12 = 3.89, p = 0.049) and angiotensinogen (F2,12 = 7.11, p = 0.009).
Namely, the diabetic rats on water and enalapril (ACE-I group) showed significantly
decreased mRNA expression compared to the healthy control rats. There were no significant
changes in the jejunal expression of renin, or the AT1a, AT1b, or AT2 receptors, as shown
in Figure 3.
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Figure 3. The expression of renin-angiotensin system components in the jejunum. Tissues were
obtained from diabetic rats on water 4 weeks after streptozotocin administration (DIABETES; n = 5);
diabetic rats treated with enalapril for 4 weeks (ACE-I, n = 5); and healthy rats (CONTROL, n = 5).
AT1a receptor—angiotensin II receptor type 1a; AT1b receptor—angiotensin II receptor type 1b; AT2
receptor—angiotensin II receptor type 2. Values are means + SE; *—p < 0.05 by one-way ANOVA
followed by Duncan’s test.



Int. J. Mol. Sci. 2022, 23, 6060

50f12

In the colon, significant differences were observed in the mRNA expression of the Mas
receptor (F2,12 =7.68, p = 0.007) and renin (F2,12 = 4.66, p = 0.03). Diabetic rats demonstrated
a higher expression of the Mas receptor and renin, as shown in Figure 4. The ACE-I group
showed lower Mas expression than the diabetic group. There were no significant differences
between the groups in terms of the colonic expression of angiotensinogen, or the AT1a,
AT1b, or AT2 receptors, as shown in Figure 4.
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Figure 4. The expression of renin—angiotensin system components in the colon. Tissues were obtained
from diabetic rats on water 4 weeks after streptozotocin administration (DIABETES; n = 5); diabetic
rats treated with enalapril for 4 weeks (ACE-I, n = 5); and healthy rats (CONTROL; n = 5). ATla
receptor—angiotensin II receptor type 1la; AT1b receptor—angiotensin II receptor type 1b; AT2
receptor—angiotensin II receptor type 2. Values are means + SE; *—p < 0.05 by one-way ANOVA
followed by Duncan’s test.
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2.3. Diabetes Increases the Portal and Systemic Concentration of Bacterial Metabolites
2.3.1. Concentration in the Portal Vein

There were significant differences between the groups in the portal concentration
of the following SCFAs: AA (F2,35 =9.07, p < 0.001), PA (F2,35 = 4.14, p = 0.024), IBA
(F2,35 =3.46, p = 0.043), MeB (F2,35 = 3.40, p = 0.044), VA (F2,35 = 3.49, p = 0.042), ICA
(F2,35 =18.40, p < 0.001), and CA (F2,35 = 3.55, p = 0.039). In general, the diabetic group
demonstrated an increase in SCFA portal concentration. In comparison to the diabetic
group, the ACE-I group showed lower concentrations of IBA, 2MeB, and ICA. Detailed
results are presented in Figure 5.
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Figure 5. The portal concentration of short-chain fatty acids. Portal vein blood samples were
obtained from diabetic rats on water 4 weeks after streptozotocin administration (DIABETES;
n = 15); diabetic rats treated with enalapril for 4 weeks (ACE-L; n = 12); and healthy rats (CONTROL;
n =12). AA—acetic acid; PA—propionic acid; IBA—isobutyric acid; BA—butyric acid; 2MeB—2-
methylbutyric acid; IVA—isovaleric acid; VA—valeric acid; ICA—isocaproic acid /4-methylvaleric
acid; CA—caproic acid. Values are means + SE; *—p < 0.05 by one-way ANOVA followed by
Duncan’s test.

