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A B S T R A C T

Aims: The present study investigated if berberine might induce Zrt-Irt-like protein 14 (ZIP14) and affect zinc
redistribution to protect intestinal barrier in sepsis.
Main methods: Rodent model of sepsis was induced by cecal ligation and puncture (CLP). Plasma endotoxin was
assayed by LAL test and plasma zinc was measured by flame atomic spectrophotometer. Gut mucosal perme-
ability was determined by plasma FITC-dextran. Zinc content and ZIP14 mRNA in gut mucosa were assayed by
spectrophotometer and qRT-PCR, respectively. Tight junction integrity of Caco-2 was evaluated by transe-
pithelial electrical resistance (TEER). Tight junction (TJ) protein expression was detected by Western blotting.
Key findings: Berberine and zinc gluconate pretreatment to CLP rats improved survival rate, reduced plasma
endotoxin level, alleviated hypozincemia, increased zinc accumulation and ZIP14 mRNA expression in the in-
testinal mucosa. Berberine and zinc gluconate pretreatment decreased CLP-elicited intestinal hyperpermeability
to FITC-dextran. These effects of berberine in vivo were abolished by AG1024. In vitro, lipopolysaccharide (LPS)
repressed zinc transfer into Caco-2 cells exposed to zinc gluconate. Berberine and IGF-I treatment increased
ZIP14 protein expression and promoted zinc transfer into Caco-2 cells exposed to zinc gluconate plus LPS.
Berberine treatment induced TJ protein (claudin-1 and occludin) and raised TEER in LPS-treated Caco-2 cells.
These effects of berberine in vitro were partially inhibited by ZIP14 siRNA.
Significance: The present study reveals that berberine induces ZIP14 expression and affects zinc re- distribution
to protect intestinal barrier in sepsis, which is partially linked with the activation of IGF-I signaling.

1. Introduction

The intestine is inhabited by a great number of microorganisms
strictly prohibited from accessing to blood circulation. Physiologically,
intestinal mucosal integrity contributes to homeostasis [1]. Pathologi-
cally, the harmful factors (e.g., severe burn, sepsis) dismantle intestinal
mucosa and facilitate to bacterial translocation and toxin dissemina-
tion. Thus, the intestine is deemed as the ‘motor’ of sepsis and multiple
organ failure [2].

Zinc primally functions as a cofactor for enzymes or a structural
element for proteins. One important action of zinc is to modulate in-
flammatory as well as immune response. Zinc loss, malabsorption and
redistribution in sepsis leads to zinc dyshomeostasis [3–5], as well as
compromised immunity and gut barrier dysfunction [6,7]. It is well
known that IGF-I plays an important role in the maintenance of in-
testinal barrier function [8,9]. Zinc deficiency in turn depresses the
expression of IGF-I [10,11].

Zrt-Irt-like protein (ZIP) family consists of 14 members to control
zinc uptake/transfer into cytoplasm. Among these, ZIP14 is particularly
important for zinc homoeostasis in the gut [5,12]. ZIP14 is localized to
the basolateral membrane of intestinal epithelial cells. Deletion of
ZIP14 promotes the paracellular movement of bacteria and toxins into
blood via the inhibition of TJ protein (e.g., claudin-1, claudin-3, oc-
cludin) expression as well as occludin phosphorylation [5,13]. LPS
exerts a strong inhibition on ZIP14 expression in the gut [5]. Thus,
ZIP14 is deemed as a potential target for gut mucosal barrier [5,14].

Berberine presents in several plant species including the Coptis sp.
and Berberis sp. Berberine is widely used to treat infectious diarrhea,
gastroenteritis, diabetus and other inflammatory diseases [15]. Ber-
berine has the capability to suppress proinflammatory cytokines (e.g.,
TNF-α, IL-6, IL-1β) production and enzymes (e.g, myeloperoxidase,
COX-2) expression. Berberine also induces mucins and TJ protein pro-
duction to enhance intestinal mucosal barrier [16–18]. Importantly,
berberine has recently been reported to induce IGF-I expression to
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protect intestinal mucosa [8].
Cecal ligation and puncture in rodents has become the most widely

used and the gold standard model for polymicrobial sepsis to study
underlying mechanisms of sepsis [19]. Zinc gluconate is used to probe
the significance of zinc in inflammatory response and sepsis [20].
AG1024, an inhibitor of IGFeIR, is used to block IGF-I signaling. So, in
this present study we investigated whether berberine might elicit ZIP14
expression and affect zinc redistribution in the intestine via the acti-
vation of IGF-I pathway in sepsis.

