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ABSTRACT This study aimed to examine the effects of Lactobacillus plantarum, a lac-
tic acid bacteria strain isolated from kimchi, on the development of low-grade inflam-
mation and type 2 diabetes mellitus (T2DM) exacerbated by chronic stress. C57BL/6
mice were fed either a high-fat diet (HFD) and randomized into an HFD group or a
group that was fed an HFD and subjected to chronic cold exposure-related stress
(HFDS), or mice were fed a normal diet (ND) and randomized into an ND group or a
group that was fed an ND and subjected to chronic cold exposure-related stress
(NDS). Lactobacillus plantarum LRCC5310 (108, 10" CFU) and LRCC5314 (108, 10'° CFU)
as well as L. gasseri BNR17 (108 CFU), as a positive control, were administered orally
twice every day to all the mice for 12 weeks. The expression of Glut4 and adiponectin,
main glucose transporter-related genes, was upregulated in the LRCC5310- and
LRCC5314-treated groups. Levels of serum proinflammatory cytokines (tumor necrosis
factor-a [TNF-a], interleukin-6 [IL-6]) and of mRNAs of proinflammatory genes (Tnf-c,
II-6, Ccl2, leptin) were elevated in HFDS mice. The expression of proinflammatory genes
was downregulated in LRCC5310- and LRCC5314-treated groups; this was not the case
for Tnf-a expression in HFDS mice. Levels of serum corticosterone and mRNA levels of
stress-related genes (Npy, Y2r) were decreased in lactic acid bacteria (LAB)-fed groups,
with only LRCC5314 downregulating Npy expression in HFDS mice. These results sug-
gest that the LAB strains can normalize the expression of metabolic genes, inhibit
inflammatory responses, and suppress stress in HFDS mice.

KEYWORDS type 2 diabetes, lactic acid bacteria, insulin resistance, inflammation,
stress, gut-brain axis, high-fat diet

ype 2 diabetes mellitus (T2DM) is the most prevalent metabolic disorder worldwide

because of considerable changes in modern lifestyles, including a high-fat diet and
chronic stress (1). According to World Health Organization statistics, approximately 422
million people have diabetes, and 1.6 million deaths are directly associated with diabe-
tes each year. One complication of T2DM is insulin resistance, a condition in which
insulin sensitivity is reduced due to obesity (2) via inhibition of insulin-mediated
absorption of glucose in peripheral tissues (3). Obesity is implicated in various diseases;
excessive visceral adiposity is associated with “metabolic syndrome” characterized by
insulin resistance, hyperglycemia, dyslipidemia, and hypertension (4). These disorders
promote the development of T2DM and cardiovascular diseases, causing morbidity
and mortality (5). Although drugs, diet, and surgical treatment can help manage and
control obesity, they cause side effects. Therefore, there is an urgent need for drugs
and dietary supplements with proven safety and efficacy to control obesity.

It has recently been found that psychological stress plays a role in the pathogenesis
of T2DM (6). Obesity has been found to increase in parallel with stress, which is linked
to the pathogenesis of many diseases (7). Some people lose weight, while others gain
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FIG 1 Schematic of diet, stress, and LAB administration in mice. Male C57BL/6 mice were fed a ND or HFD with
or without LAB. Their sera were collected at 0, 6, and 12 weeks, and the mice were sacrificed at 12 weeks. ND,
normal diet; HFD, high-fat diet; GTT, glucose tolerance test; ITT, insulin tolerance test.

weight in response to chronic stress. This is because chronic stress not only increases
B-adrenergic activation, a fat-burning mechanism, but also increases the intake of
sugar- and fat-rich foods (8). Neuropeptide Y (NPY) is produced in the central amyg-
dala, the arcuate hypothalamic nucleus (9), and the visceral adipose tissue (10).
Activation of the hypothalamic-pituitary-adrenal axis triggers cortisol secretion and
binding of NPY to the neuropeptide Y receptor 2 (Y2R) in adipocytes, which leads to
adipocyte differentiation (11).

T2DM is considered an inflammatory disease (12-14). Obesity causes chronic, low-
grade inflammation, which differs from normal inflammation in that there are no typi-
cal signs of inflammation, but it is also similar in that it involves the same inflammatory
mediators and signaling pathways (15). Adipose tissue is a common site of inflamma-
tion in T2DM, with T and B lymphocytes in the adipose tissue being activated upon
infiltration of macrophages into adipose tissue (16). These immune cells play an impor-
tant role in promoting inflammation in various tissues by producing cytokines, such as
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and IL-18 (17). Although leptin is
an adipokine that was originally identified as a major factor in food intake and weight
control, surprisingly, increased inflammatory cytokine production in adipose tissue
increases leptin expression in adipocytes, and synergism between the cytokines and
leptin promotes inflammation (18, 19). Thus, activation of the immune system and
chronic low-grade inflammation in the abdominal adipose tissue may be associated
with obesity (20-22). Inflammatory cytokine antagonists capable of suppressing exces-
sive inflammatory responses can inhibit disease development and progression, but
they also have side effects that can abolish host defense against infection (23).