2.3.2. Concentration in the Systemic Venous Blood

There were significant differences between the groups in the systemic concentration
of the following SCFAs: AA (F2,35 = 10.77, p < 0.001), PA (F2,34 = 4.06, p = 0.026), IBA
(F2,33 =5.76, p = 0.007), MeB (F2,34 = 11.64, p < 0.001), IVA (F2,34 = 14.70, p < 0.001), VA
(F2,34 =8.33, p = 0.001), ICA (F2,34 = 39.98, p < 0.001), and CA (F2,34 = 3.48, p = 0.042). In
general, diabetes induced an increase in SCFA portal concentration. ACE-I group showed
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lower concentrations of IBA, 2MeB, IVA, VA, and ICA compared to the diabetic group.
Detailed results are presented in Figure 6.
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Figure 6. The systemic concentration of short-chain fatty acids. Systemic blood samples were
obtained from diabetic rats on water 4 weeks after streptozotocin administration (DIABETES;
n = 15); diabetic rats treated with enalapril for 4 weeks (ACE-L; n = 12); and healthy rats (CONTROL;
n =12). AA—acetic acid; PA—propionic acid; IBA—isobutyric acid; BA—butyric acid; 2MeB—2-
methylbutyric acid; IVA—isovaleric acid; VA—valeric acid; ICA—isocaproic acid /4-methylvaleric
acid; CA—caproic acid. Values are means + SE; *—p < 0.05 by one-way ANOVA followed by
Duncan’s test.

Additionally, we investigated the plasma concentration of TMAO in the systemic
circulation. Diabetic rats tended to have higher TMAO concentrations than the control
or ACE-I group. However, the differences between the groups did not reach significance
(p = 0.08; data not shown).

2.3.3. Concentration in Stools

Table 1 presents the fecal concentrations of the SCFAs. The diabetic and ACE-I groups
had a higher AA concentration in the stool samples than the controls. There were no
differences in fecal concentration of the other evaluated SCFAs.



Int. J. Mol. Sci. 2022, 23, 6060 8of12
Table 1. Fecal concentrations of short-chain fatty acids (SCFAs).
SCFA Control Group Diabetic Group ACE-I Group
(umol/L) (umol/L) (umol/L)
acetic acid (AA) 50,425 £+ 2904.1 64,221 4+ 3742.9 % 71,865 + 4991.3 *
propionic acid (PA) 13,758 + 768.5 15,931 + 1078.6 17,740 £ 1619.3
isobutyric acid (IBA) 398 +41.4 377 + 289 336 +44.5
butyric acid (BA) 10,781 £ 1047.2 13,978 + 1618.1 16,440 + 2019.2
2-methylbutyric acid (2MeB) 226 + 31.1 246 + 21.2 205 + 29.7
isovaleric acid (IVA) 325+ 375 335+ 26.3 330 +46.2
valeric acid (VA) 728 + 80.7 906 + 86.8 972 +147.3
isocaproic acid (ICA) 15+ 44 18 +28 21 +5.2
caproic acid (CA) 467 £ 90.3 1003 + 223.8 1339 £ 359.5

Diabetic rats on water 4 weeks after streptozotocin administration (DIABETES; n = 15); diabetic rats treated with
enalapril for 4 weeks (ACE-I; n = 12); and healthy rats (CONTROL; n = 12). Values are means =+ SE; *—p < 0.05 vs.
control group by one-way ANOVA followed by Duncan’s test.

3. Discussion

The novel findings of our study are that diabetes disturbs colonic morphology, changes
the expression of several RAS proteins in the small intestine and colon, and increases SCFA
portal and systemic concentrations. Furthermore, we found that enalapril treatment may
partly reverse reported diabetes-induced changes.

Diabetes is a significant medical and social problem, reducing life quality and causing
multiple organ complications and premature mortality. Importantly, there is evidence that
diabetes disturbs intestinal homeostasis [12,13].

The intestine is an essential homeostatic organ responsible for nutrient absorption and
interaction with abundant gut microbiomes. Some key intestinal processes are regulated by
the intestinal RAS, which plays a role in digestion, peptide transport, and water—electrolyte
homeostasis [14]. The intestinal RAS is also a major regulator of glucose uptake in the
intestines [15].

A growing body of evidence demonstrates that gut bacteria-derived metabolites exert
beneficial and harmful effects on metabolism, the circulatory system, and the RAS [6,11,14].
For example, circulating TMAO has been associated with increased diabetes risk [7,8]. On
the other hand, SCFAs have been reported to regulate host energy homeostasis positively.
For example, SCFA inhibited the fat accumulation in the adipose tissue by the suppression
of adipose insulin signaling [16]. Additionally, acetate and butyrate have been shown to
protect against type 1 diabetes by immunomodulating action [17].