2. Materials and methods

2.1. Animal experiments

2.1.1. Experimental animal and grouping
The male Wistar rats (270–310 g) were obtained from the

Laboratory Animal Center of Nanjing Medical University, Jiangsu
Province, China. They were housed at a controlled temperature with
free access to food and water under a day/night cycle. Rats were ac-
climatized for one week prior to experiment and randomly assigned
into sham (n=10/group) and four experimental groups (n=15/
group): (I) CLP; (II) zinc gluconate plus CLP; (III) berberine plus CLP;
(IV) berberine plus AG1024 plus CLP. All animal experiments complied
with ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines.

2.1.2. Pretreatment with zinc gluconate, berberine and AG1024
Zinc gluconate, berberine, and AG1024 were obtained from Sigma-

Aldrich Corp. USA. These reagents were pretreated as previously de-
scribed [8,21]. Zinc gluconate (2mg/kg/day) was given via i.p. injec-
tion for 5 days prior to sepsis induction. Berberine (50mg/kg/day,
gavage) and AG1024 (3mg/kg/day, i.p. injection) were also given for
5 days before sepsis induction. Rats in sham group were administered
an equal volume of saline.

2.1.3. Induction of sepsis by cecal ligation and puncture (CLP)
The model of polymicrobial sepsis was induced by CLP [19]. In

brief, anesthesia was induced by i.p. injection of ketamine (80mg/kg)
and xylazine (10mg/kg). A 3-cm midline abdominal incision was made,
cecum was isolated and feces were pushed to distal cecum. The medium
ligation was done with a surgical spool suture and cecum was then
carried out a “through-and-through” puncture once with an 18-G
needle. In sham rats, no manipulation was done before the closure of
abdominal wall. Rats were sacrificed 48 h after operation.

2.1.4. Blood endotoxin determination
Blood samples drawn from vein at indicated time points were cen-

trifuged at 6000×g for 5min at 4 °C. Plasma samples were then diluted
1:10 with sterile water, mixed by vortex, placed in a 75 °C water bath
for 10min, cooled at room temperature for 10min. Plasma endotoxin
was assayed by limulus ameobocyte lysate kits (MP Biomedicals, USA)
according to guideline. Standards and samples were incubated with LAL
for 10min, then with colorimetric substrate for 6min at 37 °C. The
absorbance at 405 nm was read. The concentration of plasma endo-
toxin was expressed as EU/ml.

2.1.5. Intestinal mucosal permeability measurement
Intestinal mucosal permeability was measured according to pre-

vious literatures [5]. In brief, rats were fasted overnight and FITC-
dextran 4000 (Sigma-Aldrich, USA) was administered by gavage
(0.4 mg/g) 1 h prior to sacrifice. FITC-dextran in plasma samples was
measured by spectrofluorometry at Ex/Em 488/520 nm and calculated
from a standard curve. The data were normalized to body weight and
expressed as ng/ml/g.

2.1.6. Plasma zinc concentration measurement
Plasma samples were diluted 5 times in 0.1M hydrochloric acid.

The concentration of plasma zinc was assayed by flame atomic ab-
sorption spectrophotometer as previously described [21].

