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Abstract: Cancer cachexia is a multifactorial syndrome that interferes with treatment and reduces the
quality of life and survival of patients. Currently, there is no effective treatment or biomarkers, and
pathophysiology is not clear. Our group reported alterations on tryptophan metabolites in cachec-
tic patients, so we aim to investigate the role of tryptophan using two cancer-associated cachexia
syngeneic murine models, melanoma B16F10, and pancreatic adenocarcinoma that is KPC-based.
Injected mice showed signs of cancer-associated cachexia as reduction in body weight and raised
spleen weight, MCP1, and carbonilated proteins in plasma. CRP and Myostatin also increased in
B16F10 mice. Skeletal muscle showed a decrease in quadriceps weight and cross-sectional area (espe-
cially in B16F10). Higher expression of atrophy genes, mainly Atrogin1, was also observed. Plasmatic
tryptophan levels in B16F10 tumor-bearing mice decreased even at early steps of tumorigenesis.
In KPC-injected mice, tryptophan fluctuated but were also reduced and in cachectic patients were
significantly lower. Treatment with 1-methyl-tryptophan, an inhibitor of tryptophan degradation, in
the murine models resulted in the restoration of plasmatic tryptophan levels and an improvement on
splenomegaly and carbonilated proteins levels, while changes in plasmatic inflammatory markers
were mild. After the treatment, CCR2 expression in monocytes diminished and lymphocytes, Tregs,
and CD8+, were activated (seen by increased in CD127 and CD25 expression, respectively). These
immune cell changes pointed to an improvement in systemic inflammation. While treatment with
1-MT did not show benefits in terms of muscle wasting and atrophy in our experimental setting, mus-
cle functionality was not affected and central nuclei fibers appeared, being a feature of regeneration.
Therefore, tryptophan metabolism pathway is a promising target for inflammation modulation in
cancer-associated cachexia.
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1. Introduction

Cancer cachexia is a complex multifactorial syndrome characterized by involuntary
and pathological weight loss, mainly due to skeletal muscle wasting. Patients suffer
nutritional deterioration, weakening, fatigue, and edemas, reducing considerably patient’s
quality of life and overall survival. Cancer-driven cachexia occurs almost in every type of
cancer and affects nearly 50% of all cancer patients and it is a cause of death in 20–30% of
them. Cachexia prevalence ranges from 70% in pancreatic cancer to 30% or less in other
cancer types [1]. Although removal of primary tumors has been shown to result in the
reversal of cachexia, it is important to note that the severity of cancer-associated cachexia
does not correlate with the size of the tumor [2,3].

In addition of worsening the pathogenic process of cancer, skeletal muscle atrophy
also interferes with therapeutic treatment, decreasing patient tolerance to several common
cancer therapies. Moreover, several common chemotherapeutic agents are themselves
known to worsen symptoms of muscle atrophy in this syndrome. Cachexia typically
involves a combination of anorexia and altered metabolism, which together culminate in a
hypercatabolic state in which the rate of muscle proteolysis overtakes protein synthesis [4].

To date, factors initiating cachexia are unknown. Cancer-associated cachexia was
defined in 2011 by Fearon KC [5] and his definition was based in the loss of body weight
and signs of systemic inflammation. There are no biomarkers for cancer cachexia as there is
not enough clinical evidence to validate any of the proposed theories [2]. Furthermore, there
are no effective treatments for cachexia and no official guidelines exist for management
of this syndrome. Supplemental nutrition is used in most of the cases although patient
responses have been mixed [4]. During the last years, multimodal approaches have been
tested, including pharmacological therapy, to reduce systemic inflammation, counteracting
hypercatabolic state and/or stimulating appetite, nutrition care, adapted physical activity,
and psychosocial care [2,6–8]. However, clinical trials using these approaches have shown
diverging and hopeless results on skeletal muscle alterations and other cachexia symptoms.
Different factors may explain these results. First, the heterogeneity of the cohorts, as they
include different types of tumors; second, the number of patients included is often small
and; third, the advance stages of the patients recruited for these trials [2].

Previous studies from our group [9] concluded that plasma amino acids changes in
cancer-derived cachexia patients had the potential to lead to the discovery of mechanisms
involved in the pathogenesis of cachexia. Among them, the alteration in metabolites related to
tryptophan degradation called our attention and it is in accordance with previous published
data that associates tryptophane (Trp) metabolism with cancer development [10,11]. Moreover,
low levels of tryptophan were correlated with skeletal muscle atrophy in patients with cancer
and, therefore, tryptophan metabolism pathway has been proposed as a promising target for
preventing and treating skeletal muscle atrophies [12,13].

Indoleamine 2,3-dioxygenase (IDO) is the first and rate-limiting enzyme in the kynure-
nine pathway responsible for the degradation of tryptophan and known to support immune-
inhibitory effects. Many tumors overexpress IDO and it has largely been associated with
poor prognosis. By driving IDO over-expression, tumors can create an immunosuppressive
microenvironment that blocks the antitumor immune response. Timosenko et al. showed
in 2016 that the first IDO inhibitor, 1-methyl-tryptophan (1-MT), combined with chemother-
apy had a good efficacy in tumor rejection. Overall, the published results at systemic levels
provides a strong rationale for therapeutic target of IDO [14,15]. In addition, immune
checkpoint inhibitors lead to an increase in IDO expression, which promotes resistance to
single agent therapy. To avoid this resistance, a combination of immune checkpoints in-
hibitors and IDO inhibitors showed promising results that are being considered in the clinic.
However, the unexpected failure of epacadostat, an IDO1 selective inhibitor, in a phase III
clinical trial challenged the efforts to inhibit this target as an anticancer compound [16].

In our study, we intended to determine Trp levels in tumor/cachexia development
and to recapitulate human disease in two mice models, with B16F10 and KPC-injected
cells. We then aimed to investigate the role of tryptophan in cancer cachexia development
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by inhibiting IDO with 1-MT to study the effects of Trp modulation on inflammation and
skeletal muscle alteration in our murine models.

2. Results
2.1. Murine Models for the Study of Cancer-Associated Cachexia Recapitulate Human Disease

We studied two mouse models with tumors derived from different cell lines. We
chose murine melanoma cells B16F10 and pancreatic adenocarcinoma cells KPC to inject
subcutaneously in the flanks of C57BL/6J mice. Both cell lines derived from the same
genetic background as the host, recapitulating whole immune and inflammatory responses.
Figure 1A shows the experimental design for the in vivo experiments performed in this
study. Cells were injected in the right flank and the tumor grew exponentially as shown
in Figure 1B. Along the whole experiment, we refer to control mice as those injected only
with matrigel, without tumoral cells. Tumor-bearing mice did not gain or lose weight, as
expected in development of cachexia, while control mice gained body weight during the
experiment (Figure 1C, measured at the time of sacrifice). The spleen of mice injected with
tumor cells had a bigger size and weight (1.8–2 fold increased) compared with control mice
(Figure 1D).
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Figure 1. Murine models for the study of cancer-associated cachexia recapitulate human disease.
(A) Experimental design for the in vivo experiments. (B) Tumor growth along the experiments.
(C) Changes in body weight observed since injection of the tumor cells. (D) Spleen weight at the time
of sacrifice referred to total body weight. (E) MCP1, CRP, and Mstn levels measured by ELISA in
plasma and shown as fold increase versus non-tumor plasmatic samples. (F) Carbonylated protein
levels measured in plasma. Significant differences between groups are indicated by * (p < 0.05),
** (p < 0.005), *** (p < 0.0005) and **** (p < 0.0001).