Lactic acid bacteria (LAB) are Gram-positive bacteria present in probiotics that can restore
the balance of the gut microbiota (24, 25). As an imbalance in intestinal microbial flora has
been identified in T2DM patients (26), LAB have been proposed as a safe and beneficial
treatment for T2DM (27, 28). Lactobacillus gasseri and L. plantarum are LAB that have shown
efficacy in regulating body weight and blood glucose in animal models of obesity and dia-
betes (29-32). With the routes of communication between the brain and microbiota being
unraveled, the gut microbiota has emerged as an important component affecting all neuro-
immune endocrine pathways (33). Microorganisms play a key role in the control of stress
and the gut-brain axis under stress conditions (34). As described earlier, obesity, T2DM,
inflammation, and stress are closely linked. Therefore, this study aimed to examine the effect
of L. plantarum, a probiotic strain isolated from kimchi, on the development of obesity and
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FIG 2 Effect of cold stress and Lactobacilli on body weight and fasting blood glucose levels for 12 weeks. Body
weight (A) and fasting blood glucose levels (B) of chronic stress-induced, high-fat diet-fed mice treated with
LAB. Values represent the mean = SEM (standard error of the mean); *P < 0.05, **P < 0.01, and ***P < 0.001
for comparisons between NDS or HFDS and the respective LAB administration groups; *P < 0.05, #P < 0.01,
and #P < 0.001 for comparisons between ND or HFD and NDS or HFDS groups, respectively (Student’s t test).
Symbols: x, ND (n=3) or HFD (n=3); O, NDS (n=5) or HFDS (n=5); B, BNR17 (105, n=5); A, LRCC5310 (10%,
n=5); W, LRCC5314 (108, n=5).

T2DM exacerbated by chronic stress. This is the first study to confirm the efficacy of LAB in
an animal model that combines chronic stress and a high-fat diet (HFD).

RESULTS

L. plantarum reduced weight gain and fasting blood glucose levels in cold-
stress-exposed mice. Studies have demonstrated the effect of BNR17 (Lactobacillus
gasseri) on a mouse model of T2DM (28). Our study evaluated the antidiabetic effi-
ciency of other LAB, such as Lactobacillus plantarum (LRCC5310 and LRCC5314), on
chronic stress induced by cold exposure and an HFD in a mouse model (Fig. 1); the
BNR17 group was used as a positive control at a concentration of 108 CFU. Chronic
cold stress and an HFD induced an increase in body weight and fasting blood glucose
levels compared to a normal diet (ND) and HFD (Fig. 2). Administration of LAB to the
ND group induced a lower body weight gain than that observed in the untreated ND
group and the ND group exposed to chronic cold exposure-related stress (NDS) (Fig.
2A). Mice exposed to chronic cold exposure-related stress and fed an HFD (HFDS)
showed a significant difference in body weight at 8, 11, and 12 weeks compared with
HFD-fed mice (Fig. 2A). Although not in a dose-dependent manner (LRCC5310 and
LRCC5314 10" CFU results are not shown), both LRCC5310- and LRCC5314-treated
groups showed a decrease in weight gain compared to the HFDS group (Fig. 2A).
Administration of BNR17 and LRCC5314 to the NDS group dramatically decreased the
fasting blood glucose levels from 8 weeks to 12 weeks to levels comparable with those
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FIG 3 IPGTT and IPITT of cold-stress-induced, high-fat diet-fed mice treated with LAB for 12 weeks.
IPGTTs of NDS groups (A) and HFDS groups (B) were conducted at 9 weeks, and IPITTs of NDS groups
(C) and HFDS groups (D) were conducted at 10 weeks. Values represent the mean * SEM; *P < 0.05,
**p < 0.01, and ***P < 0.001 for comparisons between NDS or HFDS and respective LAB
administration groups; *P < 0.05, *P < 0.01, and **P < 0.001 for comparisons between ND or HFD
and NDS or HFDS groups, respectively (Student’s t test). Symbols: x, ND (n=3) or HFD (n=3); O,
NDS (n=5) or HFDS (n=5); B, BNR17 (10%, n=5); A, LRCC5310 (108, n=5); W, LRCC5314 (108, n=5).
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FIG 4 Serum insulin levels of cold-stress-induced, high-fat diet-fed mice treated with LAB. Serum collection
from NDS groups (A) and HFDS groups (B) was performed at 0, 6, and 12 weeks. Values represent the mean =+
SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 for comparisons between NDS or HFDS and respective LAB
administration groups; *P < 0.05, #P < 0.01, and *#P < 0.001 for comparisons between ND or HFD groups
and NDS or HFDS groups, respectively (Student’s t test). Symbols: x, ND (n=3) or HFD (n=3); O, NDS (n=5)

