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The incidence of diabetes mellitus is increasing among 

companion animals. This disease has similar characteristics in 

both humans and animals. Diabetes is frequently identified as 

an independent risk factor for infections associated with 

increased mortality. In the present study, homozygous 

diabetic (db/db) mice were infected with Listeria (L.) 

monocytogenes and then treated with the anti-diabetic drug 

exendin-4, a glucagon-like peptide 1 analogue. In aged db/db 

mice, decreased CD11b+ macrophage populations with higher 

lipid content and lower phagocytic activity were observed. 

Exendin-4 lowered high lipid levels and enhanced 

phagocytosis in macrophages from db/db mice infected with 

L. monocytogenes. Exendin-4 also ameliorated obesity and 

hyperglycemia, and improved ex vivo bacteria clearance by 

macrophages in the animals. Liver histology examined during 

L. monocytogenes infection indicated that abscess formation 

was much milder in exendin-4-treated db/db mice than in the 

control animals. Moreover, mechanistic studies demonstrated 

that expression of ATP binding cassette transporter 1, a sterol 

transporter, was higher in macrophages isolated from the 

exendin-4-treated db/db mice. Overall, our results suggest 

that exendin-4 decreases the risk of infection in diabetic 

animals by modifying the interaction between intracellular 

lipids and phagocytic macrophages.

Keywords: diabetes mellitus, exendin-4, Listeria monocytogenes, 
macrophage, mice

Introduction

The World Health Organization predicts that by 2030 there 
will be more than 360 million diabetic patients worldwide, 

and has declared that diabetes is an alarming epidemic [38]. 
Diabetes mellitus is also the most frequently diagnosed 
endocrinopathy in cats and dogs [31]. Classification of 
diabetic animals is modeled after the human classification. 
Type 1 diabetes mellitus, characterized by insulin dependency, 
is most common in dogs whereas non- insulin- dependent type 
2 diabetes mellitus appears to be the dominant form of 
diabetes in cats [15,31]. Obesity is a well-established risk 
factor for type 2 diabetes in both felines and humans [9,28] but 
not in dogs [31]. However, some studies have indicated that 
obese dogs fed a high-fat diet will develop insulin resistance 
[27,39].

Lipid bodies are dynamic organelles that are involved in 
the innate host immune response to pathogen infection [26]. 
Macrophages accumulate lipoproteins to form intracellular 
lipid bodies which become lipid-laden macrophages. These 
lipid-laden macrophages have decreased phagocytic 
capacity and disrupted cytoskeletons [5].

Listeria (L.) monocytogenes is an intracellular bacterium that 
causes opportunistic infections in many immunocompromised 
populations. Pregnant animals and their fetuses are at highest 
risk of developing listeriosis as are human infants, the 
elderly, and immunocompromised patients including 
diabetics [36]. Listeriosis has been recognized as an 
important food-borne disease among humans and many 
outbreaks are attributed to contaminated milk, poultry, and 
livestock products [34,35]. Listeria is also an infectious 
pathogen that is transmitted from dogs and cats to humans 
[25]. The homozygous diabetic (db/db) mouse, a model for 
diabetic dyslipidemia, has impaired host resistance to L. 
monocytogenes. Diabetic patients have also been frequently 
identified as a population with a high risk for bacterial 
infection [20]. Furthermore, db/db mice fed a Western diet 
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have plasma lipoprotein levels similar to those of human 
patients with type 2 diabetes mellitus [22]. 

Currently, there are no anti-diabetic drugs that can improve 
host defense against L. monocytogenes by decreasing 
macrophage lipid content. Exendin-4 (Byetta), a new 
generation of anti-diabetic drug, is a glucagon-like peptide 
1 (GLP-1) analogue that decreases lipid accumulation in 
diabetic patients by stimulating insulin secretion and 
increasing insulin sensitivity [33]. To our knowledge, no 
reports have indicated that GLP-1 analogues can influence 
lipid metabolism or related phagocytic activity of 
macrophages. Many type 2 diabetic animals are also obese 
(a condition sometimes called “diabesity”), and identifying 
single compounds for simultaneously treating these 
conditions is a challenge [1]. Exendin-4 is a potential 
candidate due to its ability to stimulate insulin secretion and 
induce weight loss while incurring a minimal risk of 
hypoglycemia [1,2]. Moreover, exendin-4 has an anti- 
diabetic effect on db/db mice [7,40].