2.1.7. Intestinal mucosal zinc concentration measurement
Proximal jejunums were removed and rinsed with saline. Mucosal

tissues were scraped with a glass slide on ice and collected in the
Cryogenic vials and rapidly frozen in liquid nitrogen. The specimens
then were stored at −80 °C prior to experiment. Wet mucosal scrapings
were dried with a surgical gauze pad, sealed in a WHIRL-PAK bag, and
then put into an 18-ml centrifuge tube. After 16-h lyophilization, dry
tissue was weighed and digested in 3ml of nitric acid overnight and
then digested in a boiling water bath for 5 h the next day. After cooling,
the remainder in the centrifuge tube was transferred to a 10-ml poly-
styrene test tube and was diluted up to 10ml with double distilled
water (DDW). 1ml of this solution was diluted up to 10ml with DDW.
Mucosal zinc content was assayed by a spectrophotometer by compar-
ison of the absorbance value to the standard curve and was expressed as
μg/g dry tissue weight [22].

2.1.8. Quantification of mucosal ZIP14 mRNA expression
ZIP14 mRNA abundance in the intestinal mucosa was assayed by

quantitative real-time PCR (qRT-PCR). Total RNA from mucosal tissues
was extracted by using Trizol reagent (Invitrogen) according to guide-
line. RNA samples were treated with 10 U RNAse-free DNAse I
(Promega Corporation), and 1 μg RNA was reverse transcribed into
cDNA with 2.5 pmol oligo(dT)18 primer and 5 U avian myeloblastosis
virus reverse transcriptase XL (TaKaRa) in 25 μl reaction mixture at
42 °C for 40min. The mRNA content was quantified by a Thermal
Cycler Dice Real Time System. The forward and reverse primers for
ZIP14 were 5′-AAGGAAAATGAGCAGACAGAGG-3′ and 5′-AGAAAAGG
TAGAAACCCCCAAA-3′, respectively; and primers for GAPDH were
5′-GGCTCTCTGCTCCTCCCTGTTCTAG-3′ and 5′-CGTCCGATACGGCCA
AATCCGT-3′, respectively. A SYBR Premix Ex Taq kit was used in this
study.

2.2. Cell experiment

2.2.1. Cell culture and treatment
Caco-2, a human colorectal adenocarcinoma cell line, was widely

used as a model of intestinal epithelial barrier [23]. Cells from Cell
Culture Unit of Shanghai Science Academy, China, were used between
passage 34 and 50. Cells were grown in DMEM with 10% FBS and 1%
NEAA and incubated in an atmosphere with 5% CO2 at 37 °C. Medium
was refreshed every 3 days. All experiments were done on day 13–14
postseeding using fully differentiated cells [13].

2.2.2. Gene silencing by transfection of siRNA
The siRNAs for human ZIP14 gene and negative siRNA were pur-

chased from Dharmacon (Thermo Scientific). The method for silencing
ZIP14 gene has been described previously [24]. Briefly, 6 μl of Lipo-
fectamine RNAiMAX (Invitrogen) and 100 pmol of RNAi duplex were
mixed in 600 μl of Opti-MEM (Invitrogen) and added into each well of a
6-well plate. To confirm the efficiency of knockdown, ZIP14 protein
were assayed by Western blotting according to [24].

2.2.3. Intracellular zinc measurement
Intracellular zinc was assayed by ZnAF-2DA, a cell-permeant dye

with the high specificity to Zn2+. After different treatments Caco-2 cells
were incubated with 10 μM ZnAF-2DA (Sigma- Aldrich, USA) for
30min before zinc assay. ZnAF-2DA fluorescence intensity was mon-
itored at an emission wavelength of 535 nm and by the excitation wa-
velength at 485 nm [13]. The Zn2+ content was expressed as relative
values against control monolayers.
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2.2.4. Caco-2 monolayer barrier function analysis
Tight junction integrity was evaluated by measurement of transe-

pithelial electrical resistance (TEER) in Caco-2 monolayers in Transwell
filter supports with a Millicell-ERS voltohmmeter (Millipore). TEER
value was recorded every 12 h (0, 12, 24, 36, 48, 60, 72 h points) after
subtracting the resistance value of Transwell filters. The results of TEER
are expressed as a percentage of initial value/baseline [7,13].