The histological assessment in our study showed that diabetes produces pronounced
modifications to the morphology of the small intestine and colon, including the hyperplasia
of the mucous membrane and dysplastic changes in the intestinal epithelium. Our results
support previous reports demonstrating diabetes-induced morphological disturbances in
the small intestine [18].

Changes in the plasma concentrations of bacteria-derived metabolites accompany
alterations in the gut structure. Diabetes increased the portal and systemic levels of
SCFAs and tended to increase TMAO as well. Since the concentrations of the SCFAs
in the stool samples were virtually unaffected, it can be speculated that their increase
in plasma concentration may be a consequence of intestinal barrier disruption. In fact,
diabetes is known to produce higher gut barrier permeability to sugars [12]. Bacterial
metabolites are an important element in the interaction of the gut microbiome with the
host organism. Recent studies have suggested that gut bacteria play an essential role in
the pathophysiology of diabetes [19]. However, it should be pointed out that alterations
in intestinal morphology and permeability caused by diabetes may shape the microbial
habitat and affect the availability and systemic effects of bacterial products.

Our study showed several changes in the mRNA expression of the intestinal RAS
components of diabetic rats. We did not observe any significant changes in the expres-
sion of the AT1a or AT1b receptors which are typically related to the adverse effects of
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exaggerated RAS activation. In the jejunum, diabetes decreased the expression of the Mas
receptors and angiotensinogen mRNA levels. Mas receptors are a major component of the
ACE2-MAS axis, which is beneficial and protective for the intestinal mucosa and glucose
metabolism [14]. Therefore, decreased Mas receptor expression in the jejunum may reflect
the pathological changes caused by diabetes. Our results contradict those obtained by
Wong et al., who demonstrated the upregulation of angiotensinogen and Mas receptors in
the jejunum of diabetic rats [20,21]. However, the Wong group assessed changes 2 weeks
after the induction of diabetes while, in our study, data were collected after 4 weeks. We
speculate that the increase in ACE2-MAS components is a compensatory response that
recedes over time.

To the best of our knowledge, this is the first study showing diabetic changes in the
colonic RAS. Conversely to the jejunum, we observed an increase in the renin and Mas
receptor expression in the diabetic group. It may be hypothesized that these location-
dependent differences are associated with abundant microbiomes in the colon. Available
data suggests that probiotics increase the hepatic expression of the Mas receptor [22].
However, the evidence of the direct action of the microbiome on colonic Mas is yet to
be discovered.

Finally, the present study demonstrated that enalapril ameliorated pathological changes
in gut morphology. In this regard, the blockade of the local RAS provides beneficial effects
in diabetic nephropathy [1,23] and retinopathy [2,3]. For instance, angiotensin Il antagonists
have been shown to reduce albuminuria [24] and slow the progression of renal disease from
microalbuminuria to macroalbuminuria [25]. With respect to gastrointestinal function, ACE
inhibition or angiotensin receptor blockades have been reported to counteract intestinal in-
flammation [26,27], colorectal cancer [28], and hypertension-induced intestinal damage [29]
in rodent models. A limitation of our study is that we did not include the group receiving
enalapril without diabetes induction. This would give valuable information regarding
the influence of enalapril on the healthy intestine. However, the purpose of our study
was to assess enalapril usefulness in the context of diabetes treatment. Currently, there
are limited data about the effect of such therapy on the intestinal impairments associated
with diabetes.

4. Materials and Methods
4.1. Ethical Approval

The animal experiments were carried out according to the Directive 2010/63/EU and
were approved by the Local Bioethical Committee (616/2018).

The study was conducted on 3 experimental groups: (i) a control (sham) group (n = 12),
(ii) a diabetic group (n = 17) and (iii) an ACE-I group (diabetic rats receiving enalapril,
n=14).