We measured two inflammation-related molecules to follow cachexia development in
our models. First, Circulating Monocyte Chemoattractant protein-1 (MCP1/CCL2) has been
suggested as biomarker of cancer cachexia from early stages of patients with pancreatic
cancer syndrome [17,18]. Second, C-reactive protein (CRP) is a classic marker of systemic
inflammation included in Fearon definition of cachexia. MCP1 plasma levels increased
in tumor-bearing mice compared with control (2.40 ± 1.2 and 6.74 ± 3.1 fold increase in
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B16F10 and KPC models, respectively) (Figure 1E). Interestingly, at the time of sacrifice,
CRP levels increased only when B16F10 cells originated the tumors, but not when it was
originated by KPC (1.96 ± 0.51-fold increase in B16F10 injected mice versus control mice;
0.94 ± 0.09-fold change in KPC-injected mice) (Figure 1E). Levels of myostatin (MSTN
or GDF8) are abundant in skeletal muscle, linked to muscle wasting [19] and elevated in
cachectic cancer rodents [20]. As shown in Figure 1E, MSTN plasma levels increased slightly
in B16F10 injected mice, 1.72 ± 0.86 times compared with control, and remain similar in
KPC tumoral cells mice (increased 1.17 ± 0.23). Note that the kinetics of tumor growth and
tumor volumes differed clearly in both models (Figure 1B), as occurs in human tumors
originated in different tissues, and this can lead to the disparity in responses between
them. Overall, from this part, splenomegaly and the increase in some plasma inflammatory
markers point to a systemic inflammation in these mice during tumor growth.

The introduction of carbonyl groups into the amino acid side chains of proteins
represents a marker of global protein oxidation and it is considered the major hallmark
for oxidative damage proteins. These modifications are generated by different reactive
oxygen species in blood, tissues, and cells [21]. Several studies have reported that oxidative
stress is one of the most common mechanisms of cancer cachexia; it is linked to systemic
inflammation and affects negatively immune functions [22]. Figure 1F shows how levels of
carbonylated proteins increased upon tumor growth, more significantly in KPC model.

Regarding muscle alteration, a slight decreased was seen in quadriceps weight at
the time of sacrifice (Figure 2A), but alterations in fibers cross sectional area (CSA mean,
Figure 2B, and relative frequency, Figure 2C) were observed, although changes in KPC
cells-injected mice were milder. In comparison with control mice, a reduction of 14.9% in
B16F10 injected mice and 8.1% in KPC in average CSA was observed in the quadriceps
(Figure 2B). When looking at the frequency distribution, median values ranged from
768.38 µm2 in control mice to 739.21 µm2, and 656.69 µm2 in KPC and B16F10 models,
respectively (Figure 2C). In addition, transcript levels of genes linked to atrophy in skeletal
muscle, such as Atrogin1, Murf1, and Mstn, increased in quadriceps of tumor-bearing
mice (Figure 2D). According to previous results (Figure 2B,C), bigger and more significant
changes were observed in B16F10 carrying mice; Atrogin1 was approximately 2.85 higher,
Murf1 2.05 times, and Mstn augmented up to 867.9 times compared with control mice levels.
In the case of KPC mice, Atrogin1 was 1.47 higher, Murf1 1.70 times, and Mstn augmented
to 1.40 compared with levels in non-tumor-bearing mice. Inguinal white adipose tissue
decreased with the injection of both tumor models (Figure 2E).

Weight lost or no gains, detection of systemic inflammation (splenomegaly and plasma
markers), elevated oxidative stress (measured by plasma carbonylated proteins), and
skeletal muscle alterations are all signs of cachexia. Taken together, our analysis suggested
that B16F10 and KPC models recapitulate some clinical features of cancer-induced cachexia
in human patients.

2.2. Plasma of Cachectic Cancer Patients and Tumor-Bearing Mice Showed Reduced Tryptophan Levels

We performed specific ELISA assays to confirm previous metabolomics results show-
ing decreased levels of tryptophan in the plasma of cachectic cancer patients [9]. As shown
in Figure 3A, tryptophan levels significantly decreased in patients with cachexia compared
with cancer patients with no signs of weight loss (44.15 ± 2.15 µM versus 68.69 ± 3.48 µM).

In accordance with patients’ results, we found that plasma tryptophan levels in the
mice used in this study were significantly reduced, as seen in Figure 3B,C. We measured
plasma tryptophan levels at different time points in each model following the differences
in tumor growth observed. Initial assays to set up our experiment showed that tryptophan
levels were reduced as soon as 11 days after B16F10 melanoma cells inoculation (Figure 3B)
and revealed oscillating levels through time in KPC-injected cells mice (Figure 3C). These
results demonstrated tryptophan fluctuation during tumor development in these models as
seen in humans. Therefore, it can be useful to test pharmacological interventions targeting
tryptophan metabolism.
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Figure 2. Muscle and inguinal fat alterations during cachexia development in B16F10 and KPC mouse
models. (A) Quadriceps weight at the time of sacrifice referred to total body weight. (B) Quadriceps
mean cross sectional measured in H&E sections. (C) Quadriceps cross sectional area measured in
H&E sections and represented as relative frequency. (D) Atrogin1, Murf1, and Mstn RNA expression
normalized by HPRT by qPCR. (E) Inguinal fat weight at the time of sacrifice referred to total body
weight. Significant differences between groups are indicated by * (p < 0.05), ** (p < 0.005) and
*** (p < 0.0005).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 3. Plasma of cachectic cancer patients and tumor-bearing mice showed reduced tryptophan 
levels. Tryptophan levels measured by ELISA in plasma of cachectic and no cachectic cancer patients 
(A), B16F10 (B), and KPC (C) murine models during tumor development. Significant differences 
between groups are indicated by * (p < 0.05), ** (p < 0.005), *** (p < 0.0005), and **** (p < 0.0001). 

In accordance with patients’ results, we found that plasma tryptophan levels in the 
mice used in this study were significantly reduced, as seen in Figure 3B,C. We measured 
plasma tryptophan levels at different time points in each model following the differences 
in tumor growth observed. Initial assays to set up our experiment showed that tryptophan 
levels were reduced as soon as 11 days after B16F10 melanoma cells inoculation (Figure 
3B) and revealed oscillating levels through time in KPC-injected cells mice (Figure 3C). 
These results demonstrated tryptophan fluctuation during tumor development in these 
models as seen in humans. Therefore, it can be useful to test pharmacological interven-
tions targeting tryptophan metabolism. 

