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Introduction

Summary

Diabetes mellitus is an important predisposing factor for tuberculosis. The
aim of this study was to investigate the mechanism underlying this association
using a murine model. Mice with streptozotocin-induced diabetes mellitus
were prone to Mycobacterium tuberculosis infection, as indicated by increased
numbers of live bacteria in lung, liver and spleen. In diabetic mice, the levels
of IL-12 and IFN-Yin the lung, liver and spleen were lower than those in con-
trol animals on day 14 postinfection, while the opposite was true for IL-4 lev-
els in the lung and liver. The expression pattern of inducible nitric oxide
synthase (iNOS), in the two mice types was as for IL-12 and IFN-y. In addi-
tion, peritoneal exudate cells obtained from diabetic mice produced lower
amounts of IL-12 and NO than those from control mice, when stimulated in
vitro with M. bovis BCG. Spleen cells from diabetic mice infected with M.
tuberculosis produced a significantly lower amount of IFN-Y upon restimula-
tion with purified protein derivatives (PPD) than those from infected nondi-
abetic mice. Interestingly, addition of high glucose levels (33 mM) to the
cultures of PPD-restimulated spleen cells reduced the synthesis of IFN-Y only
in diabetic mice, and not in nondiabetic mice. Finally, control of blood glu-
cose levels by insulin therapy resulted in improvement of the impaired host
protection and Thl-related cytokine synthesis. Our results suggest that the
reduced production of Thl-related cytokines and NO account for the
hampered host defense against M. tuberculosis infection under diabetic
conditions.

Keywords: diabetes mellitus, Mycobacterium tuberculosis, IL-12, IFN-y, nitric
oxide

documented to be strongly impaired in these patients [3-5].
In an earlier study, Saiki and coworkers proposed an excel-

Diabetes mellitus is one of the most important risk factors
for worsening tuberculosis [1]. The frequency of diabetes in
tuberculosis patients is reported to be about 10-15%, and
the prevalence of this infectious disease is 2—5 times higher in
diabetic patients than in nondiabetic controls [2]. In spite of
such clinical observations, the mechanism for the increased
susceptibility of patients with diabetes mellitus to tubercu-
losis remains to be fully understood. Many investigators have
focused on the functional roles of neutrophils, such as their
migration to the inflammatory tissues and phagocytosis and
killing against bacteria, because the infectious diseases
caused by extracellular bacteria are highly prevalent under
diabetic conditions. All these neutrophilic functions are well

lent animal model to approach this issue [6]. Diabetic mice
established by administering streptozotocin were highly
prone to Mycobacterium tuberculosis infection with an atten-
uated delayed-type hypersensitivity response to mycobacte-
rial antigens. However, to date this interesting study has not
been followed-up.

Host defense against M. tuberculosis infection is largely
mediated by cellular immune responses [7]. Type-1 helper T
(Th1) cells play a central role in the host defense by inducing
the production of interferon (IFN)-y, which potentiates the
nitric oxide (NO)-dependent killing activity of macrophages
[8]. Interleukin (IL)-12 is an essential cytokine for the devel-
opment of Th1 cells from naive Th cells [9]. Recently, CD8+
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T cells were found to contribute to the host resistance against
this bacterial pathogen. These cells function by generating
IFN-v and destroying the infected cells [10-12]. IL-12 is also
a prerequisite cytokine for acquisition of these properties by
CD8+ T cells [13]. The essential roles of IFN-y and IL-12
have been proved using mice with a targeted disruption of
the genes for these cytokines. Both IFN-y—/— and IL-12—/—
mice are highly prone to infection with M. tuberculosis [14—
17]. In addition, the discovery of patients with genetic dys-
function of the IFN-y receptor (R), IL-12RB1, and IL-12 has
clarified the role of Thl-related cytokines in host resistance
to infection in humans. These patients undergo repeated
infection by intracellular pathogens, including acid-fast
bacilli [18]. On the other hand, no clear role for Th2 cytok-
ines has been reported in the host immune responses to this
infection [7,19].