Induction of diabetes in rats

Male, 12-week-old Sprague Dawley rats were fasted overnight before the procedure.
Diabetic and ACE-I groups received streptozotocin (STZ, Merck, Warsaw, Poland) at a
dose of 65 mg/kg of body weight (BW) dissolved in 0.01 mol/L citrate buffer (pH 4.5) in a
single intraperitoneal injection. Afterward, rats were placed in cages with food and water
ad libitum. Fasting glucose levels above 250 mg/dL at 3 and 7 days post-STZ injection
was considered a successful diabetes induction. Rats with ineffective diabetes induction
were not included in the analysis. Eventually, 15 rats from the diabetic group, 12 rats
from the ACE-I group and 12 rats from the control group were included in the analysis.
The ACE-I group was treated with enalapril (Polpharma, Warsaw, Poland) dissolved in
50 mg/L drinking water (a dose of 6.5 & 0.3 mg/kg BW/d) for 4 weeks. We decided to use
a non-antihypertensive dose (based on our previous studies and the literature (Jaworska
2017, Piotrkowski 2009)) to evaluate effects independent of hemodynamic changes. The
diabetic and control groups were maintained on tap water.



Int. J. Mol. Sci. 2022, 23, 6060

10 of 12

4.2. Tissue, Blood, and Fecal Sample Collection and Processing

Four weeks after the induction of diabetes, rats were anesthetized with urethane
(Sigma-Aldrich, Krakéw, Poland) at a dose of 1.5 g/kg BW. The portal vein and femoral
vein were catheterized as previously described [30]. Chilled EDTA tubes were used to
collect blood samples and were centrifuged for 5 min at 5000 rpm at 4 °C. The obtained
plasma was collected into Eppendorf tubes and frozen at —20 °C. After blood collection,
the rats were euthanized by decapitation, and stool samples (0.5 mL) from the middle
part of the colon were collected. The jejunum and colon were harvested. Tissues sections
for molecular biology studies were immediately frozen at 80 °C. Tissues dedicated for
histological analysis were fixed in 10% buffered formalin. Stool samples were weighted
and homogenized with 1 mL of 0.9% NaCl by vortexing them for 5 min. The samples
were then centrifuged for 12 min at 8000 rpm and supernatants were transferred into a
laboratory tube and centrifuged again for 12 min. Procedures were performed at 2-5 °C.
The supernatants were collected into the Eppendorf tubes and frozen at —20 °C.

4.3. Renin—Angiotensin System Analysis by RT-gPCR

Mas receptor, renin, angiotensinogen, angiotensin receptor type la (AT1a receptor),
angiotensin receptor type 1b (AT1b receptor), and angiotensin receptor type 2 (AT2 receptor)
expression in the jejunum and colon samples were evaluated.

Total cellular RNA was extracted from approx. 15 mg of wet tissue of the jejunum and
colon with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocols.

Next, using an Iscript® (Bio-Rad, Hercules, CA, USA), 1.5 ug of the total DNAse-
treated RNA was reverse-transcribed. Real-time quantitative PCR analysis was performed
via a Bio-Rad real-time system using gene-specific primer pairs (see Table S1 in the
Supplemental Material). The amplified products were detected with iTag® Universal SYBR
Green Supermix (Bio-rad, Hercules, CA, USA). Melting curve analysis and agarose gel
electrophoresis of the PCR products confirmed amplification specificity. Data analysis was
performed using Bio-Rad CFX Maestro Software (version 0.953, MOMA, Aarhus, Denmark).
Transcript levels were normalized relative to the reference genes: HPRT for the jejunum
and (-actin for the colon were selected from 4 different housekeeping genes using the
NormFinder software.

4.4. Histological Assessment

Tissue sections were dehydrated using graded ethanol and xylene baths and embed-
ded in paraffin wax. Sections of 3—4 pm were stained with hematoxylin and eosin (HE).
General histological examination was performed at the magnification of 10x, 40x and
100x (objective lens) and 10x (eyepiece) and photographic documentation was made. The
mucosa and submucosa of the colon and jejunum, intestinal crypts and their cell composi-
tion, mucosa and submucosa blood vessels were assessed. Morphometric measurements
were performed at a magnification of 40x (objective lens).

