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Protection against Klebsiella pneumoniae Using Lithium Chloride in
an Intragastric Infection Model
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Intragastric Klebsiella pneumoniae infections of mice can cause liver abscesses, necrosis of liver tissues, and bacteremia. Lithium
chloride, a widely prescribed drug for bipolar mood disorder, has been reported to possess anti-inflammatory properties. Using
an intragastric infection model, the effects of LiCl on K. pneumoniae infections were examined. Providing mice with drinking
water containing LiCl immediately after infection protected them from K. pneumoniae-induced death and liver injuries, such as
necrosis of liver tissues, as well as increasing blood levels of aspartate aminotransferase and alanine aminotransferase, in a dose-
dependent manner. LiCl administered as late as 24 h postinfection still provided protection. Monitoring of the LiCl concentra-
tions in the sera of K. pneumoniae-infected mice showed that approximately 0.33 mM LiCl was the most effective dose for pro-

tecting mice against infections, which is lower than the clinically toxic dose of LiCl. Surveys of bacterial counts and cytokine
expression levels in LiCl-treated mice revealed that both were effectively inhibited in blood and liver tissues. Using in vitro as-
says, we found that LiCl (5 pM to 1 mM) did not directly interfere with the growth of K. pneumoniae but made K. pneumoniae
cells lose the mucoid phenotype and become more susceptible to macrophage killing. Furthermore, low doses of LiCl also par-
tially enhanced the bactericidal activity of macrophages. Taken together, these data suggest that LiCl is an alternative therapeutic

agent for K. pneumoniae-induced liver infections.

Kebsiellu pneumoniae is a well-known human nosocomial
pathogen that causes urinary tract infections, pneumonia, and
septicemia in immunocompromised individuals (1). In the past
20 years, a predominant, community-acquired, invasive K. pneu-
moniae infection type has emerged in Asia (2-8) and has also been
reported worldwide (9, 10). The resulting infections are charac-
terized by primary liver abscesses (2—10), and some patients de-
velop extrahepatic complications such as endophthalmitis, men-
ingitis, and necrotizing fasciitis (3, 6, 8). The mechanism by which
K. pneumoniae induces primary liver abscesses involves both mi-
crobial and host factors. Several genetic loci, such as the ¢ps cluster
(11), the wb cluster (12), rmpA (13), htrA (14), and magA (8, 15),
have been identified as K. pneumoniae virulence genes. The major
virulence factors in the invasive K. pneumoniae isolates from pa-
tients with liver abscesses in Taiwan are the magA and rmpA genes
and capsular serotype K1 or K2 (16, 17). The most important risk
factor for patients with K. pneumoniae-induced liver abscesses is
diabetes mellitus (2, 4-6, 8); however, a few infected individuals
exhibit no apparent underlying diseases (8). Despite intensive care
with catheter drainage and antibiotic therapy, the mortality rate
has remained higher than 10%, especially among patients with
metastatic complications (17-19). Moreover, the occurrence of K.
pneumoniae isolates displaying resistance to carbapenems and
third-generation cephalosporins has greatly increased recently
(20, 21). Consequently, the development of alternative therapeu-
tic and prophylactic agents for control of K. prneumoniae infec-
tions is necessary.

Innate immune cells use pathogen recognition receptors
(PRRs) such as Toll-like receptors (TLRs) to recognize the patho-
gen-associated molecular patterns (PAMPs) of microbes or viru-
lence factors. This recognition can induce cells to produce inflam-
matory cytokines and other molecules to help eliminate the
pathogens and direct pathogen-specific adaptive immune re-
sponses. The release of inflammatory cytokines can promote cell
infiltration and tissue damage, which are characteristic of inflam-

March 2015 Volume 59 Number 3

Antimicrobial Agents and Chemotherapy

mation, although excessive or prolonged inflammation can cause
severe injury to the host, such as septic shock (22). For more than
50 years, LiCl has been widely used to treat bipolar mood disorder.
In spite of its important clinical applications, the molecular mech-
anisms by which LiCl exerts its therapeutic effects on mental dis-
orders are still not well understood (23). Using different study
models, LiCl has been shown to directly inhibit various enzymes
and targets in vitro, including inositol monophosphatases
(IMPAs) (24), bisphosphate 3'-nucleotidase (25), cyclooxygenase
(26), isoforms of glycogen synthase kinase 3 (GSK3) (i.e., GSK3a
and -B) (27-29), and B-arrestin 2 (23). Among these targets,
GSK3p, a serine/threonine kinase that phosphorylates more than
50 substrates including p65-NF-kB, is a critical regulator of the
innate immune response against bacterial infections (30). A num-
ber of studies have documented that GSK3p activity is crucial in
regulating inflammatory responses during bacterial infections,
due to its role in the expression of either proinflammatory or
anti-inflammatory cytokines to promote or to inhibit the process
(31).

The effect of LiCl on K. pneumoniae infections has not been
demonstrated. In the present study, the therapeutic effects of LiCl,
a clinically used GSK3p inhibitor, on K. pneumoniae infections
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were evaluated. Using an intragastric infection model, which
mimics the clinical infection route of K. pneumoniae liver ab-
scesses (32, 33), we demonstrated that providing LiCl-treated
drinking water inhibited K. pneumoniae-induced death and liver
injury in mice by decreasing the bacterial burden and cytokine
production in blood and liver tissues.

