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Abstract

Background Preclinical rodent models are vital in cancer research, and enhancing their relevance reduces animal use.

Aim The aim of this pilot study was to determine if A549 lung cancer spheroids implanted into athymic nude mice will
change the serum metabolite profile and express serum cancer biomarkers.

Method Spheroid non-small cell carcinoma tumours were implanted into athymic nude mice. 'H-NMR metabolomics was
used to evaluate the serum metabolome. Specific cancer biomarkers were determined using commercial kits.

Results Tumours produced significant levels of selected serum cancer biomarkers, and the implanted tumours had changed
the serum metabolite profiles—mimicking human lung cancer profiles—which were significantly different from the non-
cancer control. Histological analysis confirmed characteristics of solid adenocarcinomas.

Conclusion The A549 spheroid-derived xenograft model demonstrates promise as a feasible and physiologically relevant

tool for non-small cell lung cancer research.
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1 Introduction

Lung cancer is a global health concern that affects millions
of people, with non-small cell lung cancer (NSCLC) being
the most prevalent type (Thandra et al., 2021). To combat
this disease, extensive research is being conducted in pre-
clinical settings to better understand its complexities and
develop more effective detection and treatment strategies
(Arnal-Estapé et al., 2021).
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Among the current in vitro models, three-dimensional
(3D) spheroids have gained popularity as self-assembled
cell agglomerates resembling a solid tumour structure (Pinto
et al., 2020). Spheroids are considered physiologically rel-
evant models because they replicate the 3D organisation
and cellular interactions within solid tumours (Shie et al.,
2023). Spheroids have some limitations, such as the absence
of a functioning circulatory system, which is important in
tumour biology research for studying long-term growth and
the observed metastatic potential (Kim et al., 2022). This
limitation complicates the investigation of tumour responses
to treatments reliant on vascular interactions and drug deliv-
ery systems (Monleon-Guinot et al., 2023). Consequently,
researchers often use complimentary techniques known as
xenografts, which is the subcutaneous or orthotopic inocu-
lation of cells in animals, particularly immunocompromised
rodents (Guerin et al., 2020).

Subcutaneous xenografts are valuable tools for drug effi-
cacy and toxicity evaluations after initial in vitro screening
(Pan et al., 2020; Choi et al., 2021; Jun et al., 2023). The
subcutaneous cell suspension inoculation A549 NSCLC
xenograft model is simple and well-documented for con-
venient tumour monitoring and measurement (Xu & Prest-
wich, 2010).
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However, implantation of spheroids into rodents as
models has shown to be more successful than using a cell
suspension (Szade et al., 2016; Huang et al., 2020; Choi et
al., 2021; Bastian et al., 2024). Integrating 3D cell cultures
and rodent models could remove some of the limitations of
current models (Guerin et al., 2020; Bastian et al., 2024).
The gap in knowledge of 3D or spheroid-derived xenograft
(SDX) in terms of growth rates, biochemistry and metabo-
lite profiles is a new field to be studied. Lung cancer bio-
markers and metabolites in subcutaneous xenograft models
and metabolic pathway alterations offer insights into tumour
metabolism and therapeutic targets (Szade et al., 2016). Bio-
markers like carcinoembryonic antigen (CEA) and carbo-
hydrate antigen 125 (CA-125) are crucial in various stages
of the disease (Saad et al., 2022). These biomarkers aid in
determining disease progression, evaluating treatment effi-
cacy, and predicting patient outcomes (Zhang et al., 2015).
Additionally, analysing alterations in metabolites linked
to lung cancer can show alterations and changes at the
molecular level to better understand the disease (Mason et
al., 2018). This insight aids in early detection, comprehen-
sion of tumour biology, identification of therapeutic targets,
and monitoring treatment responses, thereby contributing to
improved patient care and outcome (Guo et al., 2021).

