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Abstract
Background  Adipose and muscle tissue wasting outlines the cachectic process during tumor progression. The 
sympathetic nervous system (SNS) is known to promote tumor progression and research suggests that it might also 
contribute to cancer-associated cachexia (CAC) energetic expenditure through fat wasting.

Methods  We sympathectomized L5178Y-R tumor-bearing male BALB/c mice by intraperitoneally administering 
6-hydroxydopamine to evaluate morphometric, inflammatory, and molecular indicators of CAC and tumor 
progression.

Results  Tumor burden was associated with cachexia indicators, including a 10.5% body mass index (BMI) decrease, 
40.19% interscapular, 54% inguinal, and 37.17% visceral adipose tissue loss, a 12% food intake decrease, and 
significant (p = 0.038 and p = 0.0037) increases in the plasmatic inflammatory cytokines IL-6 and IFN-γ respectively. 
Sympathectomy of tumor-bearing mice was associated with attenuated BMI and visceral adipose tissue loss, 
decreased interscapular Ucp-1 gene expression to basal levels, and 2.6-fold reduction in Mmp-9 relative gene 
expression, as compared with the unsympathectomized mice control group.

Conclusion  The SNS contributes to CAC-associated morphometric and adipose tissue alterations and promotes 
tumor progression in a murine model.

Keywords  Cancer cachexia, Lymphoma, Sympathetic nervous system, Adrenergic system, Inflammation, 
Sympathectomy
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Introduction
Cancer-associated cachexia (CAC) is a wasting syn-
drome characterized by weight loss, and muscle and 
adipose tissue depletion that is not reversed by a stan-
dard nutritional approach. Cancer cachexia profoundly 
affects quality of life of patients and may interfere with 
their ability to cope with anticancer treatments [1]. It is 
also defined as an inflammatory state characterized by 
elevated levels of pro-inflammatory cytokines in serum 
[2]. Cancer cachexia is prevalent among various cancers, 
including solid tumors and hematological cancers such 
as lymphomas, contributing to patient outcomes, includ-
ing survival [3, 4]. Although adipose tissue wasting is 
attributed to many factors, the mechanisms underlying 
CAC-related white adipose tissue lipolysis and brown 
fat browning remain to be elucidated. In this regard, the 
sympathetic nervous system (SNS) is known to regulate 
adipose tissue deposits through beta-adrenergic recep-
tor activation by norepinephrine (NE). Previous studies 
have highlighted the role of interscapular adipose tis-
sue browning and the role of β-3 adrenergic receptors 
in CAC. Petruzelli [5] et al. demonstrated that adipose 
tissue browning was an early event in CAC and that the 
β-3 adrenergic blocker SR 59230A attenuated adipose 
tissue browning in a melanoma tumor model. In addi-
tion, Jin [6] et al. used a chemical variant of L-748,337, 
a β-3 adrenergic antagonist, and observed a decrease in 
serum glycerol in C26 tumor-bearing mice. Furthermore, 
studies have shown that NE promotes tumor progression 
through most hallmarks of cancer by adrenergic β-1, 2 
receptor activation [7]. We have previously demonstrated 
changes in cachexia-associated indicators, including 
adipose tissue depletion, reduced food intake, and mor-
phological alterations in L5178Y-R lymphoma-bearing 
BALB/c mice, and have consistently observed increased 
plasmatic NE levels in this model, suggesting that tumors 
may act as a stressor and activate the SNS pathway dur-
ing cancer progression [8]. Up to 35% of non-Hodgkin 
lymphoma (NHL) patients will develop cachexia, and its 
progression is assessed using their weight and BMI as 
markers [9]. Despite studies on sympathectomy or beta-
blockers treatment in lymphoma patients are scarce, it 
has been observed that beta-blockers prevent cardiotox-
icity from chemotherapy in NHL patients [10]. Although 
the mechanisms remain to be elucidated, beta-blockers 
may be targeting abnormal lipid metabolism, a feature of 
cancer that has been found associated with resistance to 
chemotherapy [11]. The ectopic lymphoma model used 
in our study displays sufficient cachectic features, mak-
ing it useful for exploring the contribution of the SNS to 
cancer cachexia. Regardless of the precise mechanisms 
mediating tumor-induced activation of the SNS, studies 
in lymphoma patients have found autonomic dysfunction 
that disappears in cured patients [12]. This autonomic 

