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Gut microbiota mediated low-grade inflammation is involved in the onset of type 2 diabetes (T2DM). In this
study, we used a high fat sucrose (HFS) diet-induced pre-insulin resistance and a low dose-STZ HFS rat
models to study the effect and mechanism of Lactobacillus casei Zhang in protecting against T2DM onset.
Hyperglycemia was favorably suppressed by L. casei Zhang treatment. Moreover, the hyperglycemia was
connected with type 1 immune response, high plasma bile acids and urine chloride ion loss. This chloride ion
loss was significantly prevented by L. casei via upregulating of chloride ion-dependent genes (ClC1-7,
GlyRa1, SLC26A3, SLC26A6, GABAAa1, Bestrophin-3 and CFTR). A shift in the caecal microflora,
particularly the reduction of bile acid 7a-dehydroxylating bacteria, and fecal bile acid profiles also occurred.
These change coincided with organ chloride influx. Thus, we postulate that the prevention of T2DM onset
by L. casei Zhang may be via a microbiota-based bile acid-chloride exchange mechanism.

O
besity-associated T2DM has drawn much scientific attention, as evident by the rapidly increasing
number of published investigations. Data showed that the world population is facing a surge in
T2DM as well as individuals with prediabetes due to rapid change in lifestyle1. Thus, both strategies

for both the prevention and treatment of diabetes are needed, especially in the dietary aspect.
Diet is directly associated with intesinal microbiota. There is a growing interest in understanding the changes of

gut microbiota in the context of diabetes. In recent years, metagenomics has opened a new era of microbial
ecology that has allowed deeper understanding of microbiome associated hyperglycemia2,3. On the other hand, it
is proposed that high-fat diet induces a low-grade inflammation through modifying microflora and thus increases
lipopolysaccharides (LPS) and in turn triggers the development of metabolic diseases4. More interestingly,
commensal microbiota and related bile acids profile could be rapidly reshaped by dietary alteration5, but how
the pathogensis of T2DM relates with the interaction between bile acids and chloride ion is rarely studied. This
aspect is of particular interest because both bile acids and choride ions can acted as regulating signaling molecules
for metabolic homeostasis6,7.

Several studies have also shown that probiotic products could regulate the blood glucose level in diabetic
human8,9. Moreover, L. casei Shirota has been reported to reduce blood glucose level through reducing lipopo-
lysaccharide-binding protein10. One research showed that B. animalis 420 could prevent mice from obesity-
induced T2DM through an improvement of bacterial translocation and overall inflammatory status11. Recently,
the gut microbe, Akkermansia muciniphila, exhibited an insulin resistance-reducing effect and may have poten-
tial application in T2DM12.

Our previous research showed that L. casei Zhang could improve impaired glucose tolerance in rats due to
altered microbiota composition which led to an upregulation of ostecalcin level13. The aims of the present study
were to investigate whether probiotic L.casei Zhang supplementation could prevent the symptoms of rat model of
T2DM and identify its mechanisms.

Methods
Animals and housing. The protocol was approved by the Animal Care and Use Committee at Inner Mongolia Agricultural University in
Huhhot, China. All the methods were carried out in accordance with the approved guidelines. Male sprague-dawley (SD) rats, initial weight
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approximately 120 g (5 weeks old), were purchased from Vital River Laboratory
Animal Co. Ltd. (Beijing, China) and housed free access to rodent diet and water
under a standard 12-h light/dark cycle with controlled temperature (22uC 6 2uC) and
humidity (55% 6 5%). All rats were acclimatized for 1 week before the experiment
started.

Experimental design. Two separate but related rat experiments were performed to
show the hypoglycemic effect of L. casei Zhang consumption. Firstly, the
physiological change and the protective effect of L. casei Zhang was assessed by a
short-term high fat-induced microbiota disturbance model (Fig. S1). Rats were
randomly divided into high-fat-sucrose diet (HFS) group, HFS diet 1 L. casei Zhang
group (PB, 4.0 3 109 CFU/rat?d) and normal control (NC, normal chow diet) group,
with 8 rats per group. High-fat-sucrose diets consisted of 10% lard, 10% sucrose, 45%
corn starch, 20% casein, 1% vitamin mix and 4% bone powder.