2.2.5. Determination of TJ proteins by Western blotting
TJ proteins in the cell monolayers were measured as described

previously. Total protein was harvested from cells in each well using
100 μL of ice-cold lysis buffer supplemented with a protease inhibitor
and phosphatase inhibitor. A bicinchoninic acid assay (BCA) protein
assay kit was used to quantify protein content. Protein samples were
separated by SDS-PAGE and then transferred to a PVDF membrane,
which was blocked with 5% skim milk in TBS containing 0.05% Tween-
20. The membrane was incubated with primary antibodies ZIP14
(1:1000), claudin-1 (1:1000), or occludin (1:1000) (Santa-Cruz, USA)
overnight at 4 °C and incubated with secondary antibodies for 2-h at
37 °C. The gel bands were photographed and quantified with ChemiDoc
XRS system. The target protein/beta-actin ratio was used to represent
the relative expression of target protein.

2.3. Statistical analysis

The results are expressed as mean ± standard deviation. After
analysis of homogeneity, the data of variance homogeneity or hetero-
geneity was tested by One-way ANOVA or Welch analysis. The LSD or
Dunnett T3 test was used to determine the difference of means among
different groups. Kaplan-Meier analysis was used for survival curves.
P < 0.05 was considered statistically significant. Statistical analyses
were done with the SPSS 19.0 statistical software package (SPSS Inc.,
Chicago, USA).

3. Results

3.1. Berberine and zinc gluconate improved while AG1024 reduced survival
rates of septic rats

Survival rate is a sensitive index of different severity grades of sepsis
induced by CLP [19]. In this study, we constructed a model of mid-
grade sepsis. The alteration of survival rate was shown in Fig. 1. All rats
in sham group were alive at postoperative 48 h, but in CLP group only 7
rats survived (survival rate of 46.7%). In zinc gluconate and berberine
pre-treatment group 10 and 12 rats survived, corresponding to the
survival rate of 66.7% and 80%, respectively. In CLP plus berberine
plus AG1024 group, 9 rats survived and the survival rate dropped up to
60%.

3.2. Berberine and zinc gluconate reduced while AG1024 increased plasma
endo-toxin levels of septic rats

CLP-induced sepsis leads to intestinal endotoxin accessing to blood
[19]. The results of plasma endotoxin levels were shown in Fig. 2A. In
sham rats, endotoxin was detectable but at very low levels at indicated
time points (0, 12, 24, 36, 48 h). CLP induced a rapid increase in plasma
endotoxin levels (0.07 ± 0.03, 0.82 ± 0.12, 1.40 ± 0.18,
1.78 ± 0.25, 1.98 ± 0.36 EU/ml, respectively). Zinc gluconate pre-
treatment to CLP rats lowered endotoxin levels (0.07 ± 0.04,
0.65 ± 0.13, 1.09 ± 0.22, 1.28 ± 0.24, 1.49 ± 0.27 EU/ml, re-
spectively). Berberine pretreatment to CLP rats also reduced endotoxin
levels (0.08 ± 0.04, 0.63 ± 0.16, 1.03 ± 0.21, 1.22 ± 0.24,
1.37 ± 0.26 EU/ml, respectively). AG1024 pretreatment abolished the
effect of berberine on plasma endotoxin (0.08 ± 0.03, 0.76 ± 0.13,
1.19 ± 0.17, 1.43 ± 0.25, 1.67 ± 0.33 EU/ml, respectively).

3.3. Berberine and zinc gluconate increased while AG1024 reduced plasma
zinc levels of septic rats

Sepsis and systemic inflammation may induce hypozincemia [3].
The findings of plasma zinc levels were shown in Fig. 2B. In sham group
plasma Zn2+ levels did not significantly shift. In CLP group Zn2+

concentration in plasma reduced in a time-dependent manner. Zinc
gluconate and berberine pretreatment improved CLP-elicited hypo-
zincemia, while AG1024 pretreatment abolished the action of ber-
berine. Surprisingly, we found plasma Zn2+ level in all experimental
groups rapidly declined in postoperative 24 h but slowly elevated in
24–48 h.

