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Abstract: Inflammasome targeting and controlling dysbiosis are promising therapeutic approaches
to control ulcerative colitis. This report is the first to investigate the mechanisms underlying the
coloprotective effects of rosuvastatin and Lactobacillus and their combined therapy on dextran sodium
sulfate (DSS)-induced colitis in high-fat diet (HFD)-fed rats. Our results demonstrate the aggravation
of intestinal inflammation as a consequence of an HFD following DSS administration. An association
between dyslipidemia, LDL oxidation, CD36 expression, ROS generation, thioredoxin-interacting
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protein (TXNIP) upregulation, and NLRP3 inflammasome activation was demonstrated by DSS
exposure in HFD-fed rats. We demonstrated that rosuvastatin/Lactobacillus significantly suppressed
the DSS/HFD-induced increase in colon weight/length ratio, DAI, MDI, and myeloperoxidase,
as well as corrected dysbiosis and improved histological characteristics. Additionally, caspase-1
activity and IL-1β-driven pyroptotic activity was significantly reduced. Rosuvastatin/Lactobacillus
showed prominent anti-inflammatory effects as revealed by the IL-10/IL-12 ratio and the levels
of TNF-α and IL-6. These latter effects may be attributed to the inhibition of phosphorylation-
induced activation of NF-κB and a concomitant reduction in the expression of NLRP3, pro-IL-
1β, and pro-IL-18. Furthermore, rosuvastatin/Lactobacillus reduced Ox-LDL-induced TXNIP and
attenuated the inflammatory response by inhibiting NLRP3 inflammasome assembly. To conclude,
rosuvastatin/Lactobacillus offers a safe and effective strategy for the management of ulcerative colitis.

Keywords: ulcerative colitis; NLRP3 inflammasome; rosuvastatin; Lactobacillus; gut microbiome;
TXNIP; Ox-LDL

1. Introduction

Inflammatory bowel disease (IBD) represents a global health concern because of
the continuous increase in the number of cases. IBDs may be categorized as Crohn’s
disease (CD) and ulcerative colitis (UC) [1,2]. UC is a chronic inflammatory disorder
defined by colon mucosal inflammation with a peak age of onset in the third decade
of life for both men and women [3]. One theory explaining the pathogenesis of IBDs,
especially UC, is an imbalance that exists in the gut microbiota, which leads to a persistent
inflammatory response [4]. As a component of innate immunity, the inflammasome is a
multiprotein oligomer responsible for activating inflammatory reactions, such as those
present in UC [5]. Among the various inflammasome subtypes, the nucleotide-binding
oligomerization domain (NOD)-, leucine-rich repeat (LRR)- and pyrin domain-containing
protein 3 (NLRP3) represents a sensitive sensor of microbial and other danger signals and
plays a crucial role in the mucosal immune response to promote the maturation of the
pro-inflammatory cytokines, interleukin-1β (IL-1β) and IL-18 [6].

Several putative risk factors have been evaluated for IBD. A high-fat diet (HFD) was
discovered as one of the most important risk factors [7]. High-fat diet promotes increases
in plasma LDL and Ox-LDL levels [8]. It is worth noting that the effects of increased levels
of Ox-LDL on an injured colon have not yet been studied. Additionally, Ox-LDL/CD36/
ROS generation/TXNIP upregulation/NLRP3 inflammasome activation axis warrants
investigation during the course of colitis. Moreover, consuming an HFD results in a leaky
gut with increased permeability and changes in the microbiota composition [4]. Gut
microbiota exist in the trillions in the human gut and play an essential role in protecting the
intestinal barrier and maintaining homeostasis of the immune system [9]. Gut bacteria have
a symbiotic relationship with the host by providing some fundamental molecules including
short-chain fatty acids, vitamins, and conjugated bile acids [10]. Dietary variables may
be associated with the course of UC pathogenesis or disease through direct effects on the
host or indirect effects by attenuating gut microbiota composition or function. Hence, the
diet has a major role in shaping the gut microbial composition [11]. Therefore, aggravation
of colon inflammation would be expected in colitis patients consuming high fat diet and
suffering from increased plasma levels of Ox-LDL.

Bacterial products bind to pattern recognition receptors such as the Toll-like receptors
(TLRs) [12]. Consequently, nuclear transcription factor kappa B (NF-κB) is activated,
which stimulates the production of inflammatory cytokines including tumor necrosis factor
(TNF-α) and IL-1β. This results in the activation of the inflammatory response, which
prevents infection [13–15].

A strong association exists between the composition of the intestinal microbiota and
the incidence of UC. Factors include decreased biodiversity and altered composition of
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the fecal and intestinal microbiota of UC patients [16]. Probiotics represent immune-
modulating commensal microorganisms that can boost host immunity specifically when
administered in the proper quantity. Lactic acid bacteria were shown to provide immune-
modulatory functions by altering the gut microbiota [17]. The clinical benefits of using
probiotics for the treatment of UC patients has proven significant in the control of UC [18].
Lactobacillus (LB) spp. is considered to be one of the most promising probiotics used for the
treatment of several diseases including IBDs. They modulate the ecosystem and population
of the gut microbiota [17].

Rosuvastatin (RSVT) is a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor.
The anti-inflammatory effects of RSVT was demonstrated in the DSS-induced colitis model
in which authors stated that regulation of oxidative stress is the underlying mechanism [19].
In addition, Chen, et al. [20] reported that Lactobacillus fermentum HY01 showed promising
preventive effects on IκBα degradation and inhibited of NF-κB p65 phosphorylation cas-
cades in a mouse model of DSS-induced colitis. However, it has not yet been determined the
mechanism through which RSVT or LB affects the development of intestinal ulcerations and
microbiome composition in colitic rats fed with an HFD. It should be noted that, an HFD
triggers a significant increase in IL-6 levels with a concomitant activation of NF-κB, which is
a powerful inflammasome activator [21]. Thus, we investigated the mechanisms underlying
the coloprotective effect of RSVT and Lactobacillus as monotherapies and in combination in
high fat diet-fed rats intoxicated with dextran sodium sulfate. We also were interested in
evaluating their effects on the immunomodulation and microbiome composition.