or HFDS (n=5); M, BNR17 (10%, n=5); A, LRCC5310 (105, n=5); W, LRCC5314 (105, n=5).

observed in the untreated ND mice at 12 weeks (Fig. 2B). In the HFDS group, oral LAB
administration considerably lowered fasting blood glucose levels compared to
untreated HFDS and HFD groups. This difference in fasting blood glucose levels
between the untreated and LAB-treated HFDS groups was significant at 8 weeks (Fig.
2B). From these results, it can be inferred that oral administration of LAB can prevent
an increase in blood glucose levels caused by obesity in this cold-stress-induced, HFD-
fed (HFDS) mouse model that mimics T2DM.

LAB improved host glucose and insulin sensitivity in the cold-stress-induced
mouse model. Intraperitoneal glucose tolerance tests (IPGTTs) and intraperitoneal
insulin tolerance tests (IPITTs) were used to examine the effects of LAB on glucose ho-
meostasis in our chronic cold-stress-induced, HFD-fed mouse model. In the IPGTT per-
formed on the NDS group, after LAB administration, the levels of fasting blood glucose
were significantly lower than levels observed in the untreated NDS group at 60 and
120 min; the area under the curve for glucose (AUC,.) values in all LAB-treated NDS
mice were lower than those observed in the untreated NDS mice (Fig. 3A). Although
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FIG 5 LAB modulated mRNA expression of obesity and diabetes-related genes (Glut4 [A] and adiponectin [B]) in
white adipose tissue. Cold-stress-induced, high-fat diet-fed mice, NDS groups, and HFDS groups were treated
with LAB for 12 weeks, and the epididymal white adipose tissue was removed at 12 weeks. mRNA expression
was measured by real-time PCR using Gapdh as an internal reference gene. Values represent the mean = SEM;
*P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).

the fasting blood glucose levels in the HFDS group showed a tendency to decrease at
60 and 120 min after glucose injection, similar to the NDS group, only HFDS mice
treated with LRCC5310 showed a significant decrease in AUCg s (Fig. 3B). In the
IPITT, administration of LAB showed significant decreases in blood glucose levels at 30
and 45min in the NDS group and at 45min in the HFDS group (Fig. 3Q).
Administration of LRCC5314 and LRCC5310 significantly decreased the AUC 05 Val-
ues in the NDS and HFDS groups, respectively, compared with untreated mice in these
groups (Fig. 3D).

L. plantarum improved host glucose homeostasis by regulating serum insulin
levels. Based on the results showing that LAB improved host glucose and insulin sensi-
tivity in our chronic stress-induced mouse model (Fig. 3), we measured serum insulin
levels to investigate the link between the improved glucose homeostatic effect of LAB
and serum insulin levels. To measure the serum insulin concentrations over time, sera
were collected from all mice at 0, 6, and 12 weeks. A significant decrease was observed
in area under the curve for serum insulin (AUC ., um insuin) Values after LAB administra-
tion to the NDS group (Fig. 4A). Except in BNR7-treated HDFS mice at 12 weeks, serum
insulin concentrations and AUC,. . insuiin Nad significantly decreased after administra-
tion of LRCC5310 and LRCC5314 to HDFS mice compared to those values observed in
untreated mice (Fig. 4B). These results indicate that supplementation with LAB can
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FIG 6 (Continued)

improve glucose homeostasis by regulating serum insulin levels in chronic stress-
exposed, HFD-fed mice.

L. plantarum regulated glucose homeostasis by upregulating expression of
Glut4 and adiponectin. After confirming that long-term LAB administration regulated
serum insulin levels in our experimental mouse model (Fig. 4), we further analyzed the
expression of insulin metabolism- and glucose metabolism-related genes Glut4, the in-
sulin-regulated glucose transporter, and adiponectin in epididymal white adipose tis-
sue of all groups of mice by real-time PCR. Administration of LRCC5310 and LRCC5314,
but not BNR17, upregulated Glut4 expression in the adipose tissue of NDS and HFDS
mice compared to untreated mice (Fig. 5A). A similar upregulation of adiponectin
expression was observed after the administration of all LAB to HFDS mice compared
with untreated HFDS mice (Fig. 5B). Only LRCC5310 treatment upregulated adiponectin
expression in NDS mice compared to untreated NDS mice (Fig. 5B).

