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The NFkB signaling pathway serves an important
regulatory role in Klebsiella pneumoniae liver abscesses
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Abstract. The incidence of Klebsiella pneumoniae liver
abscess (KPLA) has increased in a number of Asian countries
over the past 30 years. Diabetes mellitus (DM) is a risk factor
for KPLA. The prevalence and clinical features of KPLA
in patients with and without DM have been well described;
however, the underlying molecular mechanism responsible
for the increased incidence of KPLA in patients with DM
remains unclear. In the present study, a mouse model of DM
was constructed and mice were infected with K. pneumoniae.
Tissues were harvested for immunohistochemical and inflam-
matory factor expression analyses. The results revealed that the
number of liver abscesses in mice with DM was greater than
that observed in normal mice. The expression of interleukin
(IL)-1pB, IL-2, IL-6, macrophage inflammatory protein-la
and tumor necrosis factor-a in the liver tissues of mice with
DM was significantly higher compared with normal mice.
Western blotting results revealed that the expression of phos-
phorylated (p)-inhibitor of nuclear factor kB (NFxB) kinase
subunit B, p-NFxB and p-inhibitor of NFxB was significantly
increased in the liver tissue of mice with DM compared with
that of normal mice. These results suggest that activation of
the NF«B signaling pathways has a regulatory effect on the
pathogenesis of K. pneumoniae bacteria liver abscesses and
that high glucose conditions may promote the activation of
NF«B signaling.
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Introduction

The incidence of Klebsiella pneumoniae liver abscesses (KPLA)
has increased in a number of Asian countries over the past
30 years, particularly in Taiwan and Korea (1,2). Shi ef al (3)
analyzed clinical data from 296 cases of bacterial liver abscess
collected between 1994 and 2015. Their results revealed
that KPLA accounted for 63.9% of cases, while 13.2% were
attributable to Escherichia coliliver abscesses (3). K. pneumoniae
is a Gram negative bacteria that is colonized as normal flora in
the human gut but is prone to causing parenteral infection and
even bacteremia in patients with poor immunity (4).

A number of factors predispose patients with diabetes
mellitus (DM) to infections, including genetic susceptibility
to infection, altered cellular and humoral immune defense
mechanisms, local factors (e.g., poor blood supply and nerve
damage) and DM-associated metabolic changes (5). Increasing
evidence suggests that DM-induced hyperglycemia may cause
vascular endothelial damage (6,7), which contributes to infec-
tions. K. pneumoniae is considered to be a common pathogen
in patients with DM (8). A previous study reported that patients
with DM were 3.6x more likely to develop bacterial liver
abscesses compared with control subjects (9). Lin er al (10)
reported that patients with poor blood glucose control (glyco-
sylated hemoglobin HbAlc <7%) and had a higher prevalence
of recessive liver abscesses, liver abscesses and gas transfer
compared with patients with good blood glucose control
(HbA1c=7%) (11). However, the molecular mechanism under-
lying the increased incidence of K. pneumoniae liver abscess
in patients with DM remains unclear. It has been demonstrated
that K. pneumoniae infection increases the inflammation
responses (12).

In the present study, a streptozotocin (STZ)-induced DM
mouse model was constructed and infected with K. pneumoniae
to induce KPLA. Pathological changes in liver tissues and the
expression of NFkB pathway components were assessed.

Materials and methods

Bacterial strains and animals. K. pneumoniae was isolated
from a male 58 year old patient with a liver abscess confirmed
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by the Department of Interventional and Vascular Surgery,
Tenth People's Hospital of Tongji University. This procedure
included a fine-needle aspiration of the patients' fluctuant
mass from which and 1 ml of purulent fluid was obtained and
sent for culture under 37°C and with a Sheep Blood AGAR
Plate (Shanghai Yihua Medical Technology Co., Ltd.) which
yielded Klebsiella pneumoniae, all process was under anes-
thesia with 3% sevoflurane (anesthetized by inhalation). A
total of 48 6-8-week-old male C57BL/6 mice (n=48) were
purchased from Fudan University Animal Care Committee
(Shanghai, China) and were individually housed at 22°C with
60% humidity, a 12 h light/dark cycle and free access to tap
water and food. Animals were acclimated to the laboratory
environment for =3 weeks prior to experiments.

