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Abstract 

It is well-established that prostaglandins (PGs) affect tumorigenesis, and evidence indicates 

that PGs also are important for the reduced food intake and body weight loss, the anorexia-

cachexia syndrome, in malignant cancer. However, the identity of the PGs and the PG 

producing cyclooxygenase (COX) species responsible for cancer anorexia-cachexia is 

unknown. Here, we addressed this issue by transplanting mice with a tumor that elicits 

anorexia. Meal pattern analysis revealed that the anorexia in the tumor-bearing was due to 

decreased meal frequency. Treatment with a non-selective COX inhibitor attenuated the 

anorexia, and also tumor growth. When given at manifest anorexia, non-selective COX-

inhibitors restored appetite and prevented body weight loss without affecting tumor size. 

Despite COX-2 induction in the cerebral blood vessels of tumor-bearing mice, a selective 

COX-2 inhibitor had no effect on the anorexia, whereas selective COX-1 inhibition delayed 

its onset. Tumor growth was associated with robust increase of PGE2 levels in plasma - a 

response blocked both by non-selective COX-inhibition and by selective COX-1 inhibition, 

but not by COX-2 inhibition. However, there was no increase in PGE2-levels in the 

cerebrospinal fluid. Neutralization of plasma PGE2 with specific antibodies did not ameliorate 

the anorexia, and genetic deletion of microsomal PGE synthase-1 (mPGES-1), affected 

neither anorexia nor tumor growth. Furthermore, tumor-bearing mice lacking EP4 receptors 

selectively in the nervous system developed anorexia. These observations suggest that COX-

enzymes, most likely COX-1, are involved in cancer-elicited anorexia and weight loss, but 

that these phenomena occur independently of host mPGES-1, PGE2 and neuronal EP4 

signaling. 

 

Key words: cancer anorexia-cachexia, cyclooxygenase, microsomal prostaglandin E synthase-

1, prostaglandin E2 
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1. Introduction 

Cachexia, characterized by metabolic derangements leading to weight loss, is a severe 

problem in several chronic diseases, particularly malignant cancer (Fearon et al., 2011; 

Tisdale, 2010). Cachexia restricts the patients’ tolerance and response to treatment, causes 

suffering and impaired quality of life, and reduces life expectancy. Cachexia differs from 

starvation in which weight loss induced by caloric restriction normally is followed by 

compensatory re-feeding mechanisms. In cancer anorexia, the expected counter-regulatory 

feeding response to reduced body mass is absent, indicating an uncoupling of food intake 

from energy expenditure (Bosaeus et al., 2001). Indeed, the weight loss in cachexia is 

paradoxically associated with anorexia (persistent satiety or un-desire to eat) leading to 

reduced food intake. Since feeding and body weight are subject to close regulation by brain 

homeostatic and hedonic systems, cancer-induced anorexia is likely due to a complex 

interplay of mediators acting on the brain but our understanding of the pathophysiology 

underlying reduced appetite in cancer is incomplete. However, inflammatory signaling is a 

central theme in cancer anorexia (Gelin et al., 1991; Ruud et al., 2010). In particular, 

inflammatory-induced prostaglandins have been proposed as key mediators (Cahlin et al., 

2000b; Sandstrom et al., 1990). Among the prostaglandins, prostaglandin E2 (PGE2) is of 

special interest, since inhibition or deletion of the inducible cyclooxygenase (COX-2) or the 

inducible terminal PGE2 isomerase, microsomal prostaglandin E synthase-1 (mPGES-1), 

largely prevents the anorexia during acute inflammation (Elander et al., 2007; Lugarini et al., 

2002; Pecchi et al., 2006). Furthermore, induced synthesis of COX-2 and PGE2 are critical in 

formation of many malignant tumors, foremost colorectal cancer (Brown and DuBois, 2005). 

Thus, epidemiological studies have revealed that administration of traditional non-steroidal 

anti-inflammatory drugs, as well as selective COX-2 inhibitors, is associated with decreased 

incidence of colorectal cancer (Steinbach et al., 2000), and selective inhibition of mPGES-1 
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with the supposedly added safety over COX and COX-2 inhibitors has emerged as an 

attractive approach for treating malignancies (Murakami and Kudo, 2006).  

 Here we hypothesized that the PGE2 synthesizing pathway also plays a role for the 

reduced food intake and body weight loss in cancer disease. We tested this hypothesis by 

examining the
 
role of COX-1, COX-2, mPGES-1, and PGE2 and its EP4 receptor for the 

development of cancer-induced anorexia and weight loss in a mouse tumor model. In this 

model mice are inoculated with a methylcholanthrene-induced sarcoma MCG 101 (Lundholm 

et al., 1978), a non-metastasizing, undifferentiated epithelial-like solid tumor (Lonnroth et al., 

1995). This tumor model has been used extensively in the Lundholm laboratory for the study 

of cancer cachexia. When implanted subcutaneously the tumors grow locally with a 

reproducible growth pattern. The animals die because of cancer cachexia 12–15 days after 

tumor implantation (Lundholm et al., 1978). We recently showed that mice lacking MyD88, 

an adaptor protein critical for Toll-like and IL-1 receptor family signaling, were protected 

against MCG 101-induced anorexia (Ruud et al., 2010), demonstrating the importance of 

inflammatory signaling for the reduced food intake in this model. 

 

2. Materials and methods 

2.1. Animals, tumor or sham implantations, and food intake monitoring 

Adult and age-matched female wild-type mice (Taconic, Ejby, Denmark; Scanbur, 

Stockholm, Sweden; or Jackson, Sulzfeld, Germany), and genetically modified mice and their 

littermates [Ptges
−/− 

(mPGES-1 deficient; (Trebino et al., 2003), Ptgs2
−/−

 (COX-2 knock-out; 

on a mixed B6;129P2 background; from Taconic), EP4
flox/flox

 (Schneider et al., 2004), Nestin-

Cre deleter (Tronche et al., 1999)], all on a C57BL/6 background if not otherwise stated, were 

used. Mice lacking the EP4 receptor in neural cells (EP4
ΔNestin-Cre

) and their control littermates 

(EP4
flox/flox

) were obtained from crossings of EP4
Nestin-Cre/flox/+

 and EP4
flox/flox

 mice. Two 
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fragments (3-4 mm
3
) of the methylcholanthrene-induced sarcoma MCG 101 (Lundholm et al., 

