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A role for interferon-gamma in the
hypermetabolic response to murine
toxoplasmosis

Toxoplasma gondii (Me49 strain) infection into Swiss Webster mice is followed

by hypermetabolism and weight loss in the acute phase lasting 14 days. In the

subsequent chronic phase of infection, mice showed either a resolution of

hypermetabolism and partial weight recovery (Gainers) or persistent

hypermetabolism, with stable weight loss (Non-Gainers). The hypermetabolic

response was not associated with an augmentation in the thermogenic

uncoupling protein 1 (UCP1) mRNA expression in interscapular brown adipose
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tissue (BAT), but rather UCP1 expression was reduced. Hypermetabolism is

associated with high lipid oxidation as attested by a low respiratory quotient

(RQ). Neither BAT nor sympathetic nervous system appear to be involved in the

increased lipid utilization, since propranolol did not increase the lower RQ in

infected mice. The mitochondrial lipid oxidation blocker mercaptoacetate did

not reestablish the respiratory quotient RQ in acute infection (on day 4) and in

chronically infected Non-Gainer mice. This suggests an important extra-

mitochondrial mechanism of lipid oxidation. Increased lipid peroxidation was

detected especially in serum, lung, spleen and liver, which are rich in

macrophage-type cells. Following infection peritoneal macrophages exhibited

an enhanced capacity to produce reactive oxygen species (ROS). Using IFN-

gamma knockout mice we observed that not only the hypermetabolic response

was ablated in these mice but there was not a marked increase in ROS

production or preferential oxidation/peroxidation of lipids in the acute phase of

infection prior to the cachectic phase. The present study described a novel

hypermetabolic mechanism involving enhanced lipid peroxidation dependent on

IFN-gamma, especially associated with tissues rich in macrophages.

INTRODUCTION

Infection may result in a wide array of alterations in metabolic activity, which

when severe, may lead to a hypermetabolic state eventually leading to the loss

of body weight. Peripheral and especially central cytokine expressions are

believed to be of importance in infection induced hypermetabolism [1-3]. The

effect of central cytokines has been mainly studied in short term protocols using

cytokine or bacterial lipopolysaccharide (LPS) injections. Mechanisms by which

cytokines induce hypermetabolism depend on individual cytokines. The major

pathways of induction of hypermetabolism are believed to be indirect, involving

brain receptors, the sympathetic nervous system (SNS) being the main efferent

pathway [2] and interscapular brown adipose tissue (BAT) as the major effector

in rodents. BAT stimulation leads to the increase in mitochondrial of uncoupling

protein 1 (UCP1) expression associated with the liberation of the respiratory

chain hence the hypermetabolic response. Interleukins IL-1beta, IL-6 and IL-8 are

suggested to act via corticotrophin-releasing hormone (CRH). However, not all

the cytokines act by this mechanism. Indeed, interferon-gamma (IFN-gamma),

tumor necrosis factor alpha (TNF-alpha), IFN-alpha, IL-1alpha do not seem to act
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via CRH. Moreover, some studies using infection models suggest that cytokines

may also be capable of inducing responses by peripheral mechanisms [4]. It has

been shown in sterile turpentine inflammation, in which IL-1beta and IL-6 are

mediators, that the hypermetabolic responses are not entirely dependent on

the SNS, especially in the later post infection period [5, 6]. Furthermore, in other

animal models of infection, not all the hypermetabolisms appear to be

associated with increased BAT UCP1 activity [6-8] and SNS activation. Thus the

mechanisms underlying infection induced hypermetabolism appears to be

complex.

To gain insights into the mechanisms which may underlie cytokine mediated

hypermetabolism at "physiological" concentrations, we have conducted a

number of metabolic studies using a previously described murine model of

toxoplas-mosis [9, 10].

METHODS AND MATERIALS

Mice and diets

Male Swiss Webster (CFW) mice (Charles River, Canada) ~ 2-6 mo of age were

used and kept a room temperature (25° C) with a 12:12 hours light/dark cycle.