2.3. 1-Methyl-Tryptophan Treatment Modifies Tryptophan Metabolism and Ameliorates 
Inflammation Signs in Tumor-Bearing Mice 

To determine the effect of restoring Tryp levels in the plasma of tumor-bearing mice, 
we administrated the IDO inhibitor 1-MT, previously proven to have no toxicity [23,24] 
and we studied signs of cachexia and inflammation. Oral administration of 1-MT in drink-
ing water started 13 days after the injection of B16F10 cells (Figure 4A), while in KPC was 
administrated from day 18 post-injection (Figure 4B). Timings were chosen according to 
the differences in tumor kinetic in the models used. A group of tumor-bearing mice was 
used as control by administration of alkaline drinking water, which is the vehicle used for 
1-MT administration. 

Figure 3. Plasma of cachectic cancer patients and tumor-bearing mice showed reduced tryptophan
levels. Tryptophan levels measured by ELISA in plasma of cachectic and no cachectic cancer patients
(A), B16F10 (B), and KPC (C) murine models during tumor development. Significant differences
between groups are indicated by * (p < 0.05), ** (p < 0.005), *** (p < 0.0005), and **** (p < 0.0001).
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2.3. 1-Methyl-Tryptophan Treatment Modifies Tryptophan Metabolism and Ameliorates
Inflammation Signs in Tumor-Bearing Mice

To determine the effect of restoring Tryp levels in the plasma of tumor-bearing mice,
we administrated the IDO inhibitor 1-MT, previously proven to have no toxicity [23,24] and
we studied signs of cachexia and inflammation. Oral administration of 1-MT in drinking
water started 13 days after the injection of B16F10 cells (Figure 4A), while in KPC was
administrated from day 18 post-injection (Figure 4B). Timings were chosen according to
the differences in tumor kinetic in the models used. A group of tumor-bearing mice was
used as control by administration of alkaline drinking water, which is the vehicle used for
1-MT administration.
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Figure 4. 1-MT modifies tryptophan metabolism without clear effect in body weight and tumor
growth. Tryptophan levels measured by ELISA in plasma of (A) B16F10 (B) and KPC comparing
untreated and 1-MT-treated mice (different symbols represent different time points indicated in y
axis). (C) Tumor weight at the time of sacrifice. Significant differences between groups are indicated
by * (p < 0.05) and ** (p < 0.005).

Plasma tryptophan levels increased significantly after the treatment in both models, as
seen in Figure 4A,B, confirming the activity of the drug in our experiments. Tumor size was
slightly smaller in those mice treated with 1-MT but did not reach significance (Figure 4C
and Figure S1).

Tumor development in our models leads to an increase in spleen size most likely due
to systemic inflammation (Figure 1D). Reduced degradation of tryptophan by addition
of 1-MT resulted in a partial recovery of spleen weight (Figure 5A). In mice carrying
B16F10 cells, plasma levels of MCP1, CRP, and MSTN decreased to some extent (Figure 5B).
However, no changes were observed in mice injected with KPC cells, although MCP1
increased slightly in response to 1-MT (Figure 5C). As mentioned before, in KPC-injected
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cells mice, MCP1 increased notably and significantly during tumor growth while CRP and
myostatin did not change significantly.
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creased in CD3+ CD8+ cells as shown in Figure 6D, whereas no changes were detected in 
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Figure 5. 1-MT ameliorates inflammation signs in tumor-bearing mice. (A) Spleen weight at
the time of sacrifice referred to total body weight. MCP1, CRP, and Mstn levels measured by
ELISA in plasma (shown as fold increase versus non-tumor plasmatic samples) in (B) B16F10 and
(C) KPC mouse models. (D) Plasmatic levels of carbonylated proteins in plasma of the same mice.
Significant differences between groups are indicated by * (p < 0.05), ** (p < 0.005), *** (p < 0.0005), and
**** (p < 0.0001).

Measurement of plasmatic protein carbonyls revealed an almost complete reversion to
control values after 1-MT treatment in both models (Figure 5D). As observed before, the
KPC model presented more clear and significant changes in carbonylated proteins.

The decrease in spleen size and the almost completed recovery of plasma carbony-
lated protein levels, close to control values, pointed to a partial reduction in the systemic
inflammation in tumor-bearing mice that had been treated with 1-MT.

Flow cytometry analysis of peripheral blood cells was performed to follow immune
cell population responses in our experiments. Treatment with 1-MT did not result in clear
changes in the number of monocytes identified as CD11b+, either classical inflammatory-
Ly6Chigh or non-classical/resident-Ly6Clow types. Interestingly, C-C Motif Chemokine
Receptor 2 (CCR2) expression decreased after inhibition of Trp metabolism in both B16F10
and KPC models (Figures 6A and 6B, respectively). The number of lymphocytes identified
by CD3 expression and Tregs subtype (CD3+, CD4+, Foxp3+, and CD25+) did not change
under inhibition of Trp metabolism. However, in B16F10 mice, CD127 expression increased
significantly in the Tregs cells after treatment (Figure 6C), and remained unchanged in KPC
mice. However, in KPC tumor-bearing mice, CD25 expression was increased in CD3+ CD8+

cells as shown in Figure 6D, whereas no changes were detected in B16F10.
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2.4. Muscle Deteriorates with 1-MT Treatment

To elucidate how 1-MT treatment affects muscle wasting during tumor development,
analysis of quadriceps was performed. Surprisingly, we found a decrease in quadriceps
weight in 1-MT-treated mice compared with non-treated, referred to total body weight,
at the time of sacrifice (Figure 7A). Histological analysis of cross-sectional area on H&E-
stained sections from quadriceps showed a decrease in the mean of fiber areas in both
mice models (Figure 7B). In B16F10-injected mice, the average cross-sectional area was
654.6 ± 92.9 µm2 in non-treated tumor-bearing mice and 626.2 ± 87.7 µm2 in mice treated
with 1-MT, representing a reduction of 14.9% and 18.5% compared with control mice (768.9
± 77.9 µm2), respectively. In mice inoculated with KPC cells, the average fiber area in
tumor-bearing non-treated mice was 706.4 ± 33.5 µm2 and 627.2 ± 86.8 µm2 in tumor 1-MT-
treated mice. These results represent a reduction compared with controls (768.9 ± 77.9 µm2)
of 8.1% in tumor non-treated mice and 18.4% in tumor 1-MT-treated mice. A representative
picture of the H&E staining of quadriceps analyzed is shown in Supplementary Figure S2.

Moreover, frequency distribution demonstrated a clear shift towards smaller areas in
the fibers after 1-MT treatment compared with both control and tumor non-treated mice
(Figure 7C). Median of fiber areas were 656.7 µm2 in B16F10 tumor-bearing mice moving
towards 619.3 µm2 when treated with 1-MT. In accordance with the weight of the muscles
at the time of sacrifice (Figure 7A), alteration was more drastic in KPC-injected mice with a
median fiber area of 739.2 µm2 in non-treated mice and 651.1 µm2 in 1-MT-treated mice.
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To further explore muscle alteration, we examined transcript levels of the atrophy-
related genes studied previously in our study. Results confirmed a worsening of atrophy
markers after 1-MT treatment in B16F10 injected mice while not much effect was observed
in KPC-treated mice. As shown in Figure 7D, Atrogene1 and Murf1 mRNA levels approxi-
mately increased 3-fold and Myostatin showed a 2-fold increase compared with non-treated
mice in the B16F10 model. In KPC-injected mice, atrophy-related genes did not show
significant changes (Figure 7E). Note that transcript levels of these genes changed only
slightly under tumor growth in KPC-injected mice. Following this tendency, inguinal fat
decreased after 1-MT treatment in B16F10 mice but recovered partially in KPC-injected
animals (shown in Supplementary Figure S3). Although parameters measured suggested a
worsening of skeletal muscle after 1-MT treatment in our experimental setting, no change
in grip the strength test was observed and an increase in the number of fibers with central
nuclei was observed, especially in B16F10 injected cells mice (Figure 7F). This phenomenon
is known to be part of the regeneration process after injury in skeletal muscle. Altogether,
muscle analysis after 1-MT treatment pointed to a worsening of muscle (mass, CSA, and
atrophy markers) while muscle functionality is not affected and central nucleation suggests
an active regeneration in these muscles.