In the present study, we measured the lipid content of 
macrophages in db/db mice after exendin-4 administration. 
We found that macrophages from mice treated with 
exendin-4 had lower lipid levels and higher phagocytic 
activity than ones from control animals. We also demonstrated 
that exendin-4 was able to enhance resistance to L. 
monocytogenes infection in db/db mice. Moreover, 
exendin-4 increased the expression of ATP binding cassette 
transporter 1 (ABCA1) that facilitated cholesterol efflux 
from lipid-laden macrophages in the mice.

Materials and Methods

Drugs, bacterial clones and animals 
Exendin-4 was purchased from Sigma (USA). L. 

monocytogenes (BCRC 15386) was obtained from the 
Bioresource Collection and Research Center (Taiwan). 
Homozygous diabetic (db/db) C57BL/KsJ mice and 
non-diabetic control littermates (db/m) were purchased 
from the Jackson Laboratory (USA). All the animals were 
maintained in an institutional animal facility of National 
Chung Hsing University (Taichung, Taiwan) and handled 
according to the guidelines of the Institutional Animal 
Care and Utilization Committee, National Chung Hsing 
University. 

Drug administration and measurement of blood 
glucose, cholesterol, triglyceride, LDL, and HDL in 
db/db mice 

Six-week-old female db/db mice were given intraperitoneal 
injections of exendin-4 (10 μg/kg body weight) or an 
equivalent volume of PBS twice per day for various periods 
of time. Blood glucose levels from tail vein blood were 
measured using an Elite glucometer (Bayer, USA) during 
8:00 a.m.∼ 9:00 a.m. Total cholesterol (TC), high-density 

lipoprotein (HDL), and triglyceride (TG) levels in the serum 
were measured using a Spotchem EZ SP-4430 (Arkray, 
Japan). Low-density lipoprotein (LDL) concentrations were 
calculated with the formula: TC – HDL – TG/5.

Measuring CD11b
+
, ABCA1 expression, and lipid 

levels in peritoneal exudate cells (PECs) from the 
mice 

For PEC preparation, 6∼10 mL of cold sterile PBS was 
injected into the peritoneal cavity. Resident exudate 
macrophages from the mice were harvested by peritoneal 
lavage, followed by centrifugation. Each experimental 
group included 5∼6 female db/db mice. The adherent 
PECs were counted, stained with specific anti-mouse 
CD11b-PE (BioLegend, USA) or ABCA1-fluorescein 
isothiocyanate (FITC) (Abcam, UK), and analyzed with a 
fluorescence-activated cell sorter (FACS) (Coulter Epics 
XL-MCL; Beckman Coulter, USA). CD11b is one of 
macrophage markers and ABCA1 is a membrane protein 
that mediates cholesterol export from macrophages. PECs 
in the same batch were stained with Nile red (Molecular 
Probes, USA) and Oil Red O (Sigma-Aldrich, USA), and 
then examined under a light microscope (Eclipse 50i; 
Nikon, Japan). 

Phagocytic assay, Listeria detection in macrophages, 
and bacteria phagocytic activity 

Adherent PECs were collected to measure phagocytic 
activity. Dextran 40-FITC (1 mg/mL; Sigma, USA) was 
added to Dulbecco’s modified Eagle’s medium (DMEM) 
(GIBCO, USA) for 30∼60 min. PECs were washed twice 
with FACS buffer (PBS supplemented with 0.1% FBS) and 
once with FACS fixative buffer (2% paraformaldehyde in 
FACS buffer), and analyzed with FACS. Adherent PECs 
(2 × 105 cells) collected from db/db mice treated with or 
without exendin-4 were incubated with L. monocytogenes 
[5 × 106 colony forming units (CFUs)] in DMEM without 
antibiotics for 30 min at 37oC. The extracellular bacteria 
were collected from supernatant after centrifuging PEC 
under L. monocytogenes infections. The pellets were lysed 
in 1 mL sterile ice-cold water to collect intracellular 
bacteria. The numbers of intracellular and extracellular 
bacteria were analyzed by performing a CFU assay with 
trypticase soy agar (Neogen, USA).  