In clinical investigations by Tsukaguchi et al. [20,21], Th1
responses, as indicated by the production of IFN-y and IL-
12, were demonstrated to be attenuated in tuberculosis
patients with diabetes mellitus, when compared to nondia-
betic cases. Such reduced Thl responses correlated well with
the progression of the diabetic condition. On this back-
ground, we addressed in the present study the mechanism of
increased susceptibility to M. tuberculosis infection in diabe-
tes using a mouse model of diabetes mellitus that was estab-
lished by administration of streptozotocin, a pancreatic islet
[B-cell toxin. In these mice, host resistance against M. tuber-
culosis infection was diminished, and this impaired host
defense was associated with reduced production of Thl-
related cytokines, including IL-12 and IFN-y, and NO and
impaired development of Thl cells.

Materials and methods

Mice

Female ICR mice were purchased from CLEA Japan (Tokyo,
Japan) and used at 6-18 weeks of age. All experimental pro-
tocols described in the present study were approved by the
Ethics Review Committee for Animal Experimentation of
our university (University of the Ryukyus, Okinawa, Japan).

Culture medium and reagents

RPMI1640 medium was obtained from Nippro (Osaka,
Japan), fetal calf serum (FCS) from Cansera (Rexdale,
Ontario, Canada) and streptozotocin (STZ) from Sigma
Chemical Co. (St. Louis, MO, USA). M. bovis BCG (Tokyo
strain) and purified protein derivatives (PPD) were pur-
chased from Nihon BCG Co. (Tokyo).

Induction of diabetes mellitus

Diabetic mice were established by intraperitoneal injection
of 150 mg/kg STZ dissolved in 5 um sodium citrate buffer

(pH 4-5) after one night starvation. Control mice received
injections of equivalent volumes of sodium citrate buffer.
Fasting blood glucose levels in diabetic mice were elevated to
more than 33-3 mM on day 14 post-treatment, and this con-
dition continued for more than 5 weeks, while fasting glu-
cose levels were kept at less than 11-1 mm in control mice
during the observation period. Some diabetic mice received
daily subcutaneous injections of human recombinant insulin
(Novo Nordisk, Tokyo, Japan) at 0-5-2 unit/mouse from the
second day after STZ treatment, which resulted in improved
blood glucose levels mostly less than 22-2 mm.

Infection with microorganisms

M. tuberculosis H37Rv strain (ATCC25618) from the same
frozen stock was grown in Middlebrook 7H9 medium
(Difco, Detroit, MI) containing 0-05% Tween-80 to mid-log
phase. The bacteria were suspended in 100-pl normal saline
after washing three times with normal saline containing
0-05% Tween-80. Mice were infected with an intravenous
inoculum of M. tuberculosis (1-3 x 10° CFU) 3—5 weeks after
administration of STZ or control vehicle.

Enumeration of viable M. tuberculosis

Mice were sacrificed on day 12 after infection, and spleen,
lung and liver were dissected out carefully and then sepa-
rately homogenized in 10 ml of distilled water by teasing
with a stainless mesh at room temperature. The homoge-
nates, appropriately diluted with distilled water, were inoc-
ulated at 100 pl on nutrient Middlebrook 7H11 agar (Difco)
plates and cultured for 2-3 weeks, followed by counting the
number of colonies.

Preparation of organ homogenates

Mice were sacrificed before and on 7, 14 and 35 days after
infection, and spleen, lung and liver were separately homog-
enized in 2 ml of phosphate-buffered saline (PBS) for spleen
and lung or 5 ml for liver by teasing with a stainless mesh.
The homogenates were centrifuged, filtered through a 0-22-
pum filter (Millipore Corp., Bedford, MA, USA) and kept at
—70°C before measurement for cytokine concentrations.

Extraction of RNA and real time RT-PCR

Total cellular RNA was extracted from the lung, liver and
spleen of diabetic and nondiabetic mice on days 7 and 14
after infection with M. tuberculosis using ISOGEN (Wako,
Osaka), followed by reverse transcription [22]. The levels
of inducible NO synthase (iNOS) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA in the cDNA
were quantified by real-time PCR on a LightCycler (Roche
Diagnostic Systems). Hot start PCR was performed in 20 pl
containing 50 mm Tris-HCL (pH 8-3), 4 mm MgCl,, 500 ug/
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ml bovine serum albumin (BSA), 200 um dNTPs, 0-125 U/ul
Taq, 0-175 um Tagstart Abs, 0-25 um primers, and 2 ul of
cDNA template and monitored in real time with the fluores-
cent DNA binding dye SYBR green (Roche Diagnostic Sys-
tems). The following primer pairs were used: 5-AGG TAC
TCA GCG TGC TCC AC-3’ (sense) and 5’-GCA CCG AAG
ATA TCT TCA TG-3’ (antisense) for iNOS, and 5’-CTC ATG
ACC ACA GTC CAT GC-3’ (sense) and 5-CAC ATT GGG
GGT AGG AAC AC-3’ (antisense) for GAPDH. Standard
curves for iNOS and GAPDH were generated after 2-fold
dilutions of positive samples. The mRNA level for each sam-
ple was normalized by dividing the calculated value by the
GAPDH value.