dysfunction might lead to a hyperactive SNS with 
increased NE secretion to the bloodstream [13]. Further-
more, the dense sympathetic innervation in the mouse 
hind limb muscles [14], provides a microenvironment 
where the tumor mass may interact with sympathetic 
nerves and a useful model to determine the potential of 
a tumor mass to activate the SNS. It also shows its rel-
evance for tumor-associated syndromes such as cachexia.

Supported by previous observations of elevated plas-
matic NE and cachectic features in this tumor model, 
our aim was to explore the SNS contribution to adipose 
tissue wasting and cancer progression in the L5178Y-R 
murine model. To achieve this, we performed peripheral 
sympathectomy, using the neurotoxin 6-hydroxydopa-
mine (6-OHDA), which specifically targets sympathetic 
innervation and does not cross the blood-brain barrier. 
We used a transplantable tumor model, subcutaneously 
implanted on the mouse hind limb. To assess the extent 
of SNS contribution to tumor progression and cachexia, 
we evaluated morphological parameters of interscapular 
adipose tissue, plasma inflammation cytokines, and the 
composition of brown, beige, and white adipose tissue 
deposits, as well as tumor progression indicators.

Materials & methods
Animals
We used 10- to 12-week-old male BALB/c mice, obtained 
from the animal facility at Facultad de Ciencias Biológi-
cas, Universidad Autónoma de Nuevo León (UANL), 
México. Mice were kept in microventilated cages with 
access to food and water ad libitum, under a 12-hour 
light/dark cycle, at a controlled temperature of 22 °C and 
45% relative humidity. Cages were enriched with card-
board tubes for mouse recreation. All experiments com-
plied with Mexican regulation NOM-062-ZOO-1999 
and were approved by the UANL Research Ethics and 
Animal Welfare Committee (CEIBA-2021-003). Mice 
were randomly distributed into the tumor-free (n = 6), 
tumor free + sympathectomy (n = 6), tumor (n = 6), and 
tumor + sympathectomy (n = 5) groups, which were kept 
in cages one week before sympathectomy for acclimatiza-
tion. Researchers were aware of the identity of the animal 
groups and their respective treatments throughout the 
experiments.

Tumor model
For tumor experiments, the murine lymphoma L5178Y-
R cell line (female mouse DBA/2 lymphoma) was pur-
chased from The American Type Culture Collection 
(Rockville, MD, USA) and maintained in culture flasks 
with RPMI 1640 medium supplemented with 10% fetal 
bovine serum (FBS), 1% L-glutamine, and 0.5% penicillin-
streptomycin solution from Sigma-Aldrich (St. Louis, 
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MO, USA) at 37  °C and 5% CO2 in air, in a humidified 
atmosphere.

Sympathectomy and tumor implantation
Chemical sympathectomy was performed by intraperito-
neal injection of two doses of 100  mg/kg (body weight) 
6-OHDA (Sigma-Aldrich) on two consecutive days. Sym-
pathectomy was considered complete four days after the 
initial dose, showing reduced NE in the spleen as previ-
ously reported [15]. Tumors were implanted six days 
after the second dose of 6-OHDA. L5178Y-R cells were 
subcutaneously implanted in the mouse posterior right 
hindlimb muscles by injecting 2 × 106 cells in 100 µL of 
phosphate-buffered saline; tumor-free animals received 
only the vehicle.

To adhere to humane endpoint criteria, mice welfare 
was monitored at least twice daily, following internal 
guidelines. Humane endpoints included tumor dimen-
sions exceeding 20  mm in any direction, signs of pain 
or sickness behaviors, abdominal distention, a low body 
score condition, or other indications of suffering.

Body weight and body mass index calculation
Mouse body weight was measured every second day 
using a digital scale and final body weight was corrected 
by subtracting the excised tumor mass weight. Mice body 
mass index (BMI), also known as the Lee index, was cal-
culated at the endpoint, as the product of dividing the 
corrected body weight between the square of the nose-
anus length [16].