2. Results
2.1. Effect of RSVT and LB on the Colon Weight/length Ratio, MDI, DAI, and Colonic
Myeloperoxidase Activity

Concerning the colonic weight/length ratio, the DSS (HFD) group exhibited a sig-
nificant increase in colonic weight/length ratio compared with the normal (HFD) group
(p < 0.0001) (Figure 1a). The DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups showed
a significant offset in the increase of colon weight/length ratio induced by DSS/HFD
(p < 0.05). However, the colonic weight/length ratio did not differ significantly in the
DSS/LB (HFD) rat group compared with that in the DSS/HFD group. As shown in
Figure 1b, the MDI in the DSS/HFD group was not significantly different compared with
that in the DSS group. The DSS/RSVT (HFD), DSS/LB (HFD), and DSS/RSVT/LB (HFD)
groups exhibited a significant decrease in MDI compared with that in the DSS/HFD group
(p < 0.05). The DSS/RSVT/LB (HFD) group showed a significant decrease in MDI com-
pared with that in the DSS/LB (HFD) group (p < 0.05). A combinatorial DAI was used to
evaluate disease activity and the response to various treatments. Figure 1c presents DAI
resulting from acute colitis induction. The DSS/RSVT (HFD) and DSS/RSVT/LB (HFD)
groups showed a significant decrease in the severity of colitis (p < 0.01) compared with
the DSS/HFD group. However, DAI did not differ significantly in the DSS/LB (HFD)
rats compared with that in the DSS/HFD group. As shown in Figure 1d, the DSS/RSVT
(HFD) exhibited a significant increase in colon myeloperoxidase (MPO) activity reaching
3.3-fold relative to the normal (HFD) value (p < 0.0001). However, MPO activity was
significantly reduced in the DSS/RSVT (HFD), DSS/LB (HFD), and DSS/RSVT/LB (HFD)
groups by 41.2% (p < 0.0001), 28.3% (p < 0.05), and 56% (p < 0.05), respectively, compared
with that in the DSS/HFD group. However, the DSS/RSVT/LB (HFD) group showed
a significant decrease in MPO activity compared with that in the DSS/LB (HFD) group
(p < 0.05). Additionally, DSS (HFD) rats showed a significant increase in MPO activity
compared with that in the DSS rats.
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DSS (HFD); ****, p < 0.0001 vs DSS (HFD); ##, p < 0.01 vs. DSS/LB (HFD); ###, p < 0.001 vs. DSS/LB 
(HFD); ns, non-significant. 
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DSS (HFD) group. 

Figure 1. Effect of rosuvastatin (RSVT), Lactobacillus (LB), and their combined therapy on (a),
colon weight/length ratio; (b), macroscopic damage index (MDI); (c), disease activity index (DAI);
(d), myeloperoxidase (MPO) activity. +, p < 0.05 vs Normal (HFD); +++, p < 0.001 vs. Normal (HFD);
++++, p < 0.0001 vs. Normal (HFD); *, p < 0.05 vs DSS (HFD); **, p < 0.01 vs. DSS (HFD); ***, p < 0.001
vs. DSS (HFD); ****, p < 0.0001 vs DSS (HFD); ##, p < 0.01 vs. DSS/LB (HFD); ###, p < 0.001 vs.
DSS/LB (HFD); ns, non-significant.

2.2. Histopathological Examination

As shown in Figure 2, colon specimens from the Normal, Normal (HFD), RSVT, and
LB groups displayed a normal colonic mucosa and crypts. Colon specimens from the DSS
and DSS (HFD) rat groups display de-epithelialization, loss of crypts, and inflammatory
cell infiltration. Colon specimens from the DSS/RSVT (HFD) and DSS/LB (HFD) groups
exhibited moderate crypt degeneration and inflammatory cell infiltration. Colon specimens
from the DSS/RSVT/LB (HFD) group displayed a significant decrease in crypt degen-
eration and inflammatory cell infiltration. Additionally, the DSS/RSVT (HFD), DSS/LB
(HFD), and DSS/RSVT/LB (HFD) groups showed a significant decrease in microscopic
evaluation score (p < 0.01, p < 0.05, p < 0.0001, respectively) compared with the rats in the
DSS (HFD) group.
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(HFD) display marked decrease in crypt degeneration and inflammatory cell infiltration (filled 
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Figure 2. Photomicrographs of colon specimens from Normal, Normal (HFD), RSVT, and LB rat
groups displaying normal colonic mucosa and crypts (open arrowheads). Colon specimens from
DSS and DSS (HFD) rat groups display de-epithelialization (notched arrowhead), loss of crypts
(filled arrows), degenerated tissue (open arrows) and inflammatory cell infiltration (filled arrowhead).
Colon specimens from DSS/RSVT (HFD) and DSS/LB (HFD) display moderate crypt degeneration
and inflammatory cell infiltration (filled arrowhead). Colon specimens from DSS/RSVT/LB (HFD)
display marked decrease in crypt degeneration and inflammatory cell infiltration (filled arrowhead).
In addition, DSS/RSVT (HFD), DSS/LB (HFD) and DSS/RSVT/LB (HFD) groups of rats showed a
significant decrease in the microscopic evaluation score (p < 0.01, p < 0.05, p < 0.0001, respectively)
compared with DSS (HFD) rats. H&E, ×400. *, p < 0.05 vs. DSS (HFD); **, p < 0.01 vs. DSS (HFD);
****, p < 0.0001 vs DSS (HFD); ns, non-significant.
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2.3. Effect of RSVT and LB on NF-kB p65 and Caspase-1 Immunolabeling

As shown in Figure 3, NF-kB p65 protein expression in the DSS (HFD) group was
significantly higher than that in the Normal (HFD) group. The DSS/RSVT (HFD), DSS/LB
(HFD), and DSS/RSVT/LB (HFD) groups exhibited a significant decrease in NFkB p65
expression compared with the DSS/HFD group (p < 0.05, p < 0.001, and p < 0.0001, re-
spectively). As shown in Figure 4, caspase-1 expression in the DSS (HFD) group was
significantly higher compared with that in the Normal (HFD) group. The DSS/RSVT
(HFD), DSS/LB (HFD), and DSS/RSVT/LB (HFD) rat groups showed a significant de-
crease in caspase-1 expression compared with the DSS/HFD group (p < 0.0001, p < 0.05,
and p < 0.0001, respectively).

2.4. Effect of RSVT and LB on Caspase-1 Activity

As shown in Figure 5, the DSS (HFD) rat group showed a significant increase in
caspase-1 activity compared with the Normal (HFD) (p < 0.0001) and DSS (p < 0.05) groups.
Rats from the DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups exhibited a significant
counterbalance in increased caspase-1 activity induced by DSS relative to HFD feeding
(p < 0.0001). However, compared with that in the DSS (HFD) group, caspase-1 activity
did not differ significantly in the DSS/LB (HFD) group. The DSS/RSVT (HFD) group
exhibited a significant decrease in caspase-1 activity compared with the DSS/LB (HFD)
group (p < 0.05). Additionally, the DSS/RSVT/LB (HFD) group showed a significant
decrease in caspase-1 activity compared with the DSS/LB (HFD) group (p < 0.0001).

