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Abstract

Klebsiella pneumoniae (KP) is the most common pathogen of pyogenic liver abscess in

East and Southeast Asia and diabetes mellitus (DM) is a major risk factor. The effect and

mechanism of diabetes on KP liver abscess was examined in streptozotocin-induced dia-

betic mice and Akita mice (C57BL/6J-Ins2Akita). KP translocation to liver and plasma alaine

transaminase levels were increased and liver clearance of KP was decreased in DM mice.

Diabetic mice exhibited overgrowth of Enterococcus as well as E.coli and decreased lacto-

bacilli/bifidas growth in intestine, increased intestinal iNOS protein and nitrite levels in portal

vein, and increased IL-1β and TNF-α expression of Kupffer cells. Fructooligosaccharides

(FOS) or dead L. salivarius (dLac) supplementation reversed diabetes-induced enteric dys-

biosis, NO levels in portal vein, and KP translocation to liver. L-NAME treatment decreased

intestinal iNOS protein expression as well as Kupffer cell activation and increased liver

clearance of KP in DM mice. Dead E.coli (2×108 CFU/ml) feeding for one week induced

iNOS and TLR4 expression of intestine in germ-free (GF) mice. Dead bacteria feeding

induced IL-1β and TNF-α expression of Kupffer cells in GF mice but not in GF TLR4-/- mice.

In conclusion, balance of intestinal microflora is important for preventing intestinal iNOS

expression, Kupffer cell activation, and KP liver translocation in diabetes. Reversal of diabe-

tes-induced enteric dysbiosis with FOS or dead L. salivarius decreases diabetes-induced

intestinal iNOS expression and KP liver translocation. Diabetes induces Kupffer cell activa-

tion and KP liver translocation through enteric dysbiosis and nitric oxide production.

Introduction

K. pneumoniae is a Gram-negative, non-motile, encapsulated, lactose fermenting, facultative

anaerobic, rod shaped bacterium found in the normal flora of the mouth, skin, and intestine
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[1]. In western countries, pyogenic liver abscess is usually a polymicrobial infection caused by

Escherichia coli (E. coli), streptococci, and anaerobic bacteria. However, over the past two

decades in East and Southern Asia, K. pneumoniae is the main etiological agent [2]. Moreover,

DM is the most common underlying condition, with a prevalence ranging from 45% to 75% in

patients with Klebsiella pneumoniae liver abscess [1]. Previous studies in Taiwan, Singapore

and Korea found a high prevalence of the capsular polysaccharides (CPS) K antigen serotypes

K1 (54.5–63.4%) and K2 (5–21.2%) of K. pneumoniae in pyogenic liver abscess isolates [3].

However, there is limited knowledge regarding the pathological mechanisms of how this bac-

terium infects the liver in diabetic patients.

Alterations of intestinal microbiota seem to play an important role in induction and pro-

gression of liver damage [4]. Gut flora alterations consist of overgrowth and release in the cir-

culation of bacterial endotoxins (e.g., bacterial lipopolysaccharide (LPS), peptidoglycan,

lipoproteins, and various lipopeptides). TLRs, acting as pathogen sensors, contribute to adap-

tive immune response and regulation of inflammation and represent a link between intestinal

flora changes, endotoxemia, and liver damage [5]. Several studies, in experiment alcohol-

induced liver disease, postulated that LPS binds to hepatic Kupffer cells via TLR4 with result-

ing induction of TNF-α to induce hepatocyte damage [6]. Previously, we have demonstrated a

significant 3.5-fold increase of plasma endotoxin levels of the portal vein in diabetes mice [7].

Different mouse models revealed that inflammasome-deficiency-associated changes in the

configuration of the gut microbiota are associated with exacerbated hepatic steatosis and

inflammation through influx of TLR4 and TLR9 agonists into the portal circulation, leading to

enhanced hepatic tumor-necrosis factor (TNF-α) expression that develop chronic hepatic

inflammation, non-alcoholic steatohepatitis (NASH) [8]. A recent study of NASH showed that

the production of IL-1β by Kupffer cells induced by TLR9 signaling results in hepatic steatosis,

inflammation, and fibrosis [9]. However, the involvement of IL-1β and TNF-α of Kupffer cells

in diabetes-enhanced liver abscess has not been clarified.

Prebiotics are non-digestible short-chain oligosaccharides which enter colon and are fer-

mented to change the GI environment (acid pH and increased shot-chain fatty acid) to selec-

tively stimulate the growth of certain commensal bacteria such as bifidocateria and

lactobacillus [10]. Effects of prebiotic and probiotic supplementation on K. pneumoniae-

induced liver abscess have not been well studied.

At normal levels, nitric oxide (NO) is a key mediator of intestinal cell and barrier function

[11]. When NO is present in excess, however, the result is barrier dysfunction [12]. Another

recent study reported that iNOS inhibitors can protect the liver against the injurious effects of

chronic alcohol and iNOS may be a useful target for prevention of alcoholic liver disease [13].

Intestinal dysbiosis and BT are common in patients with advanced liver disease, and there are

strong evidences that the translocation of bacteria and their products across the epithelial bar-

rier drives experimental liver disease progression [14]. Furthermore, intestinal NO has been

shown to function as an inducer for the interorgan immune communication between gut and

liver, but it remains unknown whether intestinal NO also directly manipulates hepatic innate

immune system to trigger release of cytokines by Kupffer cells which result in trapping of bac-

teria in liver. Thus, the aims of this study were to examine the mechanisms of diabetes-induced

Klebsiella pneumoniae liver abscess. Also, the correlation between the changes of intestinal

microbiome and progression of liver injury as well as inflammatory cytokines of the Kupffer

cells in diabetic mice were assessed. Finally, possible therapeutic interventions to decrease

Kupffer cells activation and Klebsiella pneumoniae liver translocation in diabetic mice were

evaluated.