4.5. Evaluation of Bacterial Metabolite Concentration

Intestinal permeability was estimated by the direct measurement of bacterial metabo-
lite concentration in the portal vein and the analysis of stool concentration.

Plasma and stool concentrations of the following bacterial metabolites were measured:
TMAO and SCFAs: AA—acetic acid (C2); PA—propionic acid (C3); IBA—isobutyric acid
(C4); BA—butyric acid (C4); 2MeB—2-methylbutyric acid (C5); IVA—isovaleric acid (C5);
VA—uvaleric acid (C5); ICA—isocaproic acid /4-methylvaleric acid (C6); and CA—caproic
acid (C6). Concentrations were evaluated using liquid chromatography coupled with
triple-quadrupole mass spectrometry. The instrumentation consisted of the Waters Acquity
Ultra-Performance Liquid Chromatograph coupled with the Waters TQ-S triple-quadrupole
mass spectrometer. The mass spectrometer operated in the multiple-reaction monitoring
(MRM)-positive electrospray ionization (ESI) mode, as described in detail previously [30].
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4.6. Data Analysis and Statistics

Blinding was provided for data analysis. The Kolmogorov-Smirnov test was used to
test the normality of the distribution. The differences between the groups were evaluated
by one-way ANOVA, followed by Duncan’s new multiple range test (MRT). A value of
two-sided p < 0.05 was considered significant. Quantitative data are expressed as mean
and standard error (SE). Analyses were conducted using Dell Statistica, version 13 (Dell
Inc., Tulsa, OK, USA).

5. Conclusions

Diabetes produces pronounced morphological changes in the gut, increasing the
penetration of bacterial metabolites to circulation. Our study shows that these changes are
accompanied with alterations in local small intestinal and colonic RAS; however, it needs to
be elucidated whether these observations are related to the presence of gut microbiota and
their metabolites. Since diabetes-induced changes in the intestine may be partly reversed
by enalapril, intestines may be a therapeutic target for ACE inhibitors. However, more
studies are needed to better understand the significance of intestinal pathology in diabetes
and the relevance of RAS blockades in diabetic intestines.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23116060/s1.

Author Contributions: Conceptualization, K.J. and M.U; formal analysis, K.J., W.K., M.K. (Mateusz
Koper) and M.S,; funding acquisition, K.J. and M.U.; investigation, K.J., WK., M.K. (Mateusz Koper),
M.S., M.G.-K,, M.K. (Marek Konop) and T.H.; methodology, K.J. and M.U.; project administration,
M.U.; writing—original draft, K.J., W.K., M.K. (Mateusz Koper), M.S., M.G.-K., M.K. (Marek Konop)
and T.H.; writing—review and editing, D.C. and M.U. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Science Centre, Poland, grant number 2020/37/B/
NZ5/00366; Kinga Jaworska was supported by the Foundation for Polish Science (FNP).

Institutional Review Board Statement: The animal study protocol was approved by Local Bioethical
Committee (protocol code 616/2018).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Burnier, M.; Zanchi, A. Blockade of the renin-angiotensin-aldosterone system: A key therapeutic strategy to reduce renal and
cardiovascular events in patients with diabetes. |. Hypertens. 2006, 24, 11-25. [CrossRef] [PubMed]

2. Mauer, M,; Zinman, B.; Gardiner, R.; Suissa, S.; Sinaiko, A.; Strand, T.; Drummond, K.; Donnelly, S.; Goodyer, P.; Gubler, M.C.
Renal and retinal effects of enalapril and losartan in type 1 diabetes. N. Engl. ]. Med. 2009, 361, 40-51. [CrossRef] [PubMed]

3. Sjolie, A.K,; Klein, R.; Porta, M.; Orchard, T.; Fuller, J.; Parving, H.H.; Bilous, R.; Chaturvedi, N.; Group, D.P.S. Effect of candesartan
on progression and regression of retinopathy in type 2 diabetes (DIRECT-Protect 2): A randomised placebo-controlled trial. Lancet
2008, 372, 1385-1393. [CrossRef]