2.5. Effect of RSVT and LB on MDA, SOD, GSH, ROS, and sOx-LDL

The DSS (HFD) group displayed a significant increase in colonic MDA content, reach-
ing 4.63-fold relative to that of the HFD control group (p < 0.0001). Furthermore, compared
with that in the DSS (HFD) rat group (p < 0.05), the MDA content was significantly de-
creased in the DSS/RSVT (HFD), DSS/LB (HFD), and DSS/RSVT/LB (HFD) groups.
DSS-induced oxidative stress in the rat colons was evaluated by measuring SOD and GSH
levels. As shown in Figure 6b,c, the DSS (HFD) group showed a significant reduction in
the levels of SOD and GSH by approximately 72.26% and 83.9%, respectively, compared
with the Normal (HFD) control group (p < 0.0001). Additionally, in comparison with the
DSS (HFD) rat group, SOD and GSH levels were significantly increased in the DSS/RSVT
(HFD) and DSS/RSVT/LB (HFD) groups. However, the DSS/RSVT/LB (HFD) group
exhibited a significant increase in both SOD and GSH than did DSS/LB (HFD) group
(p < 0.05). SOD and GSH levels did not differ significantly in the DSS/LB (HFD) group
than in the DSS (HFD) group. Consistent with the SOD and GSH results, we observed
that ROS FI was significantly increased in the DSS (HFD) group than in the Normal (HFD)
group. Furthermore, treatment of the DSS (HFD) rats with RSVT, LB, and a combination of
both significantly repressed the ROS-induced increase. Moreover, the DSS (HFD) rat group
showed a significant increase in ROS compared with that of the DSS group (Figure 6d).
Our results also revealed a significant increase in sOx-LDL in the DSS (HFD) group than in
the DSS rats and an insignificant change compared with that of the Normal (HFD) group.
However, the DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups, and not the DSS/LB
(HFD) group, exhibited significantly reduced levels of sOx-LDL compared with that of the
DSS (HFD) group (Figure 6e).
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Figure 3. Photomicrographs of colon specimens showing NF-kB p65 immunoexpression. Normal,
Normal (HFD), RSVT, and LB groups display normal NF-kB p65 immunoexpression. The DSS
and DSS (HFD) groups display increased immunoexpression (notched arrowheads) and nuclear
staining (open arrowheads). DSS/RSVT (HFD), DSS/LB (HFD) and DSS/RSVT/LB (HFD) rat groups
showing a significant decrease in NFkB p65 immunoexpressiom compared with DSS/HFD (p < 0.05,
p < 0.001, and p < 0.0001, respectively). IHC, ×400. +, p < 0.05 vs. Normal (HFD); ++++, p < 0.0001 vs.
Normal (HFD); *, p < 0.05 vs. DSS (HFD); ***, p < 0.001 vs. DSS (HFD); ****, p < 0.0001 vs. DSS (HFD);
##, p < 0.01 vs. DSS/LB (HFD); @@@@, p < 0.0001 vs. DSS/RSVT (HFD); ns, non-significant.
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Figure 4. Photomicrographs of colon specimens showing caspase-1 immunoexpression. Normal,
Normal (HFD), RSVT, and LB groups display normal caspase-1 immunoexpression. The DSS and DSS
(HFD) groups display increased immunoexpression (open arrows). DSS/RSVT (HFD), DSS/LB (HFD)
and DSS/RSVT/LB (HFD) rat groups showing a significant decrease in caspase-1immunoexpressiom
compared with DSS/HFD. IHC,×400. +++, p < 0.001 vs. Normal (HFD); ++++, p < 0.0001 vs. Normal
(HFD); *, p < 0.05 vs. DSS (HFD); ****, p < 0.0001 vs. DSS (HFD); ####, p < 0.0001 vs. DSS/LB (HFD);
@@, p < 0.01 vs. DSS/RSVT (HFD); ns, non-significant.
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2.6. Effect of RSVT and LB on NF-κB p65, NLRP3, and TXNIP mRNA Expression

DSS (HFD) induced a significant upregulation in the expression of NF-κB p65, NLRP3,
and TXNIP mRNA (Figure 7a–c). The DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) rat
groups showed a significant decrease in the expression of NLPR3 compared with that of
the DSS (HFD) group. However, the DSS/LB (HFD) group did not significantly affect
the level of NLPR3 expression. The DSS/RSVT/LB (HFD) group exhibited a significant
decrease in NLPR3 mRNA compared with that of the DSS/LB (HFD) group (p < 0.05). The
DSS/RSVT (HFD) group showed a significant decrease in NLPR3 expression compared
with the DSS/LB (HFD) group (p < 0.05) (Figure 7a).

By contrast, compared with the DSS (HFD) group, the DSS/LB (HFD) and DSS/RSVT/LB
(HFD) groups showed a significant decrease in NF-κB p65 mRNA expression levels. How-
ever, the DSS/RSVT (HFD) group did not show a significant change in the level of NF-κB
p65 mRNA expression. The DSS/LB (HFD) treatment group exhibited a significant down-
regulation in NF-κB p65 expression compared with the DSS/RSVT (HFD) treatment group
(p < 0.05). The DSS/RSVT/LB (HFD) group showed a significant downregulation in NF-κB
p65 mRNA expression compared with both the DSS/LB (HFD) and DSS/RSVT (HFD)
groups (p < 0.05) (Figure 7b). The DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups
showed a significant decrease in TXNIP mRNA expression compared with the DSS/HFD
group. However, compared with the DSS (HFD) group, the DSS/LB (HFD) group did not
show a significant change in the level of TXNIP expression. Finally, the DSS/RSVT/LB
(HFD) group showed a significant downregulation of TXNIP mRNA gene compared with
both the DSS/RSVT (HFD) and DSS/LB (HFD) groups (p < 0.05) (Figure 7c).
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Figure 6. Effect of rosuvastatin (RSVT), Lactobacillus (LB), and their combined therapy on (a), Malon-
dialdehyde (MDA); (b), superoxide dismutase (SOD); (c), reduced glutathione (GSH); (d), reactive
oxygen species (ROS); and (e), soluble oxidized low-density lipoprotein (sOx-LDL). +, p < 0.05 vs.
Normal (HFD); ++, p < 0.01 vs. Normal (HFD); +++, p < 0.001 vs. Normal (HFD); ++++, p < 0.0001 vs.
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ns, non-significant.
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2.7. Effect of RSVT and LB on the Inflammatory Mediators TNF-α, IL-6, IL-10/IL-12 p70 Ratio,
NF-κB p-p65/p65 Ratio, IL-1β, IL-18, TXNIP, NLRP3, sCD36, Colon CD36, and Ox-LDL