Inhibition of NO production decreases Kupffer cell activation in DM
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Materials and methods

Animals and treatments

Specific pathogen-free (SPF) (total n = 360) and germ-free C57BL/6J (wild-type, WT) mice

(total n = 90) weighing between 18 g and 25 g were purchased from the National Laboratory

Breeding and Research Center (NLBRC, Taipei, Taiwan). Ins2-Akita (Ins2Akita mutation

mutant) mice (C57BL/6J background) (total n = 120) were purchased from the Jackson Lab-

oratory (Bar Harbor, ME). The Ins2Akita mutation results in a single amino acid substitution

in the insulin 2 gene that causes misfolding of the insulin protein[15]. Male mice heterozy-

gous for this mutation have progressive loss of β-cell function and significant hyperglyce-

mia, as early as 4 weeks of age. To develop a diabetic mouse model, male C57BL/6 mice

were given one intraperitoneal (i.p.) injection of streptozotocin (STZ, Sigma-Aldrich) to

induce the death of pancreatic β cells. STZ was freshly dissolved in dilution buffer (0.1 M

sodium citrate, pH 4.5, titrated with HCl and stored at 4˚C) and sterilized. To induce diabe-

tes, mice were fasted for 24 hr before STZ injection and STZ was given (150 mg/kg of body

weight). Mice with two consecutive readings of blood glucose >250 mg/dl were considered

diabetic. All mice had ad libitum access to food and water and were fed a standard labora-

tory diet (1324 TPF; Atromin; Large Germany; 11.9 kJ/g, 19% crude protein, 4% crude fat,

6% crude fiber).

To investigate the association of intestinal dysbiosis with the increased BT to liver (espe-

cially the translocation of K. pneumoniae), prebiotic fructooligosaccharides (FOS, Sigma)

were given in drinking water to mice (250 mg in 100 ml) to stimulate the growth of probiotic

bacteria for one week. To confirm that the mechanisms for improvement and prevention by

FOS supplementation are through increasing specific groups of intestinal commensal micro-

biota (Lactobacillus or Bifidobacteria) to reduce bacterial translocation (especially K. pneu-
monia) to liver, diabetic mice were fed with dead Lactobacillus salivarius CECT5713 [16]

(2×108 CFU/ml) in drinking water for one week. Lactobacillus salivarius were killed by heat-

ing at 63˚C for 30 minutes. The water with FOS or bacteria was refreshed every day. To

determine whether there is a potential link between intestinal nitric oxide production and

hepatic bacterial clearance, STZ-DM mice were fed with an L-NAME (L-NG-Nitroarginine

Methyl Ester, 0.5 mg/ml) or D-NAME (0.5 mg/ml, as a control drug) in drinking water for

one week. L-NAME is a NO synthase inhibitor and inhibits the production of NO by induc-

ible NO synthase and constitutive NO synthase [13]. To examine whether bacteria could

induce IL-1β expression of liver through toll-like receptors of the intestinal mucosa, germ-

free WT mice and germ-free TLR4-/- mice were orally fed with dead E.coli or S. aureus
(2×108 CFU/ml) for one week.

Ethics statement

This study was approved by the Institutional Animal Care and Use Committee of Kaohsiung

Veterans General Hospital (Permit Number: VGHKS-103-A007), and animal experiments

were performed according to Animal Experimentation Regulations of Kaohsiung Veterans

General Hospital. All efforts were made to minimize suffering. Animals were checked every 6

hours for signs of distress and endpoints. Specific criteria used to determine when the animals

should be euthanized were in accordance with Remick lab report [17]. Mice were systemati-

cally euthanized with avertin (15 mg/kg, Sigma) when they were found in a moribund state as

identified by inability to maintain upright associated or not with labored breathing and

cyanosis.
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Translocation of orally fed K. pneumonia to liver and MLNs

One month after induction, mice were fed with pathogenic K. pneumoniae (2 × 108 CFU/ml)

and GFP-expressing K. pneumoniae (2 × 108 CFU/ml) respectively for 2 weeks. Liver and

MLNs were collected, weighed and homogenized in 1 ml of sterile saline. Aliquots of the

homogenates from each sample were plated onto Chrom Orientation plates for growth of

pathogenic K. pneumoniae and onto TSB agar plates for growth of GFP-expressing K. pneumo-
niae. The plates were examined for CFU after aerobic incubation at 37˚C for 24 hr.

Bacterial contents of intestinal lumen

The collected contents from the terminal ileum lumen were homogenized in equal volume of

sterile saline. The total aerobic bacteria were cultured onto tryptic soy broth (TSB) agar plates

(DIFCO); the aerobic bacteria Enterobacteriaceae and Enterococcus were cultured on EMB and

m-Enterococcus agar plates. The anaerobic bacteria Bacteroides, Clostridium perfringens and

Lactobacillus/Bifidobacterium were cultured on BBE, TSC and BIM-25 agar plate respectively.

The plates were examined for colony forming units (CFU) after aerobic incubation at 37˚C for

24 hr and anaerobic incubation at 37˚C for 5 days in an anaerobic chamber.

16S rRNA gene sequencing and analysis

We extracted genomic DNA of guts from different groups in triplicate and amplified a portion

of the V2 region of the 16S rRNA gene of bacteria using barcoded primers, followed by high-

throughput sequencing of amplicons. We generated approximately 20,000 high quality

sequences per sample. Sequences were demultiplexed and analyzed using the QIIME (Quanti-

tative Insights Into Microbial Ecology) software package [18].

Bacterial DNA extraction and quantitative Real-Time PCR

Bacterial genomic DNA was extracted from terminal ileum using the Qiagen DNA stool kit

according to the manufacturer’s directions. The number of specific bacterial groups was deter-

mined by using StepOnePlus™ Real-Time PCR System (Applied Biosystems 7300) [19].

Plasma Alanine Aminotransferase (ALT) assay

A 0.5 ml of blood sample was collected from the portal vein. Plasma samples were assayed for

ALT levels using a commercially available analytical kit (Transaminase CII-Test; Wako Pure

Chemical Industries).