L. plantarum suppressed proinflammatory activity in chronic cold-stress-
induced type 2 diabetic mice. To confirm that administration of LAB alleviates

insulin resistance by regulating the inflammatory response, we examined the
secretion of proinflammatory factors and related gene expression levels. TNF-«

August 2021 Volume 89 Issue 8 e00615-20

Infection and Immunity

iaiasm.org 7


https://iai.asm.org

Youn et al.
Ccl2
D Ccl2
1.5- \ *ke | 1.5+ . * ]
g * g r * 1
® ® A
n 0
8 - g P
s 104 == g 101 S
o
< <
2 z
E £
o 057 o 0.5 —_
2 1 2
= ® n —_—
b ° ——
4 - x n [
0.0 T T T T 0.0 T T T T
o o o aN Q) a S
Q o N N Q S oS S
A Q.“Q ﬂ;s(‘ q,'*“Q & Q:OQ ,;9\ '&\
3 3 3 3
& & & s & &
& M S ° x 0
N & & & & &
A A & &
E Lenti Leptin
eptin
o
* E o ’
H 5] ; * I s u
o 1 =
.6 * "]
| — 2
g 10 —— g 2
@
< [ ] §
z
& % £
E 0.54 P ees -
2 2 ——_
s . 5
) 4
© 0.0 0 T T T T
o T T T T ¥\ N\ N\
@ @
eocj \’s\ (s“ (&\ ng \ QQ K (‘Q K (‘Q
Q N N & o 4_,'5\
& & & > & g
2 © © & <&
0 Ca o M A\
06 N N «0 c-,x c-,x
S S S N & &L
S S & &
F Tnf-a Tnf-a
. -
_ 157 — 4 < 15
| o
g [ 2
8 { o
s Q. -
2 1.0 = % 1.0 —— -
< A <
z = z
[4
l’E: E 0.54 l.
o 0.5 o U
> 2
K] —— s
- Q
] 4
o
0.0-— . . . 0.0"— - - -
o N N N
3 ™\ N\
S $ $ N &L N & >
Qp S i & & &>
N < & & < <
i & & x & <
o N N §° g N
¥ o" o" & & >
4 4 S &

FIG 6 Serum levels of proinflammatory cytokines TNF-a (A) and IL-6 (B) and mRNA levels of
proinflammatory genes /-6 (C), Ccl2 (D), leptin (E), and Tnf-a (F) in white adipose tissue from cold-stress-
induced, high-fat diet-fed mice treated with LAB. Serum collection from NDS and HFDS groups was
performed at 0, 6, and 12weeks, and the epididymal white adipose tissue was removed at 12 weeks.
MRNA levels were measured by real-time PCR using Gapdh as an internal reference gene. Values
represent the mean * SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 for comparisons between NDS or
HFDS groups and respective LAB administration groups; “P < 0.05, P < 0.01, and *#P < 0.001 for
comparisons between ND or HFD and NDS or HFDS groups, respectively (Student’s t test). Symbols: x,
ND (n=3) or HFD (n=3); O, NDS (n=5) or HFDS (n=5); B, BNR17 (108, n=5); A, LRCC5310 (108, n=5);
W, LRCC5314 (108, n=5).

