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Abstract

Background Cachexia-anorexia syndrome is a complex metabolic condition characterized by skeletal muscle wasting,
reduced food intake and prominent involvement of systemic and central inflammation. Here, the gut barrier function
was investigated in pancreatic cancer-induced cachexia mouse models by relating intestinal permeability to the degree
of cachexia. We further investigated the involvement of the gut–brain axis and the crosstalk between tumour, gut and
hypothalamus in vitro.
Methods Two distinct mouse models of pancreatic cancer cachexia (KPC and 4662) were used. Intestinal inflamma-
tion and permeability were assessed through fluorescein isothiocyanate dextran (FITC-dextran) and lipopolysaccharide
(LPS), and hypothalamic and systemic inflammation through mRNA expression and plasma cytokines, respectively. To
simulate the tumour–gut–brain crosstalk, hypothalamic (HypoE-N46) cells were incubated with cachexia-inducing tu-
mour secretomes and LPS. A synthetic mimic of C26 secretome was produced based on its secreted inflammatory me-
diators. Each component of the mimic was systematically omitted to narrow down the key mediator(s) with an ampli-
fying inflammation. To substantiate its contribution, cyclooxygenase-2 (COX-2) inhibitor was used.
Results In vivo experiments showed FITC-dextran was enhanced in the KPC group (362.3 vs. sham 111.4 ng/mL,
P < 0.001). LPS was increased to 140.9 ng/mL in the KPC group, compared with sham and 4662 groups (115.8 and
115.8 ng/mL, P < 0.05). Hypothalamic inflammatory gene expression of Ccl2 was up-regulated in the KPC group (6.3
vs. sham 1, P < 0.0001, 4662 1.3, P < 0.001), which significantly correlated with LPS concentration (r = 0.4948,
P = 0.0226). These data suggest that intestinal permeability is positively related to the cachexic degree. Prostaglandin
E2 (PGE2) was confirmed to be present in the plasma and PGE2 concentration (log10) in the KPC group was much higher
than in 4662 group (1.85 and 0.56 ng/mL, P < 0.001), indicating a role for PGE2 in pancreatic cancer-induced cachexia.
Parallel to in vivo findings, in vitro experiments revealed that the cachexia-inducing tumour secretomes (C26, LLC, KPC
and 4662) amplified LPS-induced hypothalamic IL-6 secretion (419%, 321%, 294%, 160%). COX-2 inhibitor to the tu-
mour cells reduced PGE2 content (from 105 to 102 pg/mL) in the secretomes and eliminated the amplified hypotha-
lamic IL-6 production. Moreover, results could be reproduced by addition of PGE2 alone, indicating that the increased
hypothalamic inflammation is directly related to the PGE2 from tumour.
Conclusions PGE2 secreted by the tumour may play a role in amplifying the effects of bacteria-derived LPS on the in-
flammatory hypothalamic response. The cachexia-inducing potential of tumour mice models parallels the loss of intes-
tinal barrier function. Tumour-derived PGE2 might play a key role in cancer-related cachexia-anorexia syndrome via
tumour–gut–brain crosstalk.
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Introduction

The cachexia-anorexia syndrome presents as an unmet
clinical complication of cancer, contributing to increased
morbidity and mortality, and reduced quality of life.
Cancer-related cachexia is characterized by increased systemic
inflammation.1 One important feature is inflammation of
the hypothalamus, which drives sickness behaviour during
cachexia. We and others have previously shown that hypotha-
lamic inflammation plays an important role in the develop-
ment of cancer cachexia.2

The hypothalamus plays a key role in regulating the auto-
nomic nervous system that controls the body’s homoeostasis
and plays a critical role in the development of sickness behav-
iour. The cachexia-anorexia syndrome shows resemblance to
a prolonged sickness behaviour response. As a response to
cancer-induced systemic inflammation, the hypothalamus
produces pro-inflammatory cytokines that are thought to af-
fect the activity of neuroendocrine circuits.3 This inflamma-
tory response of the hypothalamus is known to stimulate
the hypothalamic–pituitary–adrenal axis.4 Stimulation of the
hypothalamic–pituitary–adrenal axis can in turn lead to an in-
creased release of adrenocorticotropic hormone by the pitu-
itary gland. Consequently, the secretion of glucocorticoids by
the adrenal cortex is elevated and stimulates muscle catabo-
lism via activation of the glucocorticoid receptor.5 Addition-
ally, hypothalamic serotonin increases during inflammation.
It will inhibit the activity of orexinergic neurons and result
in decreased appetite. Moreover, hypothalamic serotonin
has been related to fatigue.6 Together, hypothalamic inflam-
mation is thus suggested to provoke loss of skeletal muscle
mass via increasing muscle catabolism and indirectly via de-
creasing appetite and increasing fatigue.4

This study focuses on the question how intestinal perme-
ability affects hypothalamic inflammation during cancer. Our
initial hypothesis was that tumour-induced systemic inflam-
mation can be sensed and amplified by the hypothalamus,
whereas in parallel, the elevated systemic inflammatory sta-
tus increases the intestinal permeability, leading to more
pathogen-associated molecular patterns (PAMPs) like lipo-
polysaccharide (LPS) entering the circulation. PAMPs can be
sensed by the hypothalamus and contribute to the amplifica-
tion of hypothalamic inflammation.7 The studies described
here aim to explore which inflammatory mediators play a role
in the activity of the gut–brain axis during cancer cachexia.
For this purpose, two well-characterized pancreatic cancer
mouse models inducing either high or low cachexia were
used. KPC and 4662 are mouse pancreatic cancer cell lines
developed from the same original cell line but differ in their
cachexia-inducing capacity.8,9 Specifically, the 4662 cell line
induces less severe cachexia in mice compared with the KPC
cell line.8 DSS was used as a positive control for colonic in-
flammation and increased intestinal permeability. To investi-
gate whether the difference in the cachexia-inducing effect

of the two different pancreatic cell lines is related to the
crosstalk between the gut and the hypothalamus, biomarkers
for intestinal permeability and hypothalamic inflammation
were measured.