Daily and total food and water intake
Food and water intake were measured at days 9, 11, 13, 
15, 17 and 19. A fixed amount of food and water were 
placed in the cage and two days later the remaining 
amounts were calculated, individual intake by time point 
was calculated as the difference between the initial and 
remaining amounts of food and water, divided by the 
number of mice by cage. For statistical analysis, intake 
by time points were compared between experimental 
groups. Food was weighed using a digital scale and water 
was measured using a 100 mL graduated cylinder. To 
prevent social isolation stress, the animals of each experi-
mental group were kept together in a cage.

Tumor progression
Tumor volume was determined by measuring the length 
and width of the tumor mass with a digital caliper 
(Fischer Scientific, Hampton, NH, USA) every third day. 
To calculate tumor volume, the following formula was 
used: tumor volume (mm3) = 1/2 (length x width2). After 
mice were euthanized, tumors were excised and weighed 
on an analytical scale.

Mmp-2, Mmp-9, and Ucp-1 gene expression
Total RNA was extracted from the excised tumors, using 
the QIAzol lysis reagent (Qiagen Sciences, Frederick, 
MD, USA) and following manufacturer´s instructions. 
RNA concentration was quantified to ensure DNA purity. 
The A260/280 ratio was assessed using a NanoDrop 2000 
(Thermo Fisher Scientific, Waltman, MA, USA). Two 
micrograms of RNA were retrotranscribed to comple-
mentary DNA, using the High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific). The relative 
expression of Mmp-2 and Mmp-9 was determined using 
the TaqMan probes for Mmp-2 and Mmp-9 (assay num-
bers MM00439498_M1 and MM00442991_M1 respec-
tively), and Gapdh as housekeeping gene (assay number 
Mm99999915_g1). For Ucp-1 gene expression analysis, 
primers were designed for mouse Ucp-1 as follows: for-
ward 5´ AGT ACC CAA GCG TAC CAA GC-3´ and 
reverse 5´ TCG TGG TCT CCC AGC ATA GA-3´ for a 
248 amplicon. As an endogenous gene, beta-actin prim-
ers were designed as follows: forward 5´ TGA GCT GCG 
TTT TAC AC CCT-3´ and reverse 5´GCC TTC ACC 
GTT CCA GTT TTT-3´ for a 198 pb amplicon. All prim-
ers were purchased from Integrated DNA Technologies 
(Coralville, IA, USA). Real-time PCR reactions were set 
following the GoTaq qPCR Master Mix (Promega Madi-
son, WI, USA) instructions. Duplicated reactions were 
run in a 7500 Real-Time PCR System (Applied Biosys-
tems, Waltham, MA, USA). Melting curve assay was per-
formed to ensure primer specificity. Data were analyzed 
with the 2(−∆∆Ct) formula, using the Livak method [17].

Interscapular adipose tissue histological analysis
Excised interscapular adipose tissue was fixed in 10% 
formaldehyde for 72 h, washed in PBS, and stored in 70% 
ethanol at 4 °C, until use. Samples were embedded in par-
affin and stained by the hematoxylin and eosin method. 
Histological preparations were produced and digitized 
images were obtained by a camera under a 40X/0.65 
objective microscope (Carl Zeiss, Göttingen, Germany). 
Images were analyzed (three photographs per tissue) by 
the Image J software (NIH ImageJ; NIH, Bethesda, MD, 
USA). The Adiposoft plugin was used to calculate the cel-
lular area [18].