In a second set of experiment, a type-2-diabetic precomplication model was
induced by HFS diet and challenged with low dose streptozotocin (STZ) (Fig. S1). In
this experiment, rats were randomly assigned to A, M and P groups (9 rats per group).
Rats in group A (n 5 9) were fed a normal chow diet as previously described14. Group
M rats (n 5 9) were fed a high-fat-sucrose diet (HFS) which was described above.
Group P rats (n 5 9) consumed the same diet as group M and additionally were
administrated 4.0 3 109 CFU/rat?d of L. casei Zhang. After ad libitum exposure to the
HFS diet for 2 weeks, both M and P groups were given an intraperitoneal injection of
STZ (40 mg/kg of body weight, Sigma, USA), which was dissolved in citrate buffer
(pH 4.5). Group A rats received only the buffer.

Determination of blood glucose. Fasting (12 h) and postprandial 2 h blood glucose
levels were checked weekly by a portable Bayer’s Contour Blood Glucose Monitor
(ContourH Meter, Bayer HealthCare LLC, USA). For oral glucose tolerance test
(OGTT), rats were fasted for 12 h before being administered with an oral dose of
glucose (2 g/kg of body weight). Blood glucose levels were measured at 0, 15, 30, 60,
and 120 min after glucose administration.

Biochemical analysis. Blood was collected by cardiac puncture and rapidly
transferred into anticoagulant tubes. Plasma was obtained by centrifuging at 3000 g
for 15 min and stored at 280uC until use. Plasma cytokines including TNF-a, IFN-c,
IL-10 were respectively determined by ELISA kits (Cusabio, China), and fecal total
bile acids levels were determined by a commercial kit (Randox, UK) with enzymatic
colorimetric method. Plasma LPS level was detected by using a kit based on Limulus
amoebocyte extract (Houshiji Company, Xiamen, China).

Rat urine collection. For urine collection (1 wk after STZ injection), animals were
housed individually in metabolism cages for 12 h during the daytime, with free access
to drinking water. Urine volume and pH were recorded, and samples were stored at
270uC until analysis. Urine NH4

1 concentrations were determined by commercial
kit (Nanjing Jiancheng Bioengineering Institute, China).

Determination of chloride ion concentration. Tissues were homogenized in
distilled water with chloride ion free Teflon-glass potter Homogenates were
centrifuged, and the supernatants were collected. The chloride concentrations of the
plasma, urine or tissue homogenates were detected by a colorimetric method15.
Principally, chloride ions firstly reacted with mercuric thiocyanate and thereby
released thiocyanate ions, which then bound to ferric ions and formed the brick red
ferric thiocyanate complex, detectable at 460 nm.

Measurement of fecal bile acids by LC-MS. 100 mg frozen feces were homogenized
in methanol through ceramic beads-beating on a FastPrep H-24 sample preparation
system (MP Biomedicals, CA, USA). Cell-free supernatants were obtained after
centrifugation and filtering of the homogenates through 0.22 mm membrane.
Determination of bile acids contents including cholic acid (CA), chenodeoxycholic
acid (CDCA), deoxycholic acid (DCA) and lithocholic acid (LCA) was performed on
an ACQUITY TQD UPLC/MS system (Waters, USA) by using negative mode.
Standard solutions (1 mg/ml) were respectively prepared CA, CDCA, DCA and LCA
(Sigma-Aldrich, China). The parameters of mass spectrometry were set as follows:
capillary voltage, 3500 V; cone voltage, 30 V; ion source temperature, 120uC;
desolvation temperature, 300uC; desolvation gas flow, 600 L/h; cone gas flow, 50 L/h.
The column was C18 (Waters, 2.1 3 50 mm) and the mobile phase was acetonitrile
20.1% formic acid with a flow rate of 1 ml/min by gradient elution. The volume of
sample injection is 3 ml.