An A549 NSCLC spheroid model was previously devel-
oped and characterised, and was shown to be metaboli-
cally stable and mature after 9 days in culture (Mabela et
al., 2024). The spheroids were homogenously round and
compact, and histological assessment showed that they pro-
duced mucin, which demonstrated the model’s physiologi-
cal relevance.

This pilot study aimed to determine if A549 spheroids
implanted into a mouse model will express cancer-specific
biomarkers and changes in metabolic pathways, relative to a
non-cancer control. This can be a novel approach for xeno-
graft studies to provide insights into cancer biology, cancer
metabolite profiling, and pharmacometabolomics.

2 Materials and methods

2.1 Cultivation and maintenance of A549 spheroids
in a clinostar™ system

The A549 non-small cell lung adenocarcinoma cell line
(ATCC® CCL-185™) was maintained in 10% foetal bovine
serum supplemented Ham’s F-12 K medium at standard
conditions (Cooper et al., 2016). Cells were cultured to
80-90% confluency and harvested with 0.25% Trypsin-
Versene. As previously established, 2.5x10° cells were
placed into a CelVivo ClinoReactor™ with supplemented
media and 0.06% v/v ascorbic acid (Mabela et al., 2024).
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The ClinoReactor™ was placed in a CelVivo ClinoStar™
system at standard culturing conditions to form spheroids
(van Niekerk et al., 2023). The rotation speed was moni-
tored to accommodate spheroid growth by maintaining a
microgravity environment (Wrzesinski et al., 2021; Mabela
et al., 2024). Culture media was exchanged every second
day, and spheroids were harvested at a size range of 0.6 to
1 mm in diameter, which was approximately 16 days of 3D
culture.

2.2 Animals and spheroid implantation

Fifteen (N=15) specific pathogen-free male and female
athymic nude mice, aged 6 weeks, were bred and housed
at the DSI/NWU Preclinical Drug Development Platform
(PCDDP) Vivarium. Animal welfare, monitoring and exper-
iments fully complied with guidelines approved by the
NWU-AnimCareREC (NWU-00437-21-A5). One spheroid
(approximately 5 ug protein/spheroid) (Mabela et al., 2024)
was suspended in 200 pL 1:1 F12K: Matrigel media and
subcutaneously implanted into the right flank of ten (n=10)
mice using a 25-gauge needle (SDX group). The remaining
five (n=5) mice served as a negative non-cancer control.
Serum and tissue samples were collected after euthanasia on
day 25 post-implantation.

2.3 Histological assessment

The excised tumours were prepared according to standard
procedures (Van der Merwe et al., 2022). In short, fixed and
dehydrated tumours were paraffin-embedded, sectioned,
dewaxed, and stained with haematoxylin and eosin (H&E).
The sections were imaged using an Image XpressPICO™
(Molecular Devices) imaging system.

2.4 Analysis of serum cancer biomarkers and
metabolomics

ELISA kits from Elabsciences® (E-EL-M0232) and Cloud-
Clone Corp® (SEA154MU) were used to determine the
serum levels of carcinoembryonic antigen (CEA) and car-
bohydrate antigen 125 (CA-125), respectively. All serum
samples and standards were processed in triplicate and anal-
ysed according to the manufacturer’s instructions.

The miniaturised proton nuclear magnetic resonance
(*H-NMR) spectroscopy protocol, as described by Mason et
al. (2018), was used to detect changes in untargeted serum
metabolites of the SDX group compared with the non-
cancer control. In short, all serum samples were filtered by
centrifugation to remove macromolecules and proteins—
to prevent interference with small molecule analysis. The
centrifuge filters were prerinsed 5 times to remove glycerol
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Table 1 Summary of implanted A549 spheroids in athymic nude mice
(giving actual implanted sizes (mm) and volumes (mm?®), the tumour
take rates (%), excised tumour volumes (mm?), and tumour volume
fold increase), compared to subcutaneous injected A549 xenografts
(giving inoculation density, inoculation volume, the tumour take rates
(%), excised tumour volumes (mm?))
Spheroid-derived xenograft