Sample collection
Animals were anesthetized with an intraperitoneal dose 
administration of 30  mg/kg pentobarbital, followed by 
cardiac puncture with a one-milliliter syringe and a 27 G 
x 13 mm Luer Lock needle with traces of EDTA. Blood 
was collected in a 1.5 mL microtube, centrifuged at 
5000  rpm for 10 min, and stored at -80  °C. After blood 
collection, anesthetized animals were euthanized by cer-
vical dislocation. Tumor, adipose tissue, and the gastroc-
nemius muscle were excised and stored at -80 °C.
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Plasmatic cytokines
Plasma levels of IL-6, IL-10, IL-12p70, IFN-γ, TNF-α, and 
MCP-1 were quantified with the Cytometric Bead Array 
Mouse inflammation kit from BD Biosciences (San Jose, 
CA, USA), following the manufacturer´s instructions. 
Samples were processed in an Accuri 6 flow cytometer 
(BD Biosciences, Ann Arbor, MI, USA) and data were 
analyzed with the FCAP Array Software V 3.0 (Soft Flow 
Hungary, Ltd., Pécs, Hungary).

Statistical analysis
Normality distribution was determined by the Kol-
mogorov-Smirnov test. Parametric determinations were 
evaluated using a one-way ANOVA, followed by planned 
multiple comparisons with the Bonferroni correction to 
compare tumor-free vs. tumor-free + sympathectomy, 
tumor free vs. tumor, and tumor vs. tumor + sympathec-
tomy. For non-parametric evaluations, we applied the 
Kruskal-Wallis test, followed by Dunn’s planned com-
parisons. For body weight analysis, a one-way repeated 
measures ANOVA was performed with between-groups 
comparison. For metalloproteinase gene expression, each 
gene was independently compared with the control by 
the Dunn test.

Results
Body weight
We observed a significant decrease in body weight in 
sympathectomized mice 24  h after the intervention. 
The sympathectomized groups decreased 17.3% (tumor-
free + sympathectomy) and 12.36% (tumor + sympa-
thectomy) their body weight following sympathectomy 
on days 3 (p = 0.011) and 5 (p = 0.03), a weight that was 
recovered by day 7 (Fig. 1a). We did not observe signifi-
cant changes in body weight after tumor implantation.

Body mass index (BMI)
To calculate the BMI, excised tumors were subtracted for 
weight correction. We showed a significant (p = 0.033) 
10.5% decrease in BMI associated with tumor burden, 
observing a BMI of 0.38 g/cm2 compared with a 0.42 g/
cm2 BMI in the tumor-free group. Recovery of the BMI 
was observed in the sympathectomy + tumor group with 
a BMI of 0.43 g/cm2 (Fig. 1b).

Food and water intake
After sympathectomy, both groups showed decreas-
ing food and water intake, which was recovered by day 
7. Since tumor implantation was performed on day 9, we 
calculated the total food intake starting from day 9. All 
groups showed a food intake ranging from 10.5 to 11.1 g 
per time point. The tumor and tumor + sympathectomy 
groups’ food intake was below ten grams per time point, 
at day 15. Animals in the tumor group consumed 9.58 g 
per time point, as compared with 11.58 g for animals in 
the tumor-free group as shown in Tables 1 and 2 (supple-
mentary material). We also found a significant (p = 0.03) 
reduction in tumor-associated food intake, from 11.22 to 
9.82 g (12% reduction), as compared with the tumor-free 
group (Fig.  2a). We did not observe a significant differ-
ence in water intake between the groups (Fig. 2b).

Body fat and muscle content
Significant (p = 0.001, p = 0.0007, and p = 0.0085) body fat 
decreases were observed in the tumor-bearing group for 
interscapular (40.19% reduction), inguinal (54% reduc-
tion), and visceral fat (37.17% reduction) body deposits, 
as compared with tumor-free mice. Furthermore, visceral 
sympathectomy significantly (p = 0.05) attenuated vis-
ceral fat loss in animals of the tumor + sympathectomy 
group, with an increase in visceral fat, as compared with 
the tumor-bearing group. We also observed a signifi-
cant (p = 0.0097) increase in interscapular adipose tissue 
percentage in tumor-free sympathectomized animals, 

Fig. 1  Body weight and BMI in sympathectomized and tumor-bearing mice. Sympathectomy (SYMP) was performed in tumor-bearing and tumor-free 
(TF) mice (a) Body weight gain is expressed as a percentage relative to body weight at day − 4. Dotted lines mark the day of sympathectomy and tumor 
implantation, respectively and (b) tumor weight was subtracted from body weight for BMI calculations. Values are expressed as the mean ± SEM of 5–6 
mice from a representative experiment. *p ≤ 0.05
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as compared with animals of the tumor-free group 
(p = 0.0097), indicating attenuation of basal thermogen-
esis (Fig.  3a). No statistical differences were observed 
in gastrocnemius or muscle content among the groups 
(Fig. 3b).