Ethics statement. All experiments were approved by the
Ethics Committee of the Tenth People's Hospital of Tongji
University (Shanghai, China) and performed in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (National Institutes of
Health Bethesda, MD, USA). All mice were anesthetized by
intraperitoneal injection of sodium pentobarbital (30 mg/kg)
prior to euthanasia.

Generation of the type 1 DM mouse model. Mice were
intraperitoneally injected with 50, 75, 100 or 120 mg/kg of
streptozotocin (STZ; Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) dissolved in 0.05 M citrate buffer (pH 4.1-4.5).
Blood glucose levels and weight were measured at different
times (including 0, 7, 14, 21 and 28 days). Based on the results
(Fig. 1), treatment with 100 mg/kg, STZ resulted in a signifi-
cant increase in blood glucose compared with lower dosages,
however no significant difference in blood glucose levels was
observed between the 100 and 120 mg/kg dosage groups. As
such, 100 mg/kg STZ was selected as previously reported (3).
Control mice were treated with the same amount of citrate
buffer without STZ. Mice with blood sugar levels >20 mmol/l
were considered to have DM. Following 7 days of STZ treat-
ment, mice exhibited symptoms of DM, including polydipsia,
polyphagia, polyuria and emaciation. Blood glucose levels
were >20 mmol/l. At 1 month following injection, the blood
glucose levels stabilized at 27-30 mmol/I.

Infection of mice with K. pneumoniae bacteria. The
K. pneumoniae strain was cultured on sheep blood agar
plates (Shanghai Yihua Medical Technology Co., Ltd.)
overnight under 37°C and harvested using PBS to make a
bacterial suspension of 3x107 colony-forming units (CFU)
per 50 ul. The 50-ul bacterial suspensions were orally
inoculated into the mice. Mice were divided into four groups:
PBS control normal mouse group (n=6), PBS-control DM
group (n=6), K. pneumoniae-infected DM group (n=18) and
K. pneumoniae-infected normal mouse group (n=18).

Liver tissue pathological examinations. Liver tissues were
dissected 7 days following inoculation with K. pneumoniae,
fixed in 10% formalin for 24 h at room temperature, washed
twice with PBS and maintained in PBS for 24 h prior to
dehydration in a graded series of ethanol for 45 min. Finally,
the samples were immersed in xylene for 20 min at room
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temperature and tissues were embedded in wax. Sections from
the tissue block were cut on a microtome to a thickness of
5 ym and fixed on a glass slide. Paraffin was removed using
xylene and then the slices were rinsed with a graded series
of ethanol followed by distilled water. The tissue sections
were stained with hematoxylin solution at room temperature
for 3 min and rinsed with acidified water and ammonia with
water for 30 sec. Tissue sections were rinsed in water for 1 h
and then stored in distilled water, following which they were
rinsed with 70 and 90% alcohol for 10 min each. Sections
were stained with eosin for 2 min at room temperature. The
stained sections were dehydrated using absolute alcohol and
xylene and subsequently covered with sealing gum and glass
coverslips.

The degree of liver inflammation was determined by a
blinded investigator as previously described (13). Scoring
was as follows: 1, <10 micro-abscesses on each liver section
and no necrotic regions; 2, >10 and <20 micro-abscesses on
each liver section and no necrotic regions; 3, >20 and <30
micro-abscesses on each liver section and that no necrotic
regions; 4, >30 micro-abscesses on each liver section and no
necrotic regions; 5, <5 necrotic regions; 6,>5 and <10 necrotic
regions; 7, >10 and <15 necrotic regions; 8, >15 necrotic
regions. A total of three different sections from the largest
liver lobule of each mouse were examined. Histological assess-
ments of intestines were performed using a scoring system as
previously described (14).

ELISA. The expression of inflammatory factors and
chemokines, including interleukin (IL)-1f (cat. no. EMCO021),
IL-2 (cat. no. EMC0623), IL-6 (cat. no. EMC0003),
IL-10 (cat. no. EMC106), tumor necrosis factor (TNF)-a
(cat. no. EMC323) and macrophage inflammatory protein
(MIP)-1a (cat. no. EMC266) in the liver lysates (liver tissues
were harvested in lysis buffer (BD Biosciences, Franklin
Lakes, NJ, USA) and lysates were cleared using centrifuga-
tion at 12,000 x g for 10 min at 4°C) was measured by using
standard ELISA kits (QuantiCyto, Shenzhen, China) according
to the manufacturer's protocol and normalized to the levels of
total proteins.