Hepatic bacteria clearance of intravenously injected K. pneumoniae

We examined hepatic K. pneumoniae defense mechanism by injecting K. pneumoniae to the

superior mesenteric vein. 100 μl of normal saline (pH 7.2) containing pathogenic K. pneumo-
niae (1 × 103 CFU, K2 serotype) were injected into the branch of superior mesenteric vein

(SVC). The liver was collected, weighed and homogenized in 1 ml of sterile saline at 4 hr after

the injection. 100 μl of blood were taken from heart. Blood or aliquots of the homogenates

were plated onto tryptic soy broth (TSB) agar plates (DIFCO) [20]. The plates were examined

after aerobic incubation at 37˚C for 24 h.

Bacterial translocation to liver

The collected liver were weighed and homogenized in equal volume of sterile saline. Aliquots

of the homogenates were plated onto TSB agar plates.

Inhibition of NO production decreases Kupffer cell activation in DM
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Translocation of intraluminally injected K. pneumoniae

After anesthetizing the animals with avertin (15 mg/kg), the two ends of a 10-cm segment of

the small intestine were clipped. 500 μl of normal saline (pH 7.2) containing K. pneumoniae
(5 × 107 CFU) was injected into the isolated intestinal segment. After 2 h, liver was collected,

weighed and homogenized in 1 ml sterile saline, and 100 μl of blood were withdrawn from the

heart. Blood or aliquots of the homogenates were plated onto TSB agar plates with or without

ampicillin (100 μg/ml). The plates were examined after aerobic incubation at 37˚C for 24 h. K.

pneumoniae CG43 (a clinical isolate of K2 serotype) and green fluorescent protein (GFP)-

expressing K. pneumoniae are used in this study. K. pneumoniae CG43 isolated from a patient

with pyogenic liver abscess from Taipei Veteran General Hospital in Taiwan. GFP-expressing

K. pneumoniae generated by transformation of pGFPuv-Tc (Clonthech) is a gift from Taipei

Veteran General Hospital in Taiwan.

Kupffer cell purification

The liver was perfused in situ through the portal vein with Ca2+- and Mg2+-free phosphate-

buffered saline containing 10 mM ethylenediaminetetraacetic acid at 37˚C for 5 minutes. Sub-

sequently perfusion was performed with HBSS containing 0.1% collagenase IV (Sigma) at

37˚C for 5 minutes. After digestion, the liver was excised and the suspension was filtered. The

filtrate was centrifuged twice at 50g at 4˚C for 1 minute. The supernatant was collected and

centrifuged at 300g for 5minutes, and the pellet was resuspended with buffer. The cell suspen-

sion was then layered on top of a density cushion of 30%/60% discontinuous Percoll (Pharma-

cia) and centrifuged at 900g for 15 minutes to obtain the Kupffer cell fraction, followed by

washing with the buffer again [21].

Expression of TNF-α, IL-6, and IL-1β in Kupffer cells

The total RNAs were extracted from Kupffer cells using the Miniprep Purification Kit (Gene-

Mark). Real-time polymerase chain reaction was performed with the SYBR Green PCR Master

Mix and ABI PRISM 7700 Sequence Detection Systems (Applied Biosystems, Foster City, CA)

according to the manufactu rer’s suggested protocol. Sets of TNF-α, IL-6, and IL-1β primers

were designed according to those genes documented in GenBank [22].

Western immunoblots

The iNOS protein expression in the intestinal mucosa were identified by mouse monoclonal

antibodies (R&D Systems) and TLR4 were identified by mouse monoclonal, rabbit polyclonal

and goat polyclonal antibodies, respectively (Santa Cruz Biotechnology Inc.).

Griess reagent assay

A 100 μl of serum was mixed with 40 μl of Griess reagent in each well of the ELISA plate. The

mixture was incubated at room temperature for 20 min in the dark and measured for the

absorbance at 550 nm. The concentration of NO in serum was determined as compared to the

standard curve.

Statistical analysis

All immunoblotting and electrophoretic mobility shift assays were analyzed by densitometric

scanning. All data are analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s

Multiple Comparison Test. All values in the figures and text were expressed as mean ± standard

error of the mean, and P values of less than 0.05 are considered to be statistically significant.

Inhibition of NO production decreases Kupffer cell activation in DM
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Results

Diabetes induced orally fed K. pneumoniae translocation to liver and

MLNs in STZ-DM mice

To investigate effect of diabetes on the intestinal K. pneumoniae translocation to liver and

MLNs, STZ-DM mice were respectively fed with nonpathogenic, pathogenic or GFP-express-

ing K. pneumoniae for 2 weeks. Non-pathogenic as well as K. pneumoniae translocation to liver

and MLNs did not happen in the control mice (Fig 1). There were significant 19.2-fold and

5.6-fold increases of K. pneumoniae CG43 translocation to liver and MLNs, respectively, in

STZ-DM mice fed with pathogenic K. pneumoniae compared to those with non-pathogenic K.

Fig 1. Increased K. pneumoniae translocation to liver and MLNs in STZ-DM mice. Mice were orally fed

with nonpathogenic, pathogenic, or GFP-expressing K. pneumoniae for 2 weeks. The translocation of K.

pneumoniae to liver and MLNs was examined. Non-pathogenic as well as K. pneumoniae translocation to

liver and MLNs did not happen in the control mice. Translocation of pathogenic K. pneumoniae (K2) to liver

and MLNs was significantly increased in STZ-DM mice as compared with the control group. Translocation of

K. pneumoniae to liver was significantly increased by feeding pathogenic K. pneumoniae (K2) as compared

with non-K. pneumoniae feeding and GFP-expressing K. pneumoniae feeding in STZ-DM mice. STZ,

streptozotocin; DM, diabetes mellitus; GFP, green fluorescence protein; MLNs, mesenteric lymph nodes.

*P<0.05, **P<0.01, ***P<0.001. n = 5/group.

https://doi.org/10.1371/journal.pone.0177269.g001
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pneumoniae feeding (Fig 1A). Because of non-infecting feature, the results of GFP-expressing

K. pneumonie were consistent with the non-pathogenic K. pneumoniae feeding. These results

indicate that diabetes enhances pathogenic K. pneumoniae translocation to liver and MLNs.