As shown in Figure 8, the DSS (HFD) group induced a significant increase in colon
associated inflammatory-related markers (IL-6, Figure 8a; TNF-α, Figure 8b; and NF-κB
p-p65/p65 ratio, Figure 8c) compared with the Normal (HFD) control group (p < 0.0001).
By contrast, the IL-10/IL-12 p70 ratio (Figure 8d) was significantly decreased compared
with that of the Normal (HFD) control animals (p < 0.0001). The DSS/RSVT (HFD), DSS/LB
(HFD), and DSS/RSVT/LB (HFD) groups exhibited a significant decrease in IL-6, TNF-α,
and the NF-κB p-p65/p65 ratio, whereas a significant increase in the IL-10/IL-12 p70 ratio
was observed compared with the DSS (HFD) group. The DSS/RSVT/LB (HFD) group
showed a significant decrease in TNF-α and NF-κB p-p65/p65 ratio, whereas a significant
increase in the IL-10/IL-12 p70 ratio was observed compared with that of the DSS/RSVT
(HFD) group (p < 0.001). The DSS/RSVT/LB (HFD) group exhibited a significant decrease
in NF-κB p-p65/p65 ratio, whereas a significant increase in the IL-10/IL-12 p70 ratio was
observed compared with that of the DSS/LB (HFD) group (p < 0.01). Figure 9 shows a
significant increase in colon IL-1β (Figure 9a), IL-18 (Figure 9b), TXNIP (Figure 9c), and
NLRP3 (Figure 9d) in the DSS/HFD group compared with that in the Normal (HFD) control
group (p < 0.0001). By contrast, the IL-10/IL-12 p70 ratio was significantly decreased
compared with that in the Normal (HFD control animals (p < 0.0001). The DSS/RSVT
(HFD), DSS/LB (HFD), or DSS/RSVT/LB (HFD) groups exhibited a significant decrease
in the levels of IL-6, TNF-α, and NF-κB p-p65/p65 ratio, whereas a significant increase in
the IL-10/IL-12 p70 ratio was observed compared with that in the DSS/HFD group. The
DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups showed a significant decrease in the
levels of IL-1β, IL-18, TXNIP, and NLRP3 compared with the DSS/HFD group (p < 0.01),
whereas the DSS/LB (HFD) group showed a significant decrease in IL-1β compared
with the DSS/HFD group. No significant differences in IL-18, TXNIP, or NLRP3 were
observed. The DSS/RSVT/LB (HFD) exhibited a significant decrease in IL-1β, IL-18,
TXNIP, and NLRP3 compared with the DSS/LB (HFD) group (p < 0.05). Compared with
DSS/RSVT (HFD) group (p < 0.01), the DSS/RSVT/LB (HFD) showed a significant decrease
in IL-1β. Treatment with DSS/RSVT (HFD) resulted in a significant decrease in NLRP3
compared with that of the DSS/LB (HFD) group (p < 0.05). Additionally, as shown in
Figure 9e, compared with the DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) treatment
groups (p < 0.001), a significant increase in soluble CD36 (sCD36) was observed in the
DSS/HFD group. The DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups showed a
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significant decrease in sCD36 compared with the DSS/LB (HFD) group. Similar to sCD36,
the colons of the DSS (HFD) rats showed a significant increase in CD36 compared with
those of the DSS rats. Colon CD36 levels were significantly decreased in the DSS/RSVT
(HFD) and DSS/RSVT/LB (HFD) groups compared with that in the DSS (HFD) group
(Figure 9f).
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Figure 8. Effect of rosuvastatin (RSVT), Lactobacillus (LB), and their combined therapy on (a), IL-6;
(b), tumor necrosis factor alpha (TNF-α); (c), NF-κB p-p65 (Ser 536)/p65; and (d), IL-10/IL-12 P70.
++, p < 0.01 vs. Normal (HFD); +++, p < 0.001 vs. Normal (HFD); ++++, p < 0.0001 vs. Normal (HFD);
*, p < 0.05 vs. DSS (HFD); **, p < 0.01 vs. DSS (HFD); ***, p < 0.001 vs. DSS (HFD); ****, p < 0.0001
vs. DSS (HFD); ##, p < 0.01 vs. DSS/LB (HFD); ###, p < 0.001 vs. DSS/LB (HFD); @@@, p < 0.001 vs.
DSS/RSVT (HFD); @@@@, p < 0.0001 vs. DSS/RSVT (HFD); ns, non-significant.

2.8. Effect of RSVT and LB on Lipid Profiles

The DSS (HFD) rat group exhibited a significant increase in triglyceride (TG) levels
(Figure 10a), whereas a significant decrease in HDL (Figure 10b) and no significant change
in total cholesterol levels was observed compared with the Normal (HFD) control group
(p < 0.05) (Figure 10c). Furthermore, total cholesterol and TG levels were significantly
decreased in the DSS/RSVT (HFD) and DSS/RSVT/LB (HFD) groups compared with the
DSS (HFD) group (p < 0.05). Additionally, the DSS/RSVT/LB (HFD) group showed a
significant decrease in total cholesterol and TG levels compared with the DSS/LB (HFD)
group (p < 0.01), whereas the DSS/RSVT (HFD) rats exhibited a significant decrease in
total cholesterol and TG levels compared with the DSS/LB (HFD) group (p < 0.05).

2.9. Effect of RSVT and LB on Microbiome Composition as Determined by Conventional
PCR Analysis

Using uniplex PCR, colon tissue samples from the different rat groups were exam-
ined for 15 different bacterial species closely linked to UC: E. faecalis, E. faecium, E. coli,
Bifidobacterium spp., P. aeruginosa, Fusobacterium spp., Providencia spp., Prevotella inter-
media, Peptostreptococcus magnus, E. saphenum, Porphyromonas gingivalis. Bacteroides spp.,
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Clostridium spp., Lactobacillus spp., and Fusobacterium nucleatum. We observed that P. gingi-
valis and P. intermedia were present only in the rat groups subjected to DSS and fed with an
HFD, whereas Providencia spp. was absent from these groups compared with the others
(Table 1).
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(b), IL-18; (c), TXNIP; (d), NLRP3; (e), sCD36; and (f), colon CD36. ++, p < 0.01 vs. Normal (HFD);
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DSS/LB (HFD); ####, p < 0.0001 vs. DSS/LB (HFD); @@@, p < 0.001 vs. DSS/RSVT (HFD); $, p < 0.05
DSS/RSVT (HFD) vs. DSS/LB (HFD); $$$$, p < 0.0001 DSS/RSVT (HFD) vs. DSS/LB (HFD);
ns, non-significant.
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Organism Normal Normal 
(HFD) RSVT LB DSS DSS (HFD) DSS/RSVT 

(HFD) 
DSS/LB 
(HFD) 

DSS/RSVT/
LB (HFD) 

Enterococcus 
faecalis 

− − − − − − − − − 

Enterococcus 
faecium 

− − − − − − − − − 

Escherichia 
coli 

+ + + + + + + + + 

Bifidobacteriu
m spp. 

+ + + + + + + + + 

Pseudomonas 
aeruginosa 

− + − − + + − − − 

Fusobacteriu
m spp. 

+ + + + + + + + + 

Providencia 
spp. 

+ − + + − − + + + 

Prevotella 
intermedia 

− + − − + + − − − 

Figure 10. Effect of rosuvastatin (RSVT), Lactobacillus (LB), and their combined therapy on (a), triglycerides; (b), high density
lipoprotein (HDL); and (c), total cholesterol. +, p < 0.05 vs. Normal (HFD); ++, p < 0.01 vs. Normal (HFD); ++++, p < 0.0001
vs. Normal (HFD); *, p < 0.05 vs. DSS (HFD); ****, p < 0.0001 vs. DSS (HFD); ##, p < 0.01 vs. DSS/LB (HFD); ####, p < 0.0001
vs. DSS/LB (HFD); $, p < 0.05 DSS/RSVT (HFD) vs. DSS/LB (HFD); $$$$, p < 0.0001 DSS/RSVT (HFD) vs. DSS/LB (HFD);
ns, non-significant.

2.10. Effect of RSVT and LB on the Relative Abundance of Fusobacteria, Bifidobacteria, E. coli,
Lactobacillus, Clostridium, and Bacteroides as Determined by qRT-PCR

The relative abundance of Fusobacterium (Figure 11a), Bifidobacterium (Figure 11b),
E. coli (Figure 11c), Lactobacillus (Figure 11d), Clostridium spp. (Figure 11e), and Bacteroides
(Figure 11f) were determined. The results indicated a greater abundance of Fusobacterium
spp., E. coli, Clostridium spp., and Bacteroides spp. in the DSS-treated groups, which were not
treated with RSVT, LB, or their combination, whereas Bifidobacterium spp. and Lactobacillus
spp. were markedly abundant in the control samples and treated rat groups.
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Table 1. Alterations in the gut microbiome composition as detected by conventional PCR.

