
Citation: Chen, X.; Zhao, H.; Lu, Y.;

Liu, H.; Meng, F.; Lu, Z.; Lu, Y.

Surfactin Mitigates a High-Fat Diet

and Streptozotocin-Induced Type 2

Diabetes through Improving

Pancreatic Dysfunction and

Inhibiting Inflammatory Response.

Int. J. Mol. Sci. 2022, 23, 11086.

https://doi.org/10.3390/

ijms231911086

Academic Editor: Jorge H. Leitão

Received: 11 August 2022

Accepted: 16 September 2022

Published: 21 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Surfactin Mitigates a High-Fat Diet and Streptozotocin-Induced
Type 2 Diabetes through Improving Pancreatic Dysfunction and
Inhibiting Inflammatory Response
Xiaoyu Chen 1, Hongyuan Zhao 1, Yajun Lu 2, Huawei Liu 1 , Fanqiang Meng 1 , Zhaoxin Lu 1,*
and Yingjian Lu 3,*

1 College of Food Science and Technology, Nanjing Agricultural University, Nanjing 210095, China
2 College of Chemistry and Chemical, Nanjing Tech University, Nanjing 211816, China
3 College of Food Science and Engineering, Nanjing University of Finance and Economics, Nanjing 210023, China
* Correspondence: fmb@njau.edu.cn (Z.L.); yingjianlu@nufe.edu.cn (Y.L.)

Abstract: Surfactin from Bacillus amyloliquefaciens fmb50 was utilized to treat mice with type 2 diabetes
(T2DM) induced by a high-fat diet/streptozotocin (HFD/STZ). Our group’s earlier research indicated
that surfactin could lower blood glucose and mitigate liver dysfunction to further improve HFD/STZ-
induced T2DM through modulating intestinal microbiota. Thus, we further investigated the effects
of surfactin on the pancreas and colon in mice with T2DM to elucidate the detailed mechanism. In
the present study, mice with HFD/STZ-induced T2DM had their pancreatic and colon inflammation,
oxidative stress, and endoplasmic reticulum stress (ERS) reduced when given oral surfactin at a dose
of 80 mg/kg body weight. According to further research, surfactin also improved glucose metabolism
by activating the phosphatidylinositol kinase (PI3K)/protein kinase B (Akt) signaling pathway, further
protecting islets β-cell, promoting insulin secretion, inhibiting glucagon release and mitigating pancreas
dysfunction. Additionally, after surfactin treatment, the colon levels of the tight junction proteins Oc-
cludin and Claudin-1 of T2DM mice were considerably increased by 130.64% and by 36.40%, respectively.
These findings revealed that surfactin not only ameliorated HFD/STZ-induced pancreas inflammation
and dysfunction and preserved intestinal barrier dysfunction and gut microbiota homeostasis but also
enhanced insulin sensitivity and glucose homeostasis in T2DM mice. Finally, in the further experiment,
we were able to demonstrate that early surfactin intervention might delay the development of T2DM
caused by HFD/STZ, according to critical biochemical parameters in serum.

Keywords: surfactin; pancreas; inflammation; gut-barrier

1. Introduction

The rapidly increasing prevalence of diabetes mellitus (DM) worldwide has been one
of the most serious health problems. The International Diabetes Federation reported that, in
2019, there were about 463 million adults in the world with diabetes aged 20–79 years, and
the number is expected to rise to 700 million by 2045 [1]. T2DM is the most common type,
accounting for 90–95% of the total diabetic population, and has become the third most com-
mon chronic disease that seriously threatens human health after tumors and cardiovascular
diseases [1]. T2DM is characterized by insulin resistance (impaired responses to insulin)
and β-cell dysfunction (inadequate insulin synthesis) [2,3]. Early in the disease, nutrient
overload such as increase of glucose and plasma free fatty acids leads to the compensatory
increase in insulin synthesis and secretion [4]. However, persistently high amounts of
glucose and free fatty acids may contribute to pancreatic dysfunction through a variety of
processes, including ERS, inflammation, and oxidative stress [3]. These factors in turn cause
glucose intolerance and insulin resistance, which ultimately lead to T2DM [2]. Therefore,
developing methods to maintain β-cell mass, preserve β-cell functions, and safeguard the
pancreas could be a scientific and effective approach to mitigate T2DM [4,5].
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Mounting evidence demonstrates that functional food is also regarded as a strategy
for improving T2DM. Dietary polysaccharides and peptides derived from food exert anti-
hyperglycaemic, anti-insulin resistance and antidiabetic effects [6]. Cinnamtannin D-1 can
protect pancreatic β-cells from palmitic acid induced apoptosis by attenuating oxidative stress
to further ameliorate T2DM [7]. In STZ-treated mice, fucoidan-containing food or supplements
have a therapeutic effect for diabetes by preventing pancreatic β-cell damage and improving
insulin synthesis [2]. By inhibiting inflammation and ERS in T2DM mice, fucoidan can also
protect the pancreas and improve glucose metabolism [8]. A peptide from Bacillus subtilis
also decreased blood glucose levels and protected β-cells from damage in diabetic rats [9].
The lipopeptide surfactin exerted an antidiabetic effect on T1DM in nonobese diabetic (NOD)
mice [10]. However, few studies have concentrated on how it regulates glucose metabolism.
The physiological toxicity of surfactin analysis showed that the oral medianlethaldose (LD50)
of surfactin in mice exceeded 2500 [11] and 5000 mg/kg [12], respectively, and the acute
toxicity showed that surfactin is highly safe [13,14].

STZ has been reported to be a cytotoxic chemical to the pancreatic insulin-producing β-
cells of the islets of Langerhans in mammals [15]. Injection of STZ results in the degeneration
of β-cells [16]. It has been discovered that utilizing STZ to induce experimental diabetes
in rats is efficient, convenient, and easy to carry out [15,17]. Therefore, we investigated
that the effects of surfactin on T2DM using HFD combined with STZ injection to induce
T2DM mice. An earlier study conducted by our lab suggested that surfactin could migrate
HFD/STZ-induced T2DM through modulating intestinal microbiota. In order to identify
a potential mechanism by which surfactin may ameliorate T2DM, the effects of surfactin
on inflammation and insulin signaling of the pancreas, inflammation and tight junction
protein of the colon were examined in the current investigation using T2DM mice.

2. Results
2.1. Effects of Surfactin on Proteins Associated with Inflammation of the Pancreas in T2DM Mice

As shown in Figure 1A,B,E,F, the protein levels of IL-6, IL-1β, NLRP3, ASC and
Caspase-1 of T2DM mice were considerably higher than those in the control mice. Com-
pared to the T2DM mice, the expression of these protein was noticeably decreased after
surfactin treatment (Figure 1). Additionally, NF-κB levels were significantly lower in T2DM
mice than in the control mice, while it was significantly reduced after surfactin treatment
compared to the T2DM mice (Figure 1C). Furthermore, Western blot analysis revealed that
surfactin dramatically downregulated the levels of IL-18, whereas HFD/STZ treatment did
not alter the protein levels of IL-18 in the T2DM mice (Figure 1D). In the present study, the
protein levels of ERK in the T2DM mice were dramatically higher than the control mice,
while surfactin supplementation dramatically lowered this protein level compared with the
T2DM mice (Figure 1I). However, surfactin did not alter JNK protein levels in mice with
HFD/STZ-induced T2DM (Figure 1H). These findings indicated that surfactin can inhibit
the pancreatic inflammatory response.

As shown in Figure 2A,B, p-NF-κB levels and the p-NF-κB/ NF-κB ratio were signifi-
cantly higher in T2DM mice than in the control mice, while they were significantly reduced
after surfactin treatment compared to the T2DM mice. In addition, surfactin significantly re-
duced p-JNK protein levels and the p-JNK/JNK ratio in mice with HFD/STZ-induced T2DM
(Figure 2C,D). The protein levels of cleaved-caspase-1 in the T2DM group were significantly
increased compared to the control group, while surfactin treatment significantly decreased
protein levels. However, the protein levels of p-ERK, the p-ERK/ERK ratio and cleaved-
caspase-1/caspase-1 were not significantly different among the three groups (Figure 2E–H).
These findings indicated that surfactin can inhibit the pancreatic inflammatory response. In
addition, more sample results are shown by Western blot analysis in the Figure S1.
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Figure 1. Effects of surfactin on pancreas inflammation in HFD/STZ-induced T2DM mice. The con-
trol group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM 
induced by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactant group represents 
T2DM mice treated with 80 mg/kg body weight surfactin. The levels of IL-6 (A), IL-1β (B), NF-κB 
(C), IL-18 (D), NLRP3 (E), ASC (F), Caspase-1 (G), JNK (H) and ERK (I). All data are presented as 
the means ± SD for each group. * indicates significant differences at p < 0.05, ** indicates significant 
differences at p < 0.01. 