Preparation and culture of peritoneal exudate cells

Diabetic or nondiabetic mice were injected intraperitoneally
with 5x 10° CFU of M. bovis BCG, and peritoneal exudate
cells (PEC) were harvested 3 days later by three cycles of
injection of 5 ml of cold RPMI1640 supplemented with 10%
FCS. The obtained cells were washed three times in
RPMI1640 culture medium. In a flow cytometric analysis,
PEC from three diabetic and control mice contained
346+ 8:6 and 47-1£6:5% T cells (P=0-115) [fluorescein
isothiocyanate (FITC)-anti-CD3 mAb (145-2C11: PharM-
ingen, San Diego, CA, USA)], 281+ 11-1 and 18-0 + 13-5%
B cells (P=0-372) [PE-anti-B220 mAb (RA3—6B2: PharM-
ingen)], 34-6 £ 8:6 and 47-1 + 6:5% natural killer (NK) cells
(P=0-44) [antiasialo GM1 Ab (Wako)] and 23-4 £+ 3-1 and
32:5%6:1% macrophages (P=0-081) [FITC-CD11b mAb
(M1/70: PharMingen) and PE-anti-MHC class II mAb (M5/
114-15-2: PharMingen)], respectively. These cells were cul-
tured at 1 x 10%/ml with various amounts of M. bovis BCG
for 48 h, and the culture supernatants were collected and
measured for the concentration of IL-12p40 and NO.

In vitro restimulation of spleen cells

Spleen cells were prepared from mice on day 8 after infection
with M. tuberculosis and cultured at 2 x 10/ml with various
doses of PPD for 48 h in RPMI1640 medium supplemented
with 10% FCS. The culture supernatants were collected and
assayed for concentrations of IFN-y and IL-4 by enzyme-
linked immunosorbent assay (ELISA).

Measurement of cytokines

The concentrations of IFN-y, IL-4 and IL-12p40 in organ
homogenates and culture supernatants were measured by
specific ELISA kits [purchased from Endogen Inc. (Cam-
bridge, MA, USA) for IFN-y and IL-4 and from BioSource
International, Inc. (Camarillo, CA, USA) for IL-12p40]. The
detection limits of assays for IFN-y, IL-4 and IL-12p40 were
15, 5 and 2 pg/ml, respectively.

Reduced Th1 responses after mycobacterial infection in DM

Assay for NO

To estimate the synthesis of NO by PEC, the amount of
nitrite, one of its metabolites, accumulated in the culture was
measured as shown by Stuehr & Nathan [23]. Briefly, 100 pl
of supernatant was mixed with the same volume of Griess
reagent and absorbance was read at 550 nm using an auto-
mated microplate reader. Nitrite concentration was calcu-
lated from a NaNO, standard curve.

Statistical analysis

Analysis of data was conducted using Statview II software
(Abacus Concept, Inc., Berkeley, CA, USA) on a Macintosh
computer. Data were expressed as mean * standard devia-
tion (SD). Statistical analysis between groups was performed
using one-way analysis of variance (ANovaA) test with a pos-
thoc analysis (Fisher PLSD test). (Survival data is not shown
in this study.) A P-value less than 0-05 was considered
significant.

Results

Increased susceptibility to M. tuberculosis infection in
diabetic mice

We first compared the clinical course of M. tuberculosis infec-
tion between diabetic and nondiabetic control mice. For this
purpose, mice were infected 3 weeks after treatment with
STZ or control vehicle, and the number of live bacteria in
lung, liver and spleen was counted on days 14 and 35 postin-
fection. As shown in Table 1, the number of live bacteria on
day 14 was significantly higher in the lung, liver and spleen of
diabetic mice than that in control mice. Insulin treatment
apparently prevented mice from the symptoms including