Quantification of target intestinal bacteria. Quantitative PCR (qPCR) was
performed to study the cecum microbial community as described before16. Total
bacterial DNA was extracted from the ileocecum content of animals with the QIAamp
DNA Stool Mini Kit (QIAGEN, Germany). Specific primers of Lactobacillus,
Bifidobacterium, Eubacterium rectale–Clostridium coccoides cluster, Eubacterium
rectale, Clostridium scindens, Clostridium sordellii and Clostridium cluster IV were
listed in Table S1. All qPCR were performed with an ABI Detection System (Applied
Biosystems, the Netherlands) using the qPCR SYBR Green kit in a 20 ml–30 ml
reaction volume. Fluorescence intensities were detected during the last step of each
cycle. The quantity of target bacteria was calculated according to the standard curve.

Relative gene expression. To assess mRNA expression, total RNA was isolated from
rat tissues by using Trizol reagents (TAKARA, Japan) on a FastPrep H-24 sample

preparation system at a setting of 6.0 M/s for 20 s. 500 ng of RNA was purified and
reversely transcribed with PrimeScriptH RT reagent kit (TAKARA, Japan) into
cDNA. Real-time PCR was performed on an Applied Biosystems StepOneTM System
with SYBR green reagent (TAKARA, Japan) according to the manufacturer’s
instructions. 18S rRNA was used as endogenous control to normalize the expression
level of gene. Primer sequences for various genes were listed in Table S2. All reactions
were done in a 20 ml or 30 ml reaction volume. A melt curve analysis was performed to
verify the specificity of the amplification. The results were expressed as relative values
after normalization to 18S mRNA. Data were calculated using the 22DCT method.

Western blot analysis. Tissues were homogenized in a Teflon-glass potter filled with
buffer and protease inhibitor cocktail (Cwbiotech, China). Samples were centrifuged
at 12000 3 g (15 min, 4uC) and protein levels were measured by BCA kit (Tiangen,
China). Extracted proteins were denatured, electrophoresed, and transferred to
PVDF membranes (Millipore, 0.45 mm). The membranes were then blocked in 5%
nonfat milk at room temperature before incubating with rabbit anti-GlyRa1 antibody
(151000,Abcam,UK), rabbit anti-ClC-2 antibody (15200, Santa Cruz, USA), rabbit
anti-ClC-3 antibody (15200, Santa Cruz, USA), rabbit anti-FoxA2 antibody (151000,
Cell Signaling, USA) or rabbit anti-beta actin (151000, Proteintech Group, China)
antibody overnight (4uC). After washes in TBST, membranes were incubated (1 h,
room temperature) in goat-anti-rabbit-HRP secondary antibody (152500, KPL Inc,
USA). Results were detected by Pierce ECL Plus Western Blotting Substrate (Pierce,
USA) on Kodak X- ray film.

Histological evaluation. Tissues of rats were fixed in 10% neutral formalin, followed
by dehydrating in gradient alcohol (75%, 85%, 95% and 100%) and xylene (100%).
The tissues were then embedded in paraffin and sectioned at 5 mm thickness.
Sectioned tissues were stained with hematoxylin-eosin before microscopic
assessment (Olympus, Japan).

Statistical analysis. All experimental data are shown as the mean 6 S.E.M. Multiple
groups were tested by one-way ANOVA followed by LSD test to determine which
groups were significantly different from the control group. A p value , 0.05 was
considered to be statistically significant. *, 0.01 , p , 0.05; **, 0.001 , p , 0.01; ***,
p , 0.001; n, p . 0.05.

Results
Obesity-induced pre-insulin resistance rats. No significance differ-
ence was observed in the body weight, OGTT, plasma insulin, TBA,
chloride ion, TNF-a and IL-10 levels among the three groups
(Fig. S2, p . 0.05). Two-week high fat–sucrose intake with (PB
rats) or without probiotic (HF rats) treatment induced a signifi-
cantly higher plasma IL-6 level compared to CT group (Fig. S2H,
p 5 0.0342). There was no significant difference in plasma IL-6
between PB rats and HF rats (Fig. S2H, p 5 0.169). Fig. S3 showed
preliminary fatty liver morphology in HF and PB rats.