As shown in Figure 2A,B, p-NF-κB levels and the p-NF-κB/ NF-κB ratio were signif-
icantly higher in T2DM mice than in the control mice, while they were significantly re-
duced after surfactin treatment compared to the T2DM mice. In addition, surfactin signif-
icantly reduced p-JNK protein levels and the p-JNK/JNK ratio in mice with HFD/STZ-
induced T2DM (Figure 2C,D). The protein levels of cleaved-caspase-1 in the T2DM group 
were significantly increased compared to the control group, while surfactin treatment sig-
nificantly decreased protein levels. However, the protein levels of p-ERK, the p-ERK/ERK 
ratio and cleaved-caspase-1/caspase-1 were not significantly different among the three 

Figure 1. Effects of surfactin on pancreas inflammation in HFD/STZ-induced T2DM mice. The
control group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM
induced by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactant group represents
T2DM mice treated with 80 mg/kg body weight surfactin. The levels of IL-6 (A), IL-1β (B), NF-κB
(C), IL-18 (D), NLRP3 (E), ASC (F), Caspase-1 (G), JNK (H) and ERK (I). All data are presented as
the means ± SD for each group. * indicates significant differences at p < 0.05, ** indicates significant
differences at p < 0.01.
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2.2. Effects of Surfactin on the Pancreatic Histopathology and Function in T2DM Mice 
According to morphometric analysis (Figure 3A), the pancreatic islets of normal mice 

were mostly round or oval with clear boundaries and regular arrangement. In the T2DM 
mice, STZ induced compensatory hypertrophy of pancreatic cells, islets showed irregular 
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this conclusion However, these phenomena were obviously reversed after surfactin treat-
ment. An apparent increase in the size and number of islets was noticed in the T2DM mice 
after surfactin treatment. These results showed that surfactin effectively reduced the pan-
creas damage. 

An impaired pancreas can lead to dysfunction of islet cells, thus affecting the normal 
secretion of insulin and glucagon. In the present study, STZ exposure significantly inhib-
ited islet β-cells’ ability to secrete insulin and reduced the ratio of insulin to glucagon 
compared to the control mice. However, these parameters were significantly reversed af-
ter surfactin supplementation compared to the T2DM mice (Figure 3B,D). In addition, sur-
factin treatment noticeably inhibited higher levels of glucagon release following STZ 

Figure 2. Effects of surfactin on pancreas inflammation in HFD/STZ-induced T2DM mice. The
control group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM
induced by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactant group represents T2DM
mice treated with 80 mg/kg body weight surfactin. The levels of p-NF-κB (A), p-NF-κB/ NF-κB ratio
(B), p-JNK (C), p-JNK/JNK ratio (D), p-ERK (E), p-ERK/ERK ratio (F), Cleaved-Caspase-1 (G), and
Cleaved-caspase-1/caspase-1 ratio (H). All data are presented as the means ± SD for each group.
* indicates significant differences at p < 0.05, ** indicates significant differences at p < 0.01.

2.2. Effects of Surfactin on the Pancreatic Histopathology and Function in T2DM Mice

According to morphometric analysis (Figure 3A), the pancreatic islets of normal
mice were mostly round or oval with clear boundaries and regular arrangement. In the
T2DM mice, STZ induced compensatory hypertrophy of pancreatic cells, islets showed
irregular contours and caused the cell boundary to blur or disappear [18], our results
also confirmed this conclusion However, these phenomena were obviously reversed after
surfactin treatment. An apparent increase in the size and number of islets was noticed in
the T2DM mice after surfactin treatment. These results showed that surfactin effectively
reduced the pancreas damage.

An impaired pancreas can lead to dysfunction of islet cells, thus affecting the nor-
mal secretion of insulin and glucagon. In the present study, STZ exposure significantly
inhibited islet β-cells’ ability to secrete insulin and reduced the ratio of insulin to glucagon
compared to the control mice. However, these parameters were significantly reversed after
surfactin supplementation compared to the T2DM mice (Figure 3B,D). In addition, surfactin
treatment noticeably inhibited higher levels of glucagon release following STZ exposure
(Figure 3C); this is similar to the control mice. These suggested that surfactin improved
pancreas function.
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compared to the control mice, but it was significantly downregulated in T2DM mice 

Figure 3. Effects of surfactin on pancreas tissue and function in HFD/STZ-induced T2DM mice.
The control group represents normal mice fed a basic diet, the T2DM group represents mice with
T2DM induced by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactin group represents
T2DM mice treated with 80 mg/kg body weight surfactin. H&E staining of the pancreas and
immunohistochemistry for insulin and glucagon (A), the corresponding relative abundance of insulin
(B), the corresponding relative abundance of glucagon (C) and the ratio of insulin to glucagon (D).
* indicates significant differences at p < 0.05, ** indicates significant differences at p < 0.01.

2.3. Effects of Surfactin on Proteins Associated with Glycometabolism of the Pancreas in T2DM Mice

In the present study, PI3K protein levels in T2DM mice were significantly higher
than the control mice, while surfactin significantly downregulated this protein expression
compared with the T2DM mice (Figure 4A), and the trend is similar to the normal mice.
After surfactin treatment, the protein levels of p-PI3K and the ratio of p-PI3K to PI3K were
noticeably increased compared to that in the T2DM mice (Figure 4B,C). T2DM mice had
much lower levels of the protein Akt than the control mice, whereas T2DM mice treated
with surfactin had significantly higher levels of Akt than the T2DM mice (Figure 4D). In
comparison to the T2DM mice, surfactin also noticeably increased the protein levels of
p-Akt (Figure 4E). Conversely, the ratio of p-Akt to Akt was highly increased in T2DM
mice compared to the control mice, but it was significantly downregulated in T2DM mice
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following surfactin treatment (Figure 4F), and the trend is closer to the normal mice. In
addition, the raw data for pancreas protein were shown in the Table S1.
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Figure 4. Effects of surfactin on proteins associated with glycometabolism of the pancreas in
HFD/STZ-induced T2DM mice. The control group represents normal mice fed a basic diet, the
T2DM group represents mice with T2DM induced by a 60% fat diet and 30 mg/kg body weight STZ,
and the surfactin group represents T2DM mice treated with 80 mg/kg body weight surfactin. The
levels of PI3K (A), p−PI3K (B), the ratio of p−PI3K to PI3K (C), Akt (D), p−Akt (E) and the ratio of
p−Akt to Akt (F). * indicates significant differences at p < 0.05, ** indicates significant differences at
p < 0.01.

2.4. Effects of Surfactin on Proteins Associated with Inflammation of the Colon in T2DM MICE

As shown in Figure 5A,C,H, HFD/STZ substantially increased the protein levels
of NF-κB, IL-6 and ASC in comparison to the control group, while surfactin treatment
noticeably decreased these proteins in comparison to the T2DM group. The protein levels of
TNF-α and IL-18 were not significantly different between the control group and the T2DM
group. However, surfactin supplementation noticeably inhibited these proteins’ expression
(Figure 5B,E). The protein levels of TGF-β of the T2DM mice were significantly suppressed
compared with that in the control group, while surfactin treatment also significantly
promoted TGF-β expression compared with that in the T2DM group (Figure 5C). JNK
protein levels in the T2DM mice in the present study were not significantly different from
those in the control mice, but surfactin supplementation dramatically reduced their levels
as compared to the T2DM mice (Figure 5D). In addition, Western blot analysis revealed
that surfactin did not alter the protein levels of IL-1β, NLRP3, TLR4, and ERK in mice with
HFD/STZ-induced T2DM (Figures 5D,F,G and 6E). These results revealed that surfactin
also inhibited the colonic inflammatory response. Additionally, the raw data for colon
protein were shown in the Table S2.
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Figure 5. Effect of surfactin on colon inflammation in HFD/STZ-induced T2DM mice. The control
group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM induced
by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactin group represents T2DM mice
treated with 80 mg/kg body weight surfactin. The levels of NF-κB (A), TNF-α (B), IL-6 (C), IL-1β (D),
IL-18 (E), NLRP3 (F), TLR4 (G) and ASC (H). * indicates significant differences at p < 0.05, ** indicates
significant differences at p < 0.01.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 5. Effect of surfactin on colon inflammation in HFD/STZ-induced T2DM mice. The control 
group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM induced 
by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactin group represents T2DM mice 
treated with 80 mg/kg body weight surfactin. The levels of NF-κB (A), TNF-α (B), IL-6 (C), IL-1β 
(D), IL-18 (E), NLRP3 (F), TLR4 (G) and ASC (H). * indicates significant differences at p < 0.05, ** 
indicates significant differences at p < 0.01. 