The mice were housed individually in polycarbonate cages and had free access

to tap water and standard laboratory chow diet. Knockout male mice and their

WT counterparts were 2-6 months of age and were kept as the CFW mice.

T. gondii infection

Mice were injected intraperitoneally with 10 cysts of the Me49 strain of T. gondii

(obtained from Dr L.L. Johnson,Trudeau Institute, Saranac Lake, NY, USA). During

the first week of infection all mice are hypermetabolic compared to controls, but

no body weight differences are observed between the two groups [9]. After 7-10

days all mice lost weight and subsequently, the infected mice were classified as

G if they showed a partial regain in body weight (about 50% of the infected

mice) or NG if they showed no regain after the acute phase of infection [9]. All

separate experiments reported here used the design described above. However,

since changes in body weight can alter uncoupling protein 1 mRNA expression,

metabolic rate and lipid metabolism, we chose therefore to study the

interactions of cytokines and T. gondii induced hypermetabolism in the first
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week of infection where body weight and anorexic effect of infection are not

already present.

Cytokine expression in serum, spleen and brain

A previous study showed that TNF-alpha, IL-1beta and IFN-gamma mRNAs were

induced rapidly after infection, in association with the hypermetabolic response

[9]. These cytokines mRNAs also persisted in chronic phase of infection. Since

mRNA levels do not necessarily indicate protein levels, we measured the three

cytokines using immunoassays in serum, spleen and brain. Blood was collected

retro-orbitally. Tissue cytokine proteins were extracted from the whole organ in

2 ml of 1% 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate in

RPMI 1640 medium (Boehringer Mannheim) according to a method described by

Nakane [11]. Sera and tissue homogenate supernatants were kept at - 80° C

prior to assay. Both tissue and serum cytokines were assayed by immunoassay

kits (Quantikine M from R & D) for TNF-alpha, IL-1beta, and IFN-gamma in Swiss

Webster mice.

Energy expenditure (EE), respiratory quotient (RQ) and food intake (FI) in

wild-type (WT) and knockout mice (KO)

Preliminary assays on serum and tissue cytokines indicated that TNF-alpha and

IFN-gamma had a better relationship with hypermetabolic response than IL-

1beta. Based on these results we compared the respiratory response to

infection in TNF-alpha KO and IFN-gamma KO mice to that of their WT

counterparts, to determine the relative importance of these cytokines to

infection induced hypermetabolism. UCP1 KO mice were also used to evaluate

the role of UCP1 in hypermetabolism following infection. Body weight, FI, EE and

RQ were determined for each mouse individually. WT and all KO male mice were

obtained from Jackson Laboratory, Maine, USA, whereas male Swiss Webster

mice were obtained from Charles River, Canada. KO mice used were IFN-gamma

KO - BALB/c-Ifngtm1Ts (12) - mice of Balb/c background, TNF-alpha KO -

Tnftm1Gkl [13] - mice with a C57BL6 background, UCP1 KO - Diphtheria toxin A

chain FVB/N-TgN(UcpDta) [14] - mice with a FVB/NJ background. Mice were

adapted to individual calorimetry cages 3 days before the start of the

experiments [15], after this period basal values were obtained as a mean of 3

consecutive days prior to infection or injections. Mice were then injected

interperitoneally (ip) with either 10 cysts of T. gondii, or vehicle.
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Mercaptoacetate, a mitochondrial lipid oxidation inhibitor, was injected ip at 400

micromoles/kg [16]. The percentage of the increase in respiratory rate (VO2)

was determined for the 4 hours following the injection and compared to the 2

hours prior to injection. The percentage increase in VO2 over 24 hours was

determined by comparing to the average basal VO2 prior to infection. In order to

determine the substrate utilisation associated with the hypermetabolic

response the respiration quotient (RQ) was calculated.