Western blot analysis. Livers from all experimental groups
were homogenized with lysis buffer (8 M urea, 50 mM DTT,
2% CHAPS and complete protease and phosphatase inhibi-
tors). The concentration of resulting suspensions (liver tissues
were harvested in lysis buffer (BD Biosciences) and lysates
were cleared by centrifugation at 12,000 x g for 10 min
at 4°C) was quantified with the two-dimensional Quant kit
(GE Healthcare Life Sciences, Little Chalfont, UK). A total
of 30 ug protein/lane was separated by 8% SDS-PAGE and
transferred onto a polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA, USA). Membranes were
blocked with 2% skim milk at room temperature for 1 h
and probed with the following antibodies at 4°C overnight:
anti-inhibitor of kB (IkB) kinase a (IKKa; cat. no. ab32041;
1:500; Abcam, Cambridge, UK), anti-IKKf (cat. no. 2684;
1:500), anti-IKBa (cat. no. 9242; 1:500), anti-NFxB (cat.
no. 4810; 1:500), anti-phosphorylated (p)-IKKa (cat.
no. 11930; 1:1,000), anti-p-IKKp (cat. no. 8943; 1:1,000),
anti-p-IKBa (cat. no. 4814; 1:1,000) and anti-p-NF«kB (cat.
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Figure 1. Blood glucose and weight changes. (A) The change of blood glucose following treatment with different concentrations of STZ. $**P<0.001 vs. control.
"P<0.001 vs. 50 mg/kg STZ treatment group. *©“P<0.001 vs. 75 mg/kg STZ treatment group. (B) Blood sugar changes over time following treatment with

s

100 mg/kg of STZ. "P<0.001 vs. normal group. (C) Mouse weight change following treatment with 100 mg/kg of STZ for different time.

group. STZ, streptozotocin.
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Figure 2. Histochemical analysis of liver tissues. (A-C) Kp-infected mice with
DM. The magnifications utilized for (A-C) are x100, x200 and x200, respec-
tively. (D) Kp-infected normal mice (magnification, x400). (E) Kp-infected
normal mice (magnification, x200). (F) Control mice (magnification, x200).
(G) Semi-quantitative analysis of histological observations (magnification,
x200). ““P<0.001. Kp, Klebsiella pneumoniae; DM, diabetes mellitus.

no. 8242; 1:1,000; all Cell Signaling Technology, Inc., Danvers,
MA, USA). Following hybridization with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (cat. no. 5836;
1:1,000; Cell Signaling Technology, Inc.) for 1 h at room
temperature, the blots were developed with Immobilon™
Western Chemiluminescent HRP Substrate (EMD Millipore)

Ak

P<0.001 vs. normal

and visualized with an ImageQuant™ LAS 4000 Mini
Biomolecular Imager (GE Healthcare Life Sciences). The
band intensities were quantified using a UN-SCAN-IT gel,
version 6.0 software (Silk Scientific, Orem, UT, USA).

Statistical analysis. Statistical analyses were performed using
SPSS version 2.0 (SPSS, Inc., Chicago, IL, USA). Statistical
results are expressed as the mean + standard deviation.
Statistical analyses were performed using one-way analysis of
variance and a post-hoc Tukey's test. P<0.05 was considered to
indicate a statistically significant difference.

Results

DM mouse model construction. In order to construct a model
of mice with stable DM, 0-120 mg/kg STZ was administered
via intraperitoneal injection. Following 7 days, blood glucose
levels were detected and the results revealed that 100 mg/kg
STZ resulted in a stable increase in blood glucose, and so was
selected for further experiments.