Organism Normal Normal (HFD) RSVT LB DSS DSS (HFD) DSS/RSVT (HFD) DSS/LB (HFD) DSS/RSVT/LB (HFD)

Enterococcus faecalis − − − − − − − − −
Enterococcus faecium − − − − − − − − −

Escherichia coli + + + + + + + + +

Bifidobacterium spp. + + + + + + + + +

Pseudomonasaeruginosa − + − − + + − − −
Fusobacterium spp. + + + + + + + + +

Providencia spp. + − + + − − + + +

Prevotella intermedia − + − − + + − − −
Peptostreptococcus magnus − − − − − − − − −

Eubacterium saphenum − − − − − − − − −
Porphyromonas gingivalis − + − − + + − − −

Bacteroides spp. + + + + + + + + +

Clostridium spp. + + + + + + + + +

Lactobacillus spp. + + + + + + + + +

Fusobacterium nucleatum − − − − − − − − −
+, detected;−, not detected; DSS, dextran sodium sulphate; HFD, high fat diet; LB, lactobacillus; ND, normal diet; RSVT, rosuvastatin.
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3. Discussion

The innate immune system is the first-line protection that senses microbes or en-
dogenous threat signals through host pattern recognition receptors, such as the TLRs
and NOD-like receptors (NLRs), of damage-associated molecular patterns (DAMPs) or
pathogen associated molecular patterns (PAMPs). To identify the PAMPs or DAMPs, the
NLR family member, NLRP3, plays an important role. Additionally, as a major component
of innate immunity, the NLRP3 inflammasome plays a critical role in the inflammatory re-
sponse, providing a molecular platform that can be triggered by multiple endogenous and
exogenous stimuli including ATP, microbial agonists, particulate matter, and pore-forming
toxins [22,23]. The NLRP3 inflammasome multiprotein complex consists of the NLRP3
sensor, the speck-like adaptor-apoptosis-associated protein containing a domain of caspase
recruitment (ASC), and the effector protein caspase-1. ASC includes a pyrin domain which
associates with an upstream region of NLRP3 and a caspase recruitment domain, which
associates with caspase-1. Caspase-1 converts the proforms of IL-1β and IL-18 into their
corresponding active forms. Moreover, caspase-1 triggers pyroptosis, which results in
cellular lysis and the release of cytosolic contents into the extracellular space. TXNIP is a
ubiquitously expressed protein that interacts and negatively regulates the expression and
function of thioredoxin. Blood and colon tissues from patients with IBD were used to show
that TXNIP can distinguish patients with IBD from non-IBD [24]. It is worth noting that
TXNIP is an upstream partner to NLRP3 and the association between these two proteins is
necessary for downstream inflammasome activation [25]. This inhibits TXNIP effects and
provides an additional protective mechanism against UC.

ROS represents a common reaction toward several harmful signals that stimulate
TXNIP [26]. Additionally, many studies have indicated that Ox-LDL induces the rapid
production of intracellular ROS [27]. Ox-LDL-mediated oxidative stress upregulates TXNIP
and subsequently induces binding of TXNIP to NLRP3 to mediate NLRP3 inflammasome
assembly and activation [28]. It has been reported that Ox-LDL plasma levels are correlated
with colitis severity. Therefore, treatment with statins may represent a strategy to attenuate
the inflammatory response in the colon [29]. Additionally, CD36 has been shown to play
an essential role by binding and promoting the endocytosis of Ox-LDL [30]. CD36 is a
free fatty acid transporter involved in various biological processes including inflammation.
Moreover, levels of Ox-LDL are closely associated with increases in the levels of CD36.
CD36 ligands (e.g., Ox-LDL) trigger the assembly of a CD36-TLR4-TLR6 heterotrimeric
complex, activate NF-κB, and up-regulate NF-κB-mediated NLRP3 expression [31]. Fur-
thermore, CD36-mediated Ox-LDL uptake results in the intracellular accumulation of
cholesterol crystals that cause lysosomal disruption and NLRP3 inflammasome activa-
tion [32]. NF-κB plays a crucial role in regulating the transcription of multiple genes
associated with inflammation [33–36]. It is one of the dominant players in the process
of NLRP3 inflammasome activation and contributes significantly to the pathogenesis of
UC. DSS induces the activation of NF-κB through the ROS-IKKβ-mediated pathway and
increases the phosphorylation of IκBα to facilitate the nuclear translocation of NF-κB
p65 [37]. Additionally, HFD is associated with nuclear retention of NF-κB, which maintains
its constitutive activation [38]. HFD increases NLRP3 expression in murine adipose tissue,
whereas a calorie-restricted diet decreases its expression [39].

Predisposing factors that promote colon ulceration have been extensively investigated
and include dysbiosis of the gut microbiota [40]. Alterations in gut microbiota detected
in the form of changes in abundance, diversity, and composition results directly in the
reduction of probiotics and an increase in opportunistic pathogens [41]. The microbiota
and microbial metabolites are involved in intestinal inflammation [42]. This constitutes
a promising strategy for relieving IBDs by controlling dysbiosis. Furthermore, there are
promising therapeutic approaches that may help to control UC such as the inflamma-
some targeting approach. Notably, several studies have reported the detrimental effects
of NLRP3 inflammasome dysfunction on microbial homeostasis. Conversely, many re-
ports are suggesting that the microbiota activate NLRP3 and exacerbate colitis [43]. In
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the present study, the probiotics that were negatively affected by DSS/HFD-induced UC
included Bifidobacterium spp. and Lactobacillus spp. Bifidobacterium exerts its effects by
maintaining the mucosal barrier that protects the colonic epithelia against inflammation
and ulcerative factors [44]. We revealed a significant reduction in the abundance of Bi-
fidobacterium in DSS-treated rats. This abundance was restored in the groups subjected
to treatment with LB, particularly with RSVT/LB combination therapy. Consistent with
our findings, a reduction of Bifidobacterium was previously detected when UC was chemi-
cally induced [45]. Lactobacillus has a significant role in attenuating IBD. Several studies
reported a negative correlation between the amount of Lactobacillus in active IBD patients
which reflects an intrinsic pharmabiotic role to alleviate IBD by correcting homeostasis
of the gut microbiota [46]. Our results indicated that RSVT/LB effectively restored the
protective environment to maintain the colon in a healthy condition. Conversely, when
we investigated the variety of bacterial species that promote dysbiosis, we identified four
categories of bacteria (E. coli, Fusobacterium spp., Clostridium spp., and Bacteroides spp.) that
showed a significant and prompt flourishment in UC induced by DSS exposure. These
categories make sense as they corresponding to their pathogenic role and feedback in the
manifestation of UC. Adherent and enteropathogenic E. coli have also been significantly
associated with UC in several studies [47]. In the present study, RSVT/LB reduced the
abundance of E. coli and prompted a shift to normal levels in healthy mucosa. Fusobacterium
spp. has also been tightly linked to the clinical severity of UC as it produces secretory
proteins that disrupt the integrity of the mucosal barrier. Moreover, they produce butyric
acid that irritates and ulcerates the colon [48]. In the present study, the overgrowth of
Fusobacterium was clearly inhibited upon treatment with RSVT/LB. An important pathogen
associated with dysbiosis is Clostridium spp., a well-known opportunistic gram-positive
anaerobic bacterium that flourishes in an altered microbiome when other gut-beneficial
bacteria cannot counterbalance its proliferation. There is a significant association between
the incidence and severity of IBD and infection with Clostridium spp. The exotoxins secreted
by Clostridium spp. severely harm the mucosal barrier and expose the epithelial cells to
further damage [49]. These findings are suggestive of the microbiome changes, while
determination of the Clostridium at a species level warrants further investigations.