MATERIALS AND METHODS

Bacteria. K. pneumoniae NK-9 (capsular serotype K1) with hypermuco-
viscosity was isolated from a patient with primary liver abscesses at the
National Cheng Kung University Hospital. K. pneumoniae NK-9 was cul-
tured in tryptic soy broth (TSB) (Difco Laboratories, Detroit, MI) for 18 h
at 37°C and then was subcultured in fresh broth (1:50 [vol/vol]) for an-
other 3 h. The concentration of bacteria was determined with a spectro-
photometer (Beckman Instruments, Somerset, NJ), with an optical den-
sity at 600 nm of 1 being equal to 1 X 10° CFU/ml. The exact
concentration was confirmed by serial dilutions and plate counting.

Mice. C57BL/6 (B6) mice were purchased from the National Labora-
tory Animal Center in Taiwan. The animals were maintained on standard
laboratory chow and water, available ad libitum, in the animal center at
I-Shou University. The animals were raised and cared for in accordance
with guidelines established by the Ministry of Science and Technology in
Taiwan. All procedures for the treatment, care, and handling of the ani-
mals were reviewed and approved by the Institutional Animal Care and
Use Committee at I-Shou University (protocol ISU101036). Five- to
6-week-old male mice (body weight, 22 = 1.5 g per mouse) were used in
all experiments.

Intragastric model of infection and LiCl treatment. To induce liver
abscesses, groups of 8 to 16 mice were given 0.2 ml of 0.2 M NaHCO,
through a sterile gastric gavage tube, to neutralize acidity. After the bicar-
bonate treatment, 1 X 10° K. pneumoniae NK-9 cells in 0.2 ml of sterile
phosphate-buffered saline (PBS) were immediately administered through
the same route (32, 33). The 70% lethal dose (LD,,) of K. pneumoniae
NK-9 cells administered intragastrically in B6 mice was 1 X 10° K. preu-
moniae cells. The animals were observed every day for a total of 9 days. To
determine the effects of LiCl, various concentrations of the drug (Sigma
catalog no. L9650) were added to the drinking water, which was admin-
istered immediately postinfection and provided to the mice ad libitum. In
another LiCl therapeutic experiment, LiCl-treated drinking water was
provided at 24 or 48 h postinfection, following which the survival rates of
the K. pneumoniae-infected mice were examined for a total of 9 days.

In some LiCl experiments, groups of six B6 mice were inoculated
intragastrically with 1 X 10° K. pneumoniae NK-9 cells per mouse. LiCl
(10 or 400 pg/ml) was administered with the drinking water immediately
postinfection. At various times after infection, serum samples were col-
lected from the mice to examine LiCl concentrations in the serum, and the
livers were removed, fixed in 3.7% formaldehyde, and embedded in par-
affin. Tissue slices (5 wm thick) were prepared and stained with hematox-
ylin and eosin, and the degree of liver inflammation was determined as a
histopathology score, in a blinded manner. Four different sections of the
largest liver lobule of each mouse were examined and scored as follows:
score of 1, less than 5 microabscesses in each liver section and no necrotic
region present; score of 2, between 5 and 10 microabscesses in each liver
section and no necrotic region present; score of 3, between 5 and 10
microabscesses in each liver section and necrotic regions present; score of
4, between 10 and 15 microabscesses in each liver section and necrotic
regions present. The average score for each group was generated by exam-
ination of liver sections from six mice (33). In another LiCl experimental
group, groups of four B6 mice were inoculated intragastrically with 5 X
10® K. pneumoniae NK-9 cells per mouse. LiCl (10, 100, or 400 p.g/ml) was
administered with the drinking water immediately postinfection. At 18 or
72 h after infection, mouse sera were collected, and some heparin-con-
taining blood or liver tissue homogenized in PBS was aseptically collected,
serially diluted, poured on LB agar plates, and incubated overnight at
37°C. The number of CFU of K. pneumoniae was then quantitated and
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expressed as the mean = standard deviation. The limit of detection was 10
CFU per g or ml.

Determination of LiCl concentrations in sera. Mouse sera were col-
lected, and the concentrations of LiCl were determined using a colorimet-
ric assay (34) and then detected using a Dimension RxL Max Integrated
Chemistry System 50/60 Hz (Siemens Healthcare Diagnostics, Germany).
The average concentration in each group was generated by examination of
sera from six mice and was expressed as the mean = standard deviation.

Determination of aspartate aminotransferase and alanine amino-
transferase levels in sera. Mouse sera were collected at 18 or 72 h postin-
fection, and the concentrations of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were determined using GOT-JS and
GPT-JS kits (Denka Seiken Co., Ltd., Niigata, Japan), respectively, and an
automated biochemical analyzer (model TBA-200FR; Toshiba Co., To-
kyo, Japan) (33).