and IL-6 are major cytokines secreted by proinflammatory M1 macrophages in
obesity that activate both T helper 1 and T helper 17 cells (35). C-C motif chemo-
kine ligand 2 (CCL2) is a chemokine that promotes macrophage recruitment and
infiltration into adipose tissue. We measured the systemic production of TNF-«
and IL-6 by measuring their levels in sera collected at 0, 6, and 12 weeks. Both
TNF-a and IL-6 levels in serum were significantly increased in NDS and HFDS mice
compared with levels observed in ND and HFD mice, respectively (Fig. 6A and B).
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Administration of all LAB decreased the serum TNF-« levels by over 2-fold com-
pared with the untreated NDS group at 12weeks (Fig. 6A). Administration of
LRCC5310 and LRCC5314, but not BNR17, decreased serum TNF-« levels in HFDS
mice compared with untreated HFDS mice at 12 weeks (Fig. 6A). Although there
was a significant decrease in serum IL-6 levels after the administration of
LRCC5310 and LRCC5314 to NDS and HFDS mice compared with untreated NDS
and HFDS mice, the decrease in IL-6 levels was not significant after LRCC5310
administration to NDS mice compared to untreated NDS mice (Fig. 6B). Next, we
measured expression of Tnf-«, II-6, and Ccl2 in epididymal white adipose tissue
collected at 12 weeks. LRCC5314 treatment downregulated //-6 expression in NDS
and HFDS mice compared with untreated NDS and HFDS mice (Fig. 6C). Unlike the
significant downregulation of Ccl2 expression by BNR17 treatment in the HFDS
mice, administration of LRCC5310 and LRCC5314 resulted in downregulation of
Ccl2 expression in all stress-induced mice (Fig. 6D). All mice treated with LAB
showed downregulation of leptin expression compared to untreated mice; how-
ever, this downregulation was not significant for BNR17-treated mice in the HFDS
group (Fig. 6E). Tnf-a expression was significantly downregulated in the white adi-
pose tissue of LRCC5310- and LRCC5314-treated mice, but Tnf-a expression was
not significantly downregulated in BNR17-treated mice in the NDS group com-
pared to expression in untreated NDS mice; this downregulation was not signifi-
cant in any of the LAB-treated HFDS mice (Fig. 6F). These results indicate that LAB
administration under stress-induced and HFD-fed conditions can regulate proin-
flammatory cytokines, chemokines, such as Cc/2, and adipokines, such as leptin, to
attenuate inflammation caused by obesity.

LAB attenuated stress-related factors in obesity and diabetes in chronic cold-
stress-induced type 2 diabetic mice. NPY-Y2r ligand-receptor binding leads to
obesity through adipocyte differentiation by increasing production of the stress-
related hormone corticosterone (11). Hence, we measured serum corticosterone
levels at 0, 6, and 12 weeks and mRNA levels of Npy and Y2r in epididymal white
adipose tissue collected at 12 weeks to determine whether long-term administra-
tion of LAB could attenuate stress levels. We confirmed that serum corticosterone
levels were dramatically increased in the stress-induced mice compared to levels
in the nonstress-induced mice (Fig. 7A). At 12 weeks, LAB administration signifi-
cantly reduced the serum corticosterone levels in all stress-induced groups com-
pared to the respective untreated group (Fig. 7A). We confirmed that Npy and Y2r
MRNA levels in the stress-induced groups were significantly increased compared
with levels in the respective untreated groups (Fig. 7B and C). Npy expression was
significantly downregulated in LRCC5314-treated mice compared to expression in
untreated HFDS mice (Fig. 7B). In the NDS group, administration of all the LAB
downregulated Npy expression compared to untreated mice (Fig. 7B). Over 2-fold
(significant) downregulation of Y2r expression was observed after administration
of LRCC5310 and LRCC5314 to NDS and HFDS mice compared with expression
levels observed in untreated mice in both groups (Fig. 7C). Further, BNR17 treat-
ment downregulated Y2r expression in HFDS mice compared to untreated mice
(Fig. 7C). These results confirm the successful establishment of the mouse model
of chronic cold stress and demonstrate that all three LAB strains could modulate
the levels of the stress hormone, Npy, and Y2r to suppress the proliferation of
adipocytes.

DISCUSSION

The current study is the first to demonstrate that LAB strains, Lactobacillus gasseri
isolated from human breast milk and L. plantarum isolated from fermented vegetables
such as kimchi, could attenuate insulin resistance and stress in a chronic cold-stress-
induced, HFD-fed mouse model. For this study, we adopted two stress methods to per-
form a prestudy with an animal model of stress and obesity. First, we performed the
forced swim stress method (36). Contrary to expectations, we observed that the HFDS
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FIG 7 Serum corticosterone levels (A) and mRNA expression of stress-related genes Npy (B) and Y2r
(C) in white adipose tissue of cold-stress-induced, high-fat diet-fed mice treated with LAB. Serum
collection from NDS groups and HFDS groups was performed at 0, 6, and 12weeks, and the
epididymal white adipose tissue was removed at 12 weeks. mRNA levels were measured by real-time
PCR using Gapdh as an internal reference gene. Values represent the mean * SEM; *P < 0.05, **P <
0.01, and ***P < 0.001 for comparisons between NDS or HFDS groups and respective LAB
administration groups; *P < 0.05, #P < 0.01, and *#P < 0.001 for comparisons between ND or HFD
and NDS or HFDS groups, respectively (Student’s t test). x, ND (n=3) or HFD (n=3); O, NDS (n=5)
or HFDS (n=5); B, BNR17 (108, n=5); A, LRCC5310 (108, n=5); W, LRCC5314 (108, n=5).