1978) were placed subcutaneously under gas anesthesia (4 % isoflurane; Abbott Laboratories, 

Abbott Park, IL) on both sides of the dorsal midline using a tuohy needle. Control mice were 

handled in the same way but injections were done without tumor fragments (sham). Food 

intake was monitored in two ways: 1) The animals were housed in cages carrying raised 

bottom wire grids (Tecniplast, Varese, Italy) in a temperature-controlled (~ 20 °C ± 1.5) 

environment and on a regular 12 h daylight schedule (lights on and off at 07/19 h), with free 

access to standard rodent laboratory pelleted chow (CRM-E, Special Diets Services, Witham, 

Essex, UK) and tap water. Food intake was registered on a daily basis with the measurements 

carried out during the light phase. Food spillage was corrected for, by collecting the gnaw 

waste, which was weighed; 2) Food intake was recorded continuously via an automated 

feeding monitoring equipment (AccuScan Instruments, Columbus, OH) that allowed 

uninterrupted, undisturbed recordings of individual meals for each animal, as described 

elsewhere (Elander et al., 2007). In this setting, powdered food was used to limit spillage and 

hoarding of the diet. Feeding activity was retrieved every ~1.5 s and processed using DietDat 

and DietMax software (AccuScan Instruments). A meal was defined as whenever at least 0.01 

g of food was removed from the food tray and considered terminated if the food was left 

undisturbed for ≥ 5 min. Using this set-up, the daily food intake monitored amounts to ~ 95 % 

of the total food intake recorded via manual readings (Elander et al., 2007). 

 The endpoint of the tumor-implantation experiments was for animal ethics reasons set to 

10 days post implantation. However, when data permitted, i.e. a clear anorexic response was 

seen irrespective of treatment for two consecutive days, the experiment was terminated 

earlier, to minimize animal suffering. 

All experiments were approved by the Animal Ethics Committee in Linköping. All 

reagents were from Sigma-Aldrich (St. Louis, MO) if not otherwise specified.  



  Ruud et al., page 6 

 

2.2. Drugs 

Indomethacin [(Alpharma-Isis GmbH & Co KG, Langenfeld, Germany); 1 μg/g body weight; 

(Axelsson et al., 2005)], Liometacen® (Indomethacin Meglumine; Chiesi Farmaceutici 

S.P.A., Parma, Italy; 1 μg/g body weight), sodium naproxen (100-150 μg/g body weight), or 

parecoxib (Dynastat®, Pfizer, Sandwich, Kent, UK; 100 μg/g body weight; dose titrated here 

to completely obliterate the febrile response to lipopolysaccharide (LPS)) were provided via 

the drinking water. The concentration of the drugs in the water was calculated with account 

taken for the reduced water consumption that results from reduced food intake. The COX-1 

inhibitor SC560 (5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole; 

Cayman Chemical, Ann Arbor, MI) was administered in specially prepared food pellets (AIN-

76A; Research Diets Inc., Brunswick, NJ) containing 225 mg SC560 per kg food. At a daily 

food intake of 4 g, the ingested dose (30 mg/kg body weight) has been shown to completely 

inhibit the formation of TXB2 [the stable metabolite of COX-1 dependent TXA2 formation 

(Smith et al., 1998)] and to prevent the rapid increase in plasma corticosterone induced by 

LPS, that is dependent on COX-1 (Elander et al., 2010), without interfering with COX-2 

dependent mechanisms (Elander et al., 2010; Smith et al., 1998). 

 

2.3. RNA isolation, and cDNA synthesis and quantitative real-time PCR 

Following asphyxiation in carbon dioxide, mice were rinsed from blood by transcardial 

perfusion with sterile saline. A block of the hypothalamus was dissected, immediately snap-

frozen in liquid nitrogen, and kept at - 80°C. RNA was extracted, quantified, and
 
transcribed 

as previously described (Wang et al., 2005). Real-time PCR reactions were performed as 

singleplex on 10 ng of cDNA in duplicate for every sample in a 96-well format on the ABI 

Fast 7500 Real-Time PCR instrument using TaqMan® probes, primers, and the Fast 
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Universal PCR Master Mix (Applied Biosystems, Foster City, CA). Assays were: Ptgs1 

(Mm00477214_m1), Ptgs2 (Mm00478374_m1), and Ptger4 (Mm00436053_m1). Actb 

(Mm00607939_s1) served as endogenous control. Assays for terminal prostanoids enzymes 

are given in Table 1. Relative gene expression changes in tumor-bearing mice were calculated 

using the 2(-ΔΔC(T)) method and expressed as fold change compared with sham-implanted 

mice. 

 

2.4. Immunohistochemistry 

COX-2 was detected with a polyclonal affinity-purified IgG antibody raised in goat against a 

synthetic peptide consisting of amino acids 586-604 of mouse COX-2 (sc-1747, lot # E2506; 

Santa Cruz) as previously described (Ruud and Blomqvist, 2007). The specificity of the 

antibody was tested by staining brain sections from wild-type and COX-2 null mice that had 

been subjected to an i.p. injection of LPS. 

 

2.5. Body temperature recordings 

Core body temperature was measured telemetrically, in individually caged mice, and at near-

thermoneutral conditions (28-30°C). One week prior to recordings, a miniature transmitter 

(Data Sciences International, St. Paul, MN) was implanted in the peritoneal cavity via a 

midline laparotomy under isoflurane gas anesthesia and with Temgesic® (RB 

Pharmaceuticals, Slough, UK) given i.p. peri-operatively. The abdominal wall was sutured 

back in layers. 

  

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00478374_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=ge&catID=601267&SearchRequest.Common.SortSpec=&searchValue=null&MFCSpeciesType=null&searchBy=null&adv_kw_filter3=all&srchType=keyword&adv_kw_filter2=all&SearchRequest.Common.QueryText=prostaglandin-endoperoxide+synthase+2&adv_kw_filter1=all&inventoried=*&adv_query_text3=&adv_query_text2=&adv_query_text1=&paraTreeViewNode=null&adv_boolean3=AND&displayAdvSearchResults=&SearchRequest.Common.ResultsPerPage=25&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=all&SearchRequest.Common.PageNumber=2&formatType=default&isSL=N&%20
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=ABAssayDetailDisplay&assayID=Mm00607939_s1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=ge&catID=601267&MFCSpeciesType=null&adv_kw_filter3=all&srchType=keyword&adv_kw_filter2=all&group1=noValue&SearchRequest.Common.QueryText=actin+beta&adv_kw_filter1=all&species=Mus+musculus&adv_query_text3=&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&adv_boolean2=AND&batchSpecies=&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=all&SearchRequest.Common.PageNumber=1&formatType=default&%20
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2.6. Plasma and cerebrospinal fluid PGE analysis  

Following asphyxiation of the mice with CO2, blood was aspirated from the right cardiac 

atrium and transferred to EDTA-covered tubes (Sarstedt, Nümbrecht, Germany). 