An association between dyslipidemia, the oxidation of LDL, CD36, ROS generation,
TXNIP upregulation, NLRP3 inflammasome activation, and dysbiosis has been demon-
strated in the present study through the action of DSS in HFD-fed rats. Our results
demonstrate the aggravation of intestinal inflammation as a consequence of HFD feeding
and its relationship to DSS exposure. We investigated for the first time the effect of RSVT
and LB alone and in combination for the treatment of DSS/HFD-induced UC. Our results
indicated that treatment with RSVT/LB dramatically improved the histological changes
and reduced the histological score induced by DSS and HFD. Additionally, RSVT/LB
repressed the DSS/HFD-induced increase in colon weight/length ratio, DAI, and MDI.
Moreover, RSVT/LB successfully re-established the altered spectrum of the gut microbiome.
We believe that RSVT treatment represents a potential strategy to reduce Ox-LDL-induced
TXNIP and thus attenuate the inflammatory response by inhibiting NLRP3 inflamma-
some assembly. Additionally, combining RSVT with LB provides further protection by
correcting dysbiosis.

Simultaneous administration of LB with RSVT provides an increased defense mecha-
nism against oxidative stress and decreases myeloperoxidase activity. Additionally, the
NLRP3 inflammasome effector protein, caspase-1, expression, and activity were effectively
subdued upon treatment with combined RSVT/LB therapy. Consequently, IL-1β-driven
pyroptotic activity was ameliorated. Moreover, combined RSVT/LB therapy showed
a prominent anti-inflammatory potential as revealed by the IL-10/IL-12 P70 ratio and
the level of TNF-α and IL-6. The latter effects may be attributed to the inhibiting of
phosphorylation-induced activation of NF-κB p65 resulting in a reduction in the expression
of NLRP3 and the proforms of IL-1β and IL-18. To conclude, combination therapy using
Lactobacillus as an adjunctive to rosuvastatin offers a safe and effective therapeutic strategy
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for the management of UC, particularly in colitic patients with dyslipidemia. Therefore,
this novel approach warrants further investigation in a clinical setting.

4. Materials and Methods
4.1. Experimental Study and Treatment Protocol
4.1.1. Animals

Protocols for the treatment and use of laboratory animals were approved by the
Research Ethics Committee at the Faculty of Pharmacy, Delta University for Science and
Technology, Egypt (approval number, FPDU24120) which followed ARRIVE guidelines,
Animal Research Reporting of In Vivo Experiments, and carried out in accordance with the
U.K. animals (scientific procedures) Act 1986 and the associated guidelines of EU directive
2010/63/EU for animal experiments. The study utilized adult male Sprague-Dawley rats
obtained from the Theodor Bilhars Research Institute, Giza, Egypt. Rats were weighed
(260 ± 20 g) and held in polypropylene cages for 6 weeks under identical environmental
conditions and allowed free access to normal diet or HFD and water ad libitum.

4.1.2. HFD Composition

As described by Keshk, et al. [50], the HFD comprised 20% protein, 35% carbohydrates
(18% sucrose, 10% starch„ and 7% maltodextrin), and 45% lipids based on dry weight.

4.1.3. Preparation of Lactobacillus Suspension

A sachet containing Lactobacillus fermentum and Lactobacillus delbrueckii (1 × 1010 microbial
cells) was dissolved in pathogen-free drinking water to prepare a probiotic suspension [51].
Each rat received 0.5 mL of the microbial suspension containing 2.7 × 108 CFU/mL, which
was administered to the rats p.o. [52].

4.1.4. Experimental Design

As shown in Table 2, following the acclimatization phase, rats were divided into nine
groups: Normal group, in which rats were allowed free access to a normal diet (ND) for
16 days (n = 6); Normal (HFD) group, in which rats were allowed free access to an HFD for
16 days (n = 6); RSVT group, in which animals were administered RSVT (20 mg/kg/day,
p.o. as a calcium salt, Sigma-Aldrich, St. Louis, MO, USA) and allowed free access to an ND
for 16 days (n = 6); LB group, in which rats were administered Lactobacillus (0.5 mL/day,
p.o.) (Rameda Pharma Co., Giza, Egypt) and allowed free access to an ND for 16 days
(n = 6); DSS group, in which rats were allowed free access to an ND for 16 days and free
access to drinking water containing 4% DSS (w/v) (Sigma-Aldrich, St. Louis, MO, USA)
for 7 days starting from day 3 to day 9 (n = 10); DSS (HFD) group, in which rats were
allowed free access to an HFD for 16 days and free access to drinking water containing 4%
DSS for 7 days starting from day 3 to day 9 (n = 10); DSS/RSVT (HFD) group, in which
animals were administered RSVT (20 mg/kg/day, p.o.) and were allowed free access to an
HFD for 16 days and free access to drinking water containing 4% DSS for 7 days starting
from day 3 to day 9 (n = 8); DSS/LB (HFD) group, in which rats were administered LB
(0.5 mL/day, p.o.) and were allowed free access to an HFD for 16 days and free access
to drinking water containing 4% DSS for 7 days starting from day 3 to day 9 (n = 8); and
DSS/RSVT/LB (HFD) group, in which animals were administered RSVT (20 mg/kg/day,
p.o.) + LB (0.5 mL/day, p.o.) and were allowed free access to HFD for 16 days and free
access to drinking water containing 4% DSS for 7 days starting from day 3 to day 9 (n = 8).
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Table 2. Experimental design and treatment protocol.

Exp. Groups Day 1–Day 2 Day 3–Day 9 Day 10–Day 16

Normal (n = 6) ND ND ND

Normal (HFD) (n = 6) HFD HFD HFD

RSVT (n = 6) RSVT (20 mg/kg/day, p.o.) + ND RSVT (20 mg/kg/day, p.o.) + ND RSVT (20 mg/kg/day, p.o.) + ND

LB (n = 6) LB (0.5 mL, p.o.) + ND LB (0.5 mL, p.o.) + ND LB (0.5 mL, p.o.) + ND

DSS (n = 10) ND 4% DSS in drinking water + ND ND

DSS (HFD) (n = 10) HFD 4% DSS in drinking water + HFD HFD

DSS/RSVT (HFD) (n = 8) RSVT (20 mg/kg/day, p.o.) + HFD RSVT (20 mg/kg/day, p.o.) + 4%
DSS in drinking water + HFD RSVT (20 mg/kg/day, p.o.) + HFD

DSS/LB (HFD) (n = 8) LB (0.5 mL, p.o.) + HFD LB (0.5 mL, p.o.) + 4% DSS in
drinking water + HFD LB (0.5 mL, p.o.) + HFD

DSS/RSVT/LB (HFD) (n = 8) RSVT (20 mg/kg/day, p.o.) + LB
(0.5 mL, p.o.) + HFD

RSVT (20 mg/kg/day, p.o.) + LB
(0.5 mL, p.o.) + 4% DSS in

drinking water + HFD

RSVT (20 mg/kg/day, p.o.) + LB
(0.5 mL, p.o.) + HFD

DSS, dextran sodium sulphate; HFD, high-fat diet; LB, lactobacillus; ND, normal diet; RSVT, rosuvastatin.