Diabetes induced intestinal bacterial growth as well as enteric dysbiosis

and FOS or dead L. salivarius feeding reversed them

To examine the effect of diabetes on enteric microflora, the total bacteria in the lumen of the

terminal ileum in STZ-DM was studied. Moreover, to assess whether probiotic or prebiotic

treatment could reverse diabetes-induced intestinal bacterial overgrowth and enteric dysbiosis,

STZ-DM mice were fed with a prebiotic like FOS or a probiotic like dead L. salivarius respec-

tively. FOS or dead L. salivarius feeding did not change body weight or blood glucose levels in

STZ-DM mice (568±100 mg/dl). High-throughput 16S rRNA gene sequencing revealed that

Lactobacillus was decreased in DM group as compared with WT group and FOS treatment sig-

nificantly increased Lactobacillus of the intestine in STZ-DM mice (Fig 2A). Diabetes signifi-

cantly induced the overgrowth of total bacteria in the lumen of small intestine in STZ-DM mice

compared with those in control group (Fig 2B). The total aerobic bacterial counts in intestinal

lumen had a significant 55-fold increase in STZ-DM mice compared to those in the control

group. The counts of aerobic bacteria Enterobacteriaceae, Enterococcus and K. pneumoniae in

intestinal lumen (Fig 2C) were also increased in STZ-DM mice. The counts of anaerobic Bacter-
oides were significantly increased but the counts of Lactococcus/Bifidobacterium were significant

decreased in the intestinal lumen (Fig 2D) in STZ-DM mice. There were 96-fold and 86-fold

decreases of total bacteria in the lumen in STZ-DM mice by FOS feeding and dead L. salivarius
feeding respectively as compared with those in STZ-DM mice (Fig 2B). In addition, the enteric

dysbiosis of aerobic and anaerobic bacteria in the lumen was also reversed by FOS or dead L.

salivarius feeding. Especially, the growth of pathogenic bacteria such as Enterococcus, E. coli,
and K. pneumoniae were decreased in STZ-DM mice by FOS or dead L. salivarius feeding (Fig

2C). These results suggest that diabetes induces bacteria overgrowth but decrease Lactococcus/
Bifidobacterium in the lumen of the intestine. FOS or dead L. salivarius feeding reverses them.

Diabetes induced liver dysfunction and FOS or dead L. salivarius feeding

reversed it

There was a significant 2.0-fold increase of serum ALT level (Fig 3A) in STZ-DM mice as com-

pared with that in the control group. Moreover, FOS and dead L. salivarius supplementation

significantly decreased serum ALT levels 38% and 39% respectively in STZ-DM mice as com-

pared with those in STZ-DM mice (Fig 3A). These results indicate that diabetes induces liver

injury and FOS or dead L. salivarius feeding reverses it.

Diabetes induced hepatic bacteria clearance impairment and FOS or

dead L. salivarius feeding reversed it

To directly examine the effect of diabetes on the hepatic defense mechanism, K. pneumoniae
was injected into the branch of superior mesenteric vein (SVC) and hepatic clearance was

examined in STZ-DM mice. The bacterial loads of liver showed a significant 5.3-fold increase

in STZ-DM mice compared to those in the control mice (Fig 3B), suggesting that the hepatic

bacteria clearance was impaired in STZ-DM mice. FOS or dead L. salivarius supplementation

significantly increased the hepatic bacteria clearance of SVC-injected K. pneumoniae in

STZ-DM mice (Fig 3B). These results indicate that diabetes induces hepatic bacteria clearance

impairment and FOS or dead L. salivarius feeding reverses it.

Inhibition of NO production decreases Kupffer cell activation in DM
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Fig 2. Fructooligosaccharides (FOS) or dead L. salivarius feeding decreased the intestinal bacterial

overgrowth in STZ-DM mice. (A) Relative abundance of bacteria across difference groups, as indicated by

16S rRNA gene sequencing. Values represent the mean abundance of Genus found at >1% relative

abundance in at least one sample. (B) The collected mucosa from the terminal ileum were weighed and

homogenized. Total bacteria counts were significantly increased in STZ-DM mice and FOS or dead L.

salivarius feeding decreased them. (C) E. coli and K. pneumoniae of intestinal lumen were significantly

increased in STZ-DM mice in comparison with those in SPF WT mice. FOS or dead L. salivarius feeding

decreased the growth of pathogenic bacteria such as E. coli and K. pneumoniae in STZ mice. (D) The growth

of lactobacilli/bifidas in intestinal lumen was significantly decreased in STZ-DM mice compared with SPF

Inhibition of NO production decreases Kupffer cell activation in DM
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Diabetes induced enteric bacteria translocation to liver and FOS or dead

L. salivarius feeding reversed it

There was no bacterial translocation to liver in the control group. STZ-DM mice had a signifi-

cant increase of 500 CFU/g bacteria translocation to liver as compared with the control group

(Fig 3C). FOS or dead L. salivarius feeding decreased the enteric bacteria translocation to liver

in STZ-DM mice (Fig 3C). These results indicate that diabetes induces enteric bacteria translo-

cation to liver and FOS or dead L. salivarius feeding reverses it.

Diabetes induced intraluminally injected K. pneumoniae pathogenic K.

pneumoniae translocation to liver and FOS or dead L. salivarius feeding

reversed it

To investigate effects of diabetes on intraluminally injected K. pneumoniae translocation to

liver, K. pneumoniae counts of liver in STZ-DM mice were examined. STZ-DM mice demon-

strated a significant 46.8-fold increase of translocation of intraluminally injected K. pneumo-
niae to liver as compared with the control group (Fig 3D). FOS or dead L. salivarius feeding

significantly reduced the pathogenic K. pneumoniae translocation to liver in STZ-DM mice

(Fig 3D). These results indicate that diabetes induces pathogenic K. pneumoniae translocation

to liver and FOS or dead L. salivarius feeding reverses it.