Pathological changes in mouse liver tissues. Liver tissue
abscesses were observed under an optical microscope
(magnification, x200). The liver cells from normal mice
and mice with DM were round, borders were clear, cell
nuclei and cytoplasm were stained normally and there
were no inflammatory cell aggregations in the portal areas.
However, in normal mice and mice with DM infected with
K. pneumoniae, foci of hepatic necrosis, diffuse infiltration
of neutrophils, small amounts of lymphocytes in the necrotic
areas and balloon-like lesions of the peripheral liver cells were
observed. In 2/18 K. pneumoniae-infected normal mice the
focal liver cells were enlarged, cell boundaries were unclear,
cytoplasm was pale and loose, and a small amount of neutro-
phils and lymphocytes had collected in the portal areas. The
liver tissues of 5/18 mice in this group exhibited no inflam-
matory responses. A total of 3/18 K. pneumoniae-infected
normal mice presented with focal hepatic necrosis, diffuse
infiltration of neutrophils, small numbers of lymphocytes
in the necrotic areas and balloon-like lesions of the periph-
eral liver cells. Furthermore, 4/18 K. pneumoniae-infected
mice with DM had enlarged focal liver cells, unclear cell
boundaries, pale and loose cytoplasm and small numbers
of neutrophils and lymphocytes were collected in the portal
areas (Fig. 2A-F). To obtain further insight into the role of
the diabetic microenvironment in KPLA, semi quantitative
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Figure 3. ELISA assays for (A) IL-1p, (B) IL-2, (C) IL-6, (D) IL-10, (E) MIP-la, (F) TNFa in mice with or without Kp and DM. "P<0.05 vs. Con;
"P<0.05 vs. K. pneumoniae infected normal mice. IL, interleukin; MIP, macrophage inflammatory protein; TNF, tumor necrosis factor; Con, control; Kp,

Klebsiella pneumoniae; DM, diabetes mellitus.

analyses were performed on liver sections prepared from
K. pneumoniae treated mice. Significantly more liver
damage (assessed by a higher pathology score) was observed
in K. pneumoniae-infected mice with DM compared with
K. pneumoniae-infected normal mice (P<0.001; Fig. 2G).
Little to no liver damage was observed in normal mice and
mice with DM.

Expression of tissue inflammatory factors. The results
revealed that the expression of 1L-1§, IL-2, IL-6, MIP-1la
and TNFa was significantly increased in liver tissues from
K. pneumoniae-infected mouse with DM compared with
K. pneumoniae-infected normal mice (Fig. 3). The expres-
sion of IL-1f, IL-2, IL-6, MIP-1a. and TNFa was increased
in liver tissues from K. pneumoniae-infected mice with
DM compared with PBS control mice with DM (P<0.05;
Fig. 3). The expression of IL-1p, IL-2, IL-6, MIP-1a and
TNFa were not significantly different in liver tissues from
K. pneumoniae-infected normal mice compared with control
mice (P<0.05; Fig. 3), suggesting that K. pneumoniae infection
promotes inflammatory responses.

Western blot analysis. The results of western blotting revealed
that the expression of p-IKKp, p-IKBa and p-NF«xB was
significantly higherinlivertissues from K.pneumoniae-infected
mice with DM compared with K. pneumoniae-infected normal
mice (P<0.05; Fig. 4). But the expression of IKKa, IKK},
IKBa and p-NF«B did not exhibit any significant differences.
The expression of p-IKKa, p-IKKf, p-IKBa and p-NFxB
in the liver tissues of K. pneumoniae-infected mice with DM
was significantly higher compared with normal mice with DM
(P<0.05; Fig. 4). The expression of p-IKKa, p-IKKf, p-IKBa
and p-NFKB in liver tissues from K. pneumoniae-infected
normal mice was significantly higher compared with control
mice (P<0.05; Fig. 4).

Discussion

In the present study, DM was induced in mice via intra-
peritoneal injections of 100 mg/kg STZ. Each mouse was
orally inoculated with K. pneumoniae to establish the liver
abscess model and liver tissues were separated 7 days later.
Histopathological examination revealed focal necrosis of liver
cells, diffuse infiltration of neutrophils and lymphocytes,
hepatocyte swelling, unclear cell boundaries, slightly stained
cytoplasm, cytoplasmic osteoporosis and ballooning, all of
which are indicative of liver abscess formation. In this study,
the incidence of liver abscess formation in mice with DM was
50%, which is lower than previously reported (15). This may
be because liver extraction was performed prior to liver cell
edema and the infiltration of small amounts of inflammatory
cells did not result in abscess formation. Alternatively, the
K. pneumoniae strain may have been to the previous study
and have different virulence. Lastly, when bacterial suspen-
sions were orally inoculated, the operation procedure may
have resulted in the bacterial suspension failing to enter the
stomach of the mouse.