4.1.5. Sample Collection and Preparation

At the end of experiment, colons were dissected and weighed, and the lengths were
measured. After blood collection, sera were isolated and stored at −80 ◦C for biochemical
experiments. Using ice-cold saline, the fresh colons were cleaned and dried on clean
paper towels. The colons were divided into two portions (distal colon): one portion was
preserved in 4% neutral-buffered formalin for histopathological and immunohistochemical
investigations, whereas the second portion was immediately frozen in liquid nitrogen
and stored at −80 ◦C for qRT-PCR, ELISA, and colorimetric assays. Additionally, 300 mg
cecum stool samples were collected from each rat immediately after colon dissection. DNA
was extracted using the QIAamp DNA Stool Mini Kit (cat. # 51504, Qiagen Inc., Hilden,
Germany) following the manufacturer’s guidelines. DNA extracts were spectrophotometri-
cally analyzed with a NanoDrop instrument (OPTIZEN NanoQ, Mecasys Co., Ltd, Daejeon,
Korea) to measure DNA concentration.

4.2. Assessment of Disease Activity Index and Macroscopic Damage Index

The disease activity index (DAI) was used for the assessment of disease intensity,
which quantified a percent body weight loss score relative to that measured just before
the induction of colitis, stool consistency, and gross bleeding. Each parameter was scored
as follows: diarrhea (0, normal; 1 and 2, loose stools; and 3 and 4, watery diarrhea);
percentage body weight loss (0, none; 1, 1–5%; 2, 6–10%; 3, 11–20%; and 4, >20%); bloody
stool (0, normal; 1 and 2, slight bleeding; and 3 and 4, gross bleeding) [53]. Macroscopic
damage index (MDI) was assessed as described previously by Saber and El-Kader [26]. In
brief, MDI is calculated as the sum of each animal score. This scoring system was based
on a single-blinded visual evaluation of the intestinal damage. The MDI scoring criteria
for the colonic macroscopic damage was based on an arbitrary scale ranging from 0 to
4. The scoring criteria was as follows: No macroscopic features, 0; Presence of mucosal
erythema only, 1; Presence of mild mucosal edema and slight mucosal bleeding or erosions,
2; Presence of moderate mucosal edema with moderate mucosal bleeding or erosions, 3;
Presence of severe edema and tissue necrosis, 4.

4.3. Histological Examination and Immunohistochemical Labeling of NF-кB p65 and Caspase-1

Standard histological procedures were followed for the preparation and staining of
colon tissue specimens with hematoxylin and eosin and a scoring system was established
for the assessment of the microscopic intestinal damage [54]. The adopted scoring criteria
were as follows: No histopathological signs of inflammation, 0; Mild inflammation, 1; Mild
leucocytes infiltration, 2; Severe leucocytes infiltration, high vascularity, and increased
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colonic thickness, 3; loss of goblet cells, severe leucocytes infiltration, high vascularity,
and increased colonic thickness, 4. Additionally, guidelines provided by Saber et al. [27]
were followed for the immunohistochemical labeling of NF-кB p65 and caspase-1 using
caspase-1 (R&D Systems Inc., Minneapolis, MN, USA; 1:100 dilution) and NFκB p65 (Rel
A, ab-1 rabbit polyclonal Thermo Fisher Scientific, Waltham, MA, USA, at dilution 1:100)
primary antibodies. The labeling index of NF-κB p65 and caspase-1 were presented as the
% of positive cells/total 1000 counted cells in 10 HPFs.

4.4. Biochemical Analysis
4.4.1. Assessment of Colonic Myeloperoxidase Activity

A phosphate-buffered saline, pH 5.4 was used for the preparation of a colon tissue
homogenate. In the activity assay kit provided by Sigma-Aldrich, MPO catalyzes the
formation of hypochlorous acid, which reacts with taurine to form taurine chloroamine.
Taurine chloroamine reacts with the chromophore TNB, resulting in the formation of the
colorless product DTNB. One unit of MPO activity is defined as the amount of enzyme that
hydrolyzes the substrate and generates taurine chloramine to consume 1.0 µmole of TNB
per minute at 25 ◦C.

4.4.2. Assessment of Oxidative Stress Markers and Lipid Profile

Superoxide dismutase (SOD), reduced glutathione (GSH), and malondialdehyde
(MDA) were assayed in the homogenate with kits purchased from Bio-diagnostic (Giza,
Egypt). The assays were performed following the manufacturer’s guidelines. Reactive
oxygen species (ROS) in colon tissues was assessed as previously described [55]. Briefly,
colon samples (200 mg) were homogenized in ice-cold Tris-HCl buffer (40 mM, pH = 7.4)
(1:10 w/v). Then, homogenates (100 µL) were mixed with Tris-HCl buffer (1 mL), and 5 µL
of 2′, 7′-dichlorofluorescein diacetate (10 µM) (Sigma-Aldrich) was added and the reactions
were incubated for 30 min at 37 ◦C. The fluorescence intensity (FI) was measured with a
SpectraFluor Plus Microplate Reader (Tecan, Mainz, Germany), λ excitation = 485 nm and
λ emission = 525 nm). Total cholesterol, triglycerides, and high-density lipoprotein (HDL)
cholesterol were measured in sera using kits purchased from Bio-diagnostic following the
manufacturer’s recommendations.

4.4.3. Assessment of Caspase-1 Activity

A kit was obtained from R&D Systems (Minneapolis, MN, USA) to evaluate caspase-1
activity based on the detection of cleaved p-nitroanilide (p-NA) chromophore following
the manufacturer’s instructions.

4.4.4. Assessment of IL-1β, IL-6, IL-18, TNF-α, IL-10, IL-12 p70, TXNIP, CD36, and Ox-LDL
by ELISA

IL-1β was assayed using an ELISA kit purchased from BioLegend (San Diego, CA,
USA). IL-6, IL-18, TNF-α, and IL-10 were measured using kits obtained from eBioscience
(Vienna, Austria). IL-12 p70, thioredoxin-interacting protein (TXNIP), and circulating and
colon associated CD36 were assayed using ELISA kits from CUSABIO (Wuhan, China)
following the manufacturer’s instructions. Levels of serum Ox-LDL were measured using
a kit obtained from Elabscience (Wuhan, China) following the recommended protocol.