Indomethacin was added, to inhibit ex vivo prostanoid formation, to a final concentration of 

10 μM, and the blood was centrifuged (7,000 g, 4°C, 7 min). Hemolyzed samples were 

discarded. The concentration of PGE metabolites and PGE2 was determined with a 

Prostaglandin E Metabolite EIA Kit or a Luminex
®
 xMAP

®
 Prostaglandin E2 kit (Cayman 

Chemical, Ann Arbor, MI), respectively.  

For collection of cerebrospinal fluid (CSF), mice were mounted in a stereotaxic frame, 

and the head was flexed anteriorly to enable access to the suboccipital region. Under 

microscopic guidance, CSF was aspirated from the cerebellomedullary cistern using a 

Hamilton syringe, and immediately frozen on dry ice. The concentration of PGE2 was 

determined using a High Sensitivity Prostaglandin E2 Enzyme Immunoassay Kit (Assay 

Designs, Ann Arbor, MI).  

 

2.7. In vivo PGE2 neutralization 

Ten mg/kg body weight of a mouse monoclonal antibody that binds PGE2 (clone 2B5; 

Cayman Chemical Company, Ann Arbor, MI), or a control antibody (MOPC21; IgG1, κ), 

matching 2B5 in isotype and concentration, was injected i.p. 9 h prior to lights out. Plasma 

levels of 2B5 after a single i.p. injection have been reported to peak within 6 h, and to reach 

steady-state 18 h post-injection (Portanova et al., 1996). The dose used here has been shown 

to substantially reduce the PGE2-elicited nociceptive response to phenylbenzoquinone (Mnich 

et al., 1995), its analgesic effect being as potent as 1 mg/kg body weight of indomethacin 

given orally (the same doses used in the present study). It also completely reversed 

carrageenan-induced edema and hyperalgesia, as well as that of adjuvant-induced arthritis, 
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with tissue PGE2 levels up to 8000 pg/ml (i.e. higher than in the present study; see Results 

and cf. (Wang et al., 2001), and was as effective as 2-30 mg/kg body weight of indomethacin 

given orally (Portanova et al., 1996; Zhang et al., 1997).  

 

2.8. Statistical analysis 

Food intake, carcass body weight, and concentrations of PGE metabolites and PGE2 in plasma 

were analyzed by a one-way ANOVA with Tukey’s post-hoc. Gene expression values, tumor 

weights, PGE2 levels in the CSF, temperature data, and meal pattern data were compared 

using an unpaired, two-tailed, t-test. P < 0.05 was accepted as significantly different. 

 

3. Results 

3.1. Tumor-bearing mice display decreased meal frequency 

Meal pattern analysis showed that between day 6 and 7 the tumor bearing mice displayed a 

significant reduction of food intake compared with sham-implanted mice (P < 0.05; Fig. 1A). 

At anorexia onset, day 7, the reduced food intake in tumor-bearing mice was caused by a 

reduction in the number of meals/24 h (P < 0.05; Fig. 1B), but not in meal size or meal 

duration (Fig. 1C-D). Food intake was affected during the night, but not during the day (Fig. 

1E-F). In line with a reduced number of meals, inter-meal interval (IMI; time elapsed between 

meals) was significantly lengthened in tumor-bearing mice (P < 0.05; Fig. 1G), but no 

difference in satiety ratio (the quotient between IMI and meal size) or feeding rate (meal 

size/duration) was seen (data not shown). At day 10, when the tumor-bearing mice had 

displayed several days of anorexia, they still consumed considerably fewer meals than sham-

implanted controls (P < 0.001; Fig. 1H), but their meal size was on average slightly larger (P 

= 0.04), and they displayed a prolonged meal duration (P < 0.01; Fig. 1I-J) compared with 

sham-implanted mice, although the latter changes did not compensate for the reduced food 
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intake caused by the reduced number of meals. As at day 7, night time meal-frequency was 

lower in tumor-bearing mice (P < 0.001; Fig. 1K) than in sham-implanted control, whereas 

light phase meal frequency was unaffected (not shown). Similarly, satiety ratio and IMI 

(Fig.1L-M), but not feeding rate (not shown), were greater in tumor-bearing anorectic mice (P 

< 0.01 - 0.001) than in sham-implanted controls.  

 

3.2. COX-inhibition attenuates cancer-elicited anorexia and tumor growth 

Tumor-bearing mice given indomethacin in the drinking water (~ 1 μg/g body weight) 

showed attenuated anorexia compared with untreated controls (Fig. 2A), hence suggesting 

that cancer-induced anorexia in part is mediated by cyclooxygenases. However, as reported 

previously (Cahlin et al., 2005; Cahlin et al., 2000a), indomethacin also impaired tumor 

growth (Fig. 2B).  

 

3.3. COX-inhibition restores food intake independently of its effect on tumor growth 

We next examined if the attenuated anorexia seen in indomethacin-treated tumor- bearing 

mice could be explained by slower tumor growth, or whether indomethacin attenuated the 

anorexia independently of its effect on tumor growth. Indomethacin or vehicle was given to 

tumor-bearing mice with equally sized tumors when anorexia had been established for two 

consecutive days. During the two following days, indomethacin-treatment almost completely 

restored food intake to sham-control levels (Fig. 2C). By contrast, the food intake of the 

untreated tumor-bearing mice gradually decreased. In a second series, the experiment was 

repeated but with administration of sodium naproxen or Liometacen® (indomethacin 

meglumine salt). These drugs had the same effect on the food intake as indomethacin (Fig. 

2D), thus abolishing the anorexia in the tumor-bearing animals. Notably, the short 

indomethacin treatment had no effect on tumor weight (Fig. 2E). These data hence suggest 
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that the effect of COX-inhibition on food intake in tumor-bearing mice occurs independently 

of reduced tumor size.  