 
Figure 6. Effect of surfactin on colon inflammation in HFD/STZ-induced T2DM mice. The control 
group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM induced 
by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactin group represents T2DM mice 
treated with 80 mg/kg body weight surfactin. The levels of p-NF-κB (A), p-JNK (B), p-ERK (C), p-
NF-κB/NF-κB (D), p-JNK/JNK (E) and p-ERK/ERK (F). * indicates significant differences at p < 0.05, 
** indicates significant differences at p < 0.01. 

Figure 6. Effect of surfactin on colon inflammation in HFD/STZ-induced T2DM mice. The control
group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM induced
by a 60% fat diet and 30 mg/kg body weight STZ, and the surfactin group represents T2DM mice
treated with 80 mg/kg body weight surfactin. The levels of p-NF-κB (A), p-JNK (B), p-ERK (C), p-
NF-κB/NF-κB (D), p-JNK/JNK (E) and p-ERK/ERK (F). * indicates significant differences at p < 0.05,
** indicates significant differences at p < 0.01.
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As shown in Figure 6A,D, HFD/STZ substantially decreased the protein levels of the
p-NF-κB in comparison to the control group, while surfactin treatment further noticeably
decreased these proteins but did not alter p-NF-κB/NF-κB ratio in comparison to the T2DM
group. p-JNK protein levels in the T2DM mice in the present study were not significantly
different from those in the surfactin group (Figure 6B). In addition, the p-JNK/JNK ratio
was significantly higher than the control group, while surfactin treatment significantly
lowered this ratio compared to the T2DM group (Figure 6E). Surfactin treatment also
significantly downregulated the levels of p-ERK and the p-ERK/ERK ratio compared to the
T2DM mice (Figure 6C,F). These results revealed that surfactin also inhibited the colonic
inflammatory response. The protein levels of Caspase-1 were not significantly different
between the control group and the T2DM group. However, surfactin supplementation
noticeably inhibited these proteins’ expression (Figure S2A). Interestingly, the protein levels
of Cleaved-caspase-1 of the T2DM mice were significantly suppressed compared with that
in the control group, while surfactin treatment significantly increased the Cleaved-caspase-
1/caspase-1 ratio but did not alter Cleaved-caspase-1 levels compared with that in the
T2DM group; this trend is similar to the control group (Figure S2B,C).

2.5. Effects of Surfactin on the Colonic Tight Junction Protein in T2DM Mice

The protein levels of Claudin-1 and Occludin of the T2DM mice in the colon were
noticeably downregulated compared with that in the control group, while these levels in
the T2DM group were noticeably upregulated after surfactin supplementation (p < 0.05)
(Figure 7A,B).
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Figure 7. Effect of surfactin on critical protein involved intestinal barrier function and stress in
HFD/STZ-induced T2DM mice. The control group represents normal mice fed a basic diet, the T2DM
group represents mice with T2DM induced by a 60% fat diet and 30 mg/kg body weight STZ, and
the surfactin group represents T2DM mice treated with 80 mg/kg body weight surfactin. The levels
of Claudin-1 (A), Occludin (B), TGF-β (C), JNK (D) and ERK (E). * indicates significant differences at
p < 0.05, ** indicates significant differences at p < 0.01.
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2.6. Effects of Surfactin on Glucose Metabolism-Related Parameters of the Serum in T2DM Mice

To confirm the effects of surfactin on mice with HFD/STZ-induced T2DM, serum
parameters involved in glucose metabolism were measured. The surfactin-p group repre-
sents T2DM mice treated with 80 mg/kg body weight surfactin before STZ injection, the
surfactin-t group represents T2DM mice treated with 80 mg/kg body weight surfactin after
STZ injection, and the other grouping is the same as mentioned above. Figure 8 shows that
the serum levels of glucose, GHb, GSP and HOMA-IR of T2DM mice were noticeably higher
than the control mice, while after surfactin treatment, the levels of these parameters in the
surfactin-p group were noticeably lower compared with the T2DM mice. However, these
parameters were not significantly different between the T2DM group and the surfactin-t
group. Surfactin also significantly promoted GLP-1 production in the surfactin-p group
compared with that in the T2DM group (Figure 8G). In addition, the surfactin-t group’s
serum levels of Acrp30 and insulin were significantly higher than the T2DM mice, whereas
the HFD/STZ treatment had no effect on these parameters in comparison to the control
mice (Figure 8D,E). In addition, raw data were shown in the Table S3, and inflammation
and antioxidant-related indicators are shown in Figures S3 and S4.
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control group represents normal mice fed a basic diet, the T2DM group represents mice with T2DM
induced by a 60% fat diet and 30 mg/kg body weight STZ, the surfactin-p group represents T2DM
mice treated with 80 mg/kg body weight surfactin before STZ injection, and the surfactin-t group
represents T2DM mice treated with 80 mg/kg body weight surfactin after STZ injection. The serum
levels of blood glucose (A), GHb (B), GSP (C), Acrp30 (D), insulin (E), HOMA-IR (F) and GLP-1 (G).
* indicates significant differences at p < 0.05, ** indicates significant differences at p < 0.01.

3. Discussion

Some studies have revealed an inflammatory process in the pancreas of patients with
T2DM characterized by the presence of immune cells, cytokines, and β-cell apoptosis [19].
Both cytokine-induced β-cell death and pancreas dysfunction need activation of the tran-
scription factor NF-κB [20]. Inflammatory cells are activated, exhibit direct cytotoxicity,
or release pro-inflammatory cytokines such as IL-1β and IL-6, which are crucial in the
beginning of a number of pathological processes in pancreatitis. These pro-inflammatory
cytokines then trigger inflammatory cascades, leading to a systemic inflammatory response
and tissue dysfunction [21]. The present study found that surfactin treatment significantly
decreased pancreas levels of NF-κB, p-NF-κB, IL-1β, IL-18 and IL-6, indicating that sur-
factin partially inhibited the inflammatory response in the pancreas by inactivating the
NF-κB signaling pathway. The other pathway involved in pancreatitis is mediated through
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MAPKs. Two MAPK subfamilies, p38 and ERK1/2, have recently been demonstrated to
be essential in the process driving cytokine production in pancreatitis [22]. According to
the Western blot in this investigation, surfactin decreased NF-κB, p-NF-κB and ERK levels,
but did not alter p-ERK levels and the p-ERK/ERK ratio in the pancreas. We hypothesized
that surfactin inhibited pancreas inflammations and dysfunction via the inhibition of the
inflammatory response due to the inactivation of the NF-κB signal pathways in T2DM mice.

Defective insulin secretion and reactions in T2DM are caused by multiple mechanisms.
Glucotoxicity, oxidative stress and ERS all contribute to the dysfunction of the islets [23].
Elevated glucose concentrations in pancreatic islets cause the islet cells to become more
metabolically active, which increases the formation of ROS. ROS then promote the ac-
tivation of the NLRP3 inflammasome and Caspase-1, which allows the production of
mature IL-1β [24]. Increased insulin demand and production induces ERS, which also
activates the inflammasome [25]. In addition, several studies using genetically modified
mice that lack inflammasome components NLRP3, ASC, and Caspase-1 provided initial
evidence that activation of the NLRP3 inflammasome is a key mechanism that induces
metabolic inflammation and insulin resistance [26]. Deactivation of the NLRP3 inflam-
masome is accompanied by improved glucose homeostasis in obese T2DM patients who
lose excess weight through dietary intervention, suggesting that inflammasome may be
a clinically significant mechanism linking inflammation with T2DM [26]. According to
Lee et al. (2013) [27], monocytes from newly discovered untreated T2DM patients have
increased expression of the inflammasome’s NLRP3 and ASC, as well as enhanced Caspase-
1 activation. In the present study, the pancreas levels of IL-1β, NLRP3, ASC, Caspase-1,
Cleaved-caspase-1, JNK and p-JNK of HFD/STZ-induced T2DM mice were significantly
higher than the control mice, while surfactin supplementation significantly reversed their
expressions. This reveals that the deactivation of the NLRP3 inflammasome by surfactin
may reduce pancreatic stress and IL-1β production. The JNK pathway has been identified
as an underlying molecular mechanism of β-cell deterioration by oxidative stress, its acti-
vation is involved in the reduction of both insulin gene expression and secretion [28]. After
TNF-α stimulation, the JNK signaling suppressors may improve insulin action and avoid
glucose metabolism abnormalities [29]. In the present study, the pancreas levels of JNK
were significantly decreased in HFD/STZ-induced T2DM mice after surfactin treatment.
Surfactin suppressed oxidative stress, ERS (which is caused by inactivating the NLRP3
inflammasome) and inhibited JNK signaling together to reduce pancreas dysfunction and
insulin action.