Adipocyte size and Ucp-1 gene expression in interscapular 
brown adipose (iBAT) tissue
Adipocyte area size in pixels and adipose tissue content 
significantly (p = 0.003) increased in the tumor-free + sym-
pathectomy group, as compared with the tumor-free 
group. We did not observe statistical differences in adi-
pocyte size in the rest of the comparisons (Fig.  3c). In 
addition, a 6.2-fold significant (p = 0.03) increase in 
Ucp-1 gene expression in the tumor group was observed. 
Furthermore, iBAT Ucp-1 relative gene expression was 
recovered (p = 0.01) to a 1.06-fold in tumor-bearing sym-
pathectomized mice (Fig. 3d).

Pro-inflammatory cytokines
Plasmatic levels of IL-6 and IFN-γ significantly (p = 0.038 
and p = 0.0037, respectively) increased in tumor-bearing 
mice, as compared with the tumor-free control group. 
We did not observe significant changes in TNF-α, IL-10, 
MCP-1, and IL-12p70 cytokine levels (Fig. 4).

Tumor volume, tumor final weight, and Mmp-2, Mmp-9 
gene expression
We did not show significant differences in final tumor 
volume and weight between the sympathectomized and 
non-sympathectomized groups (Fig.  5a and b). In the 
tumor + sympathectomy group, one mouse did not grow 
a tumor and was discarded. As for molecular indicators 
of tumor progression, tumor Mmp-2 gene expression was 
unaffected by sympathectomy, whereas tumor Mmp-9 
gene expression had a significant (p = 0.025) 2.267-fold 
decrease (Fig. 5c).

Discussion
Cancer-associated cachexia is a wasting syndrome char-
acterized by weight loss and muscle and adipose tissue 
depletion [1]. In the present study, we used sympathec-
tomy in a mouse model of lymphoma to investigate the 
role of the SNS in the development of cachexia. We 
found that sympathectomy reversed a decrease in BMI 
associated with tumor burden. The SNS is known to 
regulate fat content in white adipose tissue deposits 
through lipolysis and thermogenesis activation in brown 
adipose tissue [19]. In our murine model, adipose tissue 
wasting was evident in three different deposits but sym-
pathectomy did not revert this effect in the interscapu-
lar or inguinal fat deposit. We observed that visceral fat 
depletion was attenuated in sympathectomized tumor-
bearing mice, which may partially explain BMI recovery. 
Since there was no statistical difference in the gastrocne-
mius muscle or heart weight, our cachexia model may be 
characterized by adipose tissue but not muscle depletion. 
Although we measured the three major adipose tissue 
deposits, a more sensitive technique such as MRI may 
provide us with a more precise evaluation of changes in 
adipose tissue deposits and skeletal muscles. In addition, 
the L5178Y-R tumor takes approximately 10 d to reach 
the humane endpoint based on tumor volume, limiting 
the time frame for observation. We also observed that the 
weight of interscapular adipose tissue, a major deposit of 
BAT in mice, was greater in the sympathectomy group 
among the tumor-free groups. This might be explained 
by the effect of baseline thermogenesis required to reg-
ulate the mouse body temperature under laboratory 
conditions since mouse thermoneutrality is closer to 
32  °C and has been reported to increase up to 37  °C in 
tumor-bearing mice [20]. In contrast, sympathectomy 
did not prevent iBAT depletion in tumor-bearing mice, 
which suggests that other lipolytic factors, antitumor sys-
temic cytokines, or the tumor secretome, might also be 
responsible for iBAT depletion in tumor-bearing mice. 