Animal Implanted Volume of Visible

Excised Fold

no spheroid spheroid and pal- tumour  increase

(mm) (mm®) pable (yes/ volume

no) (mm?®)

1 0.6 0.11 No - —
2 0.6 0.11 No - —
3 0.8 0.27 No - -
4 0.9 0.38 Yes 23 60.5
5 0.6 0.11 No - -
6 1 0.52 Yes 112 215.4
7 0.6 0.11 Yes 10 90.1
8 0.5 0.07 No - -
9 0.8 0.27 Yes 18 66.7
10 0.7 0.18 No — —

Notable results are given in bold

from the filtrate; this was done by adding 100 pL of HPLC
purity water and centrifuging at 3000 x g for 5 min at 25 °C.
Afterwards, 100 pL of serum samples were pipetted into
the prerinsed centrifuge filter unit and centrifuged at 3000
x g for 30 min. Then, 54 pL of filtered serum was aspirated
using the eVol® NMR digital syringe and placed in a 2 mm
NMR tube. Then, 6 pL of NMR buffer solution (potassium
phosphate buffer at pH 7.4, with 5.8 mM internal stan-
dard trimethylsilyl propanoic acid in deuterium oxide) was
aspirated, added to the serum, and mixed gently to ensure

™"

Fig. 1 A549 excised tumour (SDX animal #6) after 25 days. A H&E
staining of excised tumours from spheroid derived xenografts under
10x magnification. B Black arrows indicate vascularisation, white

homogeneity. Each NMR tube was loaded onto a Sample
Xpress autosampler for analysis on a 500 MHz NMR spec-
trometer with a 5 mm triple-resonance inverse TXI probe at
room temperature. The NMR acquisition parameters were
the same as described by Mason et al. (2018).

2.5 Statistical analysis

Data are presented as mean=SD. Shapiro-Wilk test was
used to test for normality. The non-parametric Mann-Whit-
ney U test was used to compare the serum biomarkers and
metabolite data between the SDX and control groups. Dif-
ferences were considered significant when the p-value was
less than 0.05. Statistical analysis was done using GraphPad
Prism 9.4.1.

3 Results and discussion
3.1 A549 spheroid-derived xenografts

A549 spheroids (0.71£0.16 mm) were implanted in ten
mice, of which four animals developed palpable, measur-
able tumours after 25 days (Table 1). Huang et al. (2020)
reiterate that there is a large variation between animals
in terms of tumour growth. The resulting tumours in this
study had a mean volume of 16.3+10.97 mm?, which was
a mean fold increase of 108 relative to the implanted size.
The largest volume increase (215.4-fold) was for the largest
implanted spheroid (Table 1; Fig. 1A).

arrows indicate glandular structures, asterisk shows compact cell pack-
ing. CF central fibrosis, FD fat deposit, Scale bar =100 um
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The growth rates of the A549 spheroids indicate promis-
ing growth potential in terms of the fold increases reported
over the 25 days. The excised tumour volumes were con-
siderably larger than another A549 SDX model, with lower
volume increases for similar-sized spheroids — reporting
tumour volumes of £0.25 mm?® after 25 days (Huang et al.,
2020). These findings imply that implanting larger spher-
oids may result in proportionally larger tumours, suggesting
scalable growth potential in this model. This is corroborated
by tumour fragments (1-3 mm?®) of solid tumours (grown
from loose cells) implanted into mice (Lu et al., 2009; Xu &
Prestwich, 2010; Szade et al., 2016).

3.2 Histology of the excised tumour

The excised tumours exhibited common adenocarcinoma
characteristics (Zheng, 2016). These included cuboidal epi-
thelial glandular structures (white arrows), sheets of pat-
ternless eosinophilic tumour cells on fibroblastic stroma
(asterisk), and a central fibrosis area (CF) (Fig. 1B). The
implanted A549 spheroids developed vascularisation (black
arrow) and fatty deposits (FD) (Fig. 1B).