Examination of the body weight after the tumor had been excised showed that untreated 

tumor-bearing mice had lost ~ 7.5 % in body weight compared with sham-implanted mice (P 

< 0.01), whereas the tumor-bearing mice subjected to acute COX-inhibition displayed a body 

weight that was not significantly different from that of the sham-implanted mice (Fig. 2F). 

 

3.4. Central COX-2 expression is upregulated in tumor-bearing mice 

We next investigated if the anorexia was associated with induced prostaglandin synthesis in 

the brain. Such synthesis has been shown to be critical for interleukin-1 induced anorexia 

(Elander et al., 2007). Quantitative real-time PCR on cDNA, prepared from the hypothalamus, 

showed that COX-2 mRNA in untreated tumor-bearing mice was significantly upregulated 

compared with that in sham-implanted mice (Fig. 3A). Tumor-bearing mice that received 

indomethacin throughout the study period likewise showed elevated COX-2 mRNA levels 

compared with sham-operated controls, however, the difference did not reach statistical 

significance (P = 0.16). Immunohistochemical staining showed induced COX-2 

immunoreactivity in cells associated with the cerebral vasculature of untreated tumor-bearing 

mice (Fig. 3B). Indomethacin-treated tumor-bearing mice also displayed COX-2 

immunoreactivity in the vascular cells of the brain, whereas no staining was seen in 

cerebrovascular cells of sham-implanted controls. 

 Quantitative RT-PCR analysis of the hypothalamic expression of mPGES-1, known to 

be co-induced with COX-2 in the brain, showed no significant differences between tumor-

bearing mice and sham-implanted mice irrespective of treatment. Analyses of the expression 

of other terminal prostaglandin synthases showed that lipocalin-type PGD-synthase was 

increased by close to 50 % (P < 0.05), in tumor-bearing mice whereas there was no change in 
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the expression of hematopoietic PGD-synthase, PGI-synthase, PGF-synthase, or 

thromoboxane A-synthase (Table 1). 

 

3.5. Anorexia occurs independently of COX-2 

To examine the role of the induced COX-2 expression for cancer-induced anorexia, we 

treated tumor-bearing mice with a selective COX-2 inhibitor, parecoxib (100 mg/kg body 

weight, orally) or vehicle, when tumor-bearing mice displayed two consecutive days of 

reduced food intake compared with sham-implanted mice. In contrast to what was found 

when mice were given indomethacin or naproxen, food intake was unaffected by the COX-2 

blockade (Fig. 3C). The same finding was obtained also after a higher dose of parecoxib given 

orally (150 mg/kg body weight) as well as after it was given intraperitoneally (10 mg/kg body 

weight) 1 h prior to the onset of the dark period and again after six hours (Fig. 3C). 

 

3.6. Tumor-bearing mice are afebrile 

An often manifested sign of cancer is subfebrility (low-graded fever). Since COX-2 is critical 

for the development of inflammation-induced pyresis, and because COX-2 inhibition did not 

affect food intake in tumor-bearing mice, we next examined whether the increased COX-2 

expression in the brain instead reflected an ongoing febrile response. We found, however, that 

core body temperature measured telemetrically during 10 consecutive days did not differ 

between tumor-bearing and sham-implanted mice (data not shown). 

 

3.7. Involvement of COX-1 in cancer-induced anorexia: Initiation of anorexia via COX-1 

The finding that non-selective COX-inhibition, but not specific COX-2 blockade, attenuated 

or reversed the anorexia in tumor-bearing mice, suggested that the anorexia is COX-1 

dependent. We directly tested this hypothesis by examining the food intake in mice treated 
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with a selective COX-1 inhibitor, SC560, given in the food pellets (225 mg/kg food). The 

results showed that non-treated treated tumor-bearing mice developed typical anorexia in 

contrast to SC560 treated tumor-bearing mice, whose food intake initially was comparable to 

that of sham-implanted mice (Fig. 3D). However, COX-1 inhibition only delayed the onset of 

anorexia, because the SC560 treated tumor-bearing mice displayed a similar reduction in food 

intake as the untreated tumor-bearing mice from day 8 and onwards (Fig. 3D). Thus, these 

data indicate that COX-1 is involved in eliciting the reduced food intake in this model. 

However, this involvement was not associated with increased transcription of COX-1. Thus, 

qPCR analysis of COX-1 mRNA at day 10 after tumor implantation showed on the contrary a 

small decrease (by 15 %; P < 0.05) in tumor bearing mice (but not when indomethacin-

treated) compared with sham-implanted mice. 

 

3.8. Plasma PGE2 is markedly increased in tumor-bearing mice whereas PGE2 levels in the 

cerebrospinal fluid remain unchanged  

We next sought to identify which metabolite downstream of COX that was responsible for the 

effect on appetite. We analyzed PGE2 and PGE metabolites in plasma and PGE2 in 

cerebrospinal fluid of tumor-bearing and sham-implanted mice, since central administration or 

systemic injection of PGE2 has been shown to suppress food intake (Levine and Morley, 

1981; Ohinata et al., 2006; Wang et al., 2001), and since inflammation-induced anorexia is 

dependent on PGE2-synthesising enzymes (Elander et al., 2007; Pecchi et al., 2006). The 

results show that tumor-bearing mice displayed large elevations of plasma PGE metabolites 

and plasma PGE2, and that these effects were blocked by indomethacin (Fig, 4A-B). 

Furthermore, the elevation of plasma PGE2 was also blocked by the SC560 treatment, but not 

by treatment with parecoxib (Fig. 4D), indicating that COX-1, but not COX-2, was 

responsible for the increased levels of plasma PGE2. In contrast, the PGE2 levels in the 
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cerebrospinal fluid were largely comparable to those in sham-implanted mice (Fig. 4C; P = 

0.16). Thus, these data show that tumor-induced anorexia is associated with elevated levels of 

PGE2 in the blood but not in the brain, and that anti-inflammatory treatment that reduces 

peripheral PGE2-levels restores appetite. However, these data also imply that the peripherally 

synthesized PGE2 in this model does not enter the brain, and hence is unlikely to influence 

central structures involved in the control of food intake. Furthermore, the data are also 

consistent with the tumor-bearing mice being afebrile, as fever is dependent on intracerebral 

PGE2 concentrations (Engblom et al., 2003). 