3.4. Berberine and zinc gluconate reduced while AG1024 increased
intestinal mucosal permeability of septic rats

Zinc dyshomeostasis damages intestinal mucosal integrity leading to
hyperpermeabity [6]. The levels of plasma FITC-dextran, a parameter to
indicate a defect in intestinal mucosal permeability [5], were shown in
Fig. 3A. FITC-dextran concentration in CLP-treated rats was more than
3-fold to that in sham rats (76.26 ± 11.16 vs. 24.08 ± 4.05 ng/ml/g).
Zinc gluconate and berberine pretreatment reduced CLP-increased
FITC-dextran in plasma (57.00 ± 9.35 and 54.25 ± 5.53 ng/ml/g,
respectively). AG1024 pretreatment abrogated the effect of berberine
giving rise to intestinal mucosal hyperpermeability to FITC-dextran
(65.92 ± 9.10 ng/ml/g).

3.5. Berberine and zinc gluconate increased while AG1024 reduced Zn2+

accumulation in the intestinal mucosa of septic rats

Sepsis and systemic inflammation may induce zinc redistribution in
different organs and tissues [5]. The results of Zn2+ accumulation in
the intestinal mucosa was shown in Fig. 3B. Zn2+ accumulation in CLP
group was lower than that in sham group (14.62 ± 2.38 vs.
28.05 ± 2.65 μg/g). Intraperitoneal injection of zinc gluconate to CLP
rats increased Zn2+ accumulation in gut mucosa (19.37 ± 2.27 μg/g).

Fig. 1. The change of survival rate in postoperative 48 h in rats subjected to
sham, CLP, CLP plus zinc gluconate (CLP+ zinc), CLP plus berberine
(CLP+Ber), and CLP plus berberine plus AG1024 (CLP+Ber+AG), respec-
tively.
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Gavage of berberine to CLP rats also increased the accumulation of
Zn2+ in the intestinal mucosa (22.50 ± 2.51 μg/g). AG1024 pretreat-
ment reduced berberine-induced Zn2+ accumulation
(17.54 ± 2.58 μg/g).

3.6. Berberine, zinc gluconate and IGF-I increased intracellular zinc content
in LPS-treated Caco-2 cells

Endotoxin may compromise zinc transport system [5]. As shown in
Fig. 4, in comparison to saline, LPS did not significantly affect ZnAF-
2DA fluorescence density in Caco-2 cells. Supplementation with zinc
gluconate to Caco-2 cells elevated intracellular ZnAF-2DA density,
suggesting Zn2+ was transferred into Caco-2 cells. However, cotreat-
ment with zinc gluconate and LPS led to a marked reduction of in-
tracellular ZnAF-2DA fluorescence density, indicating LPS disrupted
Zn2+ transport system. In Caco-2 cells cotreated with zinc gluconate
and LPS, provision with IGF-I or berberine markedly raised intracellular
ZnAF-2DA fluorescence density, indicative of an improvement of zinc
transport system.

3.7. Berberine and zinc gluconate increased while ZIP14 siRNA reduced
TEER of Caco-2 cells exposed to LPS

TEER is a parameter of tight junction barrier function. The results of
TEER of Caco-2 cells exposed to different treatments were demon-
strated in Table 1 and the percentage from initial baseline were shown
in Fig. 5. TEER did not notably alter in saline-treated Caco-2 cells at
indicated time points. Conversely, LPS stimulus rapidly decreased TEER
in a time-dependent manner, indicative of an impairment of TJ barrier
function. Zinc gluconate and berberine treatment increased TEER in
Caco-2 cells with exposure to LPS. ZIP14 siRNA abolished the effect of
berberine giving rise to a reduction of TEER.

3.8. Berberine increased ZIP14 mRNA and protein expression in gut mucosa
and Caco-2 cells in part via IGF-I pathway

The expressions of ZIP14 in gut mucosa and in Caco-2 cells were
assayed, respectively. As indicated in Fig. 6, mucosal ZIP14 mRNA
abundance in sham rats was higher than that in CLP rats. Berberine
pretreatment increased ZIP14 mRNA production in CLP rats, suggesting

Fig. 2. The alteration of plasma endotoxin (A) and plasma zinc (B) level in postoperative 48 h in rats subjected to sham, CLP, CLP plus zinc gluconate, CLP plus
berberine, and CLP plus berberine plus AG1024, respectively.