Fig. 2  Food and water intake. Food (a) and water (b) intake were measured at days 9, 11, 13, 15, 17 and 19 during the experiment for all experimental 
groups. A fixed amount of food and water were placed in the cage and two days later the remaining amounts were calculated. Individual intake by time 
point was calculated as the difference between the initial and remaining amounts of food and water in each cage, divided by the number of mice housed 
in the cage. Values are expressed as the mean ± SEM of 6 time points for each cage housing 6 mice from a representative experiment. *p ≤ 0.05
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Relative gene expression of Ucp-1, a molecular marker 
for thermogenesis, also increased in tumor-bearing ani-
mals, returning to basal levels in the sympathectomized 
mice. Ucp-1, also known as thermogenin, is involved in 
thermoregulation. In mice, iBAT is upregulated by the 
SNS, mostly through β-3 adrenergic receptors [21]. The 
immune antitumor response may potentially mediate 
cachexia features in the L5178Y-R model. In this regard, 
we measured a set of pro-inflammatory cytokines in 
plasma and observed increased levels of cachexia-asso-
ciated cytokines. Particularly, IL-6 and IFN-γ plasmatic 
level increases were associated with tumor burden but 
remained elevated regardless of sympathectomy. In this 
regard, IL-6 also has been shown to induce fat wast-
ing and thermogenesis. In a study in the BALB/c mice 
colon 26 cancer model, both inguinal fat wasting and 

iBAT browning were observed, changes that were pre-
vented by anti-IL-6 antibodies [22]. This finding, along 
with the fact that iBAT activation is inhibited by sym-
pathectomy only in the tumor-free group, suggests that 
iBAT activation in our tumor model might be driven by 
other tumor-induced factors, such as IL-6. Han [22] et 
al. also observed inguinal fat depletion associated with 
tumor burden and wasting attenuation due to anti-IL-6 
treatment in the C-26 colorectal cancer murine model. 
In the murine lymphoma model, we also observed ingui-
nal fat wasting that was not affected by sympathectomy. 
This might be explained by differences in tumor type 
and tumor implantation site. In our model, the tumor is 
located closer to the inguinal deposit. In addition, inter-
scapular, inguinal, and visceral fat not only differ by their 
location but also in their functions. Whereas the main 

Fig. 3  Adipose and muscle wasting indicators. Adipose tissue content, adipocyte size and Ucp1 transcriptional expression were assessed in the tumor-
free (TF), tumor-bearing and sympathectomized (SYMP) groups. (a) Body fat percentage in different adipose tissue deposits. (b) Muscle body percentage 
in gastrocnemius and heart. (c) Adipocyte area size in interscapular adipose tissue (d) Ucp-1 relative expression in interscapular adipose tissue. Repre-
sentative images of histological preparations of interscapular adipose tissue in (e) tumor-free, (f) tumor-free + sympathectomy, (g) tumor-bearing, and 
(h) tumor-bearing + sympathectomy groups. Adipocyte area size was calculated using the Adiposoft plugin from image J. Data are expressed as the 
mean ± SEM of 5–6 mouse and 3–6 for Ucp-1 analysis from a representative experiment. *p ≤ 0.05
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role of the interscapular adipose tissue is thermogenesis, 
inguinal and visceral white fat mainly function as energy 
storage [23]. We also showed in tumor-bearing mice an 
increase in IFN-γ, a known inflammatory cytokine that is 
associated with cachexia in many types of cancers [24]. 
IFN-γ has been shown to participate in muscle wast-
ing and body weight loss in mice bearing the Lewis lung 
carcinoma [25]. In addition, IFN-γ expression has been 
observed in the mesenteric adipose tissue in the cachec-
tic Walker 256 rat model. Furthermore, an increase in 
Ifngr1, the IFN-γ receptor, has been associated with 
cachectic features, including weight loss and reduced 
food intake in Wistar rats [26]. In addition to IL-6, IFN-γ 
might also contribute to the morphometric alterations 
observed in iBAT and adipose tissue wasting in inguinal 
adipose tissue in our model. Regarding changes in eating 
behavior, anorexia is another important feature of CAC. 
We observed a 12% decrease in food intake in the tumor-
bearing groups. In a study in C57BL/6 mice bearing the 