Table 1. Bacterial loads in diabetic mice.*

Day 14t Day 35F

Lung

CNT 5.10 = 0.60 6.00 £ 0.52

DM 5.65+0.28§ 7.52 £0.63§

DM/insulin 5.28 £ 0.269 6.91 £ 0.399
Liver

CNT 6.46 = 0.46 5.47 £0.56

DM 7.16 £ 0.26§ 6.39 £0.75§

DM/insulin 6.43 £ 0.05%* 5.75+0.279
Spleen

CNT 5.84 £ 0.45 4.88+0.51

DM 6.32£0.24§ 5.49 £ 0.69%

DM/insulin 6.06+0.219 4,98 +£0.229

*Diabetic(DM) or Control (CNT) mice were infected with M. tuber-
culosis and DM mice received treatment with insulin. The number of
live colonies in lung, liver and spleen on days 14 and 35 was measured.
tMean + SD (CFU/organ) of 3 to 7 mice. $Not significant compared
with CNT mice. §P < 0.05 compared with CNT mice. INot significant
compared with DM mice. **P < 0-05 compared with DM mice.
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polydypsia, diarrhoea and debility caused by diabetes melli-
tus (data not shown). The same treatment also improved the
bacterial clearance in these organs, although the difference
was not statistically significant in the lung and spleen
(Table 1). On day 35, we obtained a similar result, although
statistical significance was only detected in the lung and liver
between diabetic and nondiabetic control mice.

Production of Thl-related and Th2 cytokines in
diabetic mice

The host defense to M. tuberculosis infection is mediated
largely by cellular immunity [7], and Thl-related cytokines,
including IL-12 and IFN-y, play a critical role in the host
protective responses [14-17], although the role of Th2
cytokines is not substantiated [7,19]. To investigate the
mechanism of the increased susceptibility of diabetic mice to
this pathogen, we compared the levels of IL-12, IFN-y and
IL-4 in the lung, liver and spleen on day 14 after M. tuber-
culosis infection between diabetic and control mice. As
shown in Table 2, levels of IL-12 were significantly lower in
the lung and spleen and tended to be lower in the liver of dia-
betic mice than those in control animals. Similarly, IFN-y
levels were significantly reduced in the liver and spleen of
diabetic, compared with those in control animals, although
the difference was not significant in the lung. Insulin treat-
ment significantly restored the reduced levels of IL-12 in the
lung and spleen, but not significantly on the liver of diabetic
mice. Similar tendency was observed in the levels of IFN-y by
this treatment, although the difference was not statistically
significant. On the other hand, levels of IL-4 were higher in
the lung and liver of diabetic than nondiabetic control mice,
although the difference was not significant in the lung. Insu-
lin treatment tended to reduce the levels of IL-4 in the lung
of diabetic mice. There was no difference observed in the
spleen of three mouse groups.

Low expression of iNOS in diabetic mice

NO is known to act as a major effector molecule to kill M.
tuberculosis by IFN-y-activated macrophages [8,24] and to be

essential for the host resistance to this infection [8,24-26].
iNOS, which catalyses the production of NO from r-arginine
[27], is required to be expressed for the efficient eradication
of this pathogen [26]. Therefore, using real-time RT-PCR,
we investigated how iINOS mRNA induced by M. tuberculosis
infection was affected by the diabetic condition. As shown in
Fig. 1, the relative levels of iNOS expression on day 7 were
significantly lower in the liver and tended to be lower in the
lung of diabetic than nondiabetic control mice, although
such tendency was not observed in the spleen.

Effect of diabetes on synthesis of IL-12 and NO by PEC

To further define the effect of the diabetic condition on
cytokine response, PEC from diabetic and nondiabetic con-
trol mice were stimulated in vitro with various doses of M.
bovis BCG, and the concentrations of IL-12 in the culture
supernatants were measured at 48 h after initiation of the
cultures. As shown in Fig. 2, PEC from nondiabetic mice

Table 2. Synthesis of cytokines in diabetic mice.*

IL-127 IFN-vf IL-47

Lung

CNT 5314245 11008 £ 8141 462+ 62

DM 201+ 105§ 6015 +2482% 736 + 338%

DM/insulin 418 + 166** 8899 £ 26979 5751939
Liver

CNT 1025 £ 476 14263 £2392 997 + 252

DM 728 £333% 9307 £ 1363§ 1995 + 663§

DM/insulin 1190 + 3459 11209 + 16649 1791 £ 7349
Spleen

CNT 457 £222 7283 2127 568 £ 107

DM 230 £ 49§ 5355 £ 5209 533 + 164+

DM/insulin 497 £ 124** 6462 £ 10179 480 + 769

*Diabetic(DM) or Control (CNT) mice were infected with M. tuber-
culosis and DM mice received treatment with insulin. The concentra-
tions of the cytokines in lung, liver and spleen on day 14 were measured.
tMean * SD (pg/organ) of 5 to 6 mice. $Not significant compared with
CNT mice. §P < 0.05 compared with CNT mice. Not significant com-
pared with DM mice . **P < 0.05 compared with DM mice.