mice showed lower body weight gain and fasting blood glucose levels than the HFD
mice. In addition, IPGTTs and IPITTs revealed that insulin resistance was reduced in the
HFDS mice (data not shown). However, it does not mean that the forced swim stress
method is antidiabetic in mice fed an HFD. The second stress method was the cold ex-
posure stress method used in this study. In a study using this stress method (11),
researchers had observed that direct release of NPY, a sympathetic neurotransmitter,
from adipocytes resulted in obesity in an HFD-fed animal model exposed to cold-
related stress. Cold exposure stress activates sympathetic nerves to release NPY rather
than norepinephrine, a hormone that activates fat burning, from mouse sympathetic
nerves and increases the levels of NPY and Y2R produced in adipocytes. As a result,
NPY-Y2R binding is increased, leading to increased proliferation and differentiation of
adipocytes due to cold exposure stress. Thus, we verified that we could use this mouse
model combining stress and an HFD to mimic T2DM and demonstrated the antidia-
betic effect of LAB in this model (Fig. 2 to 4).
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Studies have confirmed the probiotic properties and safety of Lactobacillus gasseri and L.
plantarum (37-39). However, probiotic potential and safety will have to be shown for
LRCC5310 and LRCC5314, the L. plantarum strains used in this study. As BNR17 was found to
exert antidiabetic effects in a db/db mouse model (29), we used one concentration (1 x 108
CFU) of the L. gasseri BNR17 strain as a positive control to compare with two concentrations
(1 x 108and 1 x 10 CFU) of LRCC5310 and LRCC5314 in this study.

Here, we focused on the reduction in body weight and fasting blood glucose levels by
oral LAB administration in the mouse model generated by inducing chronic cold stress for
12 weeks. We found that both body weight and fasting blood glucose levels were effec-
tively reduced at 12 weeks by LAB administration (Fig. 2). Our results are consistent with
findings of previous studies that showed the antiobesity effects of L. plantarum (40, 41). As
we observed a decrease in fasting blood glucose levels, we administered the IPGTT and
IPITT, tests that are universally used to diagnose diabetes, to the mice and measured se-
rum insulin concentrations (Fig. 3 and 4). In agreement with another study (42), adminis-
tration of LAB attenuated insulin resistance in HFD-fed mice, but not in ND-fed mice (data
not shown). To determine whether long-term administration of LAB has antidiabetic
effects besides attenuating insulin resistance, we measured the expression levels of glu-
cose transporter type 4 (Glut4) and adiponectin in epididymal adipose tissue of mice. Both
GLUT4 and adiponectin are associated with improved insulin action (43, 44). The upregula-
tion of Glut4 and adiponectin expression provides additional evidence for the antidiabetic
efficacy of the LAB used in this study (Fig. 5). Thus, long-term administration of LAB was
able to restore the expression of genes related to glucose metabolism that are downregu-
lated due to obesity (45).

Obesity-induced chronic inflammation, characterized by macrophage infiltration and
proinflammatory cytokine expression, especially in white adipose tissue, contributes to the
exacerbation of systemic insulin resistance and T2DM. High TNF-« levels have been found in
T2DM patients (46), and increased production of TNF-« in adipose tissues is related to obe-
sity-associated insulin resistance that leads to the development of T2DM (47). IL-6 is another
proinflammatory cytokine that induces the development of T2DM by causing inflammation
through its effects on immune cell proliferation, differentiation, migration, and apoptosis
(48). CCL2 is the chemokine that recruits monocytes, memory T cells, and dendritic cells to
sites of inflammation produced by either injury or infection (49). In patients with T2DM,
CCL2 mRNA levels are elevated compared with levels observed in nondiabetic subjects (50).
Leptin has recently emerged as a key link between metabolic responses and inflammation
(18). Therefore, in this study, we measured the concentrations and expression levels of all
these inflammatory factors and the adipokine leptin in serum and white adipose tissue to
determine whether the administration of LAB could alleviate insulin resistance by controlling
the inflammatory response. Administration of LAB for 12 weeks reduced the secretion and
expression of proinflammatory cytokines TNF-« and IL-6 and the chemokine CCL2, which is
related to low-grade inflammation, and reduced the induction of macrophage differentiation
and infiltration. Although downregulation of Tnf-a expression in adipose tissue was insignifi-
cant, downregulation of Ccl2 expression was significant in the HFDS mice compared with
untreated mice. In particular, the LRCC5310- and LRCC5314-treated groups showed a
decrease in leptin expression in HFDS mice compared to the untreated HFDS mice. Thus,
LAB administration appears to regulate the inflammatory response by reducing adipokine
production (Fig. 6). After verifying that the stress method used in this study exacerbated dia-
betes, we investigated whether exposing the mice to chronic stress could change the stress
marker levels in the serum and adipose tissue. The stress hormone cortisol is the primary en-
dogenous adrenal steroid in mammals, including humans, whereas corticosterone is the pri-
mary adrenal corticosteroid in rodents (51). We found that long-term administration of LAB
regulated the expression of Npy and Y2r mRNAs in adipose tissue (Fig. 7). These results sug-
gest that LAB could also be used to prevent the development of T2DM.