3. Discussion

We found that B16F10 and KPC models recapitulate the main signs of cancer cachexia
observed in humans in terms of weight changes, splenomegaly, increase in plasmatic
MCP1 and levels of carbonylated proteins, and reduction in tryptophan in plasma and
skeletal muscle alterations. Our data show that inhibition of Trp degradation during tumor
development ameliorates inflammation while no benefit in skeletal muscle was detected in
these mice.
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Preclinical models reproducing closely the complexity of cancer cachexia are funda-
mental for the understanding of this syndrome. One of the most used in this context are
the syngeneic mice [20], as used in this study. In addition, we consider that it is important
to include different models as cachexia is found in a variety of tumor types in humans.
Our mouse models, with a fast-growing cancer cell (B16F10) and a slower growing cancer
cell (KPC) represent different origins and different stages of cachexia and may recapitulate
different cachexia stages. We observed some differences between the two tumor models
used for this study. Body weight loss, muscle alteration, and high CRP/Mst levels were
more prominent in B16F10 tumor-bearing mice. On the contrary, MCP1 levels and the
changes in carbonylated proteins detected in plasma were significantly more elevated in
KPC tumor-bearing mice. We might find three possible explanations to the differences
found in B16F10 and KPC-injected mice. First, note that the kinetics of tumor growth
and final tumor volumes differed considerably in both models (Figure 1B). Each model is
probably at a different stage at the time of sacrifice in terms of tumor development and,
therefore, in inflammation and muscle alteration. Second, some of the well-accepted mark-
ers as systemic inflammation (e.g., CRP) are not consistently increased in cancer cachexia
populations (reviewed in [2]) so, in a similar way, it may result in differences in the mouse
models used for this study. Third, previously published data described different peaks
of systemic inflammation. For example, Chiarella, P. et al. [25] reported in a fibrosarcoma
induced murine cancer model two peaks of inflammation. An initial one detected very early,
because of tumor cells inoculation, and a second peak coincidental with tumor growth and
proportional to tumor size. In addition, two studies described that MCP1 plasma levels are
higher in earlier stages of cachexia than later in the more advanced syndrome [17,18]. We
also observed that myostatin levels in plasma did not correlate with their RNA expression
levels (MSTN RNA level measured by qPCR) in muscle after 1-MT treatment, especially in
B16F10 tumor-bearing mice (Figures 5B and 7D). Also, atrophy regulators frequently show
that protein levels may not necessarily parallel transcript levels due to increased protein
turnover and decreased transcriptional rates in this context [26].

Considering our previous data [9] and eager to gain knowledge on pathogenic mech-
anisms in the development of cachexia, we explored Trp modulation in the context of
cachexia. We also detected in our study that Trp levels decreased in both human and mouse
plasmas during tumor development, reflecting that B16F10 and KPC cell injection might
be used as models to study the role of tryptophan in cancer-associated cachexia. We then
confirmed that treatment with the inhibitor of IDO 1-MT resulted in a recovery of the
levels of plasmatic Trp in both models (Figure 4A,B) with a mild effect in tumor growth, an
improvement in splenomegaly, a restoration in the levels of carbonylated proteins, and a
decrease in CCR2 levels (receptor of MCP1), all of them linked to inflammation. However,
after the treatment, only slight or no changes, were detected in the inflammatory markers
measured in plasma. Our results go in line with the fact that kynurenines (metabolites
derived from Trp degradation via IDO) have a close relationship with inflammatory signals
and, therefore, can influence cancer progression [27]. In fact, an increased kynurenine to
tryptophan ratio in blood is predictive for a worse outcome in cancer patients [11]. In terms
of muscle atrophy, Ninomiya [13] demonstrated a positive relation between serum Trp
levels and volume of skeletal muscles in patients that suffer diffuse large B-cell lymphoma.
In the same study, mice fed with a tryptophan-deficient diet presented lower tibialis anterior
fiber diameters than mice fed with a standard diet. In contrast to these data, inhibition
of degradation of Trp in our experiments seems to exacerbate muscle atrophy in B16F10
and KPC models, according to muscle mass and CSA (Figure 7A–C). However, muscle
functionality is not affected by these changes and the number of central nuclei fibers in-
creased in treated mice. This last parameter appears in muscle regeneration after injury.
It may occur that the improvement in systemic inflammation is not enough, in both time
and strength, to result in a recovery of the muscle atrophy observed in these mice. Also,
cachexia-associated muscle injury may be in part independent of the inflammatory kinetics
and/or skeletal muscle mass might require longer time to benefit from this treatment.
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We also consider that the muscle alteration may be an acute effect that will recover with
time. This is supported by the fact that we did not find reports in the literature showing
any secondary effect derived from skeletal muscle alterations. No weight loss or physical
impairment after 1-MT treatment in mice have been described using longer experimental
treatments than the ones used in our study [28,29]. Moreover, 1-MT treatment improved
signs of stress in mice, reducing the loss of body weight and behavioral alterations after
combined acoustic and restraint stress [30]. In addition, inactivity induces ROS production
in skeletal muscle, which contributes to muscle atrophy. Paradoxically, evidence suggest
that intracellular ROS production is required for normal remodeling that occurs in skeletal
muscle [31,32]. Kynurenine derivatives are free radical generators, so kynurenine pathway
contributes to increased oxidative stress [33]. It may happen that the worsening observed is
the previous stage to the recovery of the skeletal muscle in our experiments. The observed
reduction in carbonylated proteins indicates an improvement in oxidative stress in the
plasma of mice after treatment (Figure 5D) that may lead to muscle recovery in a longer
experimental setting. One of the limitations in our study is that the window for treatment
may be too short to see a benefit from 1-MT.

CCR2 is the receptor of CCL2/MCP1, and their signaling determine the frequency of
inflammatory monocytes in the circulation [34]. Increased levels of CCR2 and its ligand CCL2
promote tumor growth, are associated with inflammation, advanced cancer, and predicts
prognosis and recurrence due to their role in the tumor microenvironment [35,36]. Also, this
cytokine has been proposed as a potential biomarker of cancer-cachexia [17]. Studies in a
pancreatic cancer model described that in the absence of CC-chemokine receptor 2 (CCR2)
mice exhibit reduced anorexia and muscle atrophy. Moreover, pharmacological inhibition
of CCR2 signaling decreased cachexia [37]. Interestingly, CCR2 expression decreased after
inhibition of Trp metabolism in both B16F10 and KPC models (Figures 6A and 6B, respectively)
which may benefit inflammation in our mice models.