(@) Lung (b) Liver © Spleen
0-6 NS 0-05 . 0-10 NS
Fig. 1. Effect of diabetic condition on the
expression of iNOS mRNA after M. tuberculosis 05 O 0-04 |- .08t
P 0-08 o
infection. Diabetic and control mice were T o)
infected with M. tuberculosis. Total RNA was E 04 le) o
extracted from (a) lung, (b) liver and (c) spleen é 0-03f 0-061
on day 7 postinfection, and real-time PCR was » 03¢ o
conducted to measure the expression of iNOS CZE 0-02} 0.04
and GAPDH mRNA. The results are expressed 02 r H 9] &
as the relative values to GAPDH. Each symbol
o 0-01 |- s 0-02}
represents the result of each mouse. O control; 01+ 8
@ diabetic mice. NS, not significant; *P < 0-05, o 'y le) ; o °
compared with control mice. 0 0 0

60 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 139: 57-64



Reduced Th1 responses after mycobacterial infection in DM

@ (b)
140 80r
. . E 120 -

Fig. 2. Reduced production of (a) IL-12 and (b) 2 = 60
NO by PEC in diabetic mice. PEC were prepared Z 100 %
from diabetic and control mice on day 3 after § 80 K
intraperitoneal injection of M. bovis BCG. The ‘; % 40
cells were stimulated in vitro with various doses (‘(I’ 60 Y
of M. bovis BCG for 48 h, and the concentrations 0 40 (23 20
of IL-12 and NO in the culture supernatants -

20
were measured. Each symbol represents the
mean £ SD of triplicate cultures. O control; @ 0 0

o 10® 10* 10° 10° o 10% 10* 10° 10°

diabetic mice. *P < 0-05, compared with control
mice.

produced this cytokine in a dose-dependent manner, and
such production was significantly reduced in diabetic mice.
Furthermore, the concentrations of NO measured in the
same culture supernatants were significantly lower in dia-
betic mice than those in controls.

Impaired Th1 cell development in diabetic mice

We further examined the effect of diabetes on the develop-
ment of Th1 cells caused by M. tuberculosis infection. For this
purpose, spleen cells obtained from diabetic and control
mice on day 8 postinfection were re-stimulated in vitro with
various doses of PPD, and IFN-y synthesis was compared
between the two mouse groups. As shown in Fig. 3, IFN-y
was produced upon PPD re-stimulation in a dose-dependent
manner, but not by stimulation with an unrelated protein,
tetanus toxoid (data not shown). IFN-y production was
markedly reduced in spleen cells of diabetic mice compared
with those from control mice. These results indicated that
the development of Th1 cells specific for mycobacterial anti-
gens was attenuated in diabetes mellitus.

In further experiments, we tested the effect of diabetes on
the development of Th2 cells by measuring the synthesis of
IL-4 from spleen cells upon re-stimulation with PPD. How-
ever, the re-stimulated spleen cells did not produce this
cytokine at a detectable level in either diabetic or control
mice (data not shown).

Effect of high glucose levels on in vitro production of
IFN-y by Th1 cells

In the next experiments, we tested whether high glucose con-
centrations influenced the in vitro synthesis of IFN-y by
PPD-re-stimulated spleen cells from mice infected with M.
tuberculosis. As shown in Fig. 4, in diabetic mice, IFN-y pro-
duction was significantly less under high glucose conditions
than in cultures with normal glucose levels. In sharp con-
trast, the high glucose cultures led to enhanced production
of IFN-vy in nondiabetic mice. On the other hand, high glu-
cose conditions did not have much influence on the synthesis
of IL-12 and NO by M. bovis BCG-stimulated PEC between

M. bovis BCG (CFU/ml)

IFN-y production (ng/ml)

0 0-03

0-10
PPD (ug/ml)