BAT UCP1 expression

Activation of BAT UCP1 is known to result in hypermetabolism and enhanced lipid

oxidation. The expression of UCP1 was followed after infection, to determine if

this was the mechanism involved. On days 4, 7, 14 and 28 (G and NG)

postinfection in situ hybridization histochemistry was performed on BAT to

determine the levels of UCP1 in the tissue using a rat UCP-1 probe [17]. In situ

hybridization histochemistry was performed as previously described [18]. Mice

were anesthetized with 0.3 ml of a mixture containing 40 mg/ml of ketamine and

2 mg/ml xylazine. Without any delay mice were perfused intracardially with 20 ml

of ice cold isotonic saline followed by 100 ml of a paraformaldehyde (4%)

solution. At the end of the perfusion, BAT was removed and kept in 4%

paraformaldehyde for an additional 3 to 4 days. Twelve hours BAT were

transferred to a solution containing paraformaldehyde and sucrose (10%) for

twelve hours and then cut with a sliding microtome (Histoslide 2000, Reichert-

Jung). 25 mum thick sections of BAT embedded in paraffin were collected and

mounted onto slides. The sections were then successively fixed for 20 min in

paraformaldehyde (4%), digested for 30 min at 37° C with proteinase K (10

mug/ml in 100 mM Tris-HCl containing 50 mM EDTA, pH 8), acetylated with acetic

anhydride (0.25% in 0.1 M trietholamine, pH 8) and dehydrated through graded

concentrations (50, 70, 95 and 100%) of alcohol. After vacuum drying for at least

2 hours, 90 mul of the hybridization mixture, which contained an antisense 35S

labeled cRNA probe (10 million cpm/ml), were spotted on each slide. The slides

were sealed under a coverslip and incubated overnight at 60° C in a slide

warmer. The next day, the cover slips were removed and the slides rinsed four

times with 4X SSC (0.6 M NaCl, 60 mM sodium citrate buffer, pH 7), digested for

30 min at 37° C with RNAase-A (20 mug/ml in 10 mM Tris-500 mM NaCl

containing 1 mM EDTA, washed in descending concentrations of SSC (2X, 10 min:

1X, 5 min: 0.5X, 5 min: 0.1X, 30 min at 60° C), and dehydrated through graded

concentrations of alcohol. After a 2 hour period of vacuum drying, the slides
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were exposed on a X-ray film (Eastman Kodak, Rochester, NY) for 24 hours. Once

removed from the autoradiography cassettes, the slides were defatted in xylene

and dipped in NTB2 nuclear emulsion (Eastman Kodak). The slides were exposed

for 7 days before being developed in D19 developer (Eastman Kodak) for 3.5

minutes at 14-15° C and fixed in rapid fixer (Eastman Kodak) for 5 min. Finally

tissues were rinsed in running distilled water for 1 to 2 hours, counterstained

with thionin (0.25%), dehydrated through graded concentrations of alcohol,

cleared in xylene and coverslipped with DPX. The specificity of the antisense

riboprobe was strongly suggested by the absence of a positive signal in sections

hybridized with the sense probe.

Northern blots for UCP1 were performed as previously described [19] and

coloration of membrane showed equal loading. Weight matched mice are non

infected mice which are underfed to have the same body weight as infected G or

NG, were used to dissociate possible hypophagia effects on UCP1 mRNA

expression.

Peritoneal macrophage ROS production

Hypermetabolism and increased lipid oxidation did not appear to be associated

with enhanced UCP1 expression following infection. Further studies involving

the beta-blocker propranolol (data not shown) had no significant effect, nor did

the mitochondrial beta-oxidation inhibitor mercaptoacetate. Oxidation of lipids

therefore arose from non-mitochondrial sources. Reactive oxygen species are

capable of oxidizing lipids, therefore we followed the capacity of peritoneal

macrophages to produce ROS following infection. Briefly, peritoneal

macrophages were isolated by injecting sterile pyrogen free phosphate buffer

saline - PBS (ICN, Canada). Cells were resuspended in PBS and 10  were

aliquoted to each well in a 96 well tray and left to adhere for 1 hour. After this

time period cells were gently washed with 100 mul of PBS 2X. After the final

wash, 100 mul of nitro blue tetrazolium (NBT) in PBS - 5% glucose was added and

cells were incubated for 3 hours. Following this incubation at 36° C, the

supernatant was removed and cells gently washed with PBS. Cells were then

fixed with 70% methanol and left to dry. The insoluble reduced NBT was

solubilized by adding 100 mul of 2M KOH and 100 mul DMSO. The OD was then

measured at 630 nm within 30 min [20].