4.4.5. Quantitative Real-Time PCR for the Expression of NLPR3, TXNIP, and NF-кB P65 in
Colon Tissue

Total RNA was extracted from colon tissues using an RNeasy Mini kit (Qiagen)
in an RNase-free environment according to the manufacturer’s instructions. The RNA
quantity and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Wilmmington, DE, USA). RNA (1 µg) was reverse-transcribed using
Quantiscript reverse transcriptase (QuantiTect Reverse Transcription Kit, Qiagen). The
PCR reactions were done with a Rotor-Gene Q thermocycler (Qiagen) using SYBR Green
PCR mastermMix (Qiagen). The thermal cycling conditions were as follows: 3 min at
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95 ◦C, 40 cycles at 95 ◦C for 10 s, the annealing temperatures listed in Table 3, and a 72 ◦C
step for 30 s. Relative expression was calculated using the comparative cycle threshold
(Ct) (2−∆∆CT) method. All values were normalized to GAPDH expression as an invariant
endogenous control. The Rotor-Gene Q Software 2.1 (Qiagen) was used for data analysis,
and Table 3 provides the sequences of the primer pairs.

Table 3. Primer sequences for qRT-PCR.

Primer GenBank Accession F R Ta (◦C) Amplicon Size (bp)

TXNIP NM_001008767.1 5′-AAGCTGTCCTCAGTCAGAGGCAAT-3′ 5′-ATGACTTTCTTGGAGCCAGGGACA-3′ 64 170

NLRP3 NM_001191642.1 5′-GAGCTGGACCTCAGTGACAATGC-3′ 5′-ACCAATGCGAGATCCTGACAACAC-3′ 63 146

NFκB p65 NM_199267.2 5′-TTCCCTGAAGTGGAGCTAGGA-3′ 5′-CATGTCGAGGAAGACACTGGA-3′ 61 185

GAPDH NM_017008.4 5′-TCAAGAAGGTGGTGAAGCAG-3′ 5′-AGGTGGAAGAATGGGAGTTG-3′ 57 111

4.4.6. Conventional PCR for the Detection of Gut Microbiota

Reaction mixtures (25 µL) containing DNA samples were prepared for thermal cycling
according to the following protocol: 12.5 µL my Taq red mix (Bioline Co., London, UK), 1 µL
of each primer (10 µM each), 2.5 µL DNA, and nuclease-free water. The PCR amplification
protocol was as follows: initial denaturation step at 94 ◦C for 5 min, 35 cycles at 94 ◦C
for 30 s, annealing temperature calculated for each primer mix as indicated in Table 4
for 30 s, extension at 72 ◦C for 45 s, and a final termination step at 72 ◦C for 3 min. The
expected PCR amplicons were detected by electrophoretic separation on 1.5% agarose gel
and compared with a GeneRuler 100 bp plus DNA ladder (Thermo Fisher Scientific) [56].
The gels were stained with ethidium bromide and visualized with a UV transilluminator.
Table 4 lists the primer sequences specific for the various bacteria.

4.4.7. Quantitative Real-Time PCR for the Detection of the Relative Abundance of
Fusobacteria, Bifidobacteria, E. coli, Lactobacillus, Clostridium, and Bacteroides

Quantitative assessment of specific gut bacteria species was done using primers for
the 16S rDNA housekeeping gene as a proxy for bacterial abundance. Extracted fecal
DNA (40–80 ng) was mixed with 12.5 µL (2×) SYBR Green PCR master mix (Willowfort
Co., Birmingham, UK), 1.5 µL of forward and reverse primer (10 µmol each), and 7.5 µL
nuclease-free H2O to a final volume of 25 µL. All reactions were performed using a MyGo
real-time PCR machine with the following cycling protocol: 95 ◦C for 5 min, followed by
45 cycles of 95 ◦C for 20 s, annealing for 20 s, and 72 ◦C for 40 s. The Ct values and melting
curves were obtained using the MyGo real-time PCR machine software. The relative
abundance of each microbial species was calculated as a relative unit normalized to the total
bacteria of the corresponding sample using the 2−∆∆Ct method (where ∆Ct = the average
Ct value of each target—the average Ct value of total bacteria) [56]. Table 4 lists the primer
sequences for the detection of the different bacterial strains.

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 6 (GraphPad
Software Inc., La Jolla, CA, USA). Differences between groups were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s Kramer multiple comparison test. Data
are presented as mean ± standard deviation (SD). Kruskal-Wallis test followed by Dunn’s
post-hoc test was performed to analyze differences between groups for the histological score
of inflammation, disease activity and macroscopic damage indices. Data are presented as
median (IQR). All the analytical measurements were performed using samples collected
from 6 rats of an experimental group. Spectrophotometric and ELISA measurements were
run once and either the conventional or real time PCR measurements were performed in
duplicates. A value of p ≤ 0.05 was considered to indicate statistical significance.
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Table 4. Primer sequences for the detection of different species of bacteria.

Primer Name Forward and Reverse
(5′ to 3′) Primer Sequence Ta (◦C) Ampilicon Size (bp)

(16S)
F GAGTTTGATCCTGGCTCAG

51 312
R GCTGCCTCCCGTAGGAGT

Porphyromonas gingivalis
F AATCGTAACGGGCGACACAC

53 594
R GGGTTGCTCCTTCATCACAC

E. saphenum
F AACCACATAAAATCATAGG

43 828
R ATACCCGATTAAGGGTAC

Fusobacterium
F GGATTTATTGGGCGTAAAGC

51.5 162
R GGCATTCCTACAAATATCTACGAA

E. coli
F TGGGAGCGAAAATCCTG

47.5 219
R CAGTACAGGTAGACTTCTG

Providencia
F ACCGCATAATCTCTTAGG

43.5 514
R CTACACATGGAATTCTAC

E. Faecium
F GCAAGGCTTCTTAGAGA

46.5 564
R CATCGTGTAAGCTAACTTC

Bifidobacterium
F CTCCTGGAAACGGGTGG

51 551
R GGTGTTCTTCCCGATATCTACA

Prevotella intermedia
F CGAACCGTCAAGCATAGGC

54 368
R AACAGCCGCTTTTAGAACACAA

Peptostreptococcus magnus
F CGGGNTTTAGTAGACAGAAG

50 565
R CAGTTTCCAATGCTTTACGG

P. aeruginosa
F CGAGTACAACATGGCTCTGG

53 116
R ACCGGACGCTCTTTACCATA

E. faecalis
F ATCAAGTACAGTTAGTCTT

44 940
R ACGATTCAAAGCTAACTG

Bacteroides spp.
F AAGGGAGCGTAGATGGATGTTTA

55 193
R CGAGCCTCAATGTCAGTTGC

Clostridium spp.
F CGGTACCTGACTAAGAAGC

50 429
R AGTTTGATTCTTGCGAACG

Lactobacillus spp.
F AGCAGTAGGGAATCTTCCA

50 334
R CACCGCTACACATGGAG

Fusobacterium nucleatum
F CAACCATTACTTTAACTCTACCATGTTCA

57 356
R GTTGACTTTACAGAAGGAGATTATGTAAAAATC

5. Conclusions

Combination therapy using Lactobacillus as an adjunctive to rosuvastatin might serve
as a safe and effective therapeutic strategy for the management of Ulcerative colitis.
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