Diabetes induced iNOS protein expression of the intestinal mucosa and

FOS or dead L. salivarius feeding decreased it

To examine the involvement of nitric oxide in diabetes-induced enteric bacterial translocation,

protein expression of iNOS in the intestinal mucosa was assessed. STZ-DM demonstrated a

significant increase of iNOS protein expression of the intestinal mucosa as compared with that

in the control group (Fig 4A). FOS or dead L. salivarius feeding significantly decreased the

iNOS expression of the intestinal mucosa in STZ-DM mice. Effects of dead L. salivarius on

decreasing iNOS expression of the intestinal mucosa were much better than that of FOS (Fig

4A). These results indicate that diabetes induces iNOS protein expression of the intestinal

mucosa and FOS or dead L. salivarius feeding decreases it.

Diabetes induced plasma NO levels in portal vein and FOS feeding

decreased it

STZ-DM mice demonstrated a significant 7-fold increase of plasma NO levels in the portal

vein as compared with that in the control group. FOS feeding significantly decreased 70%

plasma NO levels in the portal vein in STZ-DM mice. These results indicate that diabetes

induces plasma NO levels in the portal vein and FOS feeding decreases it (Fig 4B).

Diabetes induced IL-1β and TNF-α expression of Kupffer cells and FOS

feeding reversed them

Increased cytokine production of Kupffer is closely related with hepatocyte injury and chole-

stasis [23]. To examine the changes of inflammatory cytokines of Kupffer cells in diabetes, IL-

1β and TNF-α expression of Kupffer cells were examined. Diabetes induced a significant

increase of IL-1β and TNF-α expression of Kupffer cells in STZ-DM mice as compared with

mice. FOS feeding significantly increased them in STZ-DM mice. STZ, streptozotocin; DM, diabetes mellitus;

FOS, fructooligosaccharides; dLac, dead L. salivarius. *P<0.05, **P<0.01. n = 5/group.

https://doi.org/10.1371/journal.pone.0177269.g002
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Fig 3. Fructooligosaccharides (FOS) or dead L. salivarius feeding reduced enteric bacteria as well as

K. pneumoniae translocation to liver and increased hepatic bacteria clearance in STZ-DM mice. (A)

The level of serum ALT was significantly increased in STZ-DM mice. FOS and dead L. salivarius

supplementation significantly decreased serum ALT levels in STZ-DM mice. (B) STZ-DM mice demonstrated

a significant increase of K. pneumoniae loads of liver after injection of K. pneumoniae in the superior

mesenteric vein as compared with that in the control group. FOS or dead L. salivarius feeding significantly

decreased the bacterial loads of liver in STZ-DM mice. (C) FOS or dead L. salivarius feeding decreased

diabetes-induced bacterial translocation to liver in STZ-DM mice. (D) FOS or dead L. salivarius feeding

significantly decreased diabetes-induced pathogenic K. pneumoniae translocation to liver in STZ-DM mice. K.
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the control group (Fig 4C). FOS feeding significantly decreased IL-1β and TNF-α expression

of Kupffer cells in STZ-DM mice. These results indicate that diabetes-induced IL-1β and TNF-

α expression of Kupffer cells and FOS feeding reverses it.

L-NAME but not D-NAME decreased iNOS expression of the intestinal

mucosa in STZ-DM mice

To examine the link between NO production and hepatic defense impairment in diabetes, ani-

mals were fed with NOS inhibitor, L-NAME, to block the iNOS expression of the intestinal

mucosa. STZ-DM mice demonstrated a significant increase of iNOS protein expression of the

intestinal mucosa as compared with the WT group. iNOS protein expression of the intestinal

mucosa was significantly decreased by L-NAME but not by D-NAME supplementation as

measured by Western blotting (Fig 5A). These results indicate that L-NAME but not

D-NAME supplementation decreases diabetes-induced iNOS protein expression of the intesti-

nal mucosa.

L-NAME supplementation reversed diabetes-induced hepatic bacteria

clearance impairment in STZ-DM mice

Diabetes induced a significant decrease of hepatic bacteria clearance in STZ-DM mice. The

bacterial loads of liver in the STZ-DM + L-NAME group showed a significant 68% decrease as

compared with that in the STZ-DM group (Fig 5B). Orally feeding of D-NAME showed no sig-

nificant effect on diabetes-induced hepatic bacteria clearance in STZ-DM mice (Fig 5B). These

results indicate that diabetes reduces hepatic bacteria clearance against K. pneumoniae translo-

cation and iNOS inhibition supplementation reverses it.

L-NAME supplementation decreased IL-1β and TNF-α expression of

Kupffer cells in STZ-DM mice

Diabetes significantly induced IL-1β and TNF-α expression of the Kupffer cells in STZ-DM

mice (Fig 5C). L-NAME but not D-NAME supplementation markedly decreased diabetes-

induced IL-1β and TNF-α mRNA expression of Kupffer cells in STZ-DM mice (Fig 5C). These

results indicate that diabetes induces IL-1β as well as TNF-α expression of Kupffer cells and

iNOS inhibition decreases it.

FOS feeding reversed diabetes-induced hepatic bacterial clearance

impairment in Ins2Akita mice

Ins2Akita mice demonstrated a significant 2.5-fold and 2000 CFU/g increase of K. pneumoniae
translocation to liver and blood respectively as compared with those in the WT group (Fig

6A). FOS supplementation significantly increased hepatic bacteria clearance and decreased K.

pneumonia translocation to liver as well as blood in Ins2Akita mice (Fig 6A). These results cor-

roborate that diabetes induces hepatic bacteria clearance impairment and FOS supplementa-

tion reverses it.

pneumoniae (5 × 107 CFU in 500 μl of normal saline) was injected into the isolated intestinal segment. After 2

h, liver was collected, weighed, and homogenized in equal volume of sterile saline for culture. ALT, alanine

transaminase; BT, bacterial translocation; STZ, streptozotocin; DM, diabetes mellitus; FOS,

fructooligosaccharides; dLac, dead L. salivarius. *P<0.05, **P<0.01, ***P<0.001. n = 6/group.