A complete structure is the basis of normal physiological function of islets. T2DM’s
incidence and progression are increasingly influenced by β-cell dysfunction, which can
also cause increased insulin resistance and damage to the islet microstructure [30]. Chronic
hyperglycaemia causes β-cell dysfunction through the activation of the JNK kinase path-
way and the suppression of the PI3K/Akt pathway [12]. However, chronic long-term
hyperglycaemia can cause β-cells to pathologically decompensate and fail to meet the
insulin demand, it further in turn leads to β-cell dysfunction and the development of
T2DM [2]. Insulin secreted by islet β-cells not only interferes with the signaling pathway
of PI3K/Akt in target organs and tissues, but also interposes the signaling pathway of
PI3K/Akt by the pancreas itself, hence affecting the islet β-cell function and the glucose
homeostasis [7]. Increased inflammatory cytokines and persistent ERS during the stress
state might activate aberrant JNK phosphorylation, which then results in IRS serine phos-
phorylation, further suppressing the downstream PI3K/Akt pathway and blocking insulin
signal transduction [8,31]. However, surfactin treatment significantly upregulated the
pancreas levels of p-PI3K, Akt and p-Akt and downregulated JNK levels in HFD/STZ-
induced T2DM mice. This finding suggests that surfactin may alleviate pancreas islet
β-cells’ dysfunction via inhibiting the JNK signaling pathway to activate the PI3K/Akt
signaling pathway. The islets, on the other hand, respond to the increased insulin demand
in the prediabetic, insulin-resistant state by enhanced insulin secretion and increased β-cell
mass to generate compensatory hyperinsulinemia and maintain relative euglycemia [8].
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However, when T2DM emerges, β-cell function and mass are significantly decreased, and
there is insufficient insulin secretion to compensate for the insulin resistance, leading to
the development of the chronic hyperglycaemic diabetic state [32]. In the present study,
mice with HFD/STZ-induced T2DM also had insulin resistance and decreased β-cell func-
tion and mass. However, treatment with surfactin significantly reversed these symptoms,
suggesting that surfactin protected the pancreas from tissue damage and dysfunction.

Systemic inflammation is regarded as the main cause of insulin resistance in individ-
uals with T2DM, including colon inflammation. Initiation and perpetuation of intestinal
inflammation are mostly mediated by the proinflammatory cytokines IL-1β and IL-6 [33].
TNF-α augments proinflammatory cytokines by macrophages and T cells, which further
alters the barrier and results in the death of intestinal epithelial cells [34]. All proinflamma-
tory cytokine genes contain NF-κB binding sites, and their transcription is controlled by
these factors [35]. In the present study, mice induced by HFD/STZ had markedly higher
colon levels of IL-18, IL-6, TNF-α, NF-κB, and p-NF-κB, whereas surfactin significantly
lowered their expression. NLRP3 inflammasome can initiate and activate signaling via
activating NF-κB signaling and stimulate the body to produce inflammatory cytokines.
ASC levels in the colon were markedly increased by HFD/STZ treatment, but this improve-
ment was inhibited after surfactin supplementation. In addition, there were no significant
differences in the colon levels of NLRP3 and TLR4 among the three groups. Therefore, we
hypothesize that surfactin not only directly restrains the inflammatory factors produced by
NF-κB activation, but also inhibits NF-κB initial activation by inhibiting ASC expression of
the NLRP3 inflammasome. The levels of JNK and ERK associated with oxidative stress and
ERS were significantly higher than the control mice, while surfactin treatment significantly
lowered JNK expression, p-JNK / JNK ratio, p-ERK expression and p-ERK/ERK ratio,
but not ERK expression, compared with the T2DM mice. This also indirectly contributes
to the reduction of intestinal inflammation. In addition, the colon levels of Caspase-1
were not significantly different between the T2DM group and the control group, while
surfactin significantly decreased the colon levels of Caspase-1 compared to the T2DM
group. However, surfactin did not alter the colon levels of Cleaved-caspase-1 compared
to the T2DM group. Collectively, our findings revealed that surfactin protects gut barrier
function, probably by inactivating NF-κB and NLRP3 inflammatory signaling and lowering
oxidative stress and ERS. TNF-α and IL-1β can also alter the expression and distribution
of Occludin and Claudin-1, which are associated with epithelial barrier function via cell
signaling pathways [36], further increasing the permeability of gut barrier. In the present
study, HFD/STZ-induced T2DM mice exhibited an impaired intestinal barrier as well as
downregulated Occludin and Claudin-1. Western blot analysis revealed that all symptoms
had greatly improved after surfactin treatment. Additionally, TGF-β was a prominent
anti-inflammatory cytokine that was dramatically decreased in T2DM mice compared to
the control mice, while surfactin treatment significantly increased its levels; this trend was
similar to the control mice. In short, surfactin mitigated gut-barrier dysfunction due to the
inhibition of inflammation and oxidative stress and ERS.

Recent evidence strongly demonstrates an inextricable link between the pancreas
and the gut. A growing body of evidence has emerged to support that the pancreatic
exocrine function affects the gut immunity, which further supports the pancreas–intestinal
axis [37]. Pathobionts invading the epithelium can translocate to underlying layers and
be disseminated to other organs (e.g., to the mesenteric LN via lymphatics or liver via
the portal vein, and the pancreatic duct en route to the pancreas) [38]. Translocations
trigger innate and adaptive immune responses and induce inflammation of colonized
tissues or organs [39]. Whenever the intestinal barrier is disrupted by inflammation, the
risk of bacterial translocation is increased. Comparatively to the HFD/STZ-induced T2DM
mice, surfactin treatment in the present study significantly increased the colon levels of
Occludin and Claudin-1, further reducing intestinal permeability. This contributed to
inhibited bacterial translocation. In addition, Bifidobacterium, a popular intestinal probiotic,
can reduce the gastrointestinal dysfunction [40]. Bacteroides enhance the differentiation of
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goblet cells, leading to an increase in the number of goblet cells and mucin gene expression
in the colon of gnotobiotic rats [41]. It has been discovered that Prevotella is essential for
maintaining the gut barrier and ameliorating intestinal inflammation. However, the relative
abundance of Bifidobacterium, Bacteroides and unidentified Prevotella of T2DM mice were
noticeably increased after surfactin intervention compared to the T2DM mice [42]. Accord-
ing to the previous finding, we hypothesized that surfactin improved gut barrier function
by increasing Bifidobacterium, Bacteroides and unidentified Prevotella to alleviate intestinal
inflammation. The effect of Akkermansia on barrier integrity has been contradictory in
previous studies. Akkermansia-induced mucus degradation may stimulate renewal, thereby
improving barrier function, and it also facilitates dextran sulfate sodium (DSS)-induced
intestinal inflammation in mice [43,44]. However, the mice’s colonic length was noticeably
reduced by A. muciniphila in acute colitis, and the mice’s daily disease activity index (DAI)
score was higher than in the DSS-induced mice after A. muciniphila treatment [45]. The
T2DM mice showed a higher relative abundance of Akkemansia, but early surfactin inter-
vention reversed this pattern, suggesting that Akkemansia may be essential for maintaining
the integrity of the intestinal barrier [42]. Increasing evidence suggests that the pancreas
may play a role in defending against invader pathobionts and maintaining the balance
of the intestinal flora. The pancreatic exocrine function has been shown to contribute
significantly more to the composition of intestinal microorganisms than any other host
factor in individuals without pancreatic disease [46]. Local homeostasis is disturbed when
gut bacteria translocate into the pancreas. An E. coli MG1655 mono-colonized pancreatitis
rat model demonstrated more severe pancreatic injury as compared to a normal pancreatitis
rat model with significant upregulation of the TLR-4-mitogen-activated protein pathway
and activation of the ERS pathway in intestinal epithelial cells [40]. NLPR3 may be a crucial
factor in the gut microbiota-pancreatitis axis [47]. However, surfactin treatment inactivated
the pancreatic NLRP3 signaling pathway but had no effect on the TLR4 pathway in the
T2DM mice. In the pancreas–intestinal axis, surfactin mitigated colonic inflammation and
dysfunction by modulating gut microbiota and preserving gut barrier function, further
inhibiting pancreas damage and improving pancreatic dysfunction.