Determination of cytokine levels in sera and liver tissues. Groups of
four B6 mice were inoculated intragastrically with 5 X 10® K. pneumoniae
NK-9 cells per mouse. Various concentrations of LiCl (10, 100, or 400
pg/ml) were administered orally with the drinking water immediately
postinfection. At 18 or 72 h after infection, mouse serum or liver tissue
homogenized in PBS was collected for the detection of cytokines. Inflam-
matory cytokines, including tumor necrosis factor alpha (TNF-a), inter-
leukin-6 (IL-6), monocyte chemoattractant protein 1 (MCP-1), interleu-
kin-1B (IL-1B), gamma interferon (IFN-v), interleukin-12 p70 (IL-12
p70), and keratinocyte-derived chemokine (KC), and anti-inflammatory
cytokines, including interleukin-10 (IL-10) and interleukin-13 (IL-13), in
the sera of mice were assessed using BD Cytometric Bead Array (CBA) flex
sets (BD Biosciences, San Jose, CA). With this detection system, the limit
of cytokine detection was 5 pg/ml. In this intragastric infection model,
IFN-v, IL-12, IL-4, and IL-13 were not detected in either the sera or liver
tissue homogenates after K. pneumoniae NK-9 infection.

Bacterial growth curves. K. pneumoniae NK-9 was cultured in TSB for
18 h at 37°C and then subcultured in fresh broth (1:50, 1:100, 1:200, or
1:400 [vol/vol]) for 3 h. At the time of subculture, various concentrations
of LiCl were added to the bacterial suspension, and bacterial growth at
different time points was determined by measuring the absorbance at 600
nm with a spectrophotometer. For exact quantification of bacterial
counts, the bacterial suspensions were serially diluted, plated on LB agar,
and cultured overnight at 37°C (32). The results of one of three experi-
ments are reported.

String test. K. pneumoniae NK-9 was cultured overnight at 37°C on
TSB agar plates containing various concentrations of LiCl (5 pM to 1
mM), and then the length of the sticky string from each single colony was
determined by sticking using a standard inoculation loop (17). The aver-
age length of strings in each group was determined by examination of six
single colonies and was expressed as the mean = standard deviation.

Clearance of LiCl-pretreated K. pneumoniae by RAW264.7 cells. K.
pneumoniae NK-9 cells were cultured in TSB for 18 h at 37°C and then
subcultured in fresh broth (1:50 [vol/vol]). Various concentrations of
LiCl were added to the bacterial suspensions at the time of subculture, and
cells were cultured for another 3 h. After the 3 h of incubation, LiCl-
treated K. pneumoniae NK-9 cells were washed twice with PBS and then
were used to infect RAW264.7 cells. RAW264.7 macrophage cells were
grown at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Grand Island, NY) containing 5% fetal bovine serum (FBS) (HyClone; GE
Healthcare Life Sciences, Piscataway, NJ). The RAW264.7 cells (4 X 10°
cells/well) in 24-well culture plates were cocultured with K. pneumoniae
NK-9 cells at a ratio of bacteria to RAW264.7 cells of 250:1. The plates
were centrifuged for 5 min at 500 X g to enhance the contact of bacteria
and cells. The cells were incubated for 2 h at 37°C to permit phagocytosis
and infection. Following this, the free bacteria outside the cells were
washed away with PBS, DMEM containing 5% FBS and 100 pg/ml gen-
tamicin was added, and the cells were cultured for another 4 h or 14 h. At
the indicated times, the cells were washed and hydrolyzed with 1 ml of
sterile distilled water (pH 11) (35), and intracellular remnant bacteria
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were determined by plate counting. The results of three experiments are
expressed as the mean * standard deviation.

Detection of bactericidal activity of RAW264.7 cells following LiCl
treatment. RAW264.7 macrophage cells were grown in DMEM contain-
ing 5% FBS. RAW264.7 cells (4 X 10° cells/well) were cocultured with K.
pneumoniae NK-9 cells at a ratio of bacteria to RAW264.7 cells 0f 200:1, in
24-well culture plates. The plates were centrifuged for 5 min at 500 X g to
enhance the contact of bacteria and cells. The cells were incubated for 2 h
at 37°C to permit phagocytosis and infection. Subsequently, the free bac-
teria outside the cells were washed away with PBS, DMEM containing 5%
FBS, 100 pg/ml gentamicin, and various concentrations of LiCl was
added, and the cells were cultured for another 4 h or 14 h. At the indicated
times, the cells were washed and hydrolyzed with 1 ml of sterile distilled
water (pH 11) (35), and intracellular remnant bacteria were determined
by plate counting. The results of three experiments are expressed as the
mean * standard deviation.

Statistics. The statistical analysis was carried out using Prism 3.0 soft-
ware (GraphPad Software, San Diego, CA). For the mouse model in Fig. 1,
survival curves were compared for significance using the log rank test. For
the histological data in Fig. 2I, the significance of differences between the
treatment groups was determined using the Wilcoxon signed-rank test.
The data shown in the tables were compared for significance using anal-
ysis of variance (ANOVA). In Fig. 3 and 4, treatment groups were com-
pared for significance using the t test. Statistical significance was set ata P
value of <0.05.