Regarding lymphocytes, the number of T lymphocytes (CD3+) and Tregs subtype
(CD3+, CD4+, Foxp3+, and CD25+) did not change under inhibition of Trp metabolism. At
the same time, we found that CD127 expression increased significantly in Tregs cells after
treatment in B16F10 mice (Figure 6C) in line with the anti-inflammatory effect observed.
CD127 is the α-chain of the IL-7 receptor and low levels of this molecule are correlated
with suppressive activity of Treg cells [38]. CD127 expression inversely correlates with
FoxP3 and suppressive function of human CD4+ Treg cells [39]. The decrease of Treg
immunosuppressive activity may allow the activation of the specific antitumor adaptive
cellular immune response and control the excessive nonspecific inflammatory response. In
addition, in KPC tumor-bearing mice, CD25 expression was increased in CD8+ T cells as
shown in Figure 6D. Upon activation, CD8+ T cells upregulate CD25 (α-chain of the IL-2
receptor) and become highly sensitive to IL-2 [40]. This result may indicate the recovery
of the cellular adaptive immune response that may contribute to the antitumor fight.
All together, these changes in immune population correlate with the improvement on
inflammation observed in our mice after 1-MT administration.

Syngeneic models are useful because they are carried in immunocompetent mice, and
tumor growth is fast, reproducible, and easy to manage. On the other hand, the tumor
growth rate is a limitation (as in B16F10 model used in this study). Derived from this,
the pharmacological window is too short, so we probably do not follow similar disease
progression observed in humans. In addition, tumors are ectopic, which does not accurately
reflect what is seen in patients.

In summary, our murine models recapitulated some human cancer-associated cachexia
signs. By injection of melanoma and pancreatic cancer cells, we observed systemic inflam-
mation and muscle atrophy during tumor growth in these mice. Treatment with 1-MT, an
inhibitor of IDO, in these models decreased Trp degradation and resulted in an improve-
ment in inflammatory signs linked to tumor development. While skeletal muscle did not
show benefits in terms of wasting and atrophy, functionality was not affected and central
nuclei fibers appeared, a feature of regeneration. Altogether, we believe that the tryptophan
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metabolism pathway is a promising target for cancer-associated cachexia due to its role
in inflammation.

4. Materials and Methods
4.1. Patient Cohorts and Samples

This study was approved by the Ethics Committee of the “12 de Octubre” University
Hospital (Ref. 10/294), and it was performed in accordance with the Declaration of Helsinki
International Conference on Harmonization and Good Clinical Practice. Written informed
consent was provided by all participating patients. Human samples used in this study
were collected previously for the study published in [9].

4.2. Cell Culture

Melanoma (B16F10, from ATCC) and pancreatic adenocarcinoma (KPC: K-rasLSL.G12D/+;
Trp53R172H/+; Pdx1-Cre, kindly provided by Dr. Bruno Sainz´s lab) cells were maintained in
RPMI 1640 medium (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT, USA) and 1% antibiotic (Lonza, Basel, Switzerland) at 37 ◦C and 5% of
CO2 and were periodically checked for contaminations.

4.3. Animal Experiments

For the animal studies, the Bioethical Committee of the Universidad Autónoma de
Madrid and the competent authority approved the experimental protocol (Ref PROEX
218/19). All animal manipulations were made in accordance with the European Union
guidelines. Male C57BL/6J mice (Charles River RMS Spain, Sant Cugat del Vallès, Spain),
6–8 weeks old were maintained on regular dark-light cycle, with free access to food and
water during the whole experimental period. After 2 weeks of local animal care facility
adaptation, animals were randomized into control-inoculated mice and tumor-bearing
mice. Experimental groups were established with 9 animals.

Tumor cells inoculation: Cells were removed from culture flasks by adding 0.05%
of trypsin solution (Gibco), centrifuged, and re-suspended in sterile PBS. Cell viability
was determined by trypan blue exclusion. Finally, C57BL/6J mice were subcutaneously
injected with a solution of 5 × 104 B16F10 cells or 2.5 × 105 KPC cells in a final volume of
100 µL (50 µL of cell solution mixed with 50 µL of Matrigel Corning), into the right flank.
Control mice were inoculated with 50 µL of PBS mixed with 50 µL of Matrigel. At the
indicated timings, blood was withdrawn from the jugular vein from anaesthetized mice
(using sevoflurane) and collected in heparinized tubes, and then centrifuged (1500× g,
10 min 4 ◦C) to obtain plasma that was kept at –80 ◦C until used.

Tumor assessment: Tumor growth was monitored by a digital caliper three times.
Tumor volume was calculated using a standard solid tumor formula V = 1/2 × (D × d2);
where V is volume, D is higher diameter, and d is lower diameter. The same examiner
performed all measures to minimize bias. Animals were monitored at least three times a
week for body weight, tumor dimensions, and health condition, and euthanized 21 (B16F10
inoculated mice) or 39 (KPC inoculated mice) days after tumor cells inoculation. On the day
of sacrifice, blood was withdrawn from anaesthetized mice (using sevoflurane) by cardiac
puncture and collected in heparinized tubes, then centrifuged (1500× g, 10 min, 4 ◦C)
to obtain plasma. Quadriceps were excised and, rapidly, snap frozen in liquid nitrogen.
Spleen, liver, and tumors were collected and weighted right after.

4.4. 1-Methyl-Tryptophan Administration

The mice were given 5 mg/mL of 1-L-MT (Sigma-Aldrich, St. Louis, MO, USA) in
their drinking water (alkaline water, pH 10.0, supplemented with 50 mg/l of aspartame) or
just water with aspartame (control group) for the time indicated. The average amount of
water drank was similar during the experiment in both groups (4–5 mL/d).
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4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

All ELISA assays were performed in plasma according to manufacturer´s instructions.
Tryptophan (from ImmuSmol, Bordeaux, France); C-Reactive Protein (CRP), and Monocyte
Chemoattractant Protein 1 (MCP1) (from Elabscience, Wuhan, China); Myostatin (from
Cloud-Clone Corp., Katy, TX, USA).

4.6. Oxidative Stress Assays

Protein carbonyl groups were assayed in plasma using 2,4-dinitrophenylhydrazine
adapted for a microplate reader [41] and expressed as nmol/mg total protein.

4.7. Reverse Transcriptase Quantitative PCR

For RNA extraction, tissues were first crushed in a pestle with liquid nitrogen. Total
RNA was extracted using RNeasy Fibrous Tissue Minikit (Quiagen, Hilden, Germany)
for skeletal muscle and RNeasy Mini Kit (Quiagen) for the rest of the tissues, following
the manufacturer’s instructions. cDNA was reverse transcribed (NZY First-Strand cDNA
Synthesis Kit, Nzytech, Lisboa, Portugal) and 50 ng RNA equivalent was used for PCR with
specific primers (Table 1) in the presence of SYBR Green (NZYSpeedy qPCR Green Master
Mix, Nzytech) using the 7500 Fast Real Time PCR System (Applied Biosystems, Waltham,
MA, USA). All analyses were performed in duplicate. A melting curve analysis was
performed for each reaction to control product quality and specificity. The expression levels
of Atrogin1, Murf1, and Myostatin transcripts were normalized to individual hypoxanthine-
guanine phosphoribosyltransferase (HPRT) expression using the ∆∆Ct method.