Thus, we demonstrated that the LAB strains used in this study can help normalize
the expression of metabolic genes, inhibit inflammatory responses, and suppress stress
in obesity and insulin resistance. Further studies are required to determine the effects
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TABLE 1 Sequences of primers used for quantitative real-time PCR

Infection and Immunity

Gene name Forward (5’ to 3') Reverse (5’ to 3')

Product size (bp)

Accession no.

Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
Glut4 CTTGGCTCCCTTCAGTTTG TGCCTTGTGGGATGGAAT
Adiponectin TCCTGGAGAGAAGGGAGAGAAAG CCCTTCAGCTCCTGTCATTCC

Tnf-a GTGGTGCCAGCCGATGGGTT CTGCCCGGACTCCGCAAAGTC

11-6 ACAAAGCCAGAGTCCTTCAGAGAGA GGCATAACGCACTAGGTTTGCCG
Ccl2 TTT TGT CAC CAA GCT CAAGAGA ATT AAG GCATCACAGTCCGAGT
Leptin GTGTCGGTTCCTGTGGCTTT TGGTCTTGATGAGGGTTTTGG

Npy GTGGATCTCTTCTCTCACAGAGG GCCCAAACACACGAGCAGAG

Y2r TTGGCAACTCCCTGGTAATC TTTCCACTCTCCCATCAAGG

87
130
88
300
238
279
95
143
155

NM_001289726.1

AB008453.1
NM_009605
NM_013693
NM_031168
NM_011333.3
NM_008493.3
NM_023456
NM_008731.3

of LAB on macrophage infiltration, inflammation, and differentiation and the perme-
ability of intestine epithelial cells (IECs).

MATERIALS AND METHODS

Animals and ethics statement. Ninety-six male C57BL/6 mice, 9 weeks old and weighing between
22 and 24 g (Orient Bio, Inc., Republic of Korea), were randomized by weight and housed in polypropyl-
ene cages in a specific pathogen-free environment (52). All mice were maintained on a standard 12-h
light/12-h dark cycle (lights on at 07:00 and lights off at 19:00 h) in a temperature-controlled environ-
ment (21 = 3°C) and at a humidity of 50 = 10% with access to purified water and chow ad libitum. All
mice used in the experiment were euthanized with CO,. All procedures were conducted according to
the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and
the protocol was approved by the Chung-Ang University Institutional Animal Care and Use Committee
of the Laboratory Animal Research Center (IACUC number 2020-00010).

Experimental groups. The mice were acclimated to their environment for 1 week before the start of
the experiment. The animals were randomly divided into four groups according to exposure to chronic
cold stress and the type of diet provided: ND-fed mice (ND, n=18), mice fed an ND and subjected to
chronic cold stress (NDS, n=26), HFD-fed mice (HFD, n=26), and mice fed an HFD and subjected to
chronic cold stress (HFDS, n=26) (Fig. 1). Lactobacillus plantarum was administered to all the mice in the
ND, NDS, HFD, and HFDS groups in the following forms: LRCC5310 (108, 10'° CFU) and LRCC5314 (108,
10'° CFU); L. gasseri BNR17 (108 CFU) was administered as positive control. The HFD (D12492) was pur-
chased from Research Diets (Research Diet, Inc., USA); the proportion of fat was ~60% in the HFD and
4.5% in the ND (53, 54).

Lactic acid bacteria preparation. BNR17 (Fatburn Plus, APYLD, Republic of Korea) consisted of
1.1 x 10'%/g of viable, lyophilized bacteria; LRCC5314 and LRCC5310 consisted of 1 x 10'"/g of via-
ble, lyophilized bacteria. LAB samples for administration to mice were prepared by suspending the
lyophilized bacterial powder in 200 ul of phosphate-buffered saline (PBS) to obtain the required
concentration. These suspensions were prepared fresh daily and orally administered twice every
day. Control groups were administered only 200 ul of PBS.