 

3.9. Host mPGES-1 is dispensable for cancer-induced anorexia 

Given that PGE2 was strongly elevated in tumor-bearing mice and that both indomethacin and 

SC560 reduced plasma PGE2 release and improved appetite, we next examined if induced 

PGE2 synthesis was critical for the development of anorexia in tumor-bearing mice. Mice 

with a disrupted Ptges gene, encoding mPGES-1, the inducible terminal isomerase for PGE2 

synthesis, or their wild-type littermates were implanted with tumors or sham-implanted. The 

results show that the food intake of tumor-transplanted mPGES-1 knock-out mice mirrored 

that of wild-type tumor-bearing mice, i.e. they developed the same degree of anorexia (Fig. 

4E). Furthermore, host mPGES-1 deficiency had no effect on MCG 101 tumor growth, since 

mice irrespective of Ptges genotype developed tumors of similar weights (Fig. 4G). 

Noteworthy, tumor-bearing mPGES-1 KO mice displayed similarly elevated levels of PGE2 

in plasma as WT mice (Fig. 4D), indicating that the PGE2 production occurred in the tumor 

cells (Lonnroth et al., 1995), or through another terminal PGE2-synthase than mPGES-1 

(Samuelsson et al., 2007) than mPGES-1. 
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3.10. Neutralization of peripheral PGE2 or conditional disruption of the EP4 receptor in the 

nervous system does not alleviate tumor-induced anorexia 

Because drugs that reduced the PGE2 increment in plasma improved appetite, and because 

PGE2 may be synthesized via mPGES-2 or cPGES (Samuelsson et al., 2007), or 

independently of host mPGES-1, we selectively neutralized the biological activity of PGE2 

using a specific monoclonal antibody, clone 2B5, validated for in vivo experiments (Mnich et 

al., 1995; Portanova et al., 1996; Zhang et al., 1997). The anti PGE2 antibody was given i.p. 

(10 mg/kg body weight) to tumor-bearing mice after two consecutive days of anorexia, 

whereas control groups (tumor-bearing and sham-implanted mice) were given a control 

antibody matched to 2B5 in isotype and concentration. The results show that neutralization of 

peripheral PGE2 did not temper the anorexia in tumor-bearing mice (Fig. 4F). These data thus 

imply that circulating PGE2, while strongly elevated in this tumor model, does not elicit 

anorexia. 

While analysis of the PGE2 content in the cerebrospinal fluid only showed a marginal 

increase in tumor-bearing mice, PGE2 can act in a paracrine manner, in close proximity to its 

synthesis, by binding to brain parenchymal prostaglandin receptors EP1-4. There is good 

evidence that the EP4 receptor is involved in PGE2 elicited anorexia. Thus, 

intracerebroventricularly injected EP4 agonists, but not agonists to the other PGE2 receptors, 

mimic PGE2 induced anorexia, and the anorexia elicited by central injection of PGE2 can be 

blocked by an EP4 antagonist (Ohinata et al., 2006).  

To determine if the EP4 receptor expressing cells in the nervous system are critical for 

the anorexia, we selectively ablated EP4 receptors using Nestin-Cre and Ptger4 floxed mice. 

We found that tumor-bearing mice lacking the EP4 receptor in the nervous system developed 

anorexia similar to wild-type controls (Fig. 4H). Validation of the conditional knock-out mice 

by qPCR analysis on hypothalami (known to harbour strong EP4 expression) confirmed that 
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we successfully had removed the EP4 from the brain, with Ptger4 mRNA levels in the brain of 

KO mice being less than 10
^-6

 of those in wild-type mice (P < 0.001). 

 

4. Discussion 

The findings of the present study demonstrate that cyclooxygenases, most likely the COX-1 

isoform, are involved in cancer-elicited anorexia and body weight loss, but that the 

development of this syndrome occurs independently of mPGES-1, PGE2 and neuronal EP4 

signaling. 

To identify the behavioral component that caused the reduced food intake in the present 

experimental situation, we firstly examined the meal pattern by computerized analyses. We 

found that the reduced food intake was due to a substantial reduction in meal frequency, not in 

meal size or duration. Tumor growth had hence no effect on the average rate at which mice 

consumed their meals, suggesting that mastication is not affected in this paradigm. Because 

meal size largely was unaffected, these data also indicate that delayed gastric emptying, often 

associated with anorexia and observed in some cachectic states, is unlikely to explain the 

suppressed food intake in this model and that mechanisms regulating meal cessation are not 

disarranged. The effects on meal pattern seen in the tumor-bearing mice are similar to those of 

elicited by substances used to mimic sickness and that reduce food intake. Hence, lithium 

chloride or LPS injection principally affects meal frequency and not meal size or duration 

(Langhans et al., 1989; West et al., 1987). However, this effect differs from that elicited by 

other centrally acting anorexigenic signals, such as leptin, fenfluramine, and CCK, which 

reduce food intake by reducing meal size and not meal frequency (Eckel et al., 1998). It also 

differs from that of pro-inflammatory cytokines, such as IL-1β, which reduce both meal size 

and meal duration (Plata-Salaman, 1994). Therefore, the changes in meal pattern in tumor-

bearing mice that result in a decrease in food intake seem to occur through a specific action on 
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feeding behavior, which may be related to the initiation of meals over time and that possibly 

also involve motivational aspects.  

Being consistent with previous observations, we found that indomethacin attenuated 

tumor-induced anorexia and that this drug also inhibited tumor growth (Gelin et al., 1991; 

Sandstrom et al., 1990). It has also been demonstrated the indomethacin treatment prolongs 

survival in the current model, irrespective of when during the disease course treatment is 

undertaken (Gelin et al., 1988; Lonnroth et al., 1995). This is similar to clinical observations 

demonstrating that indomethacin treatment of malnourished patients with metastatic solid 

tumors prolongs survival (Lundholm et al., 1994). 

However, it has been unclear whether the attenuated anorexia is the result of decreased 

tumor load or a direct effect on the brain circuitry that regulates food intake. Here we 

demonstrate that indomethacin given when tumor-bearing mice had developed anorexia 

restored appetite without affecting tumor size, indicating a direct action of indomethacin on 

the signaling to or in the brain. Importantly, the indomethacin treatment also maintained body 

mass. We further found that COX-2 inhibition had no effect on the tumor-induced anorexia. 