The liver GlyRa1,CYP7A1 and ClC3 mRNA levels in PB were
greater than those in HF rats (Fig. 1A, p 5 0.013, 0.010 and 0.0001),
whereas TGR-5 mRNA levels in PB were much lower than HF
(p 5 0.020) and the ClC2, ClC4, ClC5, CD68 and F4/80 mRNA levels
of PB rats were unaffected (Fig. 1A, p . 0.05). In addition, chloride
ion concentrations of liver homogenates and GlyRa1 and ClC3 pro-
tein levels of PB group were higher than those in HF rats (Fig. 2A
and Fig. S4, p 5 0.027, 0.049 and 0.0001). As shown on Fig. 2A and
Fig. 2B, splenic chloride ion levels, GlyRa1 and ClC2 protein express-
ion were lower in CT and HF rats than those from the PB group (p 5

0.043, 0.0019 and 0.0009).
The Fig. 1B revealed a substantial downregulation of colonic ClC2,

ClC3, ClC5 and ClC7 mRNA levels in HF rats compared to CT, while
PB rats displayed a 2- to 3-fold increase in the expression of those
genes. In parallel, the chloride ion concentration and CIC2 protein of
the small intestine in PB rats were higher than that in HF group
(Fig. 2B, p 5 0.035 and 0.023).

In comparison with PB rats, a 3–4 fold decrease in cardiac CFTR
and BEST3 mRNA was observed (Fig. 1C). Moreover, there was a
significant decrease in ClC2 protein expression of HF rats (p 5
0.040), but without notable changes in CT rats (Fig. 2A and Fig.
S4). There was also a significant difference in chloride ion concen-
trations between PB and HF rats (Fig. 2B, p 5 0.026).

Statistical analysis revealed that there was an opposite effect on
renal GABAAa1 and GABAAa2 mRNA between PB and HF. Renal
ClC4, ClC5, CYP7A1, SLC26A3, SLC26A6 and GABAAa1 mRNA
levels were elevated by more than 2-fold by dietary L. casei Zhang
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supplementation in the PB group compared to HF rats (Fig. 1C). In
the muscle of HF rats, ClC1 mRNA level decreased by 3 to 5-fold
compared with CT and PB rats (Fig. 1C).

The 2 week HF diet likewise induced a 5-fold reduction in the
pancreatic FoxA2 mRNA level compared to CT, whereas the
FoxA2 mRNA level of PB rats was significantly upregulated
(Fig. 1A, p 5 0.0001). As shown in Fig. 2A and Fig. S4, pancreatic
ClC2 protein level was much lower in the PB and HF rats compared
to CT (p 5 0.0001 and 0.0055).

In hippocampus area of the brain, CT and PB rats showed more
than 2 fold increased in GABAAa1 receptor and ClC2 mRNA com-
pared to HF rats, while the GABAAa2 receptor mRNA had an oppos-
ite trend (Fig. 1B). In the prefrontal cortex area of the brain, the
chloride ion concentration of PB rats was significant lower compared
to HF rats (Fig. 2B, p 5 0.007).

Fecal CA and CDCA levels were similiar in the CT and HF groups
(p . 0.05; Table 1). But these levels were significantly higher in the
PB than HF group (p 5 0.0114 and 0.0002). Compared with HF rats,
the PB and CT rats exhibited lower fecal DCA and LCA levels (p 5

0.0057 and 0.0003, HF vs PB; p 5 0.0003 and 0.0001, HF vs CT). As a

result, the PB rats showed significantly higher total bile acid level
compared to HF rats (p 5 0.0335), while the fecal bile acids level of
CT rats was considerably lower.