Listeria challenge and pathological examination 
For the protection study of exendin-4 on Listeria-infected 

diabetic mice, db/db mice were injected twice daily with 
PBS or exendin-4 (10 μg/kg body weight) from 6 weeks to 
10 or 20 weeks of age. Liver samples from the control and 
exendin-4-treated db/db mice were collected 48 h after 
intraperitoneal delivery of 5 × 104 CFU L. monocytogenes  
in 1 mL sterile PBS. All these samples were collected from 
mice at 1∼2 h after final PBS or exendin-4 administration. 
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Fig. 1. Levels of CD11b+ expression, lipid, and phagocytic 
activity in peritoneal exudate cells (PECs) isolated from db/m 
mice and db/db mice at the indicated ages. (A) These cells were 
stained with specific anti-mouse CD11b-PE and analyzed with 
fluorescence- activated cell sorter (FACS). The fraction in each 
plot represents the total number of PECs /number of CD11b cells.
(B) PECs were stained with Nile red and analyzed with FACS. 
Inserted panels show PECs stained with Oil Red O to identify 
lipid-laden macrophages. (C) Phagocytic efficacy of PECs 
isolated from db/m mice and db/db mice were incubated with 
dextran 40-fluorescein isothiocyanate (DX40-FITC) and 
analyzed with FACS. db/db: homozygous diabetic mice, db/m: 
non-diabetic control littermates, wk: week-old.

Fig. 2. Effects of exendin-4 on lipid contents, phagocytic activity,
and ABCA1 expression in macrophages. (A) Adherent PECs 
were stained with Nile red to detect intercellular lipid and 
analyzed with FACS. (B) DX40-FITC was phagocytized by 
adherent PECs and the cells were analyzed with FACS. (C) The
PECs shown in panel (A) were also stained with specific 
anti-mouse ABCA1-FITC and analyzed with FACS.  

Five μm sections of the liver were cut, stained with 
hematoxylin and eosin or Gram stain, and observed with a 
light microscope.  

Statistical analysis
Data from three or more independent experiments are 

presented as the mean ± SD. An ANOVA was used to 
assess differences between the groups. p-values ＜ 0.05 
were considered to be statistically significant.

Results

Macrophage populations in the db/m and db/db mice
The total number of PECs was higher in db/db mice than 

in db/m mice. However, the percentage of CD11b+ 
macrophages among the PECs from db/db mice was lower 
than that observed in db/m mice, especially among the 
24-week-old animals (Fig. 1A). The absolute number of 
CD11b+ macrophages among the PECs of 6-week-old 
db/db mice was higher than those in db/m mice and older 
db/db animals (Fig. 1A). 

Lipid content in PECs from db/m and db/db mice
The number of lipid-laden PECs was increased in db/db 

mice as compared to db/m mice. Different levels of PEC 
lipids were observed among db/db mice of different ages. 
The lipid levels of PEC from 44-week-old db/db mice were 
higher than the ones from 6-week-old db/db mice (Fig. 1B). 
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Fig. 3. Analysis of blood from control and exendin-4 treated db/db mice. The blood glucose (A), triglyceride (B), total cholesterol (C),
HDL (D) and LDL (E) levels of db/db mice treated with or without exendin-4 were measured when the mice were various ages (n =
3 for both groups). Results are expressed as the mean ± SD. Statistically significant differences between the control (mock) and 
exendin-4-treated db/db mice are indicated by an asterisk (*p ＜ 0.05). HDL: high-density lipoprotein, LDL: low-density lipoprotein.