RESULTS

LiCl inhibits K. pneumoniae-induced death. To examine the ef-
fects of LiCl on K. pneumoniae infections in mice, we chose to add
LiCl to the drinking water (which is provided ad libitum for the
mice) for 7 days instead of injecting it intragastrically, to reduce
the emotional stress on the mice. Without treatment, approxi-
mately 70% of the mice (11 of 16 mice) died within 5 days after
intragastric inoculation of 1 X 10° K. pneumoniae NK-9 cells (the
LD, for mice). In contrast, treatment with LiCl immediately fol-
lowing inoculation inhibited K. pneumoniae-induced death in a
dose-dependent manner; 10 pg/ml LiCl resulted in 38% survival
(3 of 8 mice), 100 pg/ml LiCl resulted in 44% survival (4 of 9
mice), and 400 pg/ml LiCl yielded 79% survival (11 of 14 mice).
As the dose of LiCl was increased to 1,600 pg/ml, the survival rate
fell to 67% (6 of 9 mice); the survival rate was higher than that of
the K. pneumoniae-infected group (30%), and no statistically sig-
nificant differences were observed, compared to the results for the
K. pneumoniae-infected group. No mice died in the LiCl-only
(1,600 wg/ml) control group (Fig. 1A). In addition, providing
mice with LiCl-treated drinking water (400 wg/ml) 3 h before the
infection resulted in 63% survival (5 of 8 mice) (data not shown).
This result indicates that pretreatment with LiCl did not seem able
to increase the survival rate of infected mice, compared to the
results with LiCl given immediately following inoculation.

The consumption of drinking water by each LiCl-treated
mouse was approximately 4 = 0.4 ml per day and was dependent
on mouse lethargy and not the dose of LiCl administered (data not
shown). We monitored the concentrations of LiCl in the sera of
infected mice that were treated with LiCl-containing water ad i-
bitum at 72 h postinfection, and we found that the average con-
centrations of LiCl in the sera of the 400-g/ml and 1,600-p.g/ml
LiCl-treated mice were 0.33 = 0.04 mM and 0.61 = 0.03 mM,
respectively. Both of these concentrations were lower than the
clinically acute toxic doses of LiCl (>1.2 mM) (36). To extrapolate
the oral doses of LiCl, we treated mice with different concentra-
tions of LiCl administered intragastrically, and the average con-
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FIG 1 Inhibition of K. pneumoniae-induced death by LiCl. (A) Oral admin-
istration of LiCl inhibiting K. pneumoniae NK-9-induced death in B6 mice in
a dose-dependent manner. Groups of eight to 16 B6 mice were inoculated, via
the intragastric route, with 1 X 10° K. pneumoniae NK-9 cells per mouse.
Various doses of LiCl were administered with the drinking water immediately
postinfection. LiCl alone (1,600 g/ml) had no effect on mice. Survival curves
were compared for significance using the log rank test for the NK-9 plus LiCl
(400 pg/ml) group versus the NK-9 group (P = 0.0087). (B) Therapeutic
effects of LiCl against K. pneumoniae NK-9 infections in B6 mice. Groups of
eight to 10 B6 mice were inoculated intragastrically with 1 X 10° K. pneu-
moniae NK-9 cells per mouse. LiCl (400 wg/ml) was administered with the
drinking water at 24 h or 48 h postinfection. Survival curves were compared for
significance using the log rank test for the NK-9 plus LiCl (24 h postinfection)
group versus the NK-9 group (P = 0.048).

centrations of LiCl in the sera were determined 2 h after treatment.
Intragastric administration of 20 mg/kg and 50 mg/kg of LiCl to
mice resulted in concentrations of LiCl in the sera of 0.35 % 0.02
mM and 0.57 £ 0.04 mM, respectively. These two oral doses of
LiCl caused approximately equivalent serum concentrations
of LiCl, compared with treatment with drinking water containing
LiCl at 400 pg/ml and 1,600 pg/ml, respectively.

Histological examinations showed that the liver tissue had ab-
scess formation at 18 h postinfection (Fig. 2B), and massive ne-
crosis of hepatocytes appeared 72 h after K. pneumoniae NK-9
infection (Fig. 2F). However, treatment with 400 pg/ml of LiCl
significantly inhibited abscess formation and necrosis of the liver
tissue (Fig. 2D and H). Compared with the water-treated mice, no
significant histological differences were found in the liver tissue of
the LiCl-only control mice (Fig. 2A and E). The degree of inflam-
mation in the liver tissues was quantitated by histological exami-
nation and is shown in Fig. 2I. Furthermore, there was a therapeu-
tic effect of LiCl on K. pneumoniae infection. The addition of LiCl
(400 pg/ml) to the drinking water for 7 days starting at 24 h
postinfection protected 70% of the mice (7 of 10 mice) from
death, while the addition of LiCl at 48 h postinfection had no
protective effect (Fig. 1B). These results indicate that LiCl could
inhibit K. pneumoniae-induced death in this intragastric infection
model.

aacasm.org 1527


http://aac.asm.org

Tsao et al.