Lipid peroxidation in sera and tissue

5
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To measure lipid peroxidation in sera and tissues, the Biotech LPO-586

colorimetric assay kit and its protocol (Oxis, Portland, USA) was used. Briefly,

animals were perfused with saline for 3 min at 4° C. Tissues were homogenized

to give a 30% solution (i.e. 3 g of tissue in 10 ml of buffer) in 20 mM Tris buffer pH

7.4 containing 5 mM butylated hydroxytoluene. Homogenate was then

centrifuged at 4° C to remove cellular debris. Aliquots were then taken for

determination of malondialdehyde (MDA) using the methanesulfonic acid

solvent procedure. Absorbance was measured at 586 nm and corrections were

made for sample and reagent blanks. Concentrations were then determined

using a standard curve.

Data analyses

All data are presented as mean ± SD. Statistical analyses were performed using

Kruskal-Wallis one way nonparametrical AOV. P value less than 0.05 was

considered significant.

RESULTS

Body weight following infection

In the acute phase following infection all mice were hypermetabolic, this was

followed by weight loss and then by a stabilisation of body weight. We have

shown in a previous study [9] that in the chronic phase, only those mice that

showed no regain in body weight (NG) remained hypermetabolic compared to

their weight-matched non infected controls. Infection with T. gondii can result in

small variations in survival. However the ratio of mice that show a partial body

weight regain (Gainers) compared to those that do not (non Gainers) appears to

be relatively constant (50%) in different experiments.

In this particular experiment with 10 mice were infected with 10 cysts, 4 mice

became Gainers and 6 became Non Gainers (Figure 1).

Role of UCP1 in BAT following infection

UCP1 mRNA expression was found to be down regulated following infection as

quantified by northern blots (Figure 2). These results also show that body

weight loss due to anorexia independent of infection (i.e. in weight matched -
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WM - controls) can lead to decreases in UCP1 mRNA expression. We have

therefore foccused our studies, in particular on day 4 after infection where

hypermetabolism is already maximal but no body weight loss occurs. Using day 4

after infection we eliminate factors that may influence metabolic rate and

substrate utilisation due to loss of body weight and reduced food intake. In situ

hybridisation also confirmed down-regulation of BAT UCP1 expression (Figure 3)

following infection compared to control BAT. Although infection results in the

infiltration of immune cells into BAT, the reduction of UCP1 mRNA did not appear

to be in the specific vicinity of the immune cells. UCP1 therefore did not appear

to mediate the hypermetabolic response to T. gondii. This conclusion is further

substantiated by the findings that the hypermetabolic response to T. gondii still

occurred in UCP1 KO mice as did the increased lipid oxidation response (Table 1).

Cytokine production in serum, spleen and brain

IL-1beta: during the first week, IL-1beta was not detected in the serum and brain

(Figure 4 top panel).

TNF-alpha: TNF-alpha was detected at the onset of infection and hence was

associated with the onset of the hypermetabolic response (Figure 4 middle

panel). From day 1 post infection, there was a significant increase in TNF-alpha in

the spleen from 1,129 ± 140 pg/ml in control animals vs 2,495 ± 166 pg/ml in

infected animals, p 0.03), TNF then remained elevated in all subsequent phases

in infected animals. No significant difference was seen between the spleen of G

and NG (2,113 ± 312 pg/ml and 2,273 ± 358 pg/ml respectively).

TNF was not detected in the brains of control mice. No significant difference was

observed in the chronic phase in the brain 787 ± 106 pg/ml and 855 ± 109 pg/ml in

G and NG respectively.