Moreover, inflammatory mediators involved in the
crosstalk between tumour, gut and hypothalamus were iden-
tified using an in vitro hypothalamic inflammatory challenge
model based on the effect of combinations of PAMPs and dif-
ferent tumour secretomes.

Methods

Experimental animals and design

Animals
Male and female 18–27 g WT C57BL/6J (stock no. 000664)
were purchased from Jackson Laboratories. Animals were
aged between 9 and 13 weeks at the time of study and main-
tained at 28°C. The housing and data collection of mice were
performed as previously described.8 Experiments were con-
ducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and ap-
proved by the Animal Care and Use Committee of Oregon
Health & Science University. This animal experiment was an
exploratory trial. For the KPC and 4662 model, it was not de-
scribed previously what intestinal parameters would be dur-
ing cachexia. Therefore, interpretation of intestinal outcomes
was restricted to the presence of cachexia (loss of body and
muscle mass) in the KPC model. This meant that the cachectic
parameters as shown in Figure 1 were the primary parame-
ters and the other outcomes were secondary.

Tumour cell culture implantation

C57BL/6 mice were inoculated orthotopically into the tail of
the pancreas with either 1 million tumour cells in 40 μL PBS
or an equal volume of cell-free PBS. Tumour growth and im-
plantation were performed as previously described.8

The dextran sodium salt model as positive control

An animal model of dextran sodium salt (DSS-)colitis was
used as a positive control for colonic inflammation and in-
creased intestinal permeability. Sham-operated animals re-
ceived 2.5% DSS in their drinking water for a total of 9 days,
starting 1 week after their operation. On days 15 and 16, they
were euthanized as described earlier. Animals receiving DSS
exhibit weight loss, loose stool/diarrhoea and sometimes
signs of rectal bleeding.

LPS-induced hypothalamic inflammation is amplified by PGE2 3015

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3014–3027
DOI: 10.1002/jcsm.13093



Intestinal permeability

Intestinal permeability was assessed by determining the
transmucosal transport of 4000-Da fluorescein isothiocyanate
(FITC-)dextran (Sigma-Aldrich, St. Louis, MO), according to
Johnson et al.10 Mouse plasma LPS was measured by LPS
ELISA (MyBioSource, San Diego, CA). We validated the kit in
advance with plasma of additional sham-operated control
mice that were given an IP dose of LPS (delivered with 0.5%
BSA as a carrier) or polyinosinic acid–polycytidylic acid (poly
I:C) 2 h before being euthanized to test for the sensitivity
and specificity of the kit. In the animal trial, the primary out-
comes were the intestinal permeability-related outcomes.
Other parameters were secondary.

Blood and tissue collection

When the tumour-bearing mice reached predesigned time
points or predetermined criteria for euthanasia, they were
given a gavage, and 4 h later, they got a dose of ketamine–
xylazine–acepromazine cocktail to induce deep anaesthesia.
Necropsy tissue including tumour, gastrocnemius, colon, ce-

cum, hypothalamus, and plasma were collected as previously
described.11

Quantitative real-time PCR

Intestinal and hypothalamic RNA was extracted using the
RNeasy mini kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. With use of TaqMan reverse
transcription reagents and random hexamers, cDNA was
transcribed. qPCR was run on an ABI 7300 (Applied
Biosystems, Foster City, CA), with use of TaqMan universal
PCR master mix and the following TaqMan mouse gene
expressions assays (selection based on previous findings by
our lab and others, which indicated importance in sickness
behaviour, intestinal integrity and inflammation). Integrity
and permeability genes in intestine: Tjp1, Cldn1, Muc2 and
Ocln. Inflammatory response genes in the brain, such as
Il1b, Lif, Cxcl2, Selp, Ccl2 (MCP-1) and Il6, were compared
between tumour-bearing and sham-operated mice by qRT-
PCR. The results were normalized to tissue-appropriate
control gene 18s (primers used are shown in Table S2).

Figure 1 Carcass weight, food intake change and gastrocnemius weight in 4662-induced and KPC-induced cachexia. Carcass weight on day 16 in fe-
male mice (A) and male mice (D). Cumulative food intake during cachexia phase in female mice (B) and male mice (E). Gastrocnemius weight on
day 16 in female mice (C) and male mice (F). Carcass weight was calculated by subtracting tumour weight from body weight on day of sacrifice. Gas-
trocnemius weight was related to initial body weight. For female mice, n = 3, 4, 4 in sham, KPC and 4662 groups, respectively. For male mice, n = 6, 4, 4
in sham, KPC and 4662 groups, respectively. *P< 0.05, ** P< 0.01, *** P< 0.001 compared with sham;

$
P< 0.05,

$$
P< 0.01,

$$$
P< 0.001 compared

with 4662; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with DSS. One-way ANOVA analysis of variance with post hoc Bonferroni’s multiple compar-
ison test.

3016 X. Li et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3014–3027
DOI: 10.1002/jcsm.13093



The relative expression was calculated with the ΔΔCt
method and normalized to the sham control. Normally dis-
tributed ΔCt values were used for the statistical analysis.

In vitro studies

Reagents
Lipopolysaccharide (O111:B4; LPS) was purchased from
Sigma-Aldrich (Schnelldorf, Germany). Recombinant murine
IL-6, CCL2 (MCP-1) and LIF were from PeproTech (London,
UK). Prostaglandin E2 and celecoxib were purchased from
R&D Systems (Abingdon, UK).

Cells and culture
The mouse hypothalamic (mHypoE-N46) cell line was pur-
chased from CELLutions Biosystems (Burlington, Ontario,
Canada). The mouse brain microglia (BV2) cell line was pur-
chased from Banca Biologica e Cell Factory (Genova, Italy).
The murine colon carcinoma (C26) cell line and Lewis lung
carcinoma (LLC) cell line were purchased from ATCC
(Teddington, UK). The mHypoE-N46, C26 and LLC cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM, Lonza,
Verviers, Belgium); BV2 cells were grown in Roswell Park Me-
morial Institute 1640 medium (RPMI-1640). The murine pan-
creatic cancer cell lines were generously provided by Dr Eliz-
abeth Jaffee (KPC) and Robert Vonderheide (4662).8 Both KPC
and 4662 were cultured in low-glucose DMEM (Gibco,
Thermo Fisher, Waltham, MA). All media were supplemented
with 10% foetal calf serum (FCS, Biowest, Ann Arbor, MI, USA)
and 1% penicillin–streptomycin (Lonza, Verviers, Belgium) at
37°C in a humidified atmosphere with 5% CO2.

ELISA
Levels of IL-6, LIF, CCL2 (MCP-1) (all R&D Systems, Minneap-
olis, MN, USA) and PGE2 (Cayman Chemical, Ann Arbor, MI,
USA) in cell culture media were detected using mouse ELISA
kits according to manufacturer’s instructions. All presented
ELISA data were within the range of the respective standard
curves. The samples were diluted to fall within the range of
the standard curve when necessary.

Statistics analysis

All reported in vitro studies were averages of three or more
independent experiments. Data were presented as
mean ± SEMs. Statistical analysis was performed with Prism
5.0 (GraphPad). Differences between groups were assessed
with one-way or two-way analysis of variance (ANOVA),
followed by Bonferroni multiple comparison test. All data
were checked for normality using the Shapiro–Wilk normality
test. Significance was defined as a P value of less than 0.05.
Spearman’s correlation was conducted for in vivo experi-
ments to compare correlations of both plasma cytokine levels

and colon Muc2 gene expression with hypothalamic inflam-
matory genes expression.

Results

KPC allografts induced more intestinal permeability
than 4662 allografts

First, we confirmed the KPC model’s advanced cachexia sta-
tus compared with the 4662 model. Figure 1A and 1D shows
significant differences in carcass weights between KPC and
sham (P < 0.001), and KPC and 4662 (P < 0.01). The loss in
body mass might be explained by a decrease in food intake
(Figure S1). Food intake during the final 6 days was reduced
in KPC mice compared with sham mice (P < 0.05), whereas
food intake did not differ between sham and 4662 mice (Fig-
ure 1B and 1E). Moreover, gastrocnemius weights in both fe-
male (Figure 1C) and male (Figure 1F) KPC mice were de-
creased compared with sham mice (P < 0.0001), whereas
for 4662 mice, only a small significant decrease in female
mice was present (P < 0.05). These findings suggest a pro-
found cachexia phenotype in KPC mice and less clear signs
of cachexia in 4662 mice.

We analysed macroscopic markers of intestinal health to
determine if they differed between the different cachexia
phenotypes KPC, 4662, when compared with sham and
DSS-injected mice as a positive control for intestinal inflam-
mation. KPC, 4662 and DSS mice showed a reduced length
of the colon compared with sham (Figure 2A and 2C)
(P < 0.001, P < 0.01 and P < 0.001, respectively). Addition-
ally, KPC, DSS and male 4662 showed significantly lower ce-
cum mass weights (Figure 2D) (P < 0.0001), whereas in fe-
males, the cecum content weight between KPC and 4662
differed significantly (Figure 2B) (P < 0.05). Also in males,
there was a significant difference in colon length between
KPC and 4662 (58.4 ± 1.5 mm vs. 73.25 ± 2.93, P = 0.0025)
and cecum content weight (5.87 ± 1.21 vs.
11.83 ± 0.65 mg/g BW, P = 0.0015) (Figure 2C and 2D). Upon
macroscopic examination, the cecum of KPC appeared to be
smaller and to have a thinner intestinal wall (cecum tissue
weight), compared with control and 4662 (Figure 2E). These
data indicate that the intestinal response to the KPC tumour
is comparable with the acute DSS-induced colitis colonic in-
flammation, whereas the response to 4662 is less severe.

Next, we evaluated the degree of systemic inflammation
induced by KPC and 4662 allografts. Consistent with the mac-
roscopic findings, we observed enhanced intestinal perme-
ability in KPC mice, as measured by FITC-dextran concentra-
tions in the plasma (Figure 3A), with the intestinal
permeability being more prominent in the KPC group (KPC
362.3 ± 48.7 ng/mL vs. 111.4 ± 38.56 in sham, P < 0.001).
Trace levels of LPS were detectable in the plasma of control
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mice, and similar levels were detected in 4662 and DSS mice.
LPS was significantly increased in KPC group (140.9 ± 8.6 ng/
mL) compared with sham, 4662 and DSS (115.8 ± 2.9,
115.8 ± 1.8 and 107.5 ± 3.9; P < 0.05, P < 0.05, P < 0.01, re-
spectively) (Figure 3B). Plasma IL-6 was increased 4.3-fold in
KPC (P < 0.01) and 3.9-fold in the 4662 group compared with
the sham group (Figure 3C). Biomarkers of intestinal integrity
and permeability were affected during PDAC in colon. As
shown in Figure 3D, several transcripts of genes involved in
intestinal integrity in the colon were significantly lower in
the KPC group, compared with sham;Muc2 (P = 0.0411), Ocln
(P = 0.0362) and Tjp1 (P = 0.0241). Cldn1 was not significantly

affected in the KPC group. The DSS group did not show signif-
icant changes compared with sham. One possible reason is
that the DSS group was given a relatively low concentration
of DSS, which induced phenotype changes (Figure 2) but
fewer changes in intestinal permeability and inflammation.

Finally, hypothalamic inflammatory gene expression was
tested. We previously showed an up-regulation of inflamma-
tory cytokine and chemokine transcripts in multiple brain re-
gions important for behaviour and metabolism in the PDAC
mouse model.9,12 Here, we performed qRT-PCR at the time
when the animals reliably showed signs of anorexia and body
weight loss (around 10 days). We looked at inflammatory

Figure 2 Colon length, cecum mass change and gross appearance of the cecum in sham, KPC, 4662 and DSS mice. For female mice, n = 3, 3, 4 in sham,
KPC and 4,662 groups respectively. For male mice, n = 6, 4, 4 in sham, KPC and 4,662 groups respectively. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 compared with sham; $P < 0.05, $$P < 0.01 compared with 4662. One-way ANOVA analysis of variance with post hoc Bonferroni’s
multiple comparison test.
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markers that are up-regulated in the hypothalamus during
chronic systemic inflammation. In accordance with the previ-
ous studies, we found up-regulations in the KPC group of Ccl2
(P < 0.01), Il-1b (P < 0.01) and Selp (P < 0.001) and no sig-
nificant changes in regulation for Cxcl2, Lif and Il6. The tran-
script of Ccl2, a chemokine associated with monocyte infiltra-
tion, was highly upregulated in the hypothalamus in the KPC
condition (6.3 vs. sham 1, P< 0.01), but not in 4662. The Ccl2
expression in the DSS group also showed an upward trend
(4.5 vs. sham 1, P = 0.1725) similar to that of the KPC group.
Besides, gene expression of Ccl2 in the KPC group was signif-
icantly correlated with LPS concentration (r = 0.4948,
P = 0.0226). Selp, a gene encoding P selectin, has been linked
to the development of cancer cachexia. The transcript of Selp
was significantly upregulated in both KPC group (10.7 vs.
sham 1, P < 0.001) and DSS group (6.2 vs. sham 1,
P < 0.01), but not in 4662. Taken together, these data sug-
gest hypothalamic inflammatory gene expression was higher
in the KPC condition than that in the 4662 condition. As a
control, the level of inflammation triggered by DSS was inter-
mediate between these two groups, suggesting that KPC allo-

grafts induce more intestinal permeability and systemic in-
flammation than 4662 allografts.

Secretome of cachexia-inducing tumour cell lines
amplified LPS-induced hypothalamic inflammation

To imitate the influence of decreased integrity of the gut, a
sub-inflammatory level (31.6 ng/mL) of LPS was added to hy-
pothalamic (HypoE-N46) cells. This sub-inflammatory level
was set at the level at which microglial cells like BV2 did
not respond yet (Figure 4B), whereas the hypothalamic cells
did (Figure 4A). IL-6 was secreted by the hypothalamic cells
at these levels, whereas the glial BV2 cells did not respond.
To investigate the synergistic interaction between tumour
factors and LPS, hypothalamic cells were incubated with the
secretome of several different cachexia-inducing tumour cell
lines. Figure 4C shows that a low concentration of LPS
(31.6 ng/mL) or the addition of different tumour secretomes
(C26 colon carcinoma (C26), Lewis lung cancer cells (LLC), KPC
and 4662) induced secretion of IL-6 in the hypothalamic cells.

Figure 3 (A) Intestinal permeability (barrier dysfunction) as measured by FITC-dextran, (B) endotoxin (LPS) concentration in the plasma and (C) plasma
IL-6 concentration (marker for systemic inflammation). Serum fluorescein dextran concentrations (λex = 485; λem = 535 nm) were measured 4 h after
gavage. (D) qRT-PCR analysis of biomarkers involved in intestinal permeability and integrity of tight junctions and mucous barrier (Cldn1, Muc2, Ocln
and Tjp1) and (E) qRT-PCR analysis of inflammatory cytokine and chemokine transcripts in the hypothalamus in KPC and 4662 PDAC-bearing animals at
15–16 days after orthotopic implantation. mRNA levels are relative to sham group. N = 7–9, 7–8, 6–7, 4–6 in sham, KPC, 4662 and DSS groups, respec-
tively. *P < 0.05, **P < 0.01, ***P < 0.001 compared with sham;

$
P < 0.05,

$$
P < 0.01,

$$$
P < 0.001 compared with 4662.

#
P < 0.05,

##
P < 0.01,

###P < 0.001, ####P < 0.0001 compared with DSS. One-way ANOVA in (A, B and C) analysis of variance with post hoc Bonferroni’s multiple comparison
test. Two-way ANOVA in (D and E) analysis of variance with post hoc Bonferroni’s multiple comparison test.

LPS-induced hypothalamic inflammation is amplified by PGE2 3019

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3014–3027
DOI: 10.1002/jcsm.13093



The combination of LPS with either one of the secretomes re-
sulted in an amplified inflammatory response in the hypotha-
lamic cells compared with LPS incubation (P < 0.0001,
P < 0.001, P < 0.01, respectively). For C26, for example,
the reaction was amplified up to 400%.

Although both the KPC and 4662 cell lines were shown to
induce an IL-6 release, which was increased by addition of a
low concentration of LPS; compared with 4662, the
secretome of cachexia-prone KPC cells induced a more signif-
icant amplification of IL-6 secretion when combined with LPS,
resulting in an amplification of up to 300%.

C26 tumour secretome mimic significantly
amplified IL-6 release of hypothalamic cells
incubated with a low level of LPS

The C26 secretome resulting in the highest effect was
analysed for the presence of inflammatory cytokines de-
scribed to be involved in cachexia. Based on the 72-h secre-
tion profile, a C26 tumour medium mimic (C26 Mic) was de-
signed with 110 pg/mL IL-6, 100 pg/mL LIF, 30000 pg/mL
CCL2 and 6500 pg/mL PGE2. To further explore which tumour
factors were involved in the amplified hypothalamic inflam-
mation, different mimics were tested in which one individual
factor (IL-6, LIF, CCL2 and PGE2, respectively) was omitted.
The complete mimic and the mimics in which IL-6, LIF or
CCL2 were omitted showed similar results as the C26 tumour
secretome. Surprisingly, the mimic without PGE2 combined
with LPS showed attenuated secretion (P < 0.0001). This re-
sponse was almost equal to the IL-6 secretion induced by
only LPS (Figure 5A). The possible role of PGE2 was confirmed
by the concentrations as measured later in the different tu-
mour secretomes, relatively C26 30.6 ng/mL, LLC 5.4 ng/mL,
KPC 8.5 ng/mL and 4662 1.7 ng/mL after 96-h incubation.

Subsequently, it was investigated if IL-6 secretion was de-
pendent on the PGE2 concentration. A range of 0–6500 pg/
mL was tested. The maximum concentration resembled the
PGE2 concentration in the C26 tumour secretome, which
was the highest of the different tumour secretomes. The dif-
ferent PGE2 concentrations were either provided to the cells
in regular culture medium (DMEM) or culture medium con-
taining the other three components of the C26 mimic (IL-6,
LIF or CCL2) to confirm that the other compounds of the
C26 mimic had no effect on IL-6 secretion from hypothalamic
cells. In both conditions, a clear dose dependency was ob-
served and these dose response curves for IL-6 secretion
were similar when PGE2 was provided solely or as part of
the mimic. Moreover, the IL-6 secretion induced by the
highest PGE2 concentration was similar to that of the C26 tu-
mour secretome (Figure 5B). Collectively, these data indicate
that PGE2 is an essential factor for amplifying hypothalamic
inflammation in vitro.

To investigate if other inflammatory compounds were in-
fluenced in a similar way, the effect of the secretome and
the mimic on secretion of other pro-inflammatory mediators
was investigated. The LIF (Figure 5D) and CCL2 (Figure 5E) re-
lease of hypothalamic cells showed no or less additive effects
of the C26 tumour secretome and LPS. Moreover, LIF and
CCL2 production were both not influenced by the mimic, indi-
cating that for secretion of these inflammatory mediators,
different pathways might be involved.

To further investigate the involvement of different inflam-
matory compounds, gene expression after different incuba-
tion times was investigated. In Figure 6 the relative expres-
sion of Il6, Ccl2, Cxcl2 and Selp were shown after 24 and
72 h of incubation. The amplifying effect of Il6 (Figure 6A)
with combination of PGE2 and LPS (P < 0.01) was confirmed
on mRNA expression level, both at 24 and 72 h. For Selp, the
amplifying effect was present at 24 h in both KPC medium

Figure 4 (A) IL-6 secretion of mHypoE-N46 cells incubated with different concentrations LPS (0–1000 ng/mL). (B) IL-6 secretion of BV2 cells incubated
with different concentrations LPS (0–1000 ng/mL). (C) IL-6 secretion of mHypoE-N46 cells incubated with LPS-supplemented culture medium (LPS),
C26, LLC, KPC and 4,662 tumour secretome (C26, LLC, KPC, 4662) and combined with LPS-supplemented culture medium (+LPS) and regular culture
medium (DMEM). The IL-6 values are given as mean concentration in pg/mL (A,B) and corrected for total protein concentration and presented as per-
centage of LPS (%). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA analysis of variance with post hoc Bonferroni’s multiple
comparison test.
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(P < 0.05) and PGE2 (P < 0.01) as a mimic when combined
with LPS, and decreased after 72 h. For Ccl2 and Cxcl2, the
amplifying effect was not significant after 72 h.

COX-2 inhibition reduced inflammatory
amplification effect of hypothalamic cells

Tumour cells could produce PGE2 via the enzyme COX-2. Ac-
cordingly, we hypothesized that the tumour cells would se-
crete less PGE2 in the presence of the COX-2 inhibitor
celecoxib (CXB). The C26, LLC, KPC and 4662 tumour cells
were cultured with or without CXB and optimal concentra-
tion was determined (Table S1 and Figure S2).

Hypothalamic cells were exposed to medium of tumour
cells grown with CXB and to medium of the same tumour
grown without CXB, but supplemented afterwards with CXB
to discriminate between an effect caused by a reduced
PGE2 production of the cancer cells, compared to a direct ef-
fect of CXB on the hypothalamic cells. All tumour secretomes

amplified the IL-6 secretion when combined with LPS
(P < 0.001), whereas the corresponding tumour medium
grown with CXB induced less IL-6 secretion both in the ab-
sence and presence of LPS. If the secretome was taken from
the regular tumour cells and then combined with celecoxib
afterwards, no effect of celecoxib on hypothalamic IL-6 pro-
duction was measured. Additionally, when hypothalamic cells
were incubated with CXB and LPS, the IL-6 release was almost
the same as isolated LPS treatment. These results indicate
that CXB inherently has no effect on hypothalamic cells but
decreases IL-6-induced inflammation via inhibition of PGE2
production by the tumour cells (Figure 7A).

The magnitude of the effects resembled the levels of PGE2
produced by the tumour cells. Accordingly, the secretome of
KPC cells resulted in an inflammatory response that was
300% larger than that of LPS (Figure 7C), whereas 4662 only
amplified the response by around 160% (Figure 7D).

Finally, the PGE2 concentration was identified in animal
models. As with prior studies, the KPC model induced more
cachexia than the 4662 model with decreased food intake

Figure 5 C26 tumour secretome mimic results in inflammatory responses in hypothalamic cells. (A) IL-6 secretion of mHypoE-N46 cells incubated with
C26 tumour secretome (C26) and variations on the C26 tumour secretome mimic, combined with LPS-supplemented culture medium (+LPS), compared
with the positive control (C26). (B) IL-6 secretion of mHypoE-N46 cells incubated with different concentrations PGE2 (6500–0 pg/mL), combined with
LPS. The different concentrations were either provided to the cells in regular culture medium (PGE2 solely) or culture medium containing the other
C26 mimic components (PGE2 within C26 mimics). IL-6 (C), LIF (D) and CCL2 (E) secretion of mHypoE-N46 cells incubated with C26 tumour secretome
or a C26 mimic, in the presence or absence of LPS, compared with the positive control (LPS). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
One-way ANOVA analysis of variance with post hoc Bonferroni’s multiple comparison test.
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(P < 0.05), and lower gastrocnemius weight (P < 0.001). Tu-
mour weight in KPC model was significantly increased com-
pared with 4662 model (7.08 vs. 3.59% of baseline,
P < 0.05). Moreover, it was confirmed that PGE2 was present
in the plasma. PGE2 concentration in KPC group was
136.3 ng/mL, which was higher than in the control group
(50.76 ng/mL), and up to 10-fold compared with PGE2 in
4662 group (10.93 ng/mL) (Figure 8D). This provides further
support for a role for PGE2 in pancreatic cancer-induced
cachexia.

Discussion

Cachexia is a multi-organ syndrome that is accompanied by
systemic inflammation, as demonstrated in multiple clinical
studies.13,14 Several papers indicate that this inflammation
is related to increased intestinal permeability15,16 and acute
sickness syndrome.3 This suggests that as cachexia pro-
gresses, crosstalk between intestinal derived bacterial and
tumour-derived pro-inflammatory factors might stimulate hy-
pothalamic inflammation. Therefore, understanding the cen-
tral role of the gut–brain axis in cancer cachexia3 is of great
interest. Herein, we observe that the degree of cancer ca-
chexia is positively correlated with the sickness behaviour
and systemic inflammation and remarkably also with in-
creased gut permeability and LPS levels. According to the re-

sults from in vitro models, a combination of the tumour
secretome and low levels of LPS significantly induced a hypo-
thalamic inflammatory amplification. This amplification was
mainly associated with PGE2 secreted by the tumour. In addi-
tion, the COX-2 inhibitor celecoxib decreased this amplifica-
tion. Although cancer cachexia is probably sum of different
inflammatory pathways, here in our study, we present an im-
portant link between intestinal permeability and hypotha-
lamic inflammation and suggest that the combination of
PAMPs with prostaglandins plays a key role in the tumour–
gut–brain crosstalk during cancer cachexia.

Two subtypes of a mouse model of pancreatic ductal ade-
nocarcinoma (PDAC) were used to induce either a high de-
gree (KPC) or a low degree of cachexia (4662). The KPC model
is extensively characterized and has many features relevant
to human disease. This is due in part to orthotopic implanta-
tion of these tumour cells into the pancreas, which has a few
unique advantages: The tumours are organ specific, grow rel-
atively large and are clinically pertinent, which is important to
accurately model the tumour biology.17 The KPC model also
induces several important signs and symptoms including
muscle catabolism and of central nervous system dysfunction
as observed in humans, including muscle catabolism, in par-
ticular anorexia and lethargy.3,11,12 Although the 4662 is ob-
tained from the same tumour cell line as KPC, it induces a less
severe cachexia phenotype.8 The low-level DSS-induced mod-
erate colitis model was used as a positive control to verify the
degree of changes in intestinal phenotype and intestinal per-

Figure 6 Relative expression of pro-inflammatory genes by mHypoE-N46 cells in reaction to KPC tumour medium or a matched concentration of PGE2
combined with LPS after 24-h and 72-h treatment. mRNA expression levels (A) Il6, (B) Ccl2, (C) Cxcl2 and (D) Selp were normalized to β-actin and stan-
dardized to the negative control DMEM, compared with the positive control (LPS). *P < 0.05, **P < 0.01. Two-way ANOVA analysis of variance with
post hoc Bonferroni’s multiple comparison test.

3022 X. Li et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3014–3027
DOI: 10.1002/jcsm.13093



meability in the KPC and 4662 models. KPC showed more pro-
found intestinal changes than the model compound DSS,
whereas 4662 showed milder phenotypic changes and less in-
testinal inflammatory changes compared with DSS. This sug-
gests that (1) a difference in intestinal phenotypic changes
and intestinal permeability might contribute to the difference
between the cachexia found in KPC compared with 4662 and
(2) that inflammation induced by gut-derived bacterial com-
pounds might play a role in this. These data support the re-
ports of a diminished intestinal barrier function in two differ-
ent mouse models of colon cancer cachexia and leukaemic
mice with cachexia.18 For colorectal and pancreatic cancer
patients, there are some papers supporting changes in intes-
tinal function and integrity, with emphasis on changes in mi-
crobiota composition and intestinal permeability.19,20 Addi-
tionally, significantly higher hypothalamic inflammation in
the KPC mice was observed, compared with 4662 and sham.
This is the first time that intestinal health in low and high ca-

chexia has been compared and linked to hypothalamic-driven
sickness behaviour. We suspect that there is an intricate and
coordinated interaction between gut barrier function and
cancer cells, probably mediated via tumour-induced media-
tors, that causes an amplified hypothalamic inflammation
and thus a more severe cachexia phenotype. It needs further
investigation whether this crosstalk between gut and hypo-
thalamus is linked to the appearance of anorexia. In this light,
it is interesting if this interaction is related to one of the re-
cently described anorexia-related hypothalamic signalling
pathways like Dilp8/INSL3-Lgr321 and lipocalin2/MCR4
signalling.8

To study the crosstalk between the hypothalamus and the
gut in detail, an in vitro model was set up to mimic the gut–
brain axis by testing on hypothalamic cells the effect of
gut-derived bacterial compounds in the presence of various
types of cachexia-inducing tumour secretomes. Starting from
the theory that it is a signal initiating from the hypothalamus,

Figure 7 IL-6 secretion of mHypoE-N46 cells incubated with the tumour secretome of C26 cells (A), LLC cells (B), KPC cells(C) or 4662 cells (D), which
were cultured with CXB. Hypothalamic cells were incubated with these medium combined with culture medium as well as LPS. As a control, cells were
incubated with tumour secretome to which CXB was added after removal of the tumour cells combined with LPS (tumour med + CXB + LPS). Other
control conditions included culture medium supplemented with LPS and CXB (LPS + CXB), culture medium supplemented with LPS (LPS) and regular
culture medium (DMEM), compared with the positive control (LPS). *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA analysis of variance with
post hoc Bonferroni’s multiple comparison test.
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it was tested which concentration of LPS still stimulated an in-
flammatory response in both hypothalamic neuronal cells
and microglia cells. It turned out that the neuronal cells were
most sensitive to LPS. This low concentration of LPS was used
to imitate the effects of increased intestinal permeability (LPS
leaking through tight junctions and into the bloodstream) on
the hypothalamus. Four tumour cell lines that can induce dif-
ferent cachectic levels were used to examine the effect of dif-
ferent cancer types on the hypothalamus. Interestingly, we
found a significant amplification of IL-6 release by hypotha-
lamic cells with all high-cachexia-associated tumour media
combined with LPS. IL-6 production in the brain upon periph-
eral infection has been reported to play a role in the develop-
ment of sickness behaviour.22 Additionally, IL-6 was con-
firmed in a mouse tumour model to disrupt blood–brain
barrier (BBB) permeability, which may further contribute to
the transport of PGE2 across the BBB.23 The degree of ampli-
fication was consistent with the observed severity of
cancer-induced cachexia in the different mouse models. For
example, the KPC secretome induced a higher IL-6 release
than the 4662 secretome. As a highly selective COX-2 inhibi-
tor, celecoxib significantly inhibited PGE2 production of the
cachexia-inducing tumour cells and as a consequence, ampli-
fication of the hypothalamic IL-6 secretion was absent. Ex-
pression of mRNA coding for other inflammatory mediators

was changed in a similar way: amplified when KPC medium
was combined with a low concentration of LPS. Moreover,
the effect of KPC could be mimicked by PGE2, indicating a
broad effect of PGE2 on hypothalamic inflammation.

Tumour-secreted PGE2 has been reported for colon, breast
and pancreatic cancers24 and to have a significant impact on
the elevated inflammatory state.25 Some clinical trial data
support a link between PGE2 and the development of an-
orexia and cachexia.26 From this point of view, PGE2 is poten-
tially an auxiliary indicator for diagnosis of cancer-induced ca-
chexia. However, the metabolic system of cancer cells is
relatively complex. Within different cancer types, it can be
hypothesized that in addition to PGE2, there are likely to be
prostaglandins like PGE1 and PGE3 that affect the occurrence
of magnified hypothalamic inflammation.

Moreover, PGE2 in the hypothalamus is a principal media-
tor of the LPS-induced febrile response.27 COX-2 is expressed
mostly in blood vessels and initially synthesized by macro-
phages of the LPS-processing organs like the lung and liver.28

In addition to PGE2 secreted in brain endothelial cells and mi-
croglia, PGE2 can be transported across the BBB. PGE2 mem-
brane transporters are reported to be involved in regulating
its concentration in the hypothalamus. LPS is reported to
stimulate the production of prostaglandin transporter
OATP2A1 (SLCO2A1),29 thus activating PGE2 transport across

Figure 8 Total food intake, gastrocnemius and tumour weight and plasma PGE2 concentration in KPC and 4662 mice models. (A) Total food intake
normalized to sham control group. Gastrocnemius mass (B) and tumour mass (C) normalized to initial body weight. The mice data for 4662 of total
food intake and gastrocnemius mass in (A) and (B) has been published.8 Terminal PGE2 concentration (D, E) in the plasma of mice models. N = 9,
8, 6 in sham, KPC and 4,662 groups respectively. *P < 0.05, **P < 0.01, ***P < 0.001 compared with sham;

$
P < 0.05, $$P < 0.01,

$$$
P < 0.001

compared with 4662. One-way ANOVA analysis of variance with post hoc Bonferroni’s multiple comparison test.
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the BBB. With this in mind, it would be interesting to further
explore the role of prostaglandin transporters in hypotha-
lamic inflammatory amplification.

The mediobasal hypothalamus is activated early in pancre-
atic cancer-induced cachexia, including the appearance
of microglial cells that have an activated morphology.30

Microglial cells, as the resident macrophages of the central
nervous system, are found abundantly in the hypothalamus.
Because the mediobasal hypothalamus contains crucial neural
circuits controlling food intake, energy expenditure and over-
all energy homoeostasis, it has a key role in the development
of anorexia and cachexia.31 We hypothesize that the combina-
tion of inflammatory mediators that are produced by the
hypothalamic cells can attract and activate more microglial
cells and in this way start a larger secondary inflammatory re-
action. Upon this reaction, even a third reaction might follow,
because microglial cells have been implicated as protective
against cachexia with higher expression of anti-inflammatory
factors like arginase-1, thus contributing to maintenance of
body mass during chronic systemic inflammation.30

A large body of evidence demonstrates a complex inter-
play between intestinal health, gut barrier function and host
inflammatory responses during cachexia, with microbial path-
ogens and local inflammation compromising the intestinal
barrier function, causing translocation of endotoxins that in-
duce immune activation.32 In view of the interaction of sub-
stances playing roles in the gut–brain axis communication,
there would in theory be two possible strategies to reduce
the inflammatory response during cachexia. The first option
could consist of reducing hypothalamic secretion of inflam-
matory mediators like IL-6, CCL2 and CXCL-2 by selective
COX-2 inhibition, which seems a promising strategy to dimin-
ish sickness behaviour in cancer patients. This is, however,
not applicable to clinical circumstances since COX-2-derived
prostanoids such as prostacyclin contribute to the mainte-
nance of vascular homoeostasis. Conventional selective
COX-2 inhibitors have been associated with adverse cardio-
vascular side effects.33 Next to that, NSAIDs with mixed
COX-1 and COX-2 selectivity have been reported to increase
intestinal permeability.34 PGE2 regulates proliferation of en-
dothelial cells of the gastrointestinal tract, wherefore periph-
eral inhibition of its production may further aggravate gut
health of the cancer patients.35 It is therefore our hypothesis
that interfering with a COX-2 inhibitor will likely have both ca-
chexia enhancing and reducing effects that will interfere with
each other. This is probably why reported effects of NSAIDs
on cancer cachexia are only marginal. Interfering in the pro-
cess at hypothalamic receptor level might have more effect.

Targeting mPGES-1, the terminal enzyme for PGE2 produc-
tion, will lead to the specific reduction of PGE2 levels and
might be considered safer. However, no mPGES-1 inhibitors
have yet been approved for clinical practice.36 Therefore,
studies targeting the PGE2 receptors might be an appropriate
strategy to reduce sickness behaviour, where the PGE2 recep-

tors involved in this amplified response remain to be identi-
fied. The EP receptors and specifically the EP3 receptor are
abundant and widely distributed in the brain. In addition, in-
hibition of EP3 receptor activity has previously been reported
to decrease PGE2-induced reduction of lever-pressing behav-
iour in rats.37

On the other hand, hypothalamic IL-6, CCL2 and CXCL-2 se-
cretion may also be reduced by lowering LPS levels. Because
LPS initially enters the periphery from the gut, supporting in-
testinal functionality with, for example, nutritional fibre or
probiotic supplementation might be beneficial.38 To enhance
treatment efficacy, PGE2-lowering strategies could be com-
bined with prebiotics and probiotics as they are considered
to enhance intestinal barrier function and thus reduce LPS
load.39 A multitarget treatment aiming to reduce both PGE2
and LPS activity in the hypothalamus could also be consid-
ered a promising approach.

Several limitations should be considered when interpreting
results of this study. Considering the configuration of the
in vitro model, the C26 mimic was based on the categories
and concentrations determined from previous experiments.
Although PGE2 was determined to play a key role, the results
may not reveal more detailed interactions between different
mediators. Second, in our in vivo experiments we measured
the entire hypothalamic tissue, but only one hypothalamic
neuron cell line (hypoE-46) was used for in vitro model.
Follow-up experiments with co-cultures of hypothalamic
neuronal and glial cells might be a promising attempt. Fur-
thermore, for intestinal-derived pro-inflammatory factors,
the research can be expanded to investigate the changes in
gut microbiota composition, which can explore the impact
of intestinal changes on the gut-brain axis during cancer
cachexia.

In conclusion, PGE2 was identified as a tumour-secreted
inflammatory mediator that contributes to amplified
hypothalamic LPS-induced inflammation during cancer ca-
chexia. To our knowledge, this is the first time that an
amplified response of hypothalamic cells to a combination
of tumour-derived and intestinal bacteria-derived com-
pounds has been described. These findings provide a novel
insight into the interplay between gut and brain axis and
therefore maybe a contribution to a better design for future
multi- targeting therapeutic interventions for cachexia
patients.
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