Table 1. Specific primers used for qPCR.

qPCR Primers Forward Reverse

HPRT GGCCAGACTTTGTTGGATTTG TGCGCTATCTTAGGCTTTGT

Atrogin1 AGATTCGCAAGCGTTTGATC GGGAAAGTGAGACGGAGCAG

Murf1 ATTGTAGAAGCCTCCAAGGG GGTGTTCTTCTTTACCCTCTGTG

Myostatin AGTGGATCTAAATGAGGGCAGT GTTTCCAGGCGCAGCTTAC

4.8. Histology

Skeletal muscle was sectioned frozen fresh at 8 µm. H&E staining was performed
using a standard protocol. Histological images were acquired with a Zeiss Axioplan2
microscope. Cross sectional area (CSA) of individual fibers was measured using ImageJ
1.53q software on 20× images. At least five randomly selected images were measured
per muscle.

4.9. Flow Cytometry

For monocytes studies, whole blood was used for flow cytometry analysis. Briefly,
50 µls of fresh collected blood per mouse were transferred into a cytometry tube, antibodies
were directly added to the tubes and incubated for 20 min at room temperature in the dark.
A total of 1 mL of BD FACS Lysing Solution was added, mixed and then allowed 10 min
to stand at room temperature in the dark. A total of 1 mL of PBS was added, centrifuged
for 5 min at 1400 rpm, then the supernatant was discarded and the wash was repeated
with PBS. We resuspended cells in 300 µls of PBS and which were then passed through
the cytometer. For lymphocytes studies, mononuclear cells were isolated using a standard
Ficoll protocol (250,000 cells/100 uls were used per staining). All antibodies, except for
anti-Foxp3, were directly added to the tubes and incubated for 20 min at room temperature
in the dark. After washing (add 1 mL PBS, centrifuge 5 min at 1400 rpm and discard
supernatant), the manufacturer´s instructions were followed (Kit Foxp3 Staining buffer set,
eBioscience) for permeabilization, incubation with the anti-FoxP3 antibody, and fixation
of the cells. Antibodies used are listed in Table 2 and were used according to manufac-
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turer´s instructions. Flow cytometry was performed using FACS Canto II (BD Biociences,
Franklin Lakes, NJ, USA) y Navios (Beckman Coulter, Brea, CA, USA) and analyzed with
FlowJo VX.

Table 2. Antibodies used for flow cytometry analysis.

Monocytes Panel Manufacturer Lymphocytes Panel Manufacturer

anti-CD11b-APC Fire BioLegend, San
Diego, CA, USA anti-CD4-APC Fire BioLegend

anti-Ly6C-PerCP BioLegend anti-CD3-PE BioLegend

anti-Ly6G-FITC BioLegend anti-CD25-APC BioLegend

anti-CD43-APC BioLegend anti-CD127/IL7Rα
BV421 BioLegend

anti-CCR2-PE BioLegend anti-CD8-PerCP BioLegend

anti-CX3CR1-BV421 Miltenyi Biotech, San
Diego, CA, USA anti-Foxp3-FITC eBioscience, Waltham,

MA, USA

4.10. Statistical Analyses

The results are expressed as mean ± SD. Differences between groups were analyzed
using the unpaired two-tailed Mann–Whitney test or unpaired two tailed t-test of the Graph
Pad Prism program. Statistical significance was accepted at a p value < 0.05.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241613005/s1.

Author Contributions: Conceptualization, M.F., M.T.A.-O. and J.A.L.-M.; methodology and formal
analysis, M.T.A.-O., E.M. and M.F.; investigation, M.T.A.-O. and E.M.; resources, M.G. and J.A.N.S.;
writing—original draft preparation, M.F., M.T.A.-O. and J.A.L.-M.; writing—review and editing, M.F.;
project administration, M.F.; funding acquisition, J.A.L.-M. and L.P.-A. All authors have read and
agreed to the published version of the manuscript.

Funding: This work has been funded by Instituto de Salud Carlos III (ISCIII) through the project
“PI19/01422” and co-funded by the European Union.

Institutional Review Board Statement: This study was approved by the Ethics Committee of the
“12 de Octubre” University Hospital (Ref. 10/294), and it was performed in accordance with the
Declaration of Helsinki International Conference on Harmonization and Good Clinical Practice.
For the animal studies, the Bioethical Committee of the Universidad Autónoma de Madrid and
the competent authority approved the experimental protocol (Ref PROEX 218/19). All animal
manipulations were made in accordance with the European Union guidelines.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All relevant data is contained within the article or Supplementary
Material. If more information is required, it is available on request from the corresponding authors.

Acknowledgments: We would like to thank the patients who participated in this study. We also thank
Agustín Muñoz Morano and Vicente Minguez Novillo, from the Pathology Department, for their
technical support in muscle studies, Irene Otero and Diego Jara for their support, and investigators
cited in the text for providing cell lines.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/ijms241613005/s1
https://www.mdpi.com/article/10.3390/ijms241613005/s1


Int. J. Mol. Sci. 2023, 24, 13005 15 of 16

References
1. Baracos, V.E.; Martin, L.; Korc, M.; Guttridge, D.C.; Fearon, K.C.H. Cancer-associated cachexia. Nat. Rev. Dis. Primers 2018, 4, 17105.

[CrossRef] [PubMed]
2. Dolly, A.; Dumas, J.F.; Servais, S. Cancer cachexia and skeletal muscle atrophy in clinical studies: What do we really know? J.

Cachexia Sarcopenia Muscle 2020, 11, 1413–1428. [CrossRef]
3. Marceca, G.P.; Londhe, P.; Calore, F. Management of Cancer Cachexia: Attempting to Develop New Pharmacological Agents for

New Effective Therapeutic Options. Front. Oncol. 2020, 10, 298. [CrossRef] [PubMed]
4. Siff, T.; Parajuli, P.; Razzaque, M.S.; Atfi, A. Cancer-Mediated Muscle Cachexia: Etiology and Clinical Management. Trends

Endocrinol. Metab. 2021, 32, 382–402. [CrossRef]
5. Fearon, K.C. Cancer cachexia and fat-muscle physiology. N. Engl. J. Med. 2011, 365, 565–567. [CrossRef]
6. Argiles, J.M.; Lopez-Soriano, F.J.; Stemmler, B.; Busquets, S. Therapeutic strategies against cancer cachexia. Eur. J. Transl. Myol.