Phagocytic activity of PECs from db/m and db/db 
mice

The phagocytic activity of adherent PECs from db/m 
mice (60%) was greater than that of ones from db/db mice 
(＜ 50%). The level of PEC phagocytosis in younger db/db 
mice (∼50%) was greater than that observed in older 
db/db mice (∼30%; Fig. 1C). Macrophages containing 
high levels of lipid showed diminished phagocytic ability.

Lipid content, ABCA1 expression, and phagocytosis 
of macrophages from db/db mice treated with 
exendin-4

PECs collected from exendin-4-treated db/db mice had 
lower levels of lipid than those recovered from the 
untreated control animals (Fig. 2A). Macrophages less 
laden with lipids were also observed among PECs collected 
from exendin-4-treated db/db mice and had higher levels of 
phagocytic activity (Fig. 2B). Additionally, we observed 

higher ABCA1 expression in PECs from exendin-4-treated 
db/db mice than those from control mice (Fig. 2C).

Blood glucose, TG, TC, LDL and HDL levels 
Exendin-4 can stimulate islet β cells to secret insulin, 

thereby improving insulin sensitivity in diabetic patients or 
mice while reducing obesity. Exendin-4-treated db/db 
mice aged 8 to 18 weeks had a lower percentage of body 
weight gain (44%) compared to the control db/db mice 
(48%). Although our administrative dosage of exendin-4 
to db/db mice was lower than previous studies, blood 
glucose levels of the db/db mice treated with exendin-4 
were significantly lower than those of the control animals. 
Of particular note, hyperglycemic lesions did not 
deteriorate in 14-week-old and 18-week-old db/db mice 
after exendin-4 treatment as compared with 6-week-old 
db/db mice (Fig. 3A). Significantly lower levels of blood 
TG, TC, and LDL were observed in 12-week-old db/db 



Exendin-4 improves Listeria infection in diabetic mice     249

Fig. 4. Ex vivo Listeria (L.) monocytogenes clearance by macrophages and examination of livers from exendin-4 treated db/db mice. 
(A) CFU values of supernatants of DMEM contained Listeria-infected macrophages were determined using the plate method with 
trypticase soy agar (TSA) plate. (B) The number of L. monocytogene CFUs among centrifuged pellets of macrophages were lysed in
sterile cold water and determined using the plate method with TSA plate. Results are expressed as the mean ± SD. Statistically 
significant differences between control (mock) and exendin-4 treated db/db mice are indicated by an asterisk (*p ＜ 0.05). Liver 
sections from the control (C and E) and exendin-4-treated (D and F) db/db mice were obtained 48 h after L. monocytogenes infection.
Mononuclear cell infiltrates (arrowheads) were more prominent in the exendin-4-treated db/db mice  than the control animals. Abscess
formation (arrowheads) was much milder in the exendin-4-treated animals than in the control. Listeria was more widely distributed in
the hepatic abscesses of the control db/db mice (G) than ones treated with exendin-4 (H).  (I and J) The magnified areas of panels G
and H. H&E (A∼E) and Gram (G∼J) stain. Scale bars = 100 μm.

mice treated with exendkn-4 compared to the control mice 
(Figs. 3B∼E).

Ex vivo bacteria clearance 
Extracellular L. monocytogenes populations in the 

exendin-4 treated group were significantly lower than 
those in the db/db control group, indicating that PECs from 
the exendin-4-treated db/db mice had higher levels of 
phagocytic activity (Fig. 4A). Intracellular L. monocytogenes 
populations in the exendin-4-treated db/db mice were also 

significantly lower than those in the control animals. These 
results suggest that exendin-4 might enhance the ability of 
PECs to clear bacteria (Fig. 4B).