IFN-gamma: IFN-gamma was not detected in any tissues of control mice. As seen

in Figure 4 bottom panel, serum IFN-gamma was found to be increased at the

onset of infection (60 pg/ml) and further elevated on day 7 and 14 (165 ± 10

pg/ml and 212 ± 10 pg/ml respectively). In the brain, there were increases in IFN-

gamma on day 7 and 14 (33 ± 6 pg/ml and 18 ± 2 pg/ml respectively). In the

chronic phase of the infection, the serum cytokine level was reduced in the G

(below detection level) but remained markedly elevated in the NG (67 ± 10

pg/ml) subgroup. Furthermore in the chronic phase, there was a drastic 10-fold
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increase in brain IFN-gamma in the NG (224 ± 8 pg/ml) compared to the low

levels observed in the G subgroup (20 ± 2 pg/ml). In the spleen NG had a 2 fold

increase compared to G (134 ± 11 and 69 ± 5 respectively). IFN-gamma therefore

has a better relationship with the hypermetabolic and cachexic state than the

other cytokines measured.

Infection-induced hypermetabolism in WT, TNF-KO, IFN-KO and UCP1 KO

mice

WT, TNF-alpha, IL-6 KO (data not shown) and UCP1 KO mice all demonstrated a

hypermetabolic response to T. gondii compared to their wild-type counterparts

during the first week of infection (Figure 5). In contrast IFN-gamma KO mice

showed no increase in VO2 in response to T. gondii infection where as their WT

counterparts did (Figure 5). The hypermetabolic response (increase in VO2)

does not appear to vary largely with the different genetic background of the

mice. In these studies with WT counterparts of the KO which showed

hypermetabolic responses in the acute 7 day phase of T. gondii infection but no

weight loss occured. It should be noted that after this phase some

of the infected WT showed weight loss where as others did not, this was

associated with strain resistance differences.

Respiratory Quotients (RQ)

Examination of the respiratory quotients (RQ) data revealed that this variable

was decreased in mice that showed a hypermetabolic response to T. gondii in

the acute phase (day 4, 7, 14) and in NG (day 28). IFN-gamma KO mice showed no

change either in VO2 or in RQ (Table 1) on day 4 post-infection. IFN-gamma was

associated not only with the hypermetabolic response to T. gondii but also with

selective fuel oxidation. Note that neither propranolol (data not shown) or

mercaptoacetate increased the RQ of infected mice (see below) this is

consistent with our findings that UCP1 is not implicated in the hypermetabolic

effect.

Lipid peroxidation by non-mitochondrial mechanisms

In order to gain insights into the mechanisms underlying the enhanced lipid

oxidation (decreased RQ), the T. gondii infected mice were treated with an
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inhibitor of mitochondrial beta-oxidation (mercaptoacetate), on day 4 post

infection, as well as in the NG. As expected, the RQ increased in the control

(indicating a decrease in lipid oxidation), but no increase in RQ was seen in the

infected mice. On day 4 infected mice had a RQ of 0.83 ± 0.02 compared to 0.81 ±

0.02 of mercaptoacetate treated infected mice; this difference is not significant.

In the chronic phase of infection NG had a RQ of 0.77 ± 0.02, mercaptoacetate

treated NG had a RQ of 0.74 ± 0.02. Consequently, the decrease in RQ during

cachexia both in the acute and chronic phases could not be due solely to

mitochondrial beta-oxidation, but to some other processes. Reactive oxygen

species (ROS) are capable of oxidising lipids, therefore we followed the capacity

of peritoneal macrophages to produce ROS.

As shown in Figure 6, ROS production was increased markedly (about 5-fold)

during the acute phase (day 1, 4, 7, 14), but during the chronic phase it was

reduced compared to control levels in the NG, and even below control levels in

the G (however compensations in lipid peroxidation occurs in other tissues -

Figuure 7). IFN-gamma was required to activate macrophages to produce ROS

(Figure 6), and infection may therefore increase lipid peroxidation by ROS

dependence on IFN-gamma. Changes in lipid peroxidation in various tissues and

ROS production in macrophage in this model of T. gondii infection were

investigated.