Fig. 3. The concentration of plasma FITC-dextran
(A) and mucosal zinc (B) at postoperative 48 h in rats
subjected to sham, CLP, CLP plus zinc gluconate, CLP
plus berberine, and CLP plus berberine plus AG1024,
respectively. The columns show means± SD.
##P < 0.01 vs. sham; **P < 0.01 vs. CLP; &&

P < 0.01 vs. CLP+Ber, respectively.
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berberine alleviated LPS-inhibited Zip14 gene transcription. However,
this action of berberine was abolished by AG1024. In vitro (Fig. 7),
ZIP14 siRNA and LPS were found to reduce ZIP14 protein expression in
Caco-2 cells. In contrast, IGF-I and berberine increased LPS-down-
regulated in ZIP14 protein generation.

3.9. Berberine increased while ZIP14 siRNA reduced claudin-1 and
occludin expression in Caco-2 cells

Intestinal mucosal hyperpermeability is related to decreased TJ
protein expression. In Fig. 8, LPS significantly repressed claudin-1 and
occludin protein synthesis in Caco-2 cells. Berberine treatment upre-
gulated LPS-decreased claudin-1 and occludin generation. Cotreatment
with ZIP14 siRNA and berberine caused a downregulation of TJ pro-
teins, suggesting ZIP14-zinc axis was involved in berberine-induced TJ
protein expression.

4. Discussion

Zinc, the second most prevalent trace element in the body, partici-
pates in modulating host innate and adaptive immune response [3,25].
Alterated level of zinc in tissues might serve as one part of host's defense
mechanism against pathogens. Besides, zinc is actively involved in
regulating systemic inflammation [14]. In sepsis, however, zinc defi-
ciency is prevalent [3] and one of the mechanisms is sepsis elicits zinc

redistribution including zinc accumulation in the metabolically and
immunologically active organs such as the liver and lymphatic nodes
[3,26]. Zinc deficiency contributes to proinflammatory reaction of
sepsis [14] because zinc is a component of pathogen-eliminating signal
transduction pathways causing neutrophil extracellular traps forma-
tion, as well as inducing cell-mediated immunity over humoral im-
munity via the regulation of specific differentiation factors. Thus, zinc
deficiency damages host tissue, increases organ damage and mortality
[25,27]. In a model of endotoxemia, zinc is deficient in the gut [5],
which plays a role in bacterial translocation and toxin dissemination
[25]. Zinc supplementation reduces the severity of sepsis [27,28].
Therefore, the modulatin of zinc redistribution in the body might serve
as a potential therapy target for sepsis [14].

Zinc deficiency inhibits the gene expression of IGF-I [10,29]. IGF-I
immunoreactivities is moderate in enterocytes. IGF-I and IGFeIR are
primarily localized on the surface of enterocytes [30,31]. IGF-I is po-
sitively involved in the maintenance of intestinal mucosal barrier
[32,33]. Recently, berberine has been reported to stimulate enterocyte
to express IGF-I [8]. So, we in this study speculated berberine might
influence zinc redistribution to protect intestinal mucosal barrier via
the activation of the IGF-I signaling during sepsis.

It is reported that repeated i.p. injections of 4mg/kg/day zinc glu-
conate to adult rats causes clinical adverse effects in a few days. In

Fig. 4. The ZnAF-2DA fluorescence density in Caco-2 cells treated with saline,
500 ng/ml LPS (Escherichia coli O111:B4), 100 μM zinc gluconate, 100 μM zinc
gluconate plus 500 ng/ml LPS (zinc+ LPS), 100 μM zinc gluconate plus
500 ng/ml LPS plus 200 ng/ml IGF-I (zinc+ LPS+ IGF-I), 100 μM zinc gluco-
nate plus 500 ng/ml LPS plus 20 μM berberine (zinc+ LPS+ ber), respectively.
Columns show means± SD. ##P < 0.01 vs. control; **P < 0.01 vs. zinc; &&

P < 0.01 vs. zinc+ LPS, respectively.