Pathological examination of db/db mice infected 
with Listeria 

Hydropic degeneration and fatty changes in hepatocytes 
were more severe in control db/db mice than exendin-4- 
treated db/db animals regardless of age (data not shown). 
Lipid quality and content are known to influence the 
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phagocytic activity of macrophages. Not surprisingly, 
pathological changes in the livers of L. monocytogenes- 
infected control and exendin-4 treated db/db mice were 
observed. Mononuclear leukocytes infiltrates were more 
prominent in the Listeria-infected livers of exendin-4- 
treated db/db compared to the control animals (Figs. 4C and 
D). At the same time, abscess formation and necrotic lesions 
were decreased in the mice given exendin-4 (Figs. 4E and F). 
We also confirmed that Listeria populations decreased in the 
hepatic microabscesses of exendin-4-treated db/db mice 
(Figs. 4G∼J).

Discussion

It is well known that patients with type 1 and type 2 
diabetes mellitus are at increased risk for infection with 
different pathogens [8,20]. Both clinical and in vitro studies 
of leukocyte function have indicated that infection is more 
likely in diabetics when blood glucose levels are poorly 
controlled in animals and humans [4,12,20]. It is still 
unclear whether or not energy utilization in phagocytes 
from diabetic patients influences host defense. In the 
present study, the number of CD11b+ macrophages among 
the PECs decreased in older db/db mice. Macrophage lipid 
levels were greater in db/db mice compared to the 
non-diabetic db/m mice. Concurrently, phagocytic activity 
of macrophages from db/db mice decreased, especially that 
from older animals, compared to ones from the db/m mice. 
These results suggest that macrophages with high lipid 
levels are able to phagocytize less efficiently and provide a 
possible mechanism of lower resistance to Listeria 
infection in diabetic patients. Listeriolysin (LLO), a 
cholesterol-dependent pore-forming cytolysin [29], is a 
factor necessary for listerial infection [32]. It is possible 
that abnormal lipid metabolism may modify the interaction 
between listerial LLO and macrophages in diabetic 
patients, thus making diabetics a high risk population for L. 
monocytogenes infection [36].

Exendin-4 also enhanced ex vivo Listeria clearance by 
macrophages among the PECs from db/db mice in our 
study. Simultaneous decrease of Listeria CFUs from the 
extracellular and intracellular compartments of macrophages 
from exendin-4-treated animals indicated that the drug 
promoted phagocytic activity and bacteria clearance. 
Therefore, more experiments will be necessary to further 
study the immunoregulatory effects of exendin-4 on 
macrophages and other leukocytes, except the lipid efflux 
activity of exendin-4 works on macrophages to enhance 
bacteria clearance.

Lower degrees of mononuclear cells infiltration along 
with more hydropic degeneration of hepatocytes and 
hepatic abscess formation after L. monocytogenes 
infection have been observed in db/db mice compared to 
db/m mice [18]. In the present study, exendin-4-treated 

db/db mice showed improved fatty liver changes at various 
ages (data not shown) and amelioration of hepatic lesions, 
including ones due to hydropic degeneration and abscess 
formation. Moreover, Gram staining indicated that 
exendin-4-treated db/db mice had milder Listeria 
infiltration in the liver than the control db/db animals.

Studies of genetic factors indicated that type 2 diabetes is 
the most common form of the disease in cats. In contrast, 
half of diabetic dogs have type 1 diabetes and express 
antibodies against islet β cells [15,31]. Overrepresented 
dog leukocyte antigen gene influences the type 1 diabetes 
expression, especially on Samoyed dogs and Miniature 
Poodles [16,31]. Companion animals eat energy-dense 
diets that induce obesity-related hyperglycemia and 
impaired glucose tolerance which in turn increase the risk 
of infection [21,31,37]. 

L. monocytogenes is an intracellular bacterium that is 
ordinarily harmless to healthy animals. However, activated 
macrophages are the major effector cells in hosts resistant 
to L. monocytogenes infection [18]. Phagocytic activity 
of macrophages from diabetic patients is reduced [23]. 
Moreover, the phagocytic capacity of lipid-laden 
macrophages is decreased with rapid reorganization of the 
actin cytoskeleton [5]. Unfortunately, similar phagocytic 
assays were not conducted in the present study on the db/m 
and db/db mice at different ages, but the diabetic mice 
showed poor pathogen clearance during infection with the 
bacteria. Hyperglycemia also induces inefficient elimination 
of L. monocytogenes from the liver of db/db mice [18]. We 
thus believe that as diabetic patients age, scavenger receptors 
and the lipid efflux system are modified to compensate for 
impaired host immunity and decreased macrophage 
phagocytic activity.