3 —©—-NK-9
£ 2 —&—-NK-9 +LiCl 10
=3
@ g/ml

1 *  —&—NK-9+LiC1400

0 * e/l

0 18 72h
Time

FIG 2 Inhibition of K. pneumoniae-induced liver damage by LiCl. Groups of
six B6 mice were inoculated intragastrically with 1 X 10° K. pneumoniae NK-9
cells per mouse. Various concentrations of LiCl were administered as de-
scribed for Fig. 1A. The mice were sacrificed at 18 or 72 h postinfection, and
liver sections were prepared as described in Materials and Methods. (A to H)
Representative tissue sections. (A) Drinking water only, without K. pneu-
moniae, with sacrifice at 72 h. (B) Drinking water plus K. pneumoniae, with
sacrifice at 18 h. (C) LiCl (10 pg/ml) plus K. pneumoniae, with sacrifice at 18 h.
(D) LiCl (400 pg/ml) plus K. pneumoniae, with sacrifice at 18 h. (E) LiCl (400
g/ml) without K. pneumoniae, with sacrifice at 72 h. (F) Drinking water plus
K. pneumoniae, with sacrifice at 72 h. (G) LiCl (10 w.g/ml) plus K. pneumoniae,
with sacrifice at 72 h. (H) LiCl (400 pg/ml) plus K. pneumoniae, with sacrifice
at 72 h. Thick arrows, necrotic regions; thin arrows, liver abscesses. Magnifi-
cation, X100. (I) Degree of liver inflammation determined by histological
examination, as described in Materials and Methods. *, P < 0.05, compared
with K. pneumoniae-treated mice.

LiCl decreases bacterial burdens, liver damage, and cytokine
production. The bacterial counts in the liver and blood were
quantitated further. After intragastric inoculation of 5 X 10° K.
pneumoniae NK-9 cells, bacterial counts in both the liver (per
gram of tissue) and blood (per ml) were approximately 10° CFU at
18 h, with the numbers increasing to 10”7 to 10® CFU at 72 h
postinfection. In contrast, LiCl treatment significantly decreased
the bacterial loads in both the liver and the blood, in a dose-
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TABLE 1 Bacterial counts in blood and liver tissues after LiCl treatment
of K. pneumoniae infection”

Bacterial count (log,, CFU/ml) at:

18h 72h
Treatment Blood Liver Blood Liver
NK-9 50*+08 55+05 77*15 7.0=*1.0
NK-9 + 10 pg/ml LiCl 2.4 +03 45*20 59+09 53*05
NK-9 4+ 100 pg/mlI LiCl 2.4+ 0.6 39=04 39*08" 39+02°
NK-9 + 400 pg/ml LiCl <1 L5*05" <I1 1.5+02°

“ Groups of four mice were inoculated, via the intragastric route, with 5 X 10% K.
pneumoniae NK-9 cells per mouse. Various concentrations of LiCl were administered
immediately postinfection by addition to the drinking water. The mice were sacrificed
at 18 or 72 h postinfection, and the bacterial counts were detected by plate counting.
Data are presented as mean * standard deviation. The statistical analysis was
performed using repeated-measures ANOVA.

b p < 0.05, compared with results for NK-9-treated mice.

dependent manner (Table 1). Liver functionality was also im-
paired, as shown by the increased levels of AST and ALT in the
serum after K. pneumoniae NK-9 infection. Comparatively, the
AST and ALT levels in the LiCl-treated mice were significantly
inhibited (Table 2). Cytokine expression, including expression of
the inflammatory cytokines TNF-a, IL-6, MCP-1, and KC and the
anti-inflammatory cytokine IL-10, in the blood after K. pneu-
moniae NK-9 infection was elevated at 18 h, with the levels peak-
ing at 72 h postinfection. However, LiCl treatment significantly
inhibited cytokine production in the blood (Table 3). Interest-
ingly, although there was no IL-1B expression in the blood, ex-
pression was induced in the liver tissue at 18 h postinfection; fol-
lowing LiCl treatment, the expression levels decreased (Table 4).
Although the expression profiles of the cytokines were different in
blood and liver tissue, they were all significantly inhibited by LiCl
treatment (Tables 3 and 4). These results suggested that LiCl could
decrease the bacterial burdens, liver impairment, and inflamma-
tion in K. pneumoniae NK-9-infected mice.

LiCl makes K. pneumoniae NK-9 cells more susceptible to
macrophage killing. To examine the in vitro growth of K. pneu-
moniae NK-9 cells with LiCl, we subcultured bacterial suspensions
with fresh TSB at a 1:50 dilution, and different concentrations of
LiCl were added and incubated for various times. LiCl had no
direct antimicrobial activity with respect to in vitro growth of K.
pneumoniae NK-9 cells in TSB cultures (Fig. 3A). Even when the
initial bacterial concentration was decreased by increasing the di-

TABLE 2 Serum AST and ALT levels after LiCl treatment of K.
pneumoniae infection”

AST level (U/liter) ALT level (U/liter)
Time NK-9 + NK-9 +
(h) NK-9 LiCl LiCl NK-9 LiCl LiCl
0 10218 114=*7 1155 43=+3 38+ 8 41+3
18 698 =36 188 +27° 1038 375+50 45*+10° 38=*5
72 79285 220%+25° 1017 412+54 85=*13" 42+3

“ Groups of four mice were inoculated, via the intragastric route, with 5 X 10% K.
pneumoniae NK-9 cells per mouse. LiCl (400 pg/ml) was administered immediately
postinfection by addition to the drinking water. The mice were sacrificed at 0, 18, or 72
h postinfection, sera were collected, and AST and ALT levels were measured. Data are
presented as mean * standard deviation. The statistical analysis was performed using
repeated-measures ANOVA.