In the further research, serum levels of GHb and GSP, which are key indicators of
long-term blood glucose, were significantly decreased after surfactin treatment in the
surfactin-p group. Acrp30, an insulin-sensitizing hormone, has shown anti-inflammatory
and anti-diabetic potential in clinical trials and can alleviate insulin resistance in mice [8].
However, in the present study, serum levels of Acrp30 in the surfactin-p group significantly
increased after surfactin treatment compared to the T2DM mice. After surfactin treatment,
HOMA-IR levels were also noticeably lowered, suggesting that surfactin intervention
improved insulin resistance and hyperglycemia in HFD/STZ-induced T2DM mice. GLP-
1 is capable of stimulating insulin secretion from pancreatic β-cells, and suppressing
glucagon release [2], it also prevents pancreatic β-cell mass loss under diabetic conditions
by inhibiting the apoptosis and enhancing the proliferation of β-cells via binding to its GLP-
1 receptor (GLP-1R) existing on pancreatic β-cells [48]. Activation of ERK1/2 and PI3K/Akt
signaling has been considered as a major mechanism accounting for the beneficial effects of
GLP-1R [3]. We observed that surfactin intervention significantly increased GLP-1 levels;
this may have contributed to lower blood glucose of T2DM mice. After early surfactin
intervention, lower serum levels of proinflammatory cytokines (such as TNF-α, TNF-α and
IL-1β), MDA and improved gut microbiota balance were also observed (Supplementation
File). After STZ injection, to treatment T2DM mice by oral surfactin, these parameters were
slightly reversed compared to the T2DM mice. Collectively, we confirmed early surfactin
intervention is critical for mitigating HFD/STZ-induced T2DM in mice.

4. Materials and Methods
4.1. Materials and Reagents

The Bacillus amyloliquefaciens fmb50 strain was obtained from the laboratory of Enzyme
Engineering at Nanjing Agricultural University’s College of Food Science and Technology
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(Nanjing, China) [13,14]. Enzyme-linked immunosorbent assay (ELISA) kits for Glucagon-
like peptide-1 (GLP-1), glycated haemoglobin (GHb), glycated serum protein (GSP) and
adiponectin (Acrp30) and insulin were purchased from Jiangsu Meimian Industry Co.,
Ltd. (Yancheng, Jiangsu, China). STZ (Cas: 18883-66-4) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The primary antibodies
against tumor necrosis factor-α (TNF-α), nuclear factor kappa-B (NF-κB), interleukin-1β
(IL-1β), IL-6, IL-18, transforming growth factor-β (TGF-β), PI3K, phosphorylated-PI3K
(p-PI3K), Akt, phosphorylated- Akt (p-Akt), ASC, toll-like receptor 4 (TLR4), NOD-like
receptor thermal protein domain associated protein 3 (NLRP3), cysteinyl aspartate specific
proteinase-1 (Caspase-1), c-Jun N-terminal kinase (JNK), ERK, zonula occludens-1 (ZO-
1), Claudin-1, Occludin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
purchased from Beyotime Institute of Biotechnology, (Shanghai, China). Phosphorylated-
caspase-1(p-caspase-1), phosphorylated-JNK (p-JNK), phosphorylated-ERK (p-ERK) and
phosphorylated-NF-κB (p-NF-κB) were purchased from Cell Signaling Technology Co.,
Ltd. (Boston, MA, USA). All other analytical reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All other analytical reagents were purchased
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

4.2. Fermentation and Production of Surfactin from Bacillus Amyloliquefaciens fmb50

Surfactin samples were obtained from fermentation broths and then flocculated with
chitosan (0.5 g/L), and sodium alginate (0.3 g/L), pH = 5.0, before being dissolved in
100% ethanol and freeze-dried. High performance liquid chromatography (HPLC) (U-3000,
Dionex, Sunnyvale, CA, USA) was carried out equipped with an Agilent C18 column
(4.5 mm × 250 mm, Agilent, Palo Alto, CA, USA) and a UV detector was used to identify
the surfactin sample [49]. In brief, the surfactin sample was injected into the column
and then eluted with acetonitrile with 0.1% TFA at a flow rate of 0.84 mL/min. Eluent
absorbance was monitored at 210 nm. The purity of surfactin was approximately 88.6%
(the result is shown in the Figure S5) after purification [13], and the collected surfactin dry
powder was stored at 4 ◦C for following tests.

4.3. Animal Experimental Design

A total of thirty healthy 4 week-old male Kunming mice were provided by Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). The production license
number of the experimental animals is SCXK (Jiansu) 2012-0004. All experiments were
approved by the Ethics Committee and conducted according to the Guide for the Care and
Use of Laboratory Animals (permit NO. NJAU. No20210317024). Feeding environment and
treatment refer to previous studies [13]. Subsequently, mice were randomly divided into
three groups, each containing ten mice. In detail, each group was divided to 2 sub-groups
of 5 mice each. The control group was fed with a basic diet (Xietong Co., Nanjing, China),
while the T2DM group and surfactin group were fed with a 60% fat diet (Xietong CO.,
Nanjing, China) for 12 weeks. The surfactin group were administrated with surfactin of
80 mg/kg body weight.

The fasting blood glucose (FBG) was assessed before induction with STZ, after 4 weeks.
The mice in the T2DM and surfactin group received two intraperitoneal injections of
30 mg/kg·body weight STZ at intervals of one week [50]. The control group were injected
with equivalent volume of citrate buffer (citric acid, Cas, 5949-29-1: sodium citrate, Cas,
68-04-2, 1:1). FBG of all mice was measured by tail tip after STZ injection for three days.
The mice with FBG ≥ 7.8 mmol/L were marked as T2DM animals [50].

In addition, the control group and T2DM group were kept the same as the preceding
experiment, but we redesigned the group to verify the amelioration effect of surfactin on
T2DM (prevention or treat). Specially, the surfactin prevention group (surfactin-p) received
80 mg/kg of surfactin before the STZ injection, while the surfactin treat group (surfactin-t)
received 80 mg/kg of surfactin after the STZ injection. The other schedule followed the
same protocol as the above experiment.
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4.4. Collection and Preparation of Samples

All of the mice were humanely sacrificed at the end of experiment to collect their
pancreas and colon tissue. The remaining tissues were kept at −80 ◦C for further analysis,
while some of the tissue was fixed in 4% neutral formaldehyde solution for histological
examination. The serum was collected after 3500 rpm centrifugation at 4 ◦C for 15 min and
stored at −80 ◦C for subsequent analysis.

4.5. Measurement for Critical Parameters in Serum

Using ELISA kits in accordance with the manufacturer’s instructions, the serum
levels of GLP-1, GHb, GSP, Acrp30 and insulin were measured. HOMA-IR was calculated
according to the formula: HOMA-IR = FBG (mmol/L) × FINS (mIU/L)/22.5. The serum
glucose levels were also determined.

4.6. Histological Analysis

The pancreas was fixed in a 4% neutral formaldehyde solution before being tissue-
embedded in paraffin. The tissue sections were the divided into 4 µm thick sections, some
of which were used for hematoxylin-eosin (HE) staining to assess organic alteration. Addi-
tionally, immunohistochemical staining was performed to assess the pancreas’s secretion of
insulin and glucagon. Photomicrographs were captured with a light microscope equipped
with a camera (Nikon Eclipse 80i, Nikon Co., Tokyo, Japan). Image J software was used to
analyze the image’s relative fluorescence intensity.

4.7. Western Blot Analysis

Total proteins in the colon and pancreas were isolated using radioimmunoprecipi-
tation assay (RIPA) buffer with 1 mM phenylmethylsulfonyl fluoride (PMSF) (Beyotime
Institute of Biotechnology, Shanghai, China). Western blot analysis was performed using
the supernatant of whole-tissue lysates, which was collected by centrifugation at 14,000× g
for 5 min at 4 ◦C (protein electrophoresis instrument, Yeasen Biotech Co., Ltd., Shanghai,
China). The proteins were transferred to the nitrocellulose (NC) membrane (GE Healthcare
Life Science, Pittsburgh, PA, USA) after being separated using 6% and 12% sodium dodecyl
sulfate–polyacrylamide gels (SDS-PAGE, Vazyme Biotech. Co., Ltd., Nanjing, China; Gold-
Band 3-color Regular Range Protein Marker, Yeasen Biotech Co., Ltd., Shanghai, China).
The membranes were incubated with diluted primary rabbit antibodies (the dilutions for
the target protein: 1:1000–2000; the dilutions for GAPDH: 1:10,000) at 4 ◦C overnight after
blocking with 5% skim dry milk for 2 h. The membranes were incubated with HRP-linked
secondary antibody anti-rabbit IgG (Beyotime Institute of Biotechnology, Shanghai, China)
for 2 h after being washed three times with TBST solution (TBST, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China). The bands were then scanned with the ECL plus
solution (Beyotime Institute of Biotechnology, Shanghai, China). The internal standard was
considered to be GAPDH. Image J software was used to quantify the target band density.