GLP-1 analogues and dipeptidyl peptidase IV inhibitors, 
both belonging to a new generation of anti-diabetic drugs, 
increase blood GLP-1 concentrations or increase GLP-1 
half-life, respectively. These effects stimulate insulin 
secretion, increases insulin sensitivity, counter obesity, and 
decrease body lipid accumulation in diabetic patients [10]. 
Moreover, the insulin release levels of exogenous infusion 
of systemic glucose and GLP-1 followed by glucose 
stimulation were similar in dogs, suggesting an indirect 
mechanism of GLP-1 action [19]. Pharmacokinetic 
analysis of GLP-1 in beagles showed that the plasma 
half-life of GLP-1 is very short and the first-phase is less 
than 2.5 min [30]. GLP-1 is useful for treating diabetic cats 
because of its stimulatory effect on insulin secretion and 
synthesis by islet β cells [24]. Furthermore, significant 
differences in glucose, insulin, and GLP-1 responses after 
oral glucose stimulation have been observed between lean 
and obese cats [17]. Exenatide, a GLP-1 mimetic reagent, 
affects insulin secretion in cats in a glucose-dependent 
manner, similar to human and rodent [11]. This compound 
persists for 8 h after injection in cat which shows prolonged 
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half-life in vivo as compared to the one of endogenous 
GLP-1 [11]. 

Exendin-4 has been shown to lower glucose levels and 
increase insulin sensitivity in several diabetic animal 
models, including db/db mice [7,40]. However, there have 
been no reports to date about the impact of exendin-4 on the 
association between lipid metabolism and phagocytic 
activity of macrophages in diabetic humans or mice. In the 
current study, we showed that exendin-4 decreased lipid 
levels and enhance phagocytosis in macrophages from 
db/db mice. Scavenger receptors and lipid efflux channel 
expression are known to influence intracellular lipid 
content and phagocytosis in macrophages [3]. The 
peritoneal macrophages we recovered from the db/db mice 
showed significantly increased expression of CD36 and 
SR-A, two scavenger receptors, which directly mediate 
cholesteryl ester accumulation. Notably, peritoneal 
macrophages from db/m and db/db mice have been found 
to perform equivalent levels of fluid-phase endocytosis 
and large particle phagocytosis [13]. 

Our short-term study did not include a lipid content 
analysis or measure the relative phagocytic activity of 
macrophages from db/db mice of different ages. Changes in 
the saturated/unsaturated fatty acid ratio, one measurement 
of membrane fluidity, can influence macrophage adhesion 
and phagocytic activity [6]. Previous studies have indicated 
that ABCA1 is highly regulated in macrophages, and 
controls the efflux of cholesterol and phospholipids into 
apolipoproteins [14]. Macrophage ABCA1 contributes to 
HDL formation; however, the effect on total plasma HDL 
levels is minimal [14]. Our experiments showed that 
ABCA1 expression was higher in macrophages from 
exendin-4 treated db/db mice than in the control db/db 
mice. This may have been associated with decreased lipid 
content and enhanced phagocytosis in the macrophages 
from the control animals. 

In conclusion, higher lipid levels in macrophages resulted 
in decreased phagocytic activity. We found that exendin-4 
can be used to treat hepatic lesions and enhance resistance 
to L. monocytogenes infection in db/db mice. These 
activities might suppress the effects of hyperglycemia and 
hyperlipidemia on diabetic patients with impaired immune 
defense systems. Moreover, our findings demonstrated 
that ABCA1 could be involved in lipid metabolism in 
macrophages and influence listerial resistance. Taken 
together, data from this study suggest that exendin-4 is 
suitable for use in diabetic patients in order to prevent and 
treat bacterial infections.
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