More caecal Bifidobacterium and Lactobacillus were found in the
PB rats than the HF group (p 5 0.0061 and 0.0001, Fig. 3A and
Fig. 3B). In contrast, C. coccoides–E. rectale group and C. scindens
members were much higher in HF than the PB and CT rats (p 5

0.050 and 0.0001, Fig. 3C and Fig. 3D). Similar effects of E. rectale
were observed between HF and PB rats (p 5 0.0001, Fig. 3E) but not
between HF and CT rats. No significant differences in the counts
were found with Clostridium IV cluster and the genus of C. sordellii
(p . 0.05, Fig. 3F and Fig. 3G).

Short-term HFS fed rats challenged with low dose STZ. As shown
in Fig. 4A, the body weight in the control rats without STZ injection
(group A) continually increased during the whole experimental
period, while the body weight of the rats in the treatment groups,
P (probiotic plus STZ injection) and M (no probiotic but STZ
injection), the body weight decreased after the STZ injection, and
the body weight of P group rats started to increase after week 5.

Figure 1 | Effect of HFS diet and L. casei Zhang on relative expression of target genes in different organs, including (A) Liver, (B) Colon, Hippocampus
and Pancreas and (C) Renal interstitial, Cardiac and Skeletal muscle.
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Fig. 4B showed the OGTT results of three groups. One week after
STZ injection, group P rats exhibited a significantly lower blood
glucose levels at all time points compared to group M rats (p 5

0.010 (0 min), 0.006 (15 min), 0.012 (30 min), 0.004 (60 min),

0.002 (90 min) and 0.005 (120 min), respectively). Moreover, both
fasting and postprandial 2 h blood glucose level were significantly
lower in group P than group M 1 week after STZ injection (p 5 0.010
(4 w), 0.002 (5 w), 0.001 (6 w), 0.001 (7 w) and 0.004 (8 w), Fig. 4C;

Figure 2 | Effect of HFS diet and L. casei Zhang on (A) target protein levels (see Fig. S4 for further information) and (B) chloride ion concentration in
different organs.

Table 1 | Fecal composition of bile acids in rats (n 5 8 for each group). (1) 1 (2), (3) 1 (4) and (1) 1 (2) 1 (3) 1 (4) stand for primary,
secondary and total bile acids, respectively

Bile acid type CT PB HF

Cholic acid (1) 0.30 6 0.018 0.36 6 0.012# 0.24 6 0.035
Chenodeoxycholic acid (2) 0.27 6 0.015 1.33 6 0.26*# 0.28 6 0.042
Deoxycholic acid (3) 0.27 6 0.019 0.36 6 0.015# 0.57 6 0.080
Lithocholic acid (4) 0.079 6 0.0023 0.094 6 0.0024# 0.30 6 0.058
(1) 1 (2) 0.56 6 0.031 1.69 6 0.26*# 0.52 6 0.083
(3) 1 (4) 0.35 6 0.018 0.45 6 0.0080# 0.87 6 0.093
(1) 1 (2) 1 (3) 1 (4) 0.91 6 0.044 2.14 6 0.27*# 1.39 6 0.15

*represent significant difference from CT (p , 0.05) by Dunnett test.
#represent significant difference from HF (p , 0.05) by Dunnett test.
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p 5 0.028 (4 w), 0.003 (5 w), 0.008 (6 w), 0.002 (7 w) and 0.001
(8 w), Fig. 4D). As shown in Fig. 4E, round integrated pancreatic
islet and tightly arranged islet cells were found in healthy rats. Group
M rats showed a severe necrosis of islets (Fig. 1Ec), group P rats
exhibited a mild decrease of islets (Fig. 1Eb). Importantly, more
than two fold changes of liver T-BET mRNA level was observed
between A and M. L. casei significantly attenuated STZ-stimulated
T-BET mRNA levels compared with M (Fig. 4F, p 5 0.015). Changes
of liver GATA-3 mRNA levels were not significant different among
the three groups (Fig. 4G, p . 0.05).