cachectic CHX207 fibrosarcoma a 15% reduction in food 
intake was observed but no differences in water intake 
were found [27], similar to the findings in our study. In 
addition, inflammatory cytokines such as IL-6 have been 
shown to contribute to inflammation-induced anorexia 
in the hypothalamus [28]. The SNS is also involved in 
food intake regulation, specifically through β-3 adrener-
gic receptors in the central nervous system [29]. How-
ever, sympathectomy alone did not exert a statistically 
significant effect on food intake, suggesting that IL-6 
or other factors might be responsible for the anorexic 
effects observed in this particular tumor model. Regard-
ing tumor progression, it is well known that the SNS has 
a promoting role by directly affecting all hallmarks of 
cancer [7]. In our lymphoma cancer model, we did not 
observe changes in tumor volume or tumor final weights 
in the sympathectomized groups. This contrasts with the 
findings of Nissen [30] et al., who reported in a mouse 
model of B-cell lymphoma, that treatment with the 

Fig. 5  Tumor progression indicators. (a) Tumor volume and (b) tumor final weights in intact and sympathectomized (SYMP) mice. (c) Relative gene 
expression of the metalloproteinases Mmp-2 and Mmp-9 in tumor samples. Data are expressed as the mean ± SEM of 5–6 mice from a representative 
experiment. *p ≤ 0.05

 

Fig. 4  Inflammatory cytokines in tumor-bearing and sympathectomized mice. Plasmatic cytokines were quantified by flow cytometry in intact and 
sympathectomized (SYMP) tumor-free and tumor-bearing mice. Data are expressed as the mean ± SEM of 5–6 mice from a representative experiment. 
*p ≤ 0.05
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beta-adrenergic agonist isoprenaline, promoted tumor 
development, and suppressed proliferation, IFN-γ pro-
duction, and cytolytic activity by antigen-specific T 
cells. Conflicting findings have also been reported for 
the mouse melanoma B16 model, where sympathectomy 
has been associated either with increasing tumor weight 
and extended survival [6] or decreasing tumor weight 
[21]. Horvathova et al. also showed that expression of the 
Bcl-2 and Caspase-3 genes, which are related to apopto-
sis, increased after sympathectomy, providing a potential 
mechanism for the antitumoral effect observed [21].

Although no reduction in tumor size was found for 
sympathectomized tumor-bearing mice, we analyzed 
the relative gene expression of the metalloproteases 
Mmp-2 and Mmp-9 in tumors, aiming to identify early 
changes potentially relevant for tumor progression at the 
molecular level. We found that after sympathectomy the 
expression of Mmp-2 was unaffected, whereas expres-
sion of Mmp-9 decreased. Metalloproteins are relevant 
for several aspects of cancer progression, including inva-
sion, migration, and inflammation [31]. Previous reports 
in nude male Foxn mice bearing prostate cancer DU145 
tumor cells have shown that NE treatment did not influ-
ence tumor volume but increased Mmp-2 and Mmp-9 
protein expression, according to immunohistochemis-
try analysis [32] molecular markers for tumor proper-
ties such as invasiveness and metastasis may be useful 
for assessing tumor progression in addition to measuring 
tumor size. Interestingly, increasing Mmp-9 expression 
in cardiac and skeletal muscle has also been reported for 
cancer cachexia in the C26 adenocarcinoma model [33], 
suggesting its potential role in muscle changes associated 
to cachexia.

Our study has an important limitation. Our findings 
were obtained in a subcutaneous instead of an ortho-
topic tumor model of cancer. Although the subcutaneous 
L5178Y-R lymphoma shows distinct cachexia features, 
allowing us to explore the contribution of the SNS to this 
syndrome, orthotopic models are considered to better 
replicate the tumor microenvironment, thus becoming 
clinically more relevant than subcutaneous models.

Conclusions
In a mouse model of lymphoma that resembles cachexia 
features such as fat wasting, brown adipose tissue ther-
mogenesis, decreasing BMI, and food intake plus an 
elevation in plasmatic IL-6 and IFN-γ, the SNS contrib-
utes to the cachectic phenotype, promoting white but 
not brown adipose tissue wasting and upregulating the 
expression of genes relevant for tumor invasiveness dur-
ing cancer progression.
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