https://doi.org/10.1371/journal.pone.0177269.g003
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Fig 4. FOS or dead L. salivarius feeding reversed diabetes-induced iNOS expression of the intestinal

mucosa, plasma NO levels in the portal vein, and IL-1β as well as TNF-α expression of the Kupffer

cells in STZ-DM mice. (A) STZ-DM demonstrated a significant increase of iNOS protein expression of the

intestinal mucosa as examined by Western blotting and FOS or dead L. salivarius feeding significantly

decreased it. (B) STZ-DM demonstrated a significant increase of plasma NO levels of the portal vein as

measured by Griess reagents and FOS or dead L. salivarius feeding significantly decreased them. (C)

STZ-DM demonstrated a significant increase of IL-1β and TNF-α expression of Kupffer cells and FOS feeding

significantly decreased them. STZ, streptozotocin; DM, diabetes mellitus; FOS, fructooligosaccharides; dLac,

dead L. salivarius. *, P< 0.05; **, P< 0.01; ***, < 0.001. n = 6/group.

https://doi.org/10.1371/journal.pone.0177269.g004
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Fig 5. L-NAME but not D-NAME decreased iNOS expression of the intestinal mucosa, hepatic bacteria

clearance, and IL-1β as well as TNF-α expression of the Kupffer cells in STZ-DM mice. (A) STZ-DM

mice demonstrated a significant increase of iNOS protein expression of the intestinal mucosa as compared

with that in the WT group. L-NAME but not D-NAME supplementation decreased iNOS protein expression of

the intestinal mucosa in STZ-DM mice. (B) L-NAME but not D-NAME feeding decreased the bacterial loads of

liver in STZ-DM mice. STZ-DM mice were fed with an L-NAME (0.5 mg/ml) or D-NAME (0.5 mg/ml, as a

control drug) in drinking water for one week. K. pneumoniae (1 × 103 CFU, K2 serotype) were injected into the

branch of superior mesenteric vein (SVC). The liver was collected, weighed and homogenized at 4 hr after the
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FOS feeding decreased plasma NO levels and intestinal iNOS

expression in Ins2Akita mice

Diabetes induced a significant 4-fold increase of plasma NO levels in the portal vein in

Ins2Akita mice as compared with the WT mice. FOS treatment induced a significant 57%

decrease of plasma NO levels in the portal vein in Ins2Akita mice (Fig 6B). Moreover, diabetes

significantly induced iNOS protein expression of the intestinal mucosa in Ins2Akita mice and

FOS treatment decreases it (Fig 6C).

FOS or dead L. salivarius feeding reversed diabetes-induced cytokine

expression of Kupffer cells in Ins2Akita mice

To further corroborate the stimulatory effects of diabetes on Kupffer cells, cytokine expression

of Kupffer cells in Ins2Akita mice was examined. Diabetes induces a significant increase of IL-

1β and IL-6 expression of Kupffer cells in Ins2Akita mice. FOS supplementation decreased IL-

1β expression and dead L. salivarius supplementation decreased IL-1β as well as IL-6 expres-

sion of Kupffer cells in Ins2Akita mice (Fig 6D).

FOS or dead L. salivarius feeding reversed diabetes-induced intestinal

iNOS mRNA expression in Ins2Akita mice

Diabetes significantly induced iNOS mRNA expression of the intestinal mucosa in Ins2Akita

mice. FOS or dead L. salivarius supplementation decreased iNOS mRNA expression in

Ins2Akita mice (Fig 6E).

Dead bacteria feeding induced TLR4 expression of intestinal mucosa in

germ-free mice

To examine whether bacteria could induce TLR4, Reg3β, and RELMβ expression of the intesti-

nal mucosa, germ-free mice were orally fed with dead E.coli or S. aureus. A broad range of anti-

microbial proteins such as enteric Reg3β and RELMβ could be synthesized by Paneth cells to

limit bacterial penetration [24]. Germ-free mice demonstrated a significant decrease of TLR4,

Reg3β, and RELMβ protein expression of the intestinal mucosa as compared with SPF mice

(S1 Fig). Dead E. coli feeding significantly induced TLR4 protein expression of the intestinal

mucosa in germ-free mice. Dead E. coli or S. aureus feeding for one week significantly induced

TLR4 protein expression of the intestinal mucosa in germ-free mice (Fig 7A). These results

suggest that bacteria are important in inducing TLR4, Reg3β, and RELMβ expression of the

intestinal mucosa. Dead bacteria feeding induces TLR4 protein expression of the intestinal

mucosa.

Dead E. coli feeding induced IL-1β and TNF-α expression of Kupffer

cells in germ-free mice but not in germ-free TLR4-/- mice

To examine whether microbiota could induces IL-1β expression of Kupffer cells, cytokine

expression of Kupffer cells in germ-free and germ-free TLR4-/- mice was examined. Germ-free

mice demonstrated a significant decrease of IL-1β expression of Kupffer cells as compared

injection for bacterial culture. (C) STZ-DM mice demonstrated a significant increase of IL-1β and TNF-α
expression of the Kupffer cells. L-NAME but not D-NAME supplementation markedly decreased diabetes-

induced IL-1β and TNF-αmRNA expression of Kupffer cells in STZ-DM mice. STZ, streptozotocin; L-NAME,

L-NG-Nitroarginine Methyl Ester; DM, diabetes mellitus; FOS, fructooligosaccharides; dLac, dead L.

salivarius. *, P< 0.05; **, P< 0.01; ***, < 0.001. n = 6/group.

https://doi.org/10.1371/journal.pone.0177269.g005

Inhibition of NO production decreases Kupffer cell activation in DM

PLOS ONE | https://doi.org/10.1371/journal.pone.0177269 May 11, 2017 14 / 22

https://doi.org/10.1371/journal.pone.0177269.g005
https://doi.org/10.1371/journal.pone.0177269


Fig 6. FOS feeding reversed diabetes-induced hepatic bacterial clearance impairment, IL-1β
expression of the Kupffer, and iNOS expression of the intestinal mucosa in Ins2Akita mice. (A) Ins2Akita

mice demonstrated a significant increase of K. pneumoniae translocation to liver and blood as compared with

that in WT group. FOS supplementation significantly increased hepatic bacteria clearance and decreased K.