b p < 0.05, compared with results for NK-9-treated mice.
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TABLE 3 Cytokine expression in blood after LiCl treatment of K. pneumoniae infection”

Cytokine level (pg/ml)

18h 72h
Treatment TNF-a  IL-6 MCP-1 KC IL-18 IL-10 TNF-a IL-6 MCP-1  KC IL-18 IL-10
None <s5? <5t <10° 2+10 <5v <5° <5t <5t <10° 22+10 <5 <5t
400 pg/ml LiCl <5’ <s5? <10° 23+8  <5® <5t <5t <5’ <10° 25+ 8 <5 <5t
NK-9 164 =10 888 =68 954 =216 878 =49 <5 4611 251 =15 15,898 =99 988 =216 2,461 =98 <5 630 =55
NK-9 + 10 pg/ml LiCl 29 =10 364 =89 1,281 =87 350 +98 <5 12%+5 80*11 860*279 398*78 521+98 <5 23=*15
NK-9 + 100 pg/ml LiCl 332 273+95 868 49 430+49 <5 16=x3 59=8 1,019*106 152+58 59623 <5 17%5
NK-9 + 400 pg/ml LiCl 13 =3¢ 90 = 11° 299 *30° 187 = 21° <5" <5 5+1° 21=*5° 18=4° 53+10° <5 <5°

“ Groups of four mice were inoculated, via the intragastric route, with 5 X 10% K. pneumoniae NK-9 cells per mouse. Various concentrations of LiCl were administered immediately
postinfection by addition to the drinking water. The mice were sacrificed at 18 or 72 h postinfection, and cytokine expression in sera was detected with CBA flex sets. Data are
presented as mean = standard deviation. The statistical analysis was performed using repeated-measures ANOVA.

b Minimal cytokine concentration detected using a CBA flex kit.
¢ P < 0.05, compared with results for NK-9-treated mice.

lution with fresh TSB to 1:400, LiCl (5 wM to 1 mM) had no direct
effects on the growth curves of K. pneumoniae NK-9 cells (data not
shown). The K. pneumoniae NK-9 strain has a hypermucoviscous
phenotype, which might be indicative of the extent of capsular
polysaccharide expression and related to resistance to phagocyto-
sis (17). Using the string test, we found that LiCl dose-depend-
ently caused K. pneumoniae NK-9 cells to lose the mucoid pheno-
type (Fig. 3B). Moreover, pretreatment of K. pneumoniae NK-9
cells with LiCl caused K. pneumoniae to be more susceptible to
macrophage killing, in a dose-dependent manner, at both 6 h and
16 h postinfection (Fig. 3C). These results indicate that LiCl could
modify capsular polysaccharides of K. pneumoniae that are in-
volved in resistance to macrophage killing while not affecting the
growth in vitro.

LiCl partially enhances macrophage bactericidal activity.
The effect of LiCl on macrophage bactericidal activity was exam-
ined next. A previous study indicated that LiCl (>3 mM) induced
macrophage apoptosis (37). We first examined the effects of LiCl
(5 pM to 2 mM) on the viability of RAW264.7 cells in 24-h cul-
tures, and we found that concentrations of LiCl lower than 2 mM
could not induce macrophage death (data not shown). To test the
effects of LiCl on the bactericidal activity of macrophages, we in-
fected RAW264.7 cells with K. pneumoniae NK-9 cells for 2 h,
washed the extracellular bacteria, and killed them using gentami-
cin. We added various concentrations of LiCl, and the bactericidal
activity of the macrophages was examined by counting the num-

ber of surviving intracellular bacteria. As shown in Fig. 4, LiCl
treatment was able to partially decrease the live bacterial counts
within the macrophages, indicating that it could enhance the bac-
tericidal activity of macrophages.

DISCUSSION

A predominant, community-acquired, primary K. pneumoniae
type causing liver abscesses has emerged in Asia over the past 2
decades (2-8). Its complications are associated with high mortal-
ity rates, especially in metastatic meningitis (17-19), and severe
visual deficits, especially in endophthalmitis (17). Early diagnosis
and antibiotic treatment can decrease K. pneumoniae-induced
mortality rates and visual or brain damage (17). In Taiwan, most
of the K. pneumoniae strains isolated from primary liver abscesses
are susceptible to cephalosporins and aminoglycosides (2, 17) but
constitutively resistant to amoxicillin and ampicillin (38). How-
ever, nosocomial liver abscesses caused by extended-spectrum
B-lactamase-producing K. pneumoniae have been reported (20).
Moreover, the frequency of K. prneumoniae isolates that are resis-
tant to carbapenems and third-generation cephalosporins is in-
creasing in all regions of the United States (21). Hence, it is of
utmost importance to search for an alternative anti-K. pneu-
moniae agent. In this study, we demonstrated that a subtoxic dose
of LiCl, a widely prescribed drug, could effectively inhibit K. pneu-
moniae-induced liver abscesses and death in mice by modulating

TABLE 4 Cytokine expression in liver tissues after LiCl treatment of K. pneumoniae infection”

Cytokine level (pg/ml)