0-33 1.00 3-33

Fig. 3. Effect of diabetes on development of Thl cells. Diabetic and
control mice were infected with M. tuberculosis. Spleen cells were pre-
pared on day 8 and re-stimulated with various doses of PPD for 48 h.
The concentrations of IFN-y in the culture supernatants were mea-
sured. Each symbol represents the mean * SD of triplicate cultures.
O control; @ diabetic mice. *P < 0-05, compared with control mice.

diabetic and control mice (data not shown). These results
indicated that the short-term-high glucose exposure differ-
entially affected in vitro IFN-y production by Th1 cells spe-
cific for mycobacterial antigens in diabetic and nondiabetic
mice, and suggested that high glucose conditions further
exacerbated the impaired production of IFN-y in diabetic
mice.

Discussion

The present study in an animal model of diabetes mellitus
provides the first direct evidence of reduced expression of
Th1-related cytokines and iNOS in response to M. tubercu-
losis in diabetes mellitus. This reduced expression correlated
well with the impaired host resistance to this infection. In an
earlier study, Saiki et al. [6] demonstrated that diabetic mice
established by administration of STZ exhibited weaker
delayed-type hypersensitivity to PPD and were more prone
to M. tuberculosis infection than control nondiabetic mice.
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CNT (b) DM

20 t

S T

10

0 [ ]

25 *
20}t
£
2
2 157
Fig. 4. Reduced production of IFN-y by Th1 o
cells under high glucose conditions. (a) Control E
and (b) diabetic mice were infected with M. 2 10}
tuberculosis. Spleen cells were prepared on day 8 I_IZI_
and re-stimulated with 1-0 and 3-3 ug/ml of PPD -
in high (33-3 mm) or normal (11-1 mm) glucose 5t
conditions for 48 h. The concentrations of IFN-
vy in the culture supernatants were measured.
Each bar represents the mean + SD of triplicate 0
cultures. OJ normal; M high glucose condition. 1-0

CNT, control; DM, diabetic mice. *P < 0-05.

However, these findings were not followed-up to define the
mechanism. Here, we extended these important observa-
tions by demonstrating the reduced expression of IL-12,
IFN-y and iNOS and the attenuated Th1 cell development in
diabetic mice.

IFN-y acts as a principle effector cytokine that plays a role
in eradicating tubercle bacilli through the induction of a
NO-mediated killing mechanism [14,15,24-26]. In some
clinical investigations, tuberculosis patients with diabetes
mellitus showed lower levels of serum IFN-y and attenuated
synthesis of this cytokine by peripheral blood mononuclear
cells (PBMC) than did nondiabetic tuberculosis patients
[20,21]. These previous observations raised the possibility
that impaired synthesis of IFN-y may be the mechanism
accounting for hampered host resistance to M. tuberculosis
infection under diabetic conditions. In the present study, we
addressed this possibility using an animal model of diabetes
mellitus. As predicted, diabetic mice produced lower
amounts of IFN-y in the liver and spleen after infection with
this infectious pathogen than did nondiabetic control mice.
In chronic infection like M. tuberculosis, antigen-specific Th1l
cells are essential as the major source of IFN-y production for
the host defense [8]. In diabetic mice, the development of
Th1 cells, as detected by IFN-y production by spleen cells re-
stimulated with PPD, was strongly inhibited compared with
that in nondiabetic mice. Previous investigations found that
the STZ-induced diabetic mice were susceptible to infection
with Candida albicans, due to reduction and enhancement in
the production of Thl and Th2 cytokines, respectively
[28,29]. They concluded that systemic candida infection
became severe under the shifted balance of Th1-Th2 cytok-
ine synthesis towards a Th2-dominant condition. Thus,
similar mechanisms may underlie the increased susceptibil-
ity of diabetic animals to infection with M. tuberculosis and
C. albicans, although the significance of Th2 cytokines
remains elusive.

33 1.0 33
PPD (ug/ml)

IL-12 induces the production of IFN-y by innate immune
lymphocytes and acts as an indispensable cytokine for the
development of Th1 cells from naive Th cells [9]. Quite com-
patible with this notion, diabetic mice showed reduced syn-
thesis of IL-12 in the lung and spleen after infection with M.
tuberculosis. From these results, the insufficient synthesis of
IL-12 may be recognized as a principle cause rendering dia-
betic mice highly susceptible to this infection. Consistent
with this, PEC from diabetic mice produced significantly
lower amounts of IL-12 than those from control mice upon
stimulation with M. bovis BCG. Similar observations were
reported in clinical investigations [20,21], where serum lev-
els of IL-12 and its production by PPD-stimulated PBMC
were lower in tuberculosis patients with diabetic mellitus
than those in nondiabetic tuberculosis patients. In very
recent studies, M. tuberculosis was shown to deliver the sig-
nals for expression of IL-12 by macrophages and dendritic
cells via toll-like receptors [30-32]. Therefore, such a signal
delivering mechanism may be hampered under diabetic con-
ditions. Further investigations will be necessary to address
this possibility.