pneumonia translocation to liver as well as blood in Ins2Akita mice. K. pneumoniae (1 × 103 CFU, K2 serotype)

were injected into the branch of superior mesenteric vein (SVC). The liver was collected, weighed and

homogenized in 1 ml of sterile saline at 4 hr after the injection. 100 μl of blood were taken from heart. Blood or

aliquots of the homogenates were plated onto tryptic soy broth (TSB) agar plates (DIFCO). (B) Diabetes

induced plasma NO levels in the portal vein as measured by Griess reagents and FOS feeding decreased
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them. (C) Diabetes significantly induced iNOS protein expression of the intestinal mucosa in Ins2Akita mice

and FOS feeding decreased it. (D) Diabetes induces a significant increase of IL-1β as well as IL6 expression

of Kupffer cells in Ins2Akita mice. FOS or dead L. salivarius supplementation markedly decreased it. (E)

Diabetes induced iNOS mRNA expression of the intestinal mucosa in Ins2Akita mice. FOS or dead L. salivarius

supplementation decreased it. STZ, streptozotocin; DM, diabetes mellitus; FOS, fructooligosaccharides;

dLac, dead L. salivarius. *, P< 0.05; **, P< 0.01; ***, < 0.001. n = 6/group.

https://doi.org/10.1371/journal.pone.0177269.g006

Fig 7. Dead E. coli feeding induced TLR4 expression of the intestinal mucosa and IL-1β as well as TNF-

α expression of Kupffer cells. (A) Dead E. coli or S. aureus feeding for one week significantly induced TLR4

protein expression of the intestinal mucosa in germ-free mice. Germ free mice demonstrated a significant

decrease of iNOS protein expression of the intestinal mucosa as compared with those in SPF mice. (B) Dead E.

coli feeding for one week significantly induced IL-1β and TNF-α expression of Kupffer cells in germ-free mice

but not in germ-free TLR4-/- mice. dE.coli, dead E.coli; GF, germ-free mice; GF-TLR4-/-; germ-free TLR4-/- mice.

*, P< 0.05; **, P< 0.01; ***, < 0.001. n = 5/group.

https://doi.org/10.1371/journal.pone.0177269.g007
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with that in the SPF mice (Fig 7B). Dead E. coli feeding for one week significantly induced IL-

1β and TNF-α expression of Kupffer cells in germ-free mice but not in germ-free TLR4-/- mice

(Fig 7B). These results indicate that microbiota are important in inducing IL-1β expression of

Kupffer cells and intestinal E. coli could induce hepatic Kupffer cell activation through TLR4.

Discussion

There is limited knowledge regarding the pathological mechanisms of how K. pneumoniae
infects the liver in diabetic patients. Originally, increased plasma ALT levels and decreased

hepatic bacteria clearance were observed in STZ-DM mice, both observations suggested that

liver damage, inflammation and evolving sepsis have happened in diabetic mice. Emerging evi-

dences have suggested that there is a strong interaction between the gut microbiota and the

liver function. Bacterial translocation was more frequently found in cirrhotic patients with

small intestinal bacterial overgrowth as compared to patients without overgrowth [25]. When

bacterial overgrowth is induced in the small intestine experimentally, it results in hepatic

injury mediated by translocated bacterial products [26]. Consistent with these studies,

increased intestinal BT especially pathogenic K. pneumoniae (K2) was observed in STZ-DM

mice. The results of increased BT were not only confirmed by pathogenic K. pneumoniae (K2)

feeding but also by pathogenic K. pneumoniae (K2) injection to the lumen. It has known BT

may occur as a consequence of altered bacterial overgrowth and host defense mechanisms.

Bacterial overgrowth frequently occurs in cirrhosis and it appears to be related to the degree of

hepatic dysfunction [27]. Then, as described, bacterial overgrowth of total aerobic bacteria in

intestinal lumen occurred in the diabetic mice. Through specifically qualitative and quantita-

tive analyzing, advanced findings of enteric dysbiosis were also observed. There was an overall

increase of some pathogenic bacteria including aerobic bacteria Enterobacteriaceae, Enterococ-
cus, K. pneumoniae, E. coli, Staphylococcus and anaerobic bacteria Bacteroids in diabetic mice.

Interestingly, diabetic mice showed significantly less Lactobacillus one month after STZ treat-

ment. All above results demonstrated that the intestinal homeostasis have broken down in dia-

betic mice. The ethanol-induced enteric dysbiosis and liver injury could be improved by the

beneficial effects of probiotic Lactobacillus strains to displace Gram-negative bacteria and sub-

sequently reduce the systemic endotoxin levels in rats [28]. Patients treated with probiotics

had a restoration of the gut flora with an increased number of both Bifidobacteria and Lactoba-
cilli, compared to controls [4]. Therefore, in this study, mice were respectively fed with prebi-

otic to stimulate Lactobacillus strains proliferation and dead L. salivarius to directly activate

mucosal defense in a manner similar to endogenous probiotics against pathogens. Our results

showed both treatments significantly decreased luminal and mucosal bacteria overgrowth, and

further alleviated diabetes-induced enteric dysbiosis that resulted in decreased pathogenic bac-

teria including aerobic bacteria Enterococcus, K. pneumoniae, E. coli, Staphylococcus as well as

anaerobic bacteria Bacteroids and increased Lactobacillus in diabetic mice. The significant

decreased translocation of intestinal bacteria and injected K. pneumoniae (K2) to liver was also

occurred in diabetic mice fed with these two treatments for one week. Further, in the advanced

findings of cytokine expression of the Kupffer cells, the mRNA expression of IL-1β and TNF-α
expression was significantly reduced in diabetic mice by feeding with the both treatments. Fol-

lowing the alleviated intestinal dysbiosis, the liver injury in diabetic mice was significantly

restored according to the decreased plasma ALT levels and increased hepatic bacteria clear-

ance. Altogether, our findings suggest that diabetes induces K. pneumoniae liver abscess

through the induction of intestinal dysbiosis, liver injury, K. pneumoniae translocation to liver,

and decreased hepatic bacteria clearance. Prebiotic as well as dead L. salivarius supplementa-

tion decrease diabetes-induced intestinal dysbiosis, liver injury, and K. pneumoniae
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translocation to liver. Our data suggests that prebiotic as well as dead L. salivarius supplemen-

tation may be useful to prevent K. pneumoniae liver abscess as well as liver injury in diabetes

patients.