The plasma TBA levels of L. casei Zhang-treated rats (group P)
were markedly lower than groups A and M (Fig. 5A, p 5 0.015 and
p 5 0.006, respectively). And 12 h urine chloride ion level was also
significantly lower in group P than that in groups A and M (Fig. 5B,
p 5 0.048). The iNOS activity of STZ-injection rats significantly

increased compared with normal rats (p 5 0.0008), and the probio-
tic-treated rats (group P) had a markedly lower level of iNOS activity
than the M group rats (p 5 0.001) (Fig. 5C). Fig. 5D showed that the
STZ-injection induced a significant increase in plasma LPS level (p 5

0.047), while it is maintained at a healthy level in the group P rats (p
5 0.880).

Proinflammatory cytokines (IFN-c and TNF-a) were significantly
elevated in STZ-injection groups compared with normal rats, but it
was significantly lowered in the probiotic-treated rats (p 5 0.030,
Fig. 5E; p 5 0.017, Fig. 5F). There was no significant difference in IL-
10 between P and M groups (p 5 0.723) (Fig. 5G). The pH of the
collected urine was significantly lower in group M compared to that
of groups A and P (Fig. 5H, p 5 0.048). Urine NH4

1 concentration in
group P was significantly lower than that of group A but higher than
that of group M (Fig. 5I, p 5 0.027 and 0.024).

Figure 3 | Caecal bacterial content of (A) Lactobacillus, (B) Bifidobacterium, (C) Eubacterium rectale–Clostridium coccoides cluster, (D) Eubacterium
rectale, (E) Clostridium scindens, (F) Clostridium sordellii, (G) Clostridium cluster IV. Bacterial quantities are expressed in gene copy number in A, B,
C and relative units compared to CT group.
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Discussion
The primary findings of the present study are that L. casei Zhang
ingestion markedly prevents rats from the onset and development of
glycemia in both fasting and postprandial 2 h blood glucose levels, as
well as OGTT levels. These findings are consistent with a previous
study, which showed that STZ-diabetic rats pretreated 2-week with L.
johnsonii La1 had a significant lower blood glucose level16. It is well-

established that chronic inflammation induced by gut derived endo-
toxin plays a key role in the onset and development of T2DM4. Our
result indicated that L. casei Zhang reduced the endotoxin LPS pro-
duction induced by STZ injection and downregulated iNOS level.

The immunomodulatory effect of probiotics is well-established
and they can regulate the balance of Th1 and Th2 responses through
the production of different cytokines17. In this study, L. casei Zhang

Figure 4 | The body weight (A), OGTT (B), fasting (C) and postprandial 2 h blood glucose level (D) of three groups of rats. Black triangles 5 M group;

black circles 5 P group; black squares 5 A group. (**P , 0.01 represents significant difference between groups P and M); (E)(a), (b) and (c) are

representative pancreas tissue section respectively from group A, P and M rats (31000). (F) Liver T-bet mRNA level; (G) Liver GATA-3 mRNA level. **, p

, 0.01; ns, p . 0.05.
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administration significantly inhibited the Th1 associated pro-
inflammatory cytokines (IFN-c and TNF-a) as well as Th1 immune
response related to T-bet gene mRNA level and thus remarkably
inhibited the development of T2DM in rats. We further exmined
the mechanisms participate in the Th1 immunomodulatory effect
of L. casei Zhang.

Several studies have reported that the blood lipid-reducing effect
of probiotics (including L. casei Zhang) was mainly due to fecal bile
acid elimination18,19. Our data showed that plasma bile acids level
lowered by L. casei Zhang administration exhibited a notable reduc-
tion of glycemia risk in a rat model established by HFS-diet accom-
panied with low dose STZ-injection. Thus, it is suggested that the
plasma bile acids level does not only associate with dyslipidemia but
may also be related to the risk of glycemia. Our finding is supported

by a previous metabolomic study showing the close correlation
between the change of plasma bile acids and OGTT20. Moreover,
endogenous bile acids alteration or exogenous bile acid (derivative)
administration has therapeutic potential for treating metabolic dis-
eases6. Thus, the manipulation of endogenous bile acids is a potential
target for diabetes prevention.