4. Yang, T.; Santisteban, M.M.; Rodriguez, V; Li, E.; Ahmari, N.; Carvajal, ] M.; Zadeh, M.; Gong, M.; Qi, Y.; Zubcevic, J. Gut
dysbiosis is linked to hypertension. Hypertension 2015, 65, 1331-1340. [CrossRef] [PubMed]

5. Tomasova, L.; Konopelski, P.; Ufnal, M. Gut Bacteria and Hydrogen Sulfide: The New Old Players in Circulatory System
Homeostasis. Molecules 2016, 21, 1558. [CrossRef]

6.  Velmurugan, G.; Dinakaran, V.; Rajendhran, J.; Swaminathan, K. Blood microbiota and circulating microbial metabolites in
diabetes and cardiovascular disease. Trends Endocrinol. Metab. 2020, 31, 835-847. [CrossRef]

7. Shan, Z.; Sun, T.; Huang, H.; Chen, S.; Chen, L.; Luo, C.; Yang, W.; Yang, X.; Yao, P.; Cheng, J.; et al. Association between
microbiota-dependent metabolite trimethylamine-N-oxide and type 2 diabetes. Am. J. Clin. Nutr. 2017, 106, 888-894. [CrossRef]

8.  Zhuang, R; Ge, X,; Han, L.; Yu, P; Gong, X.; Meng, Q.; Zhang, Y.; Fan, H.; Zheng, L.; Liu, Z.; et al. Gut microbe-generated

metabolite trimethylamine N-oxide and the risk of diabetes: A systematic review and dose-response meta-analysis. Obes. Rev.
2019, 20, 883-894. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23116060/s1
https://www.mdpi.com/article/10.3390/ijms23116060/s1
http://doi.org/10.1097/01.hjh.0000191244.91314.9d
http://www.ncbi.nlm.nih.gov/pubmed/16331093
http://doi.org/10.1056/NEJMoa0808400
http://www.ncbi.nlm.nih.gov/pubmed/19571282
http://doi.org/10.1016/S0140-6736(08)61411-7
http://doi.org/10.1161/HYPERTENSIONAHA.115.05315
http://www.ncbi.nlm.nih.gov/pubmed/25870193
http://doi.org/10.3390/molecules21111558
http://doi.org/10.1016/j.tem.2020.01.013
http://doi.org/10.3945/ajcn.117.157107
http://doi.org/10.1111/obr.12843

Int. . Mol. Sci. 2022, 23, 6060 12 0of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kimura, I; Inoue, D.; Hirano, K.; Tsujimoto, G. The SCFA receptor GPR43 and energy metabolism. Front. Endocrinol. 2014, 5, 85.
[CrossRef]

Wang, L.; Zhu, Q.; Lu, A.; Liu, X,; Zhang, L.; Xu, C; Liu, X,; Li, H; Yang, T. Sodium butyrate suppresses angiotensin II-induced
hypertension by inhibition of renal (pro) renin receptor and intrarenal renin-angiotensin system. J. Hypertens. 2017, 35, 1899-1908.
[CrossRef]

Gawrys-Kopczynska, M.; Konop, M.; Maksymiuk, K.; Kraszewska, K.; Derzsi, L.; Sozanski, K.; Holyst, R.; Pilz, M,;
Samborowska, E.; Dobrowolski, L.; et al. TMAO, a seafood-derived molecule, produces diuresis and reduces mortality in heart
failure rats. eLife 2020, 9, e57028. [CrossRef] [PubMed]

Carratu, R.; Secondulfo, M.; de Magistris, L.; Iafusco, D.; Urio, A.; Carbone, M.G.; Pontoni, G.; Carteni, M.; Prisco, F. Altered
intestinal permeability to mannitol in diabetes mellitus type 1. ]. Pediatric Gastroenterol. Nutr. 1999, 28, 264-269. [CrossRef]
[PubMed]

Secondulfo, M.; Iafusco, D.; Carratu, R.; de Magistris, L.; Sapone, A.; Generoso, M.; Mezzogiomo, A.; Sasso, F.C.; Carteni, M.;
De Rosa, R.; et al. Ultrastructural mucosal alterations and increased intestinal permeability in non-celiac, type I diabetic patients.
Dig. Liver Dis. 2004, 36, 35-45. [CrossRef]