In the present study, the number of liver abscesses
observed in the K. pneumoniae-infected mice with DM was
higher compared with the K. pneumoniae-infected normal
mice. This indicated that that high glucose induced the
NF«B signaling pathways exerted a promotional effect on the
pathogenesis of K. pneumoniae bacteria induced liver abscess.
After microbial infection, the host immune system recognizes
pathogen-associated molecular patterns and stimulates
the production of inflammatory mediators, including ILs,
complement, TNFa and neutrophils, as well as macrophage
aggregation, bacterial phagocytosis and degradation, resulting
in a protective immune response (16-18). In the present study,
the expression of IL-1f, IL-2, IL-6, MIP-1a. and TNFa in
the K. pneumoniae-infected mice with DM was increased
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Figure 4. (A) Expression of NFxB signaling pathway-associated proteins was measured using western blotting. Relative expression of (B) p-IKKa,
(C) IKKa, (D) p-IKKB, (E) IKKB, (F) p-IKBa, (G) IKBa, (H) p-NF«B and (I) NFkB. "P<0.05 vs. control. “P<0.05 vs. K. pneumoniae-infected normal mice.
“P<0.05 vs. uninfected mice with DM. NF, nuclear factor; p, phosphorylated; IKK, inhibitor of kB kinase; Kp, Klebsiella pneumoniae; DM, diabetes mellitus.

compared with the control mice with DM. Furthermore,
the expression of these factors was also increased in
K. pneumoniae-infected normal mice compared with control
mice. Kupffer cells, capillary endothelial cells, monocytes and
macrophages produce IL-1f, IL-2, IL-6, MIP-1a. and TNFa
to activate the inflammatory signaling pathways of NF«kB,
neutrophil aggregation, phagocytosis and degradation (19,20).
In acute inflammation, IL-1f and TNFa are the main

inflammatory mediators and may be quickly released to
activate the inflammatory reaction cascade, or even induce
endotoxin shock, with the synergistic effects of NFxB (21).
MIP-1a is a chemotactic factor secreted by macrophages
that attracts neutrophils and macrophages to the site of
infection (16). High IL-18, TNFa and MIP-1a expression
in mice with DM may increase the expression of NF«xB
signaling pathway proteins and the acute inflammatory
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reaction in the liver. Excessive inflammatory reactions in
the body can cause uncontrollable tissue damage and liver
inflammation, especially in hyperglycemic tissue microenvi-
ronments, resulting in necrosis of the liver cells and abscess
formation (22).

NF«B is a nuclear transcription factor that exists as a dimer
and is widely distributed in multicellular organisms. IKK,
IKB, NF«kB and other family members coordinate inflamma-
tory responses, innate and adaptive immune responses and cell
differentiation and proliferation (21,23-25). In inflammatory
conditions, extracellular stimulation is able to activate the
NF«B signaling pathway proteins, whose expression is crucial
for the progression of the inflammatory response. IKK is a
IKB protein kinas, comprising three subunits; IKKa, IKKf
and IKK (26). IKK is inactive in resting cells; however, extra-
cellular K. pneumoniae, IL-1p and TNFa stimulate IKKa,
IKKp and NFxB activation via phosphorylation (24,25,27).
In the present study, the expression of p-IKKa, p-IKKp,
p-IKBa and p-NF«kB in the K. pneumoniae-infected mice
with DM was increased compared with normal mice with
DM. Furthermore, levels of these proteins were also increased
in K. pneumoniae-infected normal mice compared with the
control group. Following K. pneumoniae infection of liver
tissues, macrophages and Kupffer cells secrete IL-10, TNFa,
MIP-1a and other cytokines, causing hepatocyte IKKa and
IKKp phosphorylation, as well as the activation and further
phosphorylation of IKBa and NFkB (26). The activation
of these proteins, in turn, promotes the transcription of
inflammatory cytokines and the cascade of inflammatory
processes, leading to liver cell damage, necrosis and liver
abscess formation (27). In the present study, the expression
of p-IKKp, p-IKBa and p-NF«B in K. pneumoniae-infected
mice with DM was significantly higher compared with
K. pneumoniae-infected normal mice. Increased p-IKKp,
p-IKBa and p-NF«B expression in DM mouse liver cells
stimulates monocytes, macrophages and liver Kupffer cells to
secrete larger amounts of IL-1f3, IL-2, IL-6, MIP-1a, TNFa
and other cytokines, attracting inflammatory cells to the
infected foci and causing hepatic edema, lysis, death and even
abscess formation (28).

In summary, the results of the present study suggest that
mice with DM have a higher incidence of KPLA due to the
excessive activation of NFxB cell signaling pathway proteins,
increased inflammation and increases liver cell necrosis.
However, further investigation is required to validate these
results and investigate additional factors that may contribute
to KPLA.
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