4.8. Statistical Analysis

The data are presented as the means ± standard derivations (SD). One-way analysis
of variance (ANOVA) with (SPSS statistics software, Chicago, IL, USA) was used to analyze
differences between the groups, followed by Duncan’s test for multiple comparisons.
p < 0.05 and p < 0.01 indicated significant differences.

5. Conclusions

By repairing the impaired pancreas and improving insulin resistance, we were able
to show that oral administration of surfactin reversed metabolic dysfunctions and inflam-
mation for T2DM treatment in HFD/STZ-induced T2DM mice. Surfactin was thought
to prevent T2DM by, first, reversing pancreatic dysfunctions through reducing oxidative
stress, ERS and inflammatory responses, and second, improving insulin resistance by regu-
lating the PI3K/AKT signaling pathway. Surfactin also had a beneficial impact on the gut
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barrier by inhibiting gut inflammation and boosting tight junction protein in the T2DM
mice (Figure 9). In conclusion, surfactin may become a viable option for T2DM prevention.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 15 of 17 
 

 

analyze differences between the groups, followed by Duncan’s test for multiple compar-
isons. p < 0.05 and p < 0.01 indicated significant differences. 

5. Conclusions 
By repairing the impaired pancreas and improving insulin resistance, we were able 

to show that oral administration of surfactin reversed metabolic dysfunctions and inflam-
mation for T2DM treatment in HFD/STZ-induced T2DM mice. Surfactin was thought to 
prevent T2DM by, first, reversing pancreatic dysfunctions through reducing oxidative 
stress, ERS and inflammatory responses, and second, improving insulin resistance by reg-
ulating the PI3K/AKT signaling pathway. Surfactin also had a beneficial impact on the gut 
barrier by inhibiting gut inflammation and boosting tight junction protein in the T2DM 
mice (Figure 9). In conclusion, surfactin may become a viable option for T2DM prevention. 

 
Figure 9. Potential mechanism by which surfactin alleviates T2DM. Green signifies (up) increased 
parameters, metabolites, or proteins, green signifies (down) decreased parameters, metabolites, or 
proteins in the surfactin group. 

Supplementary Materials: The supporting information can be downloaded at: 
www.mdpi.com/xxx/s1. 

Author Contributions: Data curation, X.C., H.Z. and Y.L. (Yajun Lu); Formal analysis, H.Z.; Fund-
ing acquisition, Y.L. (Yajun Lu); Investigation, X.C.; Writing—original draft, X.C.; Writing—review 
and editing, H.L., F.M., Z.L. and Y.L. (Yingjian Lu). All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: This study was supported by the National Natural Science Foundation of China (No. 
32072182). 

Institutional Review Board Statement: All experiments were approved by the Ethics Committee 
and conducted according to the Guide for the Care and Use of Laboratory Animals (permit NO. 
NJAU. No20210317024). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in [Surfactin Mitigates 
a High-Fat Diet and Streptozotocin-Induced Type 2 Diabetes through Improving Pancreatic Dys-
function and Inhibiting Inflammatory Response or supplementary material Figures S1–S5 and Ta-
bles S1–S3]. 

Conflicts of interest: The authors declare no competing financial interest. 

  

Figure 9. Potential mechanism by which surfactin alleviates T2DM. Green signifies (up) increased
parameters, metabolites, or proteins, green signifies (down) decreased parameters, metabolites, or
proteins in the surfactin group.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231911086/s1.

Author Contributions: Data curation, X.C., H.Z. and Y.L. (Yajun Lu); Formal analysis, H.Z.; Funding
acquisition, Y.L. (Yajun Lu); Investigation, X.C.; Writing—original draft, X.C.; Writing—review and
editing, H.L., F.M., Z.L. and Y.L. (Yingjian Lu). All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (No. 32072182).

Institutional Review Board Statement: All experiments were approved by the Ethics Committee
and conducted according to the Guide for the Care and Use of Laboratory Animals (permit NO.
NJAU. No20210317024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in [Surfactin Mitigates
a High-Fat Diet and Streptozotocin-Induced Type 2 Diabetes through Improving Pancreatic Dysfunction
and Inhibiting Inflammatory Response or supplementary material Figures S1–S5 and Tables S1–S3].

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

References
1. Cheng, Y.; Sibusiso, L.; Hou, L.; Jiang, H.; Chen, P.; Zhang, X.; Tong, H. Sargassum fusiforme fucoidan modifies the gut microbiota

during alleviation of streptozotocin-induced hyperglycemia in mice. Int. J. Biol. Macromol. 2019, 131, 1162–1170. [CrossRef]
[PubMed]

2. Yu, W.C.; Chen, Y.L.; Hwang, P.A.; Chen, T.H.; Chou, T.C. Fucoidan ameliorates pancreatic β-cell death and impaired insulin
synthesis in streptozotocin-treated β cells and mice via a Sirt-1-dependent manner. Mol. Nutr. Food. Res. 2017, 61, 1700136.
[CrossRef] [PubMed]

3. Li, X.; Zhen, M.; Zhou, C.; Deng, R.; Yu, T.; Wu, Y.; Bai, C. Gadofullerene nanoparticles reverse dysfunctions of pancreas and
improve hepatic insulin resistance for type 2 diabetes mellitus treatment. ACS Nano 2019, 13, 8597–8608. [CrossRef]

4. Wang, X.Y.; Zhu, B.R.; Jia, Q.; Li, Y.M.; Wang, T.; Wang, H.Y. Cinnamtannin D1 protects pancreatic β-cells from glucolipotoxicity-
induced apoptosis by enhancement of autophagy in vitro and in vivo. J. Agric. Food Chem. 2020, 68, 12617–12630. [CrossRef]
[PubMed]

5. Hudish, L.I.; Reusch, J.E.; Sussel, L. β Cell dysfunction during progression of metabolic syndrome to type 2 diabetes. J. Clin.
Investig. 2019, 129, 4001–4008. [CrossRef] [PubMed]

6. Valenzuela Zamudio, F.; Segura Campos, M.R. Amaranth, quinoa and chia bioactive peptides: A comprehensive review on
three ancient grains and their potential role in management and prevention of Type 2 diabetes. Crit. Rec. Food. Sci. 2020, 62,
2707–2721. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms231911086/s1
https://www.mdpi.com/article/10.3390/ijms231911086/s1
http://doi.org/10.1016/j.ijbiomac.2019.04.040
http://www.ncbi.nlm.nih.gov/pubmed/30974142
http://doi.org/10.1002/mnfr.201700136
http://www.ncbi.nlm.nih.gov/pubmed/28493611
http://doi.org/10.1021/acsnano.9b02050
http://doi.org/10.1021/acs.jafc.0c04898
http://www.ncbi.nlm.nih.gov/pubmed/33125846
http://doi.org/10.1172/JCI129188
http://www.ncbi.nlm.nih.gov/pubmed/31424428
http://doi.org/10.1080/10408398.2020.1857683


Int. J. Mol. Sci. 2022, 23, 11086 16 of 17

7. Wang, T.; Sun, P.; Chen, L.; Huang, Q.; Chen, K.; Jia, Q.; Wang, H. Cinnamtannin D-1 protects pancreatic β-cells from palmitic
acid-induced apoptosis by attenuating oxidative stress. J. Agric. Food Chem. 2014, 62, 5038–5045. [CrossRef]

8. Liu, Y.; Huang, H.; Xu, Z.; Xue, Y.; Zhang, D.; Zhang, Y.; Li, X. Fucoidan protects the pancreas and improves glucose metabolism
through inhibiting inflammation and endoplasmic reticulum stress in T2DM rats. Food Funct. 2022, 13, 2693–2709. [CrossRef]