Only a weak COX-2 expression was seen in cells of the blood-brain barrier, and this was not 

associated with any significant increase in PGE2 levels in the CSF. These observations are 

different from those observed when animals are challenged with e.g. LPS or cytokines 

(Elander et al., 2007; Lugarini et al., 2002; Pecchi et al., 2006), and imply that increased 

central PGE2 levels, known to induce anorexia (Ohinata et al., 2006), are not at play in the 

present model. Also, it should be noted that the present tumor model, in contrast to endotoxin 

challenge, does not elicit increased serum levels of interleukin-1β or TNFα (Lonnroth et al., 

1990). This observation fits well with the absence of increased central levels of PGE2, which 

is synthesized in brain endothelial cells in response to such stimuli (Cao et al., 1998; Ek et al., 

2001). Furthermore, neither interleukin-1β or TNFα levels in the brain change significantly in 
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this model (Wang et al., 2001), hence implying that neither peripheral nor central cytokines, 

which are clearly involved in inflammation-induced reduced food intake (Hellerstein et al., 

1989; Tracey et al., 1988), trigger the tumor-induced anorexia. 

While there was no significant change of the PGE2 level in the CSF of tumor-bearing 

mice, serum levels of PGE2 were greatly increased. This observation implies that PGE2 does 

not easily pass between blood and brain, being consistent with previous observations showing 

that brain parenchymal levels of peripherally injected radiolabeled PGE2 amounted to only a 

few percent of the obtained serum level (Eguchi et al., 1992). It also fits with the present 

finding that tumor-bearing mice were afebrile, being consistent with the demonstration that 

increased central, but not peripheral PGE2 levels, are associated with fever (Engström et al., 

2012). 

Our conclusion that COX-2 is not involved in cancer-induced anorexia – at least not in 

the present tumor model – is critically dependent on that an adequate COX-2 inhibition was 

achieved. The dose of parecoxib used was selected so that it extinguished lipopolysaccharide-

induced fever, and was hence sufficient for inhibiting induced PGE2 production in an acute 

inflammatory setting. However, during chronic conditions, such as cancer, it is possible that 

the bioavailability of the drug could be different (Morgan et al., 2008), and this could be a 

potential caveat in the interpretation of the present data. However, for the synthesis of 

inflammatory induced PGE2, COX-2 is generally coupled to mPGES-1, and similar to COX-2 

inhibition, mPGES-1 deletion did not attenuate the tumor-induced anorexia, supporting the 

data obtained with parecoxib treatment.  

The maintained anorexic response in mPGES-1 knock-out mice is in clear contrast to 

the report by Pecchi and colleagues (2008) that such mice did not exhibit tumor-induced 

anorexia and maintained their body mass. While in neither the present study or in that by 

Pecchi et al. (2008), there was any up-regulation of mPGES-1 within the brain or effect on 
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tumor size by mPGES-1 deletion, the effect of the mPGES-1 deletion on the anorexic 

response thus differed. While there is no clear explanation to this discrepancy, we note that 

different tumor models (LLC vs. MCG 101) and different background strain of mice 

(DBA/1lacJ vs. C57BL/6) were used. It should also be noted that both the MCG 101 and the 

LLC carcinoma are syngeneic to the C57BL/6 mouse strain that was used in the present study, 

and not to DBA/1lacJ that was used in the Pecchi et al. (2008) study, and that the LLC 

carcinoma in the DBA/1lacJ strain hence may induce a different immune response than that 

one elicited in the syngeneic strain. Our finding that mPGES-1 deletion did not influence 

tumor growth is at some odds with recent reports on mPGES-1 dependent carcinogenesis 

(Hanaka et al., 2009; Kamei et al., 2010; Nakanishi et al., 2008). However, being in line with 

our findings, Elander and colleagues (2008) reported that the number and size of intestinal 

tumors rather increased, and not decreased, in APC
Min/+

mPGES-1
−/−

 mice (Elander et al., 

2008). 

Although the observations following COX-2 and mPGES-1 inhibition speaks against an 

involvement of induced PGE2 synthesis in tumor-induced anorexia, it was still conceivable 

that small amounts of PGE2 transported into the brain or released in the brain in a paracrine 

manner, or PGE2 binding to EP receptor expressing peripheral nerves could play a role. It is 

also possible that PGE2 (or other prostanoids) signal indirectly to the brain for example 

through peripheral inhibition of the orexigenic peptide ghrelin (Saper et al., 2012). We 

therefore also tested whether anorexia could be affected by neutralizing antibodies to PGE2 

and whether it appeared in mice with deletion in neural cells of the EP4 receptor, which has 

been shown to elicit anorexia (Ohinata et al., 2006), possibly through activation of the 

melanocortin system (Saper et al., 2012). It should be noted that the Nestin-Cre line used in 

the present experiment for the conditional EP4 deletion ablates the Ptger4 not only in the brain 

but also in the peripheral nervous system, such as the sensory neurons of the vagus nerve 
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(data not shown), known to express PGE2 receptors (Ek et al., 1998). Neither of these 

approaches showed any effect on the tumor-induced anorexia, indicating that PGE2 is not the 

prostanoid responsible for the reduced food intake. This conclusion is also supported by our 

previous demonstration that absence of host EP1 or EP3 receptors neither attenuates anorexia 

in tumor-bearing mice (Wang et al., 2005). While the EP2 receptor remains to be excluded, 

this is not easily accomplished in the present experimental paradigm, since the EP2 receptor is 

critical for tumor development. Thus mice with congenital EP2 deletion exhibit markedly 

attenuated tumor growth (and survive longer) compared with WT mice when implanted with 

syngeneic tumors (Yang et al., 2003). 

 While COX-2 inhibition had no effect on the tumor-induced anorexia, a positive 

effect on cancer-induced anorexia was seen after treatment with a COX-1 inhibitor. This is an 

unexpected and a novel finding considering that COX-1 classically is not coupled to 

inflammation, carcinogenesis or inflammation-induced anorexia. Thus, in the Colon26 and 

1483 HNSCC models respectively, a selective COX-2 inhibitor reversed weight loss without 

affecting tumor growth, whereas COX-1 inhibition had no effect (Davis et al., 2004). 

However, food intake was not affected in any of the two models over a four-day period of 

food intake monitoring. On the other hand, there is evidence for a role for COX-1, and not 

COX-2, in some tumors. For example, human and mouse ovarian cancers over-express COX-

1, not COX-2 (Daikoku et al., 2006; Gupta et al., 2003), and SC560, similar to aspirin (with a 

preference to inhibit COX-1 over COX-2), reduces the growth of ovarian tumors in mice 

(Daikoku et al., 2007; Daikoku et al., 2005).  