The mechanisms of the increase of liver abscess in diabetes included the increase of bacte-

rial translocation from intestine to liver and the increase of bacterial stasis in liver. First, we

examined the bacterial translocation from intestine to liver by examining bacterial culture of

liver after injecting K. pneumoniae into the intestinal lumen. Next, we examined the bacterial

stasis in liver by examining bacterial culture of liver after injecting K. pneumoniae into the

superior mesenteric vein. To further examine the different roles of liver and gut in diabetes-

induced K. pneumoniae liver abscess, we injected K. pneumoniae to mesenteric vein. Interest-

ingly, the K. pneumonia loads in the liver after K. pneumoniae injection in mesenteric vein

were significantly increased in STZ-DM and Ins2Akita mice. Moreover, IL-1β expression of the

Kupffer cells was significantly increased in STZ-DM and Ins2Akita mice. These results indicate

that diabetes induces K. pneumonia liver abscess through at least two mechanisms. First, diabe-

tes induces intestinal dysbiosis and K. pneumoniae translocation. Second, diabetes induces NO

levels in the portal vein and subsequent inflammation of Kupffer cells. Increased cytokine pro-

duction of Kupffer is closely related with hepatocyte injury and cholestasis [23]. Altogether,

diabetes induces intestinal dysbiosis, K. pneumoniae translocation to liver, activation of Kupf-

fer cells, and subsequent K. pneumoniae liver abscess.

Oxygen free radicals are known to play an important role in the gut epithelial damage,

which may alter the gut barrier function, facilitate BT and release of endotoxin [29]. An over-

expression of NO following the activation of iNOS, eNOS and nNOS contribute to the patho-

genic role in many liver diseases resulting in portal hypertension [4]. These enzymes are

mainly activated by LPS, pro-inflammatory cytokines and endotoxin as demonstrated in sev-

eral studies [30]. The Kupffer cells, recruited macrophages, and inflammatory cells results in

the production of cytokines and chemokines that lead to prolonged inflammation and hepato-

cyte damage [31]. Both STZ-DM and Ins2Akita mice demonstrated a significant increase of

intestinal iNOS protein expression compared to control mice. And then, increased plasma NO

levels and IL-1β as well as TNF-α expression of Kupffer cells was subsequently detected in the

diabetic mice. Interestingly, all of above effects causing by the nitrosative stress were reversed

after treating with prebiotic or dead L. salivarius feeding including plasma ALT level and

hepatic bacteria clearance in diabetic mice. According to the attenuated effects of intestinal

NO by prebiotic and dead L. salivarius feeding in diabetic mice, it may be hypothesized that

inhibition of iNOS expression could prevent intestinal barrier dysfunction and hepatic inflam-

mation in diabetic mice. Our results demonstrated that plasma NO levels in the portal vein

were significantly decreased when intestinal iNOS expression was inhibited by L-NAME but

not D-NAME in diabetic mice. Following the attenuated gut NO production, IL-1β and TNF-

α expression of the Kupffer cells and K. pneumonia loads of the liver were decreased. These

results suggest that NO production from intestinal tract plays an important role in inducing

IL-1β and TNF-α expression of the Kupffer cells and the following K. pneumoniae stasis in the

liver. Diabetes induces intestinal iNOS expression, plasma NO levels in the portal vein, IL-1β
and TNF-α expression of Kupffer cells, and K. pneumonia loads in the liver. iNOS inhibition

by L-NAME decreases plasma NO levels in the portal vein, IL-1β and TNF-α expression of

Kupffer cells, and K. pneumonia loads in the liver. Altogether, our results suggest that iNOS

inhibitor could be useful in decreasing diabetes-induced K. pneumoniae liver abscess.

TLRs represent a link between intestinal flora changes, endotoxemia, and liver damage [5].

Our data demonstrated a significant decrease of TLR4 expression of the intestinal mucosa and

IL-1β expression of Kupffer cells in GF mice. Dead E.coli or S. aureus feeding induced TLR4

expression of the intestinal mcosa. These results suggest that bacteria are important in
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inducing TLR4 expression of the intestinal mucosa. Moreover, dead E.coli feeding induces IL-

1β and TNF-α expression of Kupffer cells in germ-free mice but not in germ-free TLR4-/-

mice. Altogether, our results suggest that E.coli could induce IL-1β and TNF-α expression of

Kupffer cells through intestinal toll-like receptor 4.

In conclusion, diabetes induces intestinal bacterial overgrowth, enteric dysbiosis, bacterial

translocation (especially the translocation of pathogen K. pneumoniae), intestinal iNOS pro-

tein expression, NO levels in the portal vein, activation of Kupffer cells, and K. pneumoniae
bacterial loads in the liver. The effect of diabetes on K. pneumoniae translocation to liver could

be attenuated by correcting enteric dysbiosis with prebiotic (FOS) and probiotic (dead L. sali-
varius) treatment or by inhibition of gut iNOS protein expression with L-NAME (Fig 8). Feed-

ing of dead bacteria induces Kupffer cells activation through toll-like receptor 4.

Supporting information

S1 Fig. Dead E. coli or S. aureus feeding for one week did not induce Reg3β or RELMβ pro-

tein expression of the intestinal mucosa in germ-free mice. Germ free mice demonstrated a

significant decrease of Reg3β and RELMβ protein expression of the intestinal mucosa as com-

pared with those in SPF mice. ���, P< 0.001. n = 5/group.

(TIF)

Fig 8. The regulatory mechanism of enteric dysbiosis on Kupffer cell activation and Klebsiella

pneumonia liver translocation in diabetes. L-NAME, L-NG-Nitroarginine Methyl Ester.

https://doi.org/10.1371/journal.pone.0177269.g008
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