Table 1
Measurement of TEER of Caco-2 cells with different treatments.

Group TEER (Ω·cm2)

0 h 12 h 24 h 36 h 48 h 60 h 72 h

I 833.79 ± 31.15 838.67 ± 34.16 844.91 ± 33.46 851.27 ± 33.50 855.79 ± 33.54 860.19 ± 35.15 866.40 ± 33.16
II 837.07 ± 33.86 744.57 ± 31.01 664.05 ± 28.62 590.32 ± 31.10 527.80 ± 27.75 470.40 ± 28.70 420.19 ± 26.27
III 839.14 ± 38.54 790.15 ± 31.71 740.56 ± 27.65 690.32 ± 24.88 645.62 ± 26.69 605.34 ± 23.26 567.57 ± 25.93
IV 836.44 ± 36.54 793.16 ± 34.90 746.42 ± 28.69 700.49 ± 28.15 660.30 ± 27.60 620.61 ± 27.95 580.34 ± 24.55
V 835.78 ± 29.90 745.33 ± 33.70 670.00 ± 27.65 615.69 ± 25.18 565.70 ± 26.80 520.81 ± 25.31 488.64 ± 22.62

Note: I: saline; II: LPS; III: LPS plus zinc gluconate; IV: LPS plus berberine hydrochloride; V: LPS plus berberine hydrochloride plus ZIP14 siRNA.

Fig. 5. The alteration of TEER of Caco-2 cells treated with saline, 500 ng/ml
LPS, 500 ng/ml LPS plus 100 μM zinc gluconate, 500 ng/ml LPS plus 20 μM
berberine, and 500 ng/ml LPS plus 20 μM berberine plus 100 pmol ZIP14 siRNA
(LPS+ ber+ ZIPsiRNA), respectively.
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contrast, no serious adverse effects in one week are observed in rats
injected with 1 or 2mg/kg/day of zinc gluconate [21]. So, in this ex-
periment zinc gluconate was i.p. injected at the dose of 2mg/kg/day.
As expected, CLP induced mid-grade sepsis, as demonstrated by the
marked reduction of survival rate, in consistent with previous findings
[19]. Zinc gluconate pretreatment to CLP rats notably increased sur-
vival rate and potential mechanism is that zinc supplementation im-
proves bacterial clearance [34]. Cotreatment with AG1024 and ber-
berine lowered survival rate of septic CLP rats, indicating IGF-I
signaling is activated by berberine [8]. Therefore, IGF-I contributing to
bacterial clearance [35] is likely associated with zinc redistribution.

Intestinal mucosal disruption means mucosal hyperpermeability to
enteric endotoxin. Our model of mid-grade sepsis induced gut hy-
perpermeability, as shown by increased plasma endotoxin concentra-
tion. Pretreatment with berberine or zinc gluconate to CLP rats reduced
plasma endotoxin level in line with previous studies [27,36], indicative
of the reduction of intestinal mucosal permeability and the possible

mechanism is berberine and zinc increase epithelial tight junction
barrier [37,38]. In contrast, AG1024 pre- treatment abrogated the effect
of berberine on gut permeability, indicating this alkaloid decreases gut
hyperpermeability in part via the activation of the IGF-I signaling.

In order to further confirm intestinal barrier dysfunction caused by
CLP, we detected gut mucosal permeability to FITC-dextran [5]. The
findings showed plasma FITC-dextran level in CLP rats was much
higher than that in sham matches in consistent with previous studies
[39]. Pretreatment with zinc gluconate or berberine to CLP rats reduced
intestinal mucosal permeability to FITC-dextran. Cotreatment with
berberine and AG1024 resulted in the increase in plasma FITC-dextran.
In other words, IGF-I is involved in berberine-mediated intestinal bar-
rier protection.