 Since inhibition of COX-1 delayed the onset of anorexia, but did not hinder its 

development, taken together with the finding that non-selective COX inhibition attenuated or 

reversed the anorexia, the current experiments cannot exclude that both COX-1 and COX-2 

are involved in tumor-induced anorexia. It should be noted that the COX-1 inhibition reduced 
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plasma PGE2-levels to sham control levels, implying that an effective dose was consumed. 

Thus, it is possible that COX-1 and COX-2 act in concert in an additive manner, and hence 

that the beneficial effects from non-selective COX inhibition is a result of inhibiting actions 

of both enzymes. The present results suggest that the early anorexic response is mediated by 

COX-1 and it may thus be speculated that the later response is mediated by both isoforms. 

Indeed, it has been demonstrated that COX-1 can play a role especially during the initial 

stages in various inflammatory responses, when COX-2 is presumably not fully upregulated 

(Langenbach et al., 1995). In line with this, the immediate corticosterone release seen after 

immune challenge with LPS is dependent on COX-1 derived prostanoids, whereas the later 

corticosterone response is dependent on COX-2 (Elander et al., 2010). Hence, it is possible 

that the COX isoforms play distinct, but temporally supplementary roles not only for the 

stress hormone response to inflammation but also for cancer-induced anorexia. 

A question that also arises is the nature of the cellular source of COX-1. While the 

tumor in the present study has been reported to express COX-1 (Cahlin et al., 2000b), the 

expression of COX-1 in the brain has been sparsely investigated. Quite recently however, 

Garcia-Bueno and colleagues (2009) reported inflammation-induced COX-1 expression in 

brain blood vessel associated cells and parenchymal microglia, implying that these cells may 

be the source of COX-1 dependent prostanoid production in the brain (Garcia-Bueno et al., 

2009). Because peroral administration of SC560 results in approximately the same drug 

concentration in the CNS as in plasma (Smith et al., 1998) the effect observed in the present 

study could depend on the interference with either a peripheral or central action of COX-1, or 

both. 

Finally, it remains to be clarified which COX-1 dependent prostanoids that is involved 

in the tumor-induced anorexia. Little is known about other prostanoids besides PGE2 in 

relation to anorexia, and much less, if anything, has been done so far in relation to tumor-
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induced anorexia. Examination of the gene expression of terminal prostaglandin synthases in 

the present study showed very discrete changes in tumor bearing mice, with the notable 

exception of lipocalin-type PGD-synthase that was increased by 45 %. This is somewhat 

surprising considering that PGD2 has been reported to stimulate appetite (Ohinata et al., 2006; 

Pourtau et al., 2011). Of the prostaglandins that have been reported to have anorexigenic 

properties (PGE1, PGF1α, PGF2α, PGA1, and  PGB1; Scaramuzzi et al., 1971), PGF2α appears 

the most studied (Doggett and Jawaharlal, 1977; Lal, 1984). However, two observations argue 

against a role for PGF2α in cancer-induced anorexia. Firstly, the appetite suppressing effect of 

PGF2α is short-lived (possibly lasting ~ 180 min), especially when delivered peripherally (15-

30 min; (Doggett and Jawaharlal, 1977), and, secondly, PGF2α activates muscle protein 

synthesis (Horsley and Pavlath, 2003), which is quite different to the muscle wasting that is 

characteristic for cachexia.  
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Figure 1. Effect of tumor implantation on food consumption. A, Food intake in sham-

implanted (Sham) and tumor-bearing (TB) mice. B-G, Feeding parameters at anorexia onset 

(day 7 after tumor implantation). H-M, Feeding parameters at established anorexia (day 10 

after tumor implantation). * P < 0.05, ** P < 0.01, and *** P < 0.001 between tumor-bearing 

and sham-implanted mice. n = 6 in each group. Error bars show SEM. 
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Figure 2. Effects of non-selective COX-inhibition. A, Food intake in sham-implanted mice 

(Sham), tumor-bearing mice continuously treated with indomethacin (TB+Indo), and 

untreated tumor-bearing mice (TB). *** P < 0.001 between untreated tumor-bearing mice and 

sham-implanted mice. + P < 0.05, and ++ P < 0.01 between indomethacin-treated and 

untreated tumor-bearing mice. # P < 0.05 and ## P < 0.01 between indomethacin-treated 

tumor-bearing mice and sham-implanted mice. n = 10-12 in each group. B, Tumor weight 10 

days post-implantation in indomethacin-treated or untreated tumor-bearing mice. n = 10-12. * 

P < 0.05 between the two groups. C, Effect on food intake of indomethacin given at two 

consecutive days of anorexia (day 7 after tumor-implantation; arrow). * P < 0.05, and ** P < 

0.01 between tumor-bearing mice before treatment (n = 14) and sham-implanted mice (n = 7). 

++ P < 0.01 between indomethacin-treated (n = 7) and untreated tumor-bearing mice (n = 7). 

### P < 0.001 between untreated tumor-bearing mice and sham-implanted mice. D, Effect on 

food intake of naproxen or Liometacen® given day 7 (arrow). *** P < 0.001 between tumor-

bearing (n = 10) and sham-implanted mice (n = 10) before treatment. ++ P < 0.01 between 

naproxen-treated (n = 10) and untreated tumor-bearing mice (n = 10). † P < 0.05 between 

Liometacen-treated tumor-bearing mice (n = 10) and untreated tumor-bearing mice. ### P < 

0.001 between untreated tumor-bearing mice and sham-implanted mice. E, Tumor weight at 

day 9 in untreated tumor-bearing mice (TB) and in tumor-bearing mice treated with 

indomethacin (TB+Indo) from day 7 (n = 7 in each group). F, carcass body weight at day 9 in 

untreated tumor-bearing mice (TB), tumor-bearing mice treated with indomethacin from day 

7 (TB+Indo), and sham-implanted mice (Sham). ** P < 0.01 between tumor-bearing and 

sham-implanted mice. ns, not statisically significant compared with sham-implanted mice. n = 