2019, 29, 7960. [CrossRef] [PubMed]
7. McKeaveney, C.; Maxwell, P.; Noble, H.; Reid, J. A Critical Review of Multimodal Interventions for Cachexia. Adv. Nutr. 2021, 12,

523–532. [CrossRef]
8. Argiles, J.M.; Lopez-Soriano, F.J.; Stemmler, B.; Busquets, S. Cancer-associated cachexia—Understanding the tumour macroenvi-

ronment and microenvironment to improve management. Nat. Rev. Clin. Oncol. 2023, 20, 250–264. [CrossRef]
9. Cala, M.P.; Agullo-Ortuno, M.T.; Prieto-Garcia, E.; Gonzalez-Riano, C.; Parrilla-Rubio, L.; Barbas, C.; Díaz-García, C.V.; García, A.;

Pernaut, C.; Adeva, J.; et al. Multiplatform plasma fingerprinting in cancer cachexia: A pilot observational and translational
study. J. Cachexia Sarcopenia Muscle 2018, 9, 348–357. [CrossRef]

10. Platten, M.; Nollen, E.A.A.; Rohrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in
cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef]

11. Lanser, L.; Kink, P.; Egger, E.M.; Willenbacher, W.; Fuchs, D.; Weiss, G.; Kurz, K. Inflammation-Induced Tryptophan Breakdown is
Related With Anemia, Fatigue, and Depression in Cancer. Front. Immunol. 2020, 11, 249. [CrossRef] [PubMed]

12. Laviano, A.; Meguid, M.M.; Cascino, A.; Molfino, A.; Rossi Fanelli, F. Tryptophan in wasting diseases: At the crossing between
immune function and behaviour. Curr. Opin. Clin. Nutr. Metab. Care 2009, 12, 392–397. [CrossRef] [PubMed]

13. Ninomiya, S.; Nakamura, N.; Nakamura, H.; Mizutani, T.; Kaneda, Y.; Yamaguchi, K.; Matsumoto, T.; Kitagawa, J.; Kanemura,
N.; Shiraki, M.; et al. Low Levels of Serum Tryptophan Underlie Skeletal Muscle Atrophy. Nutrients 2020, 12, 978. [CrossRef]
[PubMed]

14. Le Naour, J.; Galluzzi, L.; Zitvogel, L.; Kroemer, G.; Vacchelli, E. Trial watch: IDO inhibitors in cancer therapy. Oncoimmunology
2020, 9, 1777625. [CrossRef] [PubMed]

15. Tang, S.; Wang, J.; Yu, S. IDO in Colorectal Tumorigenesis: Involvement of Immune Tolerance and Significance in Prevention and
Therapy. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 1503–1504. [CrossRef]

16. Long, G.V.; Dummer, R.; Hamid, O.; Gajewski, T.F.; Caglevic, C.; Dalle, S.; Arance, A.; Carlino, M.S.; Grob, J.-J.; Kim, T.M.; et al.
Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with unresectable or metastatic melanoma
(ECHO-301/KEYNOTE-252): A phase 3, randomised, double-blind study. Lancet Oncol. 2019, 20, 1083–1097. [CrossRef]

17. Talbert, E.; Lewis, H.L.; Farren, M.R.; Ramsey, M.L.; Chakedis, J.M.; Rajasekera, P.; Haverick, E.; Sarna, A.; Bloomston, M.; Pawlik,
T.M.; et al. Circulating monocyte chemoattractant protein-1 (MCP-1) is associated with cachexia in treatment-naive pancreatic
cancer patients. J. Cachexia Sarcopenia Muscle 2018, 9, 358–368. [CrossRef]

18. Ju, J.E.; Kim, M.-S.; Kang, J.H.; Lee, J.Y.; Lee, M.S.; Kim, E.H.; Chung, N.; Jeong, Y.K. Potential role of immunological factors in
early diagnosis of cancer cachexia in C26 tumor-bearing mice. Appl. Biol. Chem. 2019, 62, 1–9. [CrossRef]

19. Baczek, J.; Silkiewicz, M.; Wojszel, Z.B. Myostatin as a Biomarker of Muscle Wasting and other Pathologies-State of the Art and
Knowledge Gaps. Nutrients 2020, 12, 2401. [CrossRef]

20. Martin, A.; Gallot, Y.S.; Freyssenet, D. Molecular mechanisms of cancer cachexia-related loss of skeletal muscle mass: Data
analysis from preclinical and clinical studies. J. Cachexia Sarcopenia Muscle 2023, 14, 1150–1167. [CrossRef]

21. Akagawa, M. Protein carbonylation: Molecular mechanisms, biological implications, and analytical approaches. Free. Radic. Res.
2021, 55, 307–320. [CrossRef] [PubMed]

22. Ábrigo, J.; Elorza, A.A.; Riedel, C.A.; Vilos, C.; Simon, F.; Cabrera, D.; Estrada, L.; Cabello-Verrugio, C. Role of Oxidative Stress as
Key Regulator of Muscle Wasting during Cachexia. Oxidative Med. Cell. Longev. 2018, 2018, 2063179. [CrossRef] [PubMed]

23. Jia, L.; Schweikart, K.; Tomaszewski, J.; Page, J.G.; Noker, P.E.; Buhrow, S.A.; Reid, J.M.; Ames, M.M.; Munn, D.H. Toxicology
and pharmacokinetics of 1-methyl-d-tryptophan: Absence of toxicity due to saturating absorption. Food Chem. Toxicol. 2008, 46,
203–211. [CrossRef] [PubMed]

24. Divanovic, S.; Sawtell, N.M.; Trompette, A.; Warning, J.I.; Dias, A.; Cooper, A.M.; Yap, G.S.; Arditi, M.; Shimada, K.; DuHadaway,
J.B.; et al. Opposing Biological Functions of Tryptophan Catabolizing Enzymes During Intracellular Infection. J. Infect. Dis. 2011,
205, 152–161. [CrossRef]

25. Chiarella, P.; Vulcano, M.; Bruzzo, J.; Vermeulen, M.; Vanzulli, S.; Maglioco, A.; Camerano, G.; Palacios, V.; Fernández, G.; Brando,
R.F.; et al. Anti-inflammatory pretreatment enables an efficient dendritic cell-based immunotherapy against established tumors.
Cancer Immunol. Immunother. 2007, 57, 701–718. [CrossRef]

26. Taillandier, D.; Polge, C. Skeletal muscle atrogenes: From rodent models to human pathologies. Biochimie 2019, 166, 251–269.
[CrossRef]

https://doi.org/10.1038/nrdp.2017.105
https://www.ncbi.nlm.nih.gov/pubmed/29345251
https://doi.org/10.1002/jcsm.12633
https://doi.org/10.3389/fonc.2020.00298
https://www.ncbi.nlm.nih.gov/pubmed/32195193
https://doi.org/10.1016/j.tem.2021.03.007
https://doi.org/10.1056/NEJMcibr1106880
https://doi.org/10.4081/ejtm.2019.7960
https://www.ncbi.nlm.nih.gov/pubmed/31019661
https://doi.org/10.1093/advances/nmaa111
https://doi.org/10.1038/s41571-023-00734-5
https://doi.org/10.1002/jcsm.12270
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.3389/fimmu.2020.00249
https://www.ncbi.nlm.nih.gov/pubmed/32153576
https://doi.org/10.1097/MCO.0b013e32832b73af
https://www.ncbi.nlm.nih.gov/pubmed/19465846
https://doi.org/10.3390/nu12040978
https://www.ncbi.nlm.nih.gov/pubmed/32244785
https://doi.org/10.1080/2162402X.2020.1777625
https://www.ncbi.nlm.nih.gov/pubmed/32934882
https://doi.org/10.1016/j.jcmgh.2021.06.021
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1002/jcsm.12251
https://doi.org/10.1186/s13765-019-0417-5
https://doi.org/10.3390/nu12082401
https://doi.org/10.1002/jcsm.13073
https://doi.org/10.1080/10715762.2020.1851027
https://www.ncbi.nlm.nih.gov/pubmed/33183115
https://doi.org/10.1155/2018/2063179
https://www.ncbi.nlm.nih.gov/pubmed/29785242
https://doi.org/10.1016/j.fct.2007.07.017
https://www.ncbi.nlm.nih.gov/pubmed/17868966
https://doi.org/10.1093/infdis/jir621
https://doi.org/10.1007/s00262-007-0410-4
https://doi.org/10.1016/j.biochi.2019.07.014