Chronic cold stress induction and measurement of body weight and blood glucose levels. We
applied cold stress by following a previously described method (11). Briefly, we placed the mice
from the cold stress groups in 0.5-cm-deep ice-cold water at 4°C for 1 h every day for 12 weeks.
The mice not subjected to cold stress were placed in 0.5-cm-deep water at room temperature. All
stress induction was performed between 17:00 and 18:00 h. We returned the stressed mice to their
cages with free access to food and water; they did not show any abnormal symptoms of grooming
or eating. All 96 mice were fasted for 12 h (22:00 to 10:00 h). Body weight and blood glucose levels
were measured at the same time (10:00 h) of the day once every week; the duration of the experi-
ment was 12 weeks.

Glucose modulation by LAB in chronic stress-induced, high fat diet-fed mice. Nine weeks after
commencing the HFD and cold exposure stress, the mice were fasted for 12 h (55) and injected in-
traperitoneally with 10% p-glucose (Sigma-Aldrich, St. Louis, MO, USA) solution at a dose of 1 g/kg
of body weight for an IPGTT (56). Blood samples were collected from the tail vein at 0, 15, 30, 60,
and 120 min after glucose administration, and blood glucose levels were determined using a gluc-
ometer (Accu-Chek Active, Roche, Castle Hill, New South Wales, Australia). One week later, the
mice were fasted for 4 h from 10:00 h onwards and were injected intraperitoneally with insulin
(SAFC Biosciences, Inc., Lenexa, KS, USA) at a dose of 0.75 U/kg of body weight. Blood samples
were obtained from the tail vein at 0, 15, 30, and 45 min after insulin injection for determination of
glucose levels (57). Cold exposure was performed after the glucose and insulin tolerance tests on
the same day.

Serum collection and quantification of cytokines, insulin, and corticosterone by enzyme-linked
immunosorbent assay. Blood samples in a 12-h fasting state were obtained from the submandibular
vein. The blood samples were centrifuged at 2,600 x g for 20 min; the separated serum was preserved at
—80°C to measure the parameters. Serum concentrations of the proinflammatory cytokines TNF-« and
IL-6 (all from BD Bioscience, San Diego, CA, USA) were measured by sandwich enzyme-linked
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immunosorbent assay (ELISA). Briefly, 96-well plates were coated by overnight incubation with 50 ul of
antigen-specific antibodies (2 ug/ml TNF-«, 3 ng/ml IL-6) at 4°C. Plates were subsequently blocked with
1% bovine serum albumin for 1.5 h at room temperature. Diluted serum samples were added to the
wells and incubated overnight at 4°C, and biotinylated antibodies specific against the cytokines and avi-
din-alkaline phosphatase were then added. The reaction was developed by incubating with p-nitro-
phenyl phosphate for 30 min. Finally, the optical density of each well was measured at 405 nm using a
microplate reader (Emax, Molecular Devices). Serum insulin and corticosterone levels were analyzed
using an ultrasensitive mouse insulin ELISA kit (90080, Crystal Chem, Downers Grove, IL) and a corticos-
terone ELISA kit (ADI-900-097, Enzo Biochem, Farmingdale, NY), respectively.

Total RNA extraction and real-time PCR analysis. Total RNA was extracted from 100 mg of
epididymal white adipose tissue using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The RNA was reverse transcribed to cDNA at 42°C over 1 h in a 25-ul
cocktail containing 5x reverse transcriptase (RT) buffer, 10 mM deoxynucleoside triphosphates
(dNTPs; 200 U), Maloney murine leukemia virus reverse transcriptase (MMLV-RT), and 100 pmol of
oligo-dT primer. The concentration of cDNA was estimated, followed by quantitative real-time PCR
(RT-PCR) with 2x iQTM SYBR green supermix (Bio-Rad, Hercules, CA, USA) to determine the mRNA
levels of the target genes. Amplification was performed using a CFX Connect real-time PCR detec-
tion system (Bio-Rad) under the following conditions: 95°C for 2 min, 40 cycles at 95°C for 30 s, and
60°C for 20 s. To confirm PCR specificity, the PCR products were subjected to melting curve analy-
sis. The comparative threshold method was used to calculate the relative amounts of mRNA in the
experimental samples compared to those in control samples. Gene expression was normalized to
the expression levels of Gapdh. Primer sequences for the target mouse genes are listed in Table 1.

Statistical analysis. Statistical significance was determined by using GraphPad Prism (GraphPad
Software, La Jolla, CA, USA). Results are shown as mean * standard error of the mean (SEM), and statisti-
cal analysis was performed by using Student’s t test (between two groups). The area under the curve val-
ues for glucose (AUC,,s.) and serum insulin (AUC,., 1, insuin) Were determined using the trapezoidal
rule. A P value of <0.05 was considered statistically significant; P values of <0.05, <0.01, and <0.001 are
indicated by asterisks (*) and pound (#) signs in the figures.
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