18h 72h
Treatment TNF-a  IL-6  MCP-1 KC IL-1B8 IL-10  TNF-o IL-6 MCP-1  KC IL-13 IL-10
None 6*1 <5t <10® <10® <5* 138 6=*1 <5t <10® <10” <5t 138
400 pg/ml LiCl 6+1 <P 11=*1 <10® <5? 26 7*x2 <5 <10® <10® <s5? 15%3
NK-9 11315 18+5 1,417+89 333+78 197+30 53+6 41+10 114+10 649 +78 42850 42+*5 6010
NK-9 + 10 pg/ml LiCl 45+ 10 7*2 971+78 16323 54*18 27+6 38+11 20+7 327+20 242+32 39+5 43+6
NK-9 4+ 100 pg/mlILiCl 43%+5 7%+2 918+58 8970 42+28 23*4 29*2 18%*9 286+33 166*34 375 32%5
NK-9 + 400 pg/ml LiCl 19 =3¢ <5 362 +60° 7318 46+6° 14+2° 16+2° <5° 49+ 10° 13+3° 12*6° 18+5°

“ Groups of four mice were inoculated, via the intragastric route, with 5 X 10® K. pneumoniae NK-9 cells per mouse. Various concentrations of LiCl were administered immediately
postinfection by addition to the drinking water. The mice were sacrificed at 18 or 72 h postinfection, and cytokine expression in liver homogenates was detected with CBA flex sets.
Data are presented as mean * standard deviation. The statistical analysis was performed using repeated-measures ANOVA.

b Minimal cytokine concentration detected using a CBA flex kit.

¢ P < 0.05, compared with results for NK-9-treated mice.
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FIG 3 In vitro effects of LiCl on K. pneumoniae NK-9 cells. (A) Effects of LiCl
on the in vitro growth of K. pneumoniae. K. pneumoniae NK-9 cells (5.8 X 107
CFU/ml) were incubated with various concentrations of LiCl for different
times, and the amounts of bacteria at each time point were determined by
counting colonies on LB agar plates, as described in Materials and Methods.
(B) Effects of LiCl on the mucoid phenotype of K. pneumoniae. K. pneumoniae
NK-9 cells were cultured on agar plates containing various concentrations of
LiCl, and the mucoid strings of the colonies were determined as described in
Materials and Methods. (C) Clearance of LiCl-pretreated K. pneumoniae by
macrophages. The same amounts of K. pneumoniae NK-9 cells were pretreated
with various concentrations of LiCl for 3 h. Subsequently, LiCl-pretreated K.
pneumoniae cells were infected for 2 h with RAW264.7 cells (4 X 10° cells/well)
at a ratio of bacteria to RAW264.7 cells of 250:1. After removal of the extracel-
lular bacteria with gentamicin, the live intracellular bacteria were quantitated
at 6 or 16 h postinfection, as described in Materials and Methods. *, P < 0.05,
compared with the K. pneumoniae-infected group not treated with LiCL.
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FIG 4 Effects of LiCl on the bactericidal activity of macrophages. RAW264.7
cells (4 X 10° cells/well) were cocultured for 2 h with K. pneumoniae NK-9 cells
ataratio of bacteria to RAW264.7 cells of 200:1. Subsequently, the free bacteria
outside the cells were washed, DMEM containing gentamicin and various
concentrations of LiCl was added to the cells, and the cells were cultured for
another 4 h or 14 h. At the indicated times, the cells were lysed and the live
intracellular bacteria were counted as described in Materials and Methods. *,
P < 0.05, compared with the group not treated with LiCL

K. pneumoniae itself, decreasing systemic inflammation, and par-
tially enhancing the bactericidal activity of macrophages.

Use of LiCl to treat infections has been reported previously for
both in vitro and in vivo models (39—-47). With regard to virus
infections, LiCl has been found not only to inhibit replication of
the herpes simplex viruses (39) and pseudorabies herpesviruses
(40) directly in in vitro assays but also to decrease the infective
capacity of porcine and avian coronaviruses in host cells (41). In a
rat infection model, a combination of diminazene aceturate, an
anti-Trypanosoma drug, and LiCl could provide a greater thera-
peutic effect than diminazene aceturate alone in preventing re-
lapse infections with Trypanosoma brucei (42). Moreover, LiCl has
been reported to suppress Plasmodium berghei parasitemia (43)
and to restore Plasmodium falciparum-induced neurocognitive
damage in a murine model (44). With regard to bacterial infec-
tions, LiCl has been shown to decrease mortality rates, to various
degrees, in Francisella tularensis-infected (45), Streptococcus pyo-
genes-infected (46), and Burkholderia pseudomallei-infected (47)
mice. Although the inhibitory effects of LiCl against infections
have been demonstrated in a variety of models, the detailed mech-
anisms in these different infective models are not clearly under-
stood.