Jaworska, K.; Koper, M.; Ufnal, M. Gut microbiota and renin-angiotensin system: A complex interplay at local and systemic levels.
Am. ]. Physiol. Gastrointest. Liver Physiol. 2021, 321, G355-G366. [CrossRef] [PubMed]

Wong, T.P,; Debnam, E.S.; Leung, P.S. Involvement of an enterocyte renin-angiotensin system in the local control of SGLT1-
dependent glucose uptake across the rat small intestinal brush border membrane. . Physiol. 2007, 584, 613-623. [CrossRef]
[PubMed]

Kimura, I; Ozawa, K.; Inoue, D.; Imamura, T.; Kimura, K.; Maeda, T.; Terasawa, K.; Kashihara, D.; Hirano, K.; Tani, T. The gut
microbiota suppresses insulin-mediated fat accumulation via the short-chain fatty acid receptor GPR43. Nat. Commun. 2013,
4,1829. [CrossRef] [PubMed]

Marino, E.; Richards, J.L.; McLeod, K.H.; Stanley, D.; Yap, Y.A.; Knight, J.; McKenzie, C.; Kranich, J.; Oliveira, A.C,;
Rossello, EJ.; et al. Gut microbial metabolites limit the frequency of autoimmune T cells and protect against type 1 diabetes. Nat.
Immunol. 2017, 18, 552-562. [CrossRef]

Zoubi, S.; Williams, M.; Mayhew, T.; Sparrow, R.J.V.A. Number and ultrastructure of epithelial cells in crypts and villi along the
streptozotocin-diabetic small intestine: A quantitative study on the effects of insulin and aldose reductase inhibition. Virchows
Arch. Int. ]. Pathol. 1995, 427, 187-193. [CrossRef]

Tilg, H.; Moschen, A.R. Microbiota and diabetes: An evolving relationship. Gut 2014, 63, 1513-1521. [CrossRef]

Wong, T.P; Debnam, E.S.; Leung, P.S. Diabetes mellitus and expression of the enterocyte renin-angiotensin system: Implications
for control of glucose transport across the brush border membrane. Am. J. Physiol. Cell Physiol. 2009, 297, C601-C610. [CrossRef]
Wong, T.P,; Ho, K.Y,; Ng, EK.; Debnam, E.S.; Leung, P.S. Upregulation of ACE2-ANG-(1-7)-Mas axis in jejunal enterocytes of type
1 diabetic rats: Implications for glucose transport. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E669-E681. [CrossRef]

Machado, A.S.; Oliveira, J.R.; Lelis, D.E,; de Paula, A.M.B.; Guimaraes, A.L.S.; Andrade, J.M.O.; Brandi, I.V.; Santos, S.H.S.
Oral Probiotic Bifidobacterium Longum Supplementation Improves Metabolic Parameters and Alters the Expression of the
Renin-Angiotensin System in Obese Mice Liver. Biol. Res. Nurs. 2021, 23, 100-108. [CrossRef] [PubMed]

Rossing, P.; Parving, H.-H.; de Zeeuw, D. Renoprotection by blocking the RAAS in diabetic nephropathy—Fact or fiction? Nephrol.
Dial. Transpl. 2006, 21, 2354-2357. [CrossRef]

Viberti, G.; Wheeldon, N.M. Microalbuminuria reduction with valsartan in patients with type 2 diabetes mellitus: A blood
pressure-independent effect. Circulation 2002, 106, 672-678. [CrossRef] [PubMed]

Parving, H.-H.; Lehnert, H.; Brochner-Mortensen, J.; Gomis, R.; Andersen, S.; Arner, P. The effect of irbesartan on the development
of diabetic nephropathy in patients with type 2 diabetes. N. Engl. ]. Med. 2001, 345, 870-878. [CrossRef] [PubMed]

Koga, H.; Yang, H.; Adler, ].; Zimmermann, E.M.; Teitelbaum, D.H. Transanal delivery of angiotensin converting enzyme inhibitor
prevents colonic fibrosis in a mouse colitis model: Development of a unique mode of treatment. Surgery 2008, 144, 259-268.
[CrossRef] [PubMed]