9. Zouari, R.; Ben Abdallah-Kolsi, R.; Hamden, K.; Feki, A.E.; Chaabouni, K.; Makni-Ayadi, F.; Ghribi-Aydi, D. Assessment of the
antidiabetic and antilipidemic properties of Bacillus subtilis SPB1 biosurfactant in alloxan-induced diabetic rats. Pept. Sci. 2015,
104, 764–774. [CrossRef]

10. Gao, Z.; Zhao, X.; Yang, T.; Shang, J.; Shang, L.; Mai, H.; Qi, G. Immunomodulation therapy of diabetes by oral administration of
a surfactin lipopeptide in NOD mice. Vaccine 2014, 32, 6812–6819. [CrossRef]

11. Hwang, Y.H.; Kim, M.S.; Song, I.B.; Park, B.K.; Lim, J.H.; Park, S.C.; Yun, H.I. Subacute (28 day) toxicity of surfactin C,
a lipopeptide produced by Bacillus subtilis, in rats. J. Health Sci. 2009, 55, 351–355. [CrossRef]

12. Sun, L.J.; Wang, Y.L.; Liu, H.M.; Xu, D.F.; Nie, F.H.; Zhou, Z.F.; Li, J.R. Hemolytic and mice acute oral toxicity evaluation of a new
antimicrobial peptide APNT-6. J. Fish. China 2012, 36, 974–978. [CrossRef]

13. Chen, X.Y.; Zhao, H.Y.; Meng, F.Q.; Zhou, L.B.; Pang, X.Y.; Lu, Z.X.; Lu, Y.J. Ameliorated effects of a lipopeptide surfactin on
insulin resistance in vitro and in vivo. Food Sci. Nutr. 2022, 10, 2455–2469. [CrossRef] [PubMed]

14. Chen, X.Y.; Lu, Y.J.; Shan, M.Y.; Zhao, H.Y.; Lu, Z.X.; Lu, Y.J. A mini-review: Mechanism of antimicrobial action and application of
surfactin. World J. Microb. Biot. 2022, 38, 143. [CrossRef] [PubMed]

15. Szkudelski, T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol. Res. 2001, 50, 537–546.
16. Ikebukuro, K.; Adachi, Y.; Yamada, Y.; Fujimoto, S.; Seino, Y.; Oyaizu, H.; Ikehara, S. Treatment of streptozotocin-induced diabetes

mellitus by transplantation of islet cells plus bone marrow cells via portal vein in rats. Transplantation 2002, 73, 512–518. [CrossRef]
17. Abunasef, S.K.; Amin, H.A.; Abdel-Hamid, G.A. A histological and immunohistochemical study of beta cells in streptozotocin

diabetic rats treated with caffeine. Folia. Histochem. Cytobiol. 2014, 52, 42–50. [CrossRef]
18. Kaur, G.; Padiya, R.; Adela, R.; Putcha, U.K.; Reddy, G.S.; Reddy, B.R.; Banerjee, S.K. Garlic and resveratrol attenuate diabetic

complications, loss of β-cells, pancreatic and hepatic oxidative stress in streptozotocin-induced diabetic rats. Front. Pharmacol.
2016, 7, 360. [CrossRef]

19. Donath, M.Y.; Böni-Schnetzler, M.; Ellingsgaard, H.; Ehses, J.A. Islet inflammation impairs the pancreatic β-cell in type 2 diabetes.
Physiology 2009, 24, 325–331. [CrossRef]

20. Kumar, K.H.; Manrai, M.; Sood, A.K.; Sharma, R. A clinical study of insulin resistance in patients with chronic pancreatitis.
Diabetes Metab. Syndr. Clin. Res. Rev. 2017, 11, S283–S286. [CrossRef]

21. Masters, S.L.; Dunne, A.; Subramanian, S.L.; Hull, R.L.; Tannahill, G.M.; Sharp, F.A.; O’neill, L.A. Activation of the NLRP3
inflammasome by islet amyloid polypeptide provides a mechanism for enhanced IL-1β in type 2 diabetes. Nat. Immunol. 2010, 11,
897–904. [CrossRef] [PubMed]

22. Ma, R.; Yuan, F.; Wang, S.; Liu, Y.; Fan, T.; Wang, F. Calycosin alleviates cerulein-induced acute pancreatitis by inhibiting the
inflammatory response and oxidative stress via the p38 MAPK and NF-κB signal pathways in mice. Biomed. Pharmacother. 2018,
105, 599–605. [CrossRef] [PubMed]

23. Donath, M.Y. Targeting inflammation in the treatment of type 2 diabetes: Time to start. Nat. Rev. Drug Discov. 2014, 13, 465–476.
[CrossRef] [PubMed]

24. Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links oxidative stress to inflammasome
activation. Nat. Immunol. 2010, 11, 136–140. [CrossRef]

25. Oslowski, C.M.; Hara, T.; O’Sullivan-Murphy, B.; Kanekura, K.; Lu, S.; Hara, M.; Urano, F. Thioredoxin-interacting protein
mediates ER stress-induced β cell death through initiation of the inflammasome. Cell Metab. 2012, 16, 265–273. [CrossRef]

26. Vandanmagsar, B.; Youm, Y.H.; Ravussin, A.; Galgani, J.E.; Stadler, K.; Mynatt, R.L.; Dixit, V.D. The NLRP3 inflammasome
instigates obesity-induced inflammation and insulin resistance. Nat. Med. 2011, 17, 179–188. [CrossRef]

27. Lee, H.M.; Kim, J.J.; Kim, H.J.; Shong, M.; Ku, B.J.; Jo, E.K. Upregulated NLRP3 inflammasome activation in patients with type
2 diabetes. Diabetes 2013, 62, 194–204. [CrossRef]

28. Tabatabaie, P.S.; Yazdanparast, R. Teucrium polium extract reverses symptoms of streptozotocin-induced diabetes in rats via
rebalancing the Pdx1 and FoxO1 expressions. Biomed. Pharmacother. 2017, 93, 1033–1039. [CrossRef]

29. Bouzakri, K.; Zierath, J.R. MAP4K4 gene silencing in human skeletal muscle prevents tumor necrosis factor-α-induced insulin
resistance. J. Biol. Chem. 2007, 282, 7783–7789. [CrossRef]

30. Li, Y.; Wang, Y.; Zhang, L.; Yan, Z.; Shen, J.; Chang, Y.; Wang, J. ι-Carrageenan tetrasaccharide from ι-carrageenan inhibits islet
β cell apoptosis via the upregulation of GLP-1 to inhibit the mitochondrial apoptosis pathway. J. Agric. Food Chem. 2021, 69,
212–222. [CrossRef]

31. Lanuza-Masdeu, J.; Arévalo, M.I.; Vila, C.; Barberà, A.; Gomis, R.; Caelles, C. In vivo JNK activation in pancreatic β-cells leads to
glucose intolerance caused by insulin resistance in pancreas. Diabetes 2013, 62, 2308–2317. [CrossRef] [PubMed]

32. Lee, Y.S.; Morinaga, H.; Kim, J.J.; Lagakos, W.; Taylor, S.; Keshwani, M.; Olefsky, J. The fractalkine/CX3CR1 system regulates β
cell function and insulin secretion. Cell 2013, 153, 413–425. [CrossRef] [PubMed]

33. Hu, B.; Yu, S.; Shi, C.; Gu, J.; Shao, Y.; Chen, Q.; Mezzenga, R. Amyloid–polyphenol hybrid nanofilaments mitigate colitis and
regulate gut microbial dysbiosis. ACS Nano 2020, 14, 2760–2776. [CrossRef] [PubMed]

http://doi.org/10.1021/jf500387d
http://doi.org/10.1039/D1FO04164A
http://doi.org/10.1002/bip.22705
http://doi.org/10.1016/j.vaccine.2014.08.082
http://doi.org/10.1248/jhs.55.351
http://doi.org/10.3724/SP.J.1231.2012.27759
http://doi.org/10.1002/fsn3.2852
http://www.ncbi.nlm.nih.gov/pubmed/35844917
http://doi.org/10.1007/s11274-022-03323-3
http://www.ncbi.nlm.nih.gov/pubmed/35718798
http://doi.org/10.1097/00007890-200202270-00004
http://doi.org/10.5603/FHC.2014.0005
http://doi.org/10.3389/fphar.2016.00360
http://doi.org/10.1152/physiol.00032.2009
http://doi.org/10.1016/j.dsx.2017.03.003
http://doi.org/10.1038/ni.1935
http://www.ncbi.nlm.nih.gov/pubmed/20835230
http://doi.org/10.1016/j.biopha.2018.05.080
http://www.ncbi.nlm.nih.gov/pubmed/29890468
http://doi.org/10.1038/nrd4275
http://www.ncbi.nlm.nih.gov/pubmed/24854413
http://doi.org/10.1038/ni.1831
http://doi.org/10.1016/j.cmet.2012.07.005
http://doi.org/10.1038/nm.2279
http://doi.org/10.2337/db12-0420
http://doi.org/10.1016/j.biopha.2017.06.082
http://doi.org/10.1074/jbc.M608602200
http://doi.org/10.1021/acs.jafc.0c06456
http://doi.org/10.2337/db12-1097
http://www.ncbi.nlm.nih.gov/pubmed/23349497
http://doi.org/10.1016/j.cell.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23582329
http://doi.org/10.1021/acsnano.9b09125
http://www.ncbi.nlm.nih.gov/pubmed/31961657