An internal redistribution of zinc can be induced by LPS and other
inflammatory cytokines (e.g., TNFα, IL-6, IL-1β). For instance, in sepsis
zinc accumulates in the lung, kidney and liver [40], while decreases in
the plasma and gut [3,5]. Our study showed a transient zinc redis-
tribution in the body, as demonstrated by the phenomenon that zinc
level in plasma rapidly reduced in postoperative 24 h and then slowly
increased in post-operative 24–48 h [5,41]. Berberine pretreatment also
exerts a regulatory action on zinc redistribution in sepsis leading to
raised plasma zinc content and zinc accumulation in the gut, but the
effect of berberine on zinc redistribution could be abolished by
AG1024. In vitro, LPS reduced Zn2+ transfer into Caco-2 exposed to
zinc gluconate, while IGF-I and berberine facilitated to Zn2+ transfer
into Caco-2. These in vivo and vitro studies indicated berberine affected
zinc redistribution partially via activation of IGF-I signaling.

ZIP14 is actively involved in endosomal trafficking of zinc and
hence is deemed as a target for sepsis therapy [14]. In sepsis, the re-
duction of ZIP14 expression in the gut is fully opposite from the in-
crease in ZIP14 generation in the liver [5]. This phenomenon strongly
hints different mechanisms by which to modulate ZIP14 in varied tis-
sues and organs. We in vivo showed sepsis repressed ZIP14 mRNA
production while berberine upregulated ZIP14 mRNA expression in the
gut mucosa. AG1024 abolished the induction of berberine. In vitro, IGF-
I and berberine also exhibit an inducible effect on ZIP14 protein
synthesis in LPS-treated Caco-2. Some transcription factors such as AP-
1, ATF4 and ATF6α are involved in modulating ZIP14 expression [12],
while IGF-I influences the expressions of them [42,43].

Claudin-1, claudin-3, ZO-1 and occludin participate in the main-
tenance of intestinal mucosal integrity [5,6,13]. Studies have suggested
zinc and berberine induce TJ protein production [8,13]. Our findings
showed LPS strongly inhibited claudin-1 and occludin expression. In
LPS-treated Cac-2 cells, berberine treatment upregulated claudin-1 and
occludin. The upregulatory effect of berberine on TJ protein production

Fig. 6. The expression of Zip14mRNA in mucosa of rats subjected to sham, CLP,
CLP plus berberine, and CLP plus berberine plus AG1024, respectively. Columns
show means± SD. ##P < 0.01 vs. sham; **P < 0.01 vs. CLP; $$P < 0.01 vs.
CLP+Ber, respectively.

Fig. 7. The expression of ZIP14 protein in Caco-2 cells treated with saline, 100 pmol ZIP14 siRNA, 500 ng/ml LPS, 500 ng/ml LPS plus 200 ng/ml IGF-I, and 500 ng/
ml LPS plus 20 μM berberine, respectively. Columns show means± SD. ##P < 0.01 vs. saline or LPS; **P < 0.01 vs. LPS, respectively.
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was abolished by ZIP14 siRNA. Meanwhile, berberine-raised TEER, an
important parameter of TJ integrity, was also decreased by ZIP14
siRNA. Accordingly, berberine activated ZIP14-zinc axis to increase
intestinal tight junction structure.

Several animal models have shown supplemental zinc reduces se-
verity of sepsis [14,27]. In neonate patients with sepsis, some trials
show a beneficial effect of zinc in the form of a lower mortality rate and
a better neurological development [44–46]. However, it was also re-
ported zinc supplementation did not lead to any significant differences
between zinc group and control group [47] or even showed a higher
temperature to patient during acute phase response [48]. So, more
clinical trials are needed to explore proper time and dose of zinc or
berberine supplementation to patients who are in a state of sepsis.

5. Conclusions

The present data indicate in sepsis berberine may ameliorate hy-
pozincemia and induce ZIP14 expression and then affect zinc redis-
tribution in the intestinal mucosa to protect gut barrier in part via the
activation of the IGF-I pathway (Fig. 9).
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