The data on indices of lipid peroxidation are presented in Figure 7 and indicate

that these were increased during both the acute and chronic phases. Parallel

changes were observed in the sera, lung and spleen, and to a lesser extent in

the liver, but evidently not to the same degree in the brain. It should be noted

that the importance of the sites of lipid peroxidation are dependent on the time

after infection, as is observed in the differences between the acute and the

chronic phase.The levels of lipid peroxidation - malondialdehyde (MDA) in IFN-

gammaKO mice remained comparable to the non infected control but was

always significantly reduced compared to infected mice on the same day (p <

0.01) in various tissues (Figure 7).

Taken together, these results indicate the importance of altered macrophage

ROS production during the acute phase and that of changes in lipid peroxidation

in the lung and spleen in both acute and chronic phases.
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The possible importance of IFN-gamma in these elevations in ROS and lipid

peroxidation was involved since these changes were blunted in IFN-gamma KO

mice in response to the infection.

DISCUSSION

This study demonstrated that hypermetabolism following infection with T. gondii

could not be explained by activation of sympathetic nervous system nor an

increase in uncoupling protein 1 (UCP1) in the brown adipose tissue, a

phenomenon that has previously been described following certain infections [7,

8].

Alternative mechanisms for hypermetabolism and lipid oxidation

In our model of toxoplasmosis, hypermetabolism was found to be associated

with increased lipid oxidation, as assessed by a decrease in the respiratory

quotient in the acute phase, as well as in the NG in the chronic phase. G showed

a normalisation of RQ and a partial weight regain. Use of mercaptoacetate,

which inhibits mitochondrial beta-oxidation did not increase and re-establish

the RQ in the acute phase (day 4) and in the NG. This suggests the existence of

extra-mitochondrial lipid oxidation. One alternative pathway could be an

increased in vivo oxygen consumption via the activation of phagocytes including

macrophages [21]. Indeed, the inhibition of oxidative burst by the NADPH

oxidase (which produces ROS) by diphenyliodonium ablated the increase in VO2

following in vivo stimulation of phagocytes, without modifying mitochondrial

activity significantly [21]. Macrophage oxidative burst may therefore account for

a substantial component of the increase in oxygen consumption. Increases in

ROS production by macrophages and enhanced lipid peroxidation have been

shown to occur in various animal models of infection [22-24]. In our model there

appears to be a shift in the location of ROS production and lipid peroxidation

from the acute to the chronic phase of the infection. However in both phases,

tissues with important macrophage or macrophage-like cells show the most

significant increase in lipid peroxidation. It is important to note that NG

produced more peroxidized lipids than G, suggesting enhanced oxidative stress

in the NG.

It is well established that IFN-gamma is a major regulator of ROS in macrophages

[25]. Infected IFN-gamma KO mice showed a marked reduction in their
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hypermetabolic response and there was a decrease in their ROS production by

peritoneal macrophages and attenuated lipid peroxidation (in sera, lungs, liver

and spleen). High IFN-gamma levels are associated with hyperlipid peroxidation

and cachexia in the chronic phase of the infection (i.e. in NG), the possibility

arises that the mechanism maintaining cachexia resides in macrophage ROS

production. Whether this increase in lipid peroxidation is beneficial [26] or not

[27] remains to be substantiated.

Recently it has been shown that enhanced lipid entry into macrophage-type

cells requires IFN-gamma [28] and that IFN-gamma increases LPL expression

[29]. The blunted hypermetabolic response in the IFN-gamma KO mice may not

only be due to decreased ROS production but also to reduce lipid uptake by

phagocytic cells. Thus, IFN-gamma may not only increase the production of ROS

but may also increase macrophage cellular uptake of lipids for oxidation, which

would be consistent with a role of this cytokine in the lipid hypermetabolism

seen in our model.

Infection or trauma can result in hypermetabolism, and in many of these cases

there is also an increase in lipid peroxidation. The mechanisms described in our

model may also be applicable to other injuries. Cerebral ischemia is

accompanied by a strong inflammatory response, which is associated with a

hypermetabolic state [30, 31] and enhanced lipid peroxidation component [32].