LiCl has been used in the treatment of bipolar disorders for a
long time, but it has limitations due to its adverse effects, such as
damage to renal, thyroid, and parathyroid functions, teratogenic-
ity, and weight gain (36) with long-term treatment. Safe therapeu-
tic serum concentrations of lithium, with minimal side effects
with long-term administration, for the treatment of human bipo-
lar disorders are 0.4 to 0.8 mM, while serum concentrations over
1.2 mM LiCl can cause acute toxicity (36). In our model, by adding
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LiCl to the drinking water, we demonstrated that the most effec-
tive dose of LiCl in K. pneumoniae-infected mice was 400 pg per
ml, which corresponded to a serum concentration of 0.33 mM.
Even when the LiCl dose in the water was up to 1,600 pg per ml,
corresponding to 0.61 mM LiCl in the serum, the survival rate of
K. pneumoniae-infected mice was not increased (Fig. 1A). These
results indicated that the most appropriate serum concentration
of LiCl, which provided protection against K. pneumoniae infec-
tion, was limited and lower than that used for treatment of bipolar
disorders. Similar results have been reported for the B. pseudomal-
lei mouse model (47). Tay et al. indicated that intraperitoneal
administration of LiCl (100 mg/kg) could provide the best protec-
tion against B. pseudomallei infection, while the survival rate fell
with doses of up to 200 mg/kg LiCl (47).

Based on our results, we demonstrated that a subtherapeutic
dose of LiCl was able to control bacterial burdens and, as a result,
to inhibit local liver damage, systemic inflammation, and death in
mice. The effects of LiCl on bacterial burdens can be divided into
two parts. The first is the direct effect of LiCl on K. pneumoniae
NK-9 cells. Previous studies indicated that high doses of LiCl
(>100 mM) could alter bacterial cell walls and thus viability (48,
49). As shown in Fig. 3A, low doses of LiCl did not affect the in
vitro growth curve of K. pneumoniae. However, they could modify
the expression of capsular polysaccharides of K. pneumoniae and
made the bacteria more susceptible to killing by macrophages
(Fig. 3B and C). Capsular polysaccharides and lipopolysaccha-
rides are two important virulence factors of K. pneumoniae (1)
that interact with the PRRs on innate cells, and these interactions
stimulate innate cells to release cytokines and other mediators
(50). In addition to capsular polysaccharides, we cannot rule out
subtle modifications of cell walls by low doses of LiCl, and the
detailed mechanisms involved in the modification of K. pneu-
moniae capsules or cell walls by low doses of LiCl need further
investigation.

The second effect of LiCl on bacterial burdens is its partial
enhancement of the bactericidal activity of macrophages. A pre-
vious study indicated that LiCl (>3 mM) induced selective mac-
rophage apoptosis in atherosclerotic plaques through inhibition
of inositol monophosphatase (37). In our study, we found that
LiCl (5 wM to 1 mM) alone could not induce macrophage death
(data not shown). After K. pneumoniae infection, LiCl treatment
enhanced the bactericidal activity of macrophages (Fig. 4). The
detailed mechanisms are not well understood, but our unpub-
lished data indicated that low doses of LiCl could inhibit K. prneu-
moniae-infected cell death. By inhibiting the death of macro-
phages, their killing activity would be enhanced. Controversial
results regarding the effects of lithium on phagocytes and their
bactericidal activity have been noted in humans and in animal
models (51-53). The results from in vitro assays showed that lith-
ium increases the numbers of leukocytes but decreases the bacte-
ricidal capacity of granulocytes in humans (51). However, another
study indicated that lithium can enhance the phagocytic activity of
leukocytes through inhibition of adenylate cyclase and cyclic AMP
production (52). An in vivo study demonstrated that lithium stim-
ulated the phagocytic functions of neutrophils in normal control
animals but inhibited phagocytic activity in infected animals (53).
Because most studies used relevant LiCl serum concentrations
higher than 1 mM, we hypothesize that the lithium concentrations
and assay methods used in the different models could be the cause
of the controversial results.
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In the F. tularensis infection model, Zhang et al. indicated that
LiCl-mediated inhibition occurred through inhibition of GSK3,
with decreasing production of proinflammatory cytokines and in-
creasing production of anti-inflammatory cytokines such as IL-10
in sera to prevent mice from undergoing septic shock (45). Based
on our results shown in Tables 3 and 4, we found that intragastric
infection by K. pneumoniae induced production of both inflam-
matory and anti-inflammatory cytokines in both sera and liver
tissues. After LiCl treatment, both were inhibited in a dose-depen-
dent manner. Enhanced IL-10 production was not found in either
the sera or liver tissues after LiCl treatment. These data indicate
that the inhibitory effects of LiCl on K. pneumoniae infections
could be independent of anti-inflammatory cytokine production.
However, we did not exclude the possibility that the levels of IL-10
or other anti-inflammatory mediators could be increased in other
tissues, such as the spleen and lungs, as that has been reported for
B. pseudomallei-infected mice following LiCl treatment (47). Us-
ing an in vitro infection assay, we found that the GSK3 activity in
macrophages was inhibited by low doses of LiCl (unpublished
data). Because LiCl has several targets (23-29), the detailed mo-
lecular mechanisms of the effects of LiCl on macrophage func-
tions against K. pneumoniae infections need to be further
examined. In conclusion, in addition to its previously reported
anti-inflammatory effects, we suggest that nontoxic doses of LiCl
were able to prevent K. pneumoniae infections in mice through
modulation of K. pneumoniae itself and enhancement of the bac-
tericidal activity of macrophages.
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