Int. J. Mol. Sci. 2022, 23, 11086 17 of 17

34. Park, Y.H.; Kim, N.; Shim, Y.K.; Choi, Y.J.; Nam, R.H.; Choi, Y.J.; Lee, D.H. Adequate dextran sodium sulfate-induced colitis
model in mice and effective outcome measurement method. J. Cancer Prev. 2015, 20, 260. [CrossRef]

35. Zhang, D.K.; Cheng, L.N.; Huang, X.L.; Shi, W.; Xiang, J.Y.; Gan, H.T. Tetrandrine ameliorates dextran-sulfate-sodium-induced
colitis in mice through inhibition of nuclear factor-κB activation. Int. J. Colorectal. Dis. 2009, 24, 5–12. [CrossRef]

36. Willis, C.L.; Meske, D.S.; Davis, T.P. Protein kinase C activation modulates reversible increase in cortical blood–brain barrier
permeability and tight junction protein expression during hypoxia and posthypoxic reoxygenation. J. Cerebr. Blood Flow Metab.
2010, 30, 1847–1859. [CrossRef]

37. Kurashima, Y.; Kigoshi, T.; Murasaki, S.; Arai, F.; Shimada, K.; Seki, N.; Kiyono, H. Pancreatic glycoprotein 2 is a first line of
defense for mucosal protection in intestinal inflammation. Nat. Commun. 2021, 12, 1067. [CrossRef]

38. Pushalkar, S.; Hundeyin, M.; Daley, D.; Zambirinis, C.P.; Kurz, E.; Mishra, A.; Miller, G. The Pancreatic Cancer Microbiome
Promotes Oncogenesis by Induction of Innate and Adaptive Immune Suppression Microbiome Influences Pancreatic Oncogenesis.
Cancer Discov. 2018, 8, 403–416. [CrossRef]

39. Spadoni, I.; Zagato, E.; Bertocchi, A.; Paolinelli, R.; Hot, E.; Di Sabatino, A.; Rescigno, M. A gut-vascular barrier controls the
systemic dissemination of bacteria. Science 2015, 350, 830–834. [CrossRef]

40. Zhang, Z.; Tanaka, I.; Pan, Z.; Ernst, P.B.; Kiyono, H.; Kurashima, Y. Intestinal homeostasis and inflammation: Gut microbiota at
the crossroads of pancreas–intestinal barrier axis. Eur. J. Immunol. 2022, 52, 1035–1046. [CrossRef]

41. Sun, J.N.; Yu, X.Y.; Hou, B.; Ai, M.; Qi, M.T.; Ma, X.Y.; Qiu, L.Y. Vaccarin enhances intestinal barrier function in type 2 diabetic
mice. Eur. J. Pharm. 2021, 908, 174375. [CrossRef] [PubMed]

42. Chen, X.Y.; Zhao, H.Y.; Meng, F.Q.; Zhou, L.B.; Lu, Z.X.; Lu, Y.J. Surfactin Alleviated Hyperglycaemia in Mice with Type
2 Diabetes Induced by a High-Fat Diet and Streptozotocin. Food Sci. Hum. Wellness 2022, 13, 1–25. Available online: http:
//kns.cnki.net/kcms/detail/10.1750.TS.20220727.0919.006.html (accessed on 8 August 2022).

43. Larsen, I.S.; Jensen, B.A.; Bonazzi, E.; Choi, B.S.; Kristensen, N.N.; Schmidt, E.G.W.; Marette, A. Fungal lysozyme leverages the
gut microbiota to curb DSS-induced colitis. Gut Microbes 2021, 13, 1988836. [CrossRef] [PubMed]

44. Cani, P.D. Human gut microbiome: Hopes, threats and promises. Gut 2018, 67, 1716–1725. [CrossRef]
45. Roy, U.; Gálvez, E.J.; Iljazovic, A.; Lesker, T.R.; Błażejewski, A.J.; Pils, M.C.; Strowig, T. Distinct microbial communities trigger

colitis development upon intestinal barrier damage via innate or adaptive immune cells. Cell Rep. 2017, 21, 994–1008. [CrossRef]
46. Frost, F.; Kacprowski, T.; Rühlemann, M.; Bülow, R.; Kühn, J.P.; Franke, A.; Lerch, M.M. Impaired exocrine pancreatic function

associates with changes in intestinal microbiota composition and diversity. Gastroenterology 2019, 156, 1010–1015. [CrossRef]
47. Li, X.; He, C.; Li, N.; Ding, L.; Chen, H.; Wan, J.; Lu, N. The interplay between the gut microbiota and NLRP3 activation affects

the severity of acute pancreatitis in mice. Gut Microbes 2020, 11, 1774–1789. [CrossRef]
48. Garber, A.J. Novel GLP-1 receptor agonists for diabetes. Expert Opin. Investig. Drugs 2012, 21, 45–57. [CrossRef]
49. Tang, C.; Meng, F.Q.; Pang, X.Y.; Chen, M.R.; Zhou, L.B.; Lu, Z.X.; Lu, Y.J. Protective effects of Lactobacillus acidophilus NX2-6

against oleic acid-induced steatosis, mitochondrial dysfunction, endoplasmic reticulum stress and inflammatory responses.
J. Funct. Foods 2022, 74, 104206. [CrossRef]

50. Lv, X.Y.; Li, J.; Zhang, M.; Wang, C.M.; Fan, Z.; Wang, C.Y.; Chen, L. Enhancement of sodium caprate on intestine absorption and
antidiabetic action of berberine. Aaps Pharmscitech 2010, 11, 372–382. [CrossRef]

http://doi.org/10.15430/JCP.2015.20.4.260
http://doi.org/10.1007/s00384-008-0544-7
http://doi.org/10.1038/jcbfm.2010.119
http://doi.org/10.1038/s41467-021-21277-2
http://doi.org/10.1158/2159-8290.CD-17-1134
http://doi.org/10.1126/science.aad0135
http://doi.org/10.1002/eji.202149532
http://doi.org/10.1016/j.ejphar.2021.174375
http://www.ncbi.nlm.nih.gov/pubmed/34303666
http://kns.cnki.net/kcms/detail/10.1750.TS.20220727.0919.006.html
http://kns.cnki.net/kcms/detail/10.1750.TS.20220727.0919.006.html
http://doi.org/10.1080/19490976.2021.1988836
http://www.ncbi.nlm.nih.gov/pubmed/34693864
http://doi.org/10.1136/gutjnl-2018-316723
http://doi.org/10.1016/j.celrep.2017.09.097
http://doi.org/10.1053/j.gastro.2018.10.047
http://doi.org/10.1080/19490976.2020.1770042
http://doi.org/10.1517/13543784.2012.638282
http://doi.org/10.1016/j.jff.2020.104206
http://doi.org/10.1208/s12249-010-9386-z

	Introduction 
	Results 
	Effects of Surfactin on Proteins Associated with Inflammation of the Pancreas in T2DM Mice 
	Effects of Surfactin on the Pancreatic Histopathology and Function in T2DM Mice 
	Effects of Surfactin on Proteins Associated with Glycometabolism of the Pancreas in T2DM Mice 
	Effects of Surfactin on Proteins Associated with Inflammation of the Colon in T2DM MICE 
	Effects of Surfactin on the Colonic Tight Junction Protein in T2DM Mice 
	Effects of Surfactin on Glucose Metabolism-Related Parameters of the Serum in T2DM Mice 

	Discussion 
	Materials and Methods 
	Materials and Reagents 
	Fermentation and Production of Surfactin from Bacillus Amyloliquefaciens fmb50 
	Animal Experimental Design 
	Collection and Preparation of Samples 
	Measurement for Critical Parameters in Serum 
	Histological Analysis 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