3.3 Cancer biomarkers and serum metabolites in
spheroid-derived xenograft

Even though only a few tumours were palpable, all inocu-
lated animals were grouped together, namely the spheroid-
derived xenograft group. The main aim of this pilot study
was to determine if implanted 3D cultures would change the
metabolic profile in the rodents, as well as express cancer-
specific biomarkers. Elevated CEA and CA-125 levels have

A
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—

0.065+

0.060

SDX Control

CEA serum concentration (pg/mL)

Fig. 2 Cancer biomarkers. A Serum carcinoembryonic antigen (CEA)
concentration (pg/mL+SD) and B serum carbohydrate antigen 125
(CA-125) concentrations (ng/mL+SD), quantified in the serum of
A549 spheroid derived xenograft (SDX) athymic nude mice (n=10)
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been associated with lung adenocarcinoma (Xu et al., 2016).
Although CEA alone is not used to diagnose cancer, moni-
toring its levels in conjunction with other tests aids in track-
ing treatment responses and disease progression (Zhang et
al., 2015). CA-125 is a marker protein for the diagnosis and
management of cancers, including lung cancer (Wu et al.,
2018).

The concentration CEA was significantly greater
(»=0.0127) in the SDX groups compared to the control
(Fig. 2A). Similarly, the serum concentration of CA-125
was also significantly greater (p =0.0007) in the SDX group
compared to the control (Fig. 2B). There were no significant
differences within the SDX group for either CEA (p=0.76)
or CA-125 (p=0.26) when comparing the levels between
the animals with palpable tumours and those without. The
highest biomarker levels corresponded to the largest tumour
volumes. This relationship between elevated concentrations
and tumour growth (Table 1) highlights the potential of the
model for tracking lung cancer progression. Thus, the A549
SDX model group appropriately expresses lung cancer bio-
markers in the serum.

Twenty-six metabolites were identified in the serum, of
which only eight significantly differed between the groups
(Fig. 3; Table 2). The mean concentrations of isoleucine,
leucine, valine, 3-hydroxybutyric acid, creatine, pyruvate,
glutamine, acetoacetic acid, and phenylalanine in the SDX
serum were significantly greater (p <0.05) than the levels in
the control mice (Table 2). There were no significant differ-
ences within the SDX group between animals with palpable
tumours and those without (data not shown).

The Warburg effect is a metabolic process where cancer
cells produce energy through increased aerobic glycolysis,
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25 days post implantation relative to the non-cancer control (n=5).
Asterisk (*) indicates statistical differences compared to the control: *
=p<0.05 and *** = p<0.001
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Fig. 3 Representative "H-NMR spectra of serum from the control group (bottom; blue) compared with the experimental group (top; black), with

the 26 metabolites indicated

rather through oxidative phosphorylation (Warburg, 1925;
Kang et al., 2023) The metabolite profile reported in Table 2
for the SDX group reflects this aerobic glycolysis (Bose et
al., 2021), where the implanted spheroids induced significant
modifications in the glycolysis and the TCA cycles. This is
primarily attributed to the significant increase in serum glu-
tamine concentration, an amino acid for gluconeogenesis
(Bose et al., 2021) (Table 2). These metabolic alterations
impact glutamine’s role in energy and carbon metabolism,
a characteristic also observed in patients with lung cancer
(Smith et al., 2016). Moreover, the elevation in pyruvic acid
(Table 2), resulting from lactate metabolism, is associated
with cancer angiogenesis (Guo et al., 2021)—supported by
vascularisation seen in Fig. 1B. Additionally, 3-Hydroxy-
isobutyric acid is identified as a ketone body upregulated in
non-small lung cancer patients, while creatine, when con-
verted into phosphocreatine by cancer cells, functions as an
energy reservoir (Wang et al., 2021).