7 in each group. Error bars show SEM. Data on food intake in indomethacin-treated non 

tumor-bearing mice are given in Supplementary Figure 1A. 
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Figure 3. Selective cyclooxygenase expression and effect on food intake in tumor-bearing 

mice. A. Induced expression of COX-2 in the hypothalamus of tumor-bearing mice (TB) and 
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tumor-bearing mice treated with indomethacin (TB+Indo). P-values compared with sham-

implanted mice. n = 7 in each group. B, COX-2 expression in cells (arrowheads) associated to 

the cerebral blood vessels (cbv) in tumor-bearing mice. Lower panel shows absence of 

labeling in COX-2 KO mice (Ptgs2
−/−

) treated with lipopolysaccharide (LPS), demonstrating 

antibody specificity. Scale bar = 50 μm. C, Food intake in sham-implanted mice, and tumor-

bearing mice with/without treatment with parecoxib. * P < 0.05 and ** P < 0.01 between 

sham-implanted mice (n = 8) and tumor-bearing mice before treatment (n = 16). + P < 0.05 

and +++ P < 0.001 between parecoxib-treated tumor-bearing mice and sham-implanted mice 

(n = 8 in each group). # P < 0.05 and ### P < 0.001 between untreated tumor-bearing mice 

and sham-implanted mice (n = 8 in each group). Treatment was started day 6 (arrow) with 

100 mg/kg body weight (given through the drinking water), followed day 7 by 150 mg/kg 

body weight, and finally day 8 with 10 mg/kg body weight i.p. given at 6 p.m. and 12 p.m. D, 

Food intake in sham-implanted mice, and untreated and SC560-treated tumor-bearing mice. + 

P < 0.05, and ++ P < 0.01 between SC560 treated and untreated tumor-bearing mice. n = 8-10 

in each group. Error bars show SEM. Data on food intake in parecoxib- and SC560-treated 

non tumor-bearing mice are given in Supplementary Figure 1A. 
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Figure 4. Role of PGE2 in tumor-induced anorexia. A, PGE2 metabolites, and B, PGE2 in 

plasma of sham-implanted mice (Sham), and in untreated (TB) and indomethacin treated 
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tumor-bearing mice (TB+Indo).* P < 0.05; ++ P < 0.01; and *** and +++ P < 0.001 vs. 

untreated tumor-bearing mice. n = 8 in each group. C, PGE2 levels in cerebrospinal fluid. n = 

6-7 in each group. ns = not significant. D, PGE2 levels in plasma in sham-implanted (n = 10 in 

both groups), tumor-bearing WT (n = 16), and mPGES-1 KO (n = 15) mice, and in mice 

treated with parecoxib (n = 3) or SC560 (n = 8). *** P < 0.001 and ++ P < 0.01 between 

tumor-bearing WT and KO mice and sham-implanted mice. ## P < 0.01 between parecoxib-

treated tumor-bearing mice and sham-implanted WT mice and tumor-bearing SC560-treated 

mice. E, Food intake in sham-implanted and tumor-bearing wild-type (WT) and mPGES-1 

KO mice. * P < 0.05, and ** P < 0.01, between tumor-bearing and sham-implanted KO mice. 

# P < 0.05, and ### P < 0.001 between tumor-bearing and sham-implanted WT mice. n = 16 

in each group. F, Food intake in sham-implanted mice (n = 10), and tumor-bearing mice (n= 

20) before and after treatment (arrow) with a monoclonal antibody against PGE2 (2B5) or a 

matching control IgG antibody (MOPC21). * P < 0.05, and ** P < 0.01 between tumor-

bearing and sham-implanted mice before treatment. + P < 0.05, and +++ P < 0.001 between 

anti-PGE2 treated tumor-bearing mice and sham-implanted mice. ## P < 0.01, and ### P < 

0.001 between IgG-treated tumor-bearing and sham-implanted mice. G, Tumor weight in 

mPGES-1 knockout (KO) and wild-type (WT) mice. n = 16 in each group. H, Food intake in 

sham-implanted and tumor-bearing wild-type mice (fl/fl) and mice with EP4-deletion in the 

nervous system (∆NS) 8 and 9 days after tumor implantation. n = 7-8 in each group. ** P = 

0.01, and ++ P < 0.01 between tumor-bearing mice and sham-implanted mice. Error bars 

show SEM. Data on food intake in 2B5- or MOPC21-treated non tumor-bearing mice are 

given in Supplementary Figure 1B. 



  Ruud et al., page 40 

 

Supplementary Figure 1. A. No effect of cyclooxygenase inhibition on normal food intake. 

Food intake was monitored during the 12 h dark period in normal mice injected 

intraperitoneally with saline solution, indomethacin, or parecoxib, or given SC560 as gavage, 

in the same doses as used in the experiments shown in Figs 2 and 3. Drugs were administered 

1 h before lights off. There was no difference between groups (ANOVA). n = 3-6. B. 

Treatment with anti-PGE2 antibody (2B5) does not affect food intake in normal mice. 2B5, or 

isotype control antibody (MOPC21) was injected intraperitoneally in the same volume and 

concentration as in the experiments shown in Fig. 4, and food intake monitored during two 

consecutive days. There was no difference between treatments or compared with mice 

injected with saline (ANOVA). n = 5. 
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Table 1. Change in mRNA expression of terminal prostanoid enzymes in tumor bearing mice 

 

Figures within parentheses show 95 % confidence interval. TB, tumor bearing mice; 

TB+Indo, tumor bearing mice treated with indomethacin; Sham, sham implanted mice. 

mPGES-1, microsomal prostaglandin E synthase-1; hPGDS, hematopoietic prostaglandin D 

synthase; lPGDS: lipocalin-type prostaglandin D synthase; TXAS: thromboxane A synthase 

1; PGFS, prostamide/prostaglandin F synthase; PGIS, prostaglandin I2 (prostacyclin) 

synthase. * indicates P < 0.05. n = 6-7. 

 

 

 

 

 

 

 

 

Enzyme Assay ID Fold change 

TB vs. Sham 

Fold change 

TB+Indo vs. Sham 

mPGES-1 Mm00452105_m1 1.22 (0.89-1.67) 1.10 (0.87-1.38) 

hPGDS Mm00479846_m1 0.75 (0.44-1.27) 0.97 (0.82-1.13) 

lPGDS Mm01330613_m1 1.46 (1.11-1.92)* 1.24 (1.11-1.38)* 

TXAS1 Mm00495553_m1 0.77 (0.57-1.03) 1.06 (0.84-1.33) 

PGFS Mm00481612_m1 0.97 (0.82-1.15) 1.35 (0.89-1.21) 

PGIS Mm00447271_m1 0.97 (0.79-1.20) 1.04 (0.85-1.26) 
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