The bactericidal mechanism against M. tuberculosis is
predominantly mediated by NO in rodents [8,24,25]. Mice
with a targeted disruption of the iNOS gene are highly
prone to infection with this bacterial pathogen [26]. Here,
we demonstrated that expression of iNOS mRNA in the
liver was reduced in diabetic mice compared with controls
after M. tuberculosis infection and that NO synthesis by
BCG-stimulated PEC from diabetic mice was significantly
lower than that from control mice. The expression of iNOS
by macrophages is critically regulated by IFN-y [27].
Therefore, the reduced production of this cytokine was
considered to cause hampered expression of iNOS under
diabetic conditions.

Previously, Hill et al. [33] demonstrated that high glucose
conditions depressed the release, but not production, of IL-
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1 by LPS-stimulated murine macrophages through activa-
tion of protein kinase C. Other investigations revealed the
hyperglycaemia-induced suppression of iNOS in macroph-
ages and smooth muscle cells [34,35]. These observations
suggested that hyperglycaemia was involved in the dysregu-
lation of host inflammatory responses. On this background,
we tested the effect of high blood glucose levels on the syn-
thesis of Thl-related cytokines and NO caused by mycobac-
terial infection. Interestingly, short-term hyperglycaemia
resulted in the suppression of IFN-y by PPD-re-stimulated
Th1 cells, only in diabetic mice, whereas such an effect was
not observed in nondiabetic control mice. In contrast, the
synthesis of IL-12 and NO by BCG-stimulated PEC was not
much affected by high glucose conditions in both diabetic
and nondiabetic mice (data not shown). Thus, short-term
hyperglycaemia may contribute to the aggravated infection
with M. tuberculosis through reduction in synthesis of IFN-y,
although the precise mechanism remains to be elucidated.

Th2 cytokines, such as IL-4, interfere with Th1 responses
by suppressing the synthesis of Thl-related cytokines and
their action on target cells [36]. In some experimental mod-
els, Th2 cytokines have been demonstrated to counteract
host resistance to several infectious pathogens [37—40]. The
altered balance of Thl-Th2 responses towards a Th2-
dominant condition is associated with an exacerbated
clinical course of infectious diseases [41,42]. These observa-
tions raise the possibility that Th2 cytokines may contribute
to the impaired host resistance against mycobacterial infec-
tion in diabetic conditions. Our results that IL-4 synthesis
was higher in the liver of diabetic than nondiabetic mice are
consistent with this possibility, although no convincing evi-
dence has been provided to define the role of Th2 cytokines
in the host defense to M. tuberculosis [7,19].

Finally, there is a possible involvement of streptozotocin
itself, rather than diabetic condition, in the impaired host
immune response against M. tuberculosis infection. To
address this possibility, we tested the effect of insulin therapy
on the host protective response in diabetic mice. This treat-
ment lowered the blood glucose levels in these mice, which
was associated with improved bacterial clearance and Thl
cytokine synthesis, although such recovery was partial. In
addition, it should be noted that IL-4 synthesis was not sup-
pressed, but rather increased, in diabetic mice after M. tuber-
culosis infection. These observations may provide evidences
arguing against the nonspecific effect caused by this agent,
although this possibility can’t be completely excluded.

In conclusion, in the present study, we have provided evi-
dence accounting for the mechanism of attenuated host resis-
tance to M. tuberculosis infection in hosts with diabetes
mellitus by demonstrating reduced production of IL-12 and
IFN-y and hampered expression of iNOS in the infected
tissues. Further studies are neccesary to determine the
molecular mechanism(s) of the low expression of these mol-
ecules in diabetic conditions. Such studies should be also
helpful for the development of efficient treatment and pre-

Reduced Th1 responses after mycobacterial infection in DM

vention of tuberculosis complicating patients with diabetic
syndromes.
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