Consequently, the observed rise in creatine levels in
NSCLC patients, compared to healthy individuals and
across different disease stages, might be associated with the
heightened metabolic activity characteristic of this cancer-
ous process (Xia et al., 2021). Inosine is a biomarker metab-
olite for metastasis and tumour progression (Li et al., 2021)
and was detected only in the SDX animals (Table 2). This
result was also reported in an A549 cell-derived xenograft,

where no inosine was seen in the control animals (Xu et al.,
2016). The metabolic profile of the SDX group aligns with
the known metabolism of non-small cell lung carcinoma
(NSCLC) cells (Hu et al., 2020). Thus, the changes in the
serum metabolite profile can be attributed to the implanted
cancer. It is crucial for preclinical disease models to emu-
late biomarkers found in human disease conditions. This
is essential for increased translatability to humans and the
effectiveness of the drug development pipeline, linking pre-
clinical and clinical stages. Therefore, improving and vali-
dating preclinical models becomes imperative (Yan et al.,
2020).

4 Conclusion

This pilot study has shown that an implanted lung cancer
spheroid can change the serum metabolites and cancer bio-
markers in athymic mice. It successfully mimicked cancer
biomarkers and reflected cancer metabolism. Thus, this
model can potentially be used to study early cancer metabo-
lism and pharmacometabolomics.
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Table 2 A summary of the detected metabolites and their concentra-
tions (umol/L+SD) quantified in the serum of the A549 spheroid
derived xenograft (SDX) mice (n=10) compared to the control non-
cancer athymic nude mice (n=5)

A549 Spheroid

Detected serum Control non

metabolites derived xenograft ~ xenograft mice
serum concentra- serum concentra-
tion (pmol/L) tions (umol/L)
Isoleucine 161.6+58.1%* 75.1£27.9
Leucine 264.7+£97.3%* 139.5+£59.7
Valine 319.5+139.3%* 162.7+68.6
3-Hydroxyisobutyric acid ~ 86.5+32.3*%* 46.2+13.8
Lactic acid 10558.0+4231.3 8948.1+3100.9
Alanine 471.2+159.6 282.0+£105.1
3-Hydroxybutyric acid 268.2+124.1 236.6+63.1
Acetic acid 237.1£177.5 126.8+93.4
Glutamic acid 248.3+96.4 131.9+43.3
Glutamine 743.7+£246.3* 479.2+111.5
Acetoacetic acid 61.7+39.4* 28.3+3.8
Pyruvic acid 269.1+£111.9* 135.1+81.3
Succinic acid 62.2£25.3 42.7+7.8
Citric acid 450.1+156.5 287.0+83.4
Creatine 331.4+137.4* 196.7+54.6
Dimethyl sulfone 29.5+10.8 17.6+4.1
Choline 66.7+£37.5 40.6+9.2
Total glucose 2382.3+£1093.8 1727.2+820.5
Tyrosine 96.5+37.8 57.9+33.2
Phenylalanine 122.7+41.5* 52.6+26.8
Xanthine 4.1+8.7 54+12.2
Inosine 11.8+£18.9 ND
Formic acid 22.8+30.1 3.9+3.6

Significant results are reported in bold

Asterisk (*) indicates statistical differences compared to the control:
* =p<0.05 and *** = p<0.005

ND not detected

Acknowledgements The authors would like to thank the PCDDP lab-
oratory animal technologists, Cor Bester, Poifo Mokgatlhe and Kobus
Venter, for their invaluable assistance during the animal study. We
would like to express our gratitude to Dr. Alandi van Niekerk for her
support in 3D cell culturing, and to Dr. Anja Haasbroek-Pheiffer for
her assistance in conducting the histological assessments.

Author contributions Conception and study design: WP; Data collec-
tion and processing: CM, and SM; Analysis and interpretation: CM,
SM and WP; Manuscript drafting: CM; Manuscript revision, intellec-
tual critic: CG, SM, and WP; and student supervision: CG and WP.

Funding Open access funding provided by North-West University.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Conflict of interest The authors declare no competing interests.

Ethical approval This study received approval from the North-West
University Animal Care, Health, Safety Research Ethics Commit-

@ Springer