Fecal bacteria with bile acid 7a-DH activities are mostly members
of the genera Eubacterium and Clostridium21,22. Moreover, C. scin-
dens, C. hiranonis and C. hylemonae were found to have high 7a-DH
activity while C. sordellii, C. leptum and C. bifermentans were of low
7a-DH activity23,24. In this study, a decrease in the fecal 7a-DH bac-
teria by L. casei Zhang administration appear to restrict the conver-
sion of primary bile acids and reduce secondary bile acids production
in the intestine. Consequently, liver and renal 7 alpha-dehydroxylat-

Figure 5 | Comparison of biomarkers of control (Group A), and STZ-injected rats (Groups P, M) 1 week post injection of STZ. (A) Plasma TBA levels.

(B) Urine chloride ion levels. (C) Plasma iNOS actvities.(D) Plasma LPS levels. (E) Plasma IFN-c levels. (F) Plasma TNF-a levels. (G) Plasma IL-10 levels.

(H) pH of 12 h urine.(I) Urine NH4
1 concentrations. Samples were taken 1 week post injection of STZ. *, p , 0.05; **, p , 0.01; ***, p , 0.001; n,

p . 0.05.
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ing activity (CYP7A1) genes were significantly upregulated due to the
excessive production of primary bile acids. This is consistent with
other probiotic researches with high CYP7A1 expression25.

Previous research showed that a ‘‘bile acid–chloride exchanger’’
exists, as confirmed by the discovery of TGR5 signaling pathway
which directly contributes to both bile acid uptake and chloride
secretion26. Our data also showed the reduction of bile acid level by
L. casei Zhang could cause a significant decrease in urinary Cl2

excretion in the T2DM rats, as well as a tissue chloride influx and
down-regulation of TGR5. Our observation supports the ‘‘bile acid–
chloride exchanger’’ hypothesis.

Principally, the administration of L. casei Zhang prevents the loss
of pancreatic ClC-2 and FoxA2 expression in high-fat-sucrose fed
rats. Low pancreatic FoxA2 expression level is proven to be positively
correlated with insulin resistance and the risk of T2DM27.
Interestingly, the liver of FoxA2-deficient mice had shown high bile
acid accumulation28. In addition, it has been proposed that a high
intracellular Cl– in the b-cell of pancreas is essential to electrical
activity of b-cell membrane and insulin release29.Considering all
these, we presumed that probiotic pretreatment protects the pan-
creas in high-fat-sucrose fed rats by enhancing pancreatic ClC-2
expression and eliminating bile acids in feces through a bile acid–
chloride exchanging mechanism.

Furthermore, we speculate that L. casei Zhang exerts protective
effect on STZ challenge and reduced the release of LPS into blood via
a liver GlyRs upregulation mechanism. Incidentally, liver kupffer
cells contain a glycine gated chloride channel and glycine could
decrease LPS induced inflammatory TNF-alpha release from kupffer
cells30,31. Thus, kupffer cells may play an important role in the chlor-
ide influx induced protective effect on T2DM. Additionally, it has
been suggested that liver ClC-3 channel activation may also particip-
ate in the protective effect of L. casei Zhang since ClC-3 channel is
closely associated with the inflammatory nuclear factor (NF)-kB
signaling32. In spleen, splenic macrophages also contain a glycine
gated chloride channel and may participate in beneficial effect of L.
casei Zhang33.

In the small intestine and colon, L. casei Zhang may participate in
the maintenance of Cl2 secretion and chloride channel protein
expression. This effect may maintain the normal function of epithe-
lial tight junction barrier34. Especially, M cells containing ClC-2-ClC-
7 channels might play a role in acting as epithelial barrier35. Likewise,
probiotics such as S. boulardii and B. breve C50 also act as Cl2

secretion regulator in the intestine36,37.
In the skeletal muscle, ClC-1 has been reported to be responsible

for muscle electric excitability which is closely related to human

myotonic disorders7. Typically, most myotonic dystrophy patients
tend to comorbid with insulin resistance38. Therefore, it is worth
testing if dietary L. casei Zhang has any potential to improve muscle
excitability and prevention of myotonia.