Spencer, A.U.; Yang, H.; Haxhija, E.Q.; Wildhaber, B.E.; Greenson, ] K.; Teitelbaum, D.H. Reduced severity of a mouse colitis
model with angiotensin converting enzyme inhibition. Dig. Dis. Sci. 2007, 52, 1060-1070. [CrossRef] [PubMed]

Neo, J.H.; Malcontenti-Wilson, C.; Muralidharan, V.; Christophi, C. Effect of ACE inhibitors and angiotensin II receptor antagonists
in a mouse model of colorectal cancer liver metastases. J. Gastroenterol. Hepatol. 2007, 22, 577-584. [CrossRef]

Jaworska, K.; Huc, T.; Samborowska, E.; Dobrowolski, L.; Bielinska, K.; Gawlak, M.; Ufnal, M. Hypertension in rats is associated
with an increased permeability of the colon to TMA, a gut bacteria metabolite. PLoS ONE 2017, 12, e0189310. [CrossRef]
Jaworska, K.; Huc, T.; Gawrys, M.; Onyszkiewicz, M.; Samborowska, E.; Ufnal, M. An In Vivo Method for Evaluating the
Gut-Blood Barrier and Liver Metabolism of Microbiota Products. J. Vis. Exp. 2018, 140, 58456. [CrossRef]


http://doi.org/10.3389/fendo.2014.00085
http://doi.org/10.1097/HJH.0000000000001378
http://doi.org/10.7554/eLife.57028
http://www.ncbi.nlm.nih.gov/pubmed/32510330
http://doi.org/10.1097/00005176-199903000-00010
http://www.ncbi.nlm.nih.gov/pubmed/10067726
http://doi.org/10.1016/j.dld.2003.09.016
http://doi.org/10.1152/ajpgi.00099.2021
http://www.ncbi.nlm.nih.gov/pubmed/34405730
http://doi.org/10.1113/jphysiol.2007.138578
http://www.ncbi.nlm.nih.gov/pubmed/17702818
http://doi.org/10.1038/ncomms2852
http://www.ncbi.nlm.nih.gov/pubmed/23652017
http://doi.org/10.1038/ni.3713
http://doi.org/10.1007/BF00196525
http://doi.org/10.1136/gutjnl-2014-306928
http://doi.org/10.1152/ajpcell.00135.2009
http://doi.org/10.1152/ajpendo.00562.2011
http://doi.org/10.1177/1099800420942942
http://www.ncbi.nlm.nih.gov/pubmed/32700545
http://doi.org/10.1093/ndt/gfl454
http://doi.org/10.1161/01.CIR.0000024416.33113.0A
http://www.ncbi.nlm.nih.gov/pubmed/12163426
http://doi.org/10.1056/NEJMoa011489
http://www.ncbi.nlm.nih.gov/pubmed/11565519
http://doi.org/10.1016/j.surg.2008.03.043
http://www.ncbi.nlm.nih.gov/pubmed/18656634
http://doi.org/10.1007/s10620-006-9124-2
http://www.ncbi.nlm.nih.gov/pubmed/17342403
http://doi.org/10.1111/j.1440-1746.2006.04797.x
http://doi.org/10.1371/journal.pone.0189310
http://doi.org/10.3791/58456

	Introduction 
	Results 
	Diabetes Produces Morphological Changes in the Intestines 
	Diabetes Alters the mRNA Expression of Intestinal RAS 
	Diabetes Increases the Portal and Systemic Concentration of Bacterial Metabolites 
	Concentration in the Portal Vein 
	Concentration in the Systemic Venous Blood 
	Concentration in Stools 


	Discussion 
	Materials and Methods 
	Ethical Approval 
	Tissue, Blood, and Fecal Sample Collection and Processing 
	Renin–Angiotensin System Analysis by RT-qPCR 
	Histological Assessment 
	Evaluation of Bacterial Metabolite Concentration 
	Data Analysis and Statistics 

	Conclusions 
	References