We have also been unable to attribute these effects to an elevation in BAT UCP1

expression in a murine model of cerebral ischemia [33], in fact in this model we

also observed a decrease in UCP1 mRNA expression (data not shown). Increased

lipid peroxidation by phagocytes may therefore be a major contributing factor to

hypermetabolism in diseases. Whether IFN-gamma is the major regulator of this

process in different infections and injuries remains to be determined, as does

the role of the reactive oxygen species in body weight regulation.

CONCLUSION
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Figure 1

Profile of weight changes in Swiss Webster mice

infected (i.p.) with 10 cysts of Toxoplasma gondii

(Me49 strain).

Figures
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Values are presented as mean ± SD for the various groups.

After the weight loss phase, infected mice could be

differentiated into those that showed persistant,

although stable cachexia (Non Gainers) and those that

showed a partial weight regain (Gainers). In this particular

experiment 10 mice were infected, 4 become Gainers and

6 became Non Gainers.
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Figure 2

UCP1 mRNA levels in brown adipose tissue on various

days after infection, UCP1 is given as a percentage of

the control non-infected BAT in Swiss Webster.

On days 7, 14 and in NG the UCP1 levels in infected mice is

significantly reduced (p < 0.01 (a), 0.01 (b) and 0.01 (c)

respectively to controls. It is important to note that

reduction in body weight as seen in the weight matched

(WM) controls can result in a reduction in UCP1, which is

independent of infection. Each value represents the mean

of 5 mice.
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Figure 3

In situ hybridization for UCP1 mRNA in brown adipose

tissue in control mice (Control) and in infected mice

on day 4, 7, 14 and 28 (in Gainers (G) and Non

Gainers(NG)) with Toxoplasma gondii.

The control mice show more UCP1 labelling in the tissue

than the infected group of mice. Note that UCP1 mRNA

decreases following infection, this confirms our northern
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blots for UCP1. These results are representative of

observations made on brown adipose tissue in 4 mice in

each group.
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Figure 4

Serum, spleen and brain cytokine concentrations at

various days following ip infection with 10 cysts of

Toxoplasma gondii.

The values are the mean ± SD (n = 3). IL-1beta, TNF-alpha

and IFN-gamma were measured by immunoassays as

described in the methods and material section. Note that

IFN-gamma shows a better association with the

hypermetabolic response than the other two cytokines

following infection.
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Figure 5

Hypermetabolic response (VO2 increase) in different

mouse strain following ip infection with 10 cysts of

Toxoplasma gondii during the first week of infection.

VO2 increase in Swiss Webster mice (Top panel),

TNFalpha KO and their WT counterparts of C57BL/6

background (2nd panel), IFN-gamma KO and their WT

counterparts Balb/c background (3rd panel) and UCP1 KO

and their FVB NJ WT counter parts (4th panel). All mice

show a maintained increase in VO2 after infection with

the exception of IFN-gamma KO mice. For each group (n =

4 mice) VO2 was determined as described in the methods

and material section.

Figure 6

NBT reduction by peritoneal macrophage on days 1, 4,

7, 14 and day 30 after ip infection with 10 cysts of

Toxoplasma gondii.
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WT mice show an increase in NBT reduction by peritoneal

macrophages while IFN-gamma KO mice have a markedly

attenuated response on day 4 post infection. Number of

animals per group: n = 3.
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Figure 7

Amount of lipid peroxidation as determined by

colorimetric assay as described in the methods and

material section, in the lung, spleen, liver, brain and

serum after ip infection with 10 cysts of Toxoplasma

gondii.

Figures show the amount of lipid peroxidation in various

tissues in the chronic phase of the infection, note that in

all tissues examined lipid peroxidation is always greater in

NG than G and controls. Figures show the importance of

IFN-gamma in the process of lipid peroxidation following

infection, since on day 4, infected mice have increase a

lipid peroxidation in all tissues, while at this same time

point IFN-gamma KO mice show no significant increase in

all tissues assisted (p < 0.01) and the latter were similar to

non infected controls p < 0.01. Number of animals per

group n = 3.
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