Clinical studies have shown that cystic fibrosis (CF) is closely
related to diabetes39. Interestingly, our data indicate that CF and
diabetes shared the same pathogenic mechanism via the downregu-
lation of chloride dependent genes expression. L. casei Zhang was
shown to enhanced cardiac CFTR expression with the potential to
prevent CF. Additionally, Bestrophin-3 (Best3) upregulation might
improve microvascular perfusion and vasomotion for diabetes7.

Patients with T2D are characterized by low urine pH, significantly
lower bicarbonate level and higher NH4

1 concentration40. What is
more, SLC26A3 deficient mice tend to display a chloride-losing diar-
rhea41. Thus, elevated SLC26A3 expression by L. casei Zhang was
possibly involved in preventing STZ injected rats from lowing urine
pH and electrolyte imbalance, which in turn alleviate diarrhea. Our
result was also supported by Raheja et al who demonstrated
Lactobacillus acidophilus could upregulate SLC26A3 expression42.

Previous investigators have confirmed that urolithiasis and kidney
stones are common complicating diseases of T2D and SLC26A6
played a major constitutive role in limiting absorption of oxalate43,44.
Thus, stimulation of the SLC26A6 expression by L. casei Zhang may
reduce the risk of calcium oxalate formation.

Hypertension is known to be a T2D complication. GABA receptor
agonists are antihypertensive through inhibiting renal sympathetic
nerve activity mediated by sympathoadrenal axis45. Thus, the GABA
receptor regulatory role of L. casei Zhang in the kidney might protect
the host from hypertension. Similar studies conducted in rats showed
that L. johnsonii La1 could reduce renal sympathetic nerve activity
and enhance parasympathetic nerve activity and thereby decreased
blood pressure and glucose levels14,46.

Several animal studies suggest that an altered GI flora affects the
gut–brain axis, but the exact mechanisms are unclear47. In our study,
GI microflora possessing 7a-DH activity varied in response to L.
casei Zhang administration and had led to an opposite chloride
distribution in the prefrontal cortex and hippocampus, as compared
to HF rats. This is consistent with similar study on L. rhamnosus (JB-
1) showing that the provision of JB-1 could induce opposite changes
of GABA(A) and GABA(B) mRNA in the prefrontal cortex and hip-
pocampus48. Accumulating evidence suggests that T2D is associated
with an increased risk of Alzheimer’s disease (AD)49. Moreover, AD
brains have low levels of GABA and a loss of functional GABA(A)
receptors50. Thus, L. casei Zhang may act as a potential modulator of
chloride ionotropic GABA-A receptors in hippocampus of rats, and

Figure 6 | Proposed mechanism of L. casei Zhang-driven change in gut microflora and whole body chloride ion influx, and their probably relation with
T2DM and its comorbid medical conditions/diseases.
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aid in the prevention from AD-like symptoms. The downregulation
of GABAAa 1 and increase of GABAAa 2 were previously observed in
hippocampus of AD50.

In summary, the results reveal that there seemingly exist some
connections between the T2DM and its comorbid medical condi-
tions/diseases characterized by mild organ chloride loss (compared
to CT group, Fig. 2B), and illustrate the potential mechanisms of L.
casei Zhang in preventing from T2DM onset and development.
Interestingly, a mild organ chloride loss was consistent with a mild
microflora change in a large-scale T2DM clinic research3. The pre-
ventive effect of L. casei Zhang on T2DM may be related to the
reduced number of 7a-DH activity possessing bacteria, change in
fecal bile acids composition, bile acids-chloride ion exchange,
expression of various chloride-dependent genes and thus reduction
of inflammatory response.

Conclusion
In conclusion, L. casei Zhang may be able to improve the onset and
development of glycemia by rapidly altering gut microbiota. The
short-term response to probiotic-altered microbiota may result in
a chloride ion influx in multiple organs before chronic inflammation
occurs. Moreover, tissue chloride ion loss and related genes suppres-
sion linked T2DM pathogenesis to its comorbid medical conditions/
diseases (Fig. 6). Future studies will need to address the precise
mechanisms involved in the bile acids-chloride ion exchange.
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