Int. J. Mol. Sci. 2023, 24, 13005 16 of 16

27. Cervenka, I.; Agudelo, L.Z.; Ruas, J.L. Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health.
Science 2017, 357, eaaf9794. [CrossRef]

28. Holmgaard, R.B.; Zamarin, D.; Munn, D.H.; Wolchok, J.D.; Allison, J.P. Indoleamine 2,3-dioxygenase is a critical resistance
mechanism in antitumor T cell immunotherapy targeting CTLA-4. J. Exp. Med. 2013, 210, 1389–1402. [CrossRef]

29. Takamatsu, M.; Hirata, A.; Ohtaki, H.; Hoshi, M.; Ando, T.; Ito, H.; Hatano, Y.; Tomita, H.; Kuno, T.; Saito, K.; et al. Inhibition of
indoleamine 2,3-dioxygenase 1 expression alters immune response in colon tumor microenvironment in mice. Cancer Sci. 2015,
106, 1008–1015. [CrossRef]

30. Kiank, C.; Zeden, J.-P.; Drude, S.; Domanska, G.; Fusch, G.; Otten, W.; Schuett, C. Psychological Stress-Induced, IDO1-Dependent
Tryptophan Catabolism: Implications on Immunosuppression in Mice and Humans. PLoS ONE 2010, 5, e11825. [CrossRef]

31. Gomez-Cabrera, M.-C.; Domenech, E.; Viña, J. Moderate exercise is an antioxidant: Upregulation of antioxidant genes by training.
Free. Radic. Biol. Med. 2008, 44, 126–131. [CrossRef] [PubMed]

32. Ristow, M.; Zarse, K.; Oberbach, A.; Klöting, N.; Birringer, M.; Kiehntopf, M.; Stumvoll, M.; Kahn, C.R.; Blüher, M. Antioxidants
prevent health-promoting effects of physical exercise in humans. Proc. Natl. Acad. Sci. USA 2009, 106, 8665–8670. [CrossRef]
[PubMed]

33. Laviano, A.; Meguid, M.M.; Preziosa, I.; Fanelli, F.R. Oxidative stress and wasting in cancer. Curr. Opin. Clin. Nutr. Metab. Care
2007, 10, 449–456. [CrossRef] [PubMed]

34. Petermann, M.; Orfanos, Z.; Sellau, J.; Gharaibeh, M.; Lotter, H.; Fleischer, B.; Keller, C. CCR2 Deficiency Impairs Ly6Clo and
Ly6Chi Monocyte Responses in Orientia tsutsugamushi Infection. Front. Immunol. 2021, 12, 670219. [CrossRef] [PubMed]

35. Hao, Q.; Vadgama, J.V.; Wang, P. CCL2/CCR2 signaling in cancer pathogenesis. Cell Commun. Signal. 2020, 18, 82. [CrossRef]
[PubMed]

36. Kadomoto, S.; Izumi, K.; Mizokami, A. Roles of CCL2-CCR2 Axis in the Tumor Microenvironment. Int. J. Mol. Sci. 2021, 22, 8530.
[CrossRef]

37. Burfeind, K.G.; Zhu, X.; Norgard, M.A.; Levasseur, P.R.; Huisman, C.; Buenafe, A.C.; Olson, B.; Michaelis, K.A.; Torres, E.R.S.;
Jeng, S.; et al. Circulating myeloid cells invade the central nervous system to mediate cachexia during pancreatic cancer. eLife
2020, 9, e54095. [CrossRef]

38. Ohue, Y.; Nishikawa, H. Regulatory T (Treg) cells in cancer: Can Treg cells be a new therapeutic target? Cancer Sci. 2019, 110,
2080–2089. [CrossRef]

39. Liu, W.; Putnam, A.L.; Xu-Yu, Z.; Szot, G.L.; Lee, M.R.; Zhu, S.; Gottlieb, P.A.; Kapranov, P.; Gingeras, T.R.; de St Groth, B.F.; et al.
CD127 expression inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J. Exp. Med. 2006, 203,
1701–1711. [CrossRef]

40. Létourneau, S.; Krieg, C.; Pantaleo, G.; Boyman, O. IL-2– and CD25-dependent immunoregulatory mechanisms in the homeostasis
of T-cell subsets. J. Allergy Clin. Immunol. 2009, 123, 758–762. [CrossRef]

41. Hawkins, C.L.; Morgan, P.E.; Davies, M.J. Quantification of protein modification by oxidants. Free. Radic. Biol. Med. 2009, 46,
965–988. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1111/cas.12705
https://doi.org/10.1371/journal.pone.0011825
https://doi.org/10.1016/j.freeradbiomed.2007.02.001
https://www.ncbi.nlm.nih.gov/pubmed/18191748
https://doi.org/10.1073/pnas.0903485106
https://www.ncbi.nlm.nih.gov/pubmed/19433800
https://doi.org/10.1097/MCO.0b013e328122db94
https://www.ncbi.nlm.nih.gov/pubmed/17563463
https://doi.org/10.3389/fimmu.2021.670219
https://www.ncbi.nlm.nih.gov/pubmed/34290699
https://doi.org/10.1186/s12964-020-00589-8
https://www.ncbi.nlm.nih.gov/pubmed/32471499
https://doi.org/10.3390/ijms22168530
https://doi.org/10.7554/eLife.54095
https://doi.org/10.1111/cas.14069
https://doi.org/10.1084/jem.20060772
https://doi.org/10.1016/j.jaci.2009.02.011
https://doi.org/10.1016/j.freeradbiomed.2009.01.007
https://www.ncbi.nlm.nih.gov/pubmed/19439229

	Introduction 
	Results 
	Murine Models for the Study of Cancer-Associated Cachexia Recapitulate Human Disease 
	Plasma of Cachectic Cancer Patients and Tumor-Bearing Mice Showed Reduced Tryptophan Levels 
	1-Methyl-Tryptophan Treatment Modifies Tryptophan Metabolism and Ameliorates Inflammation Signs in Tumor-Bearing Mice 
	Muscle Deteriorates with 1-MT Treatment 

	Discussion 
	Materials and Methods 
	Patient Cohorts and Samples 
	Cell Culture 
	Animal Experiments 
	1-Methyl-Tryptophan Administration 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Oxidative Stress Assays 
	Reverse Transcriptase Quantitative PCR 
	Histology 
	Flow Cytometry 
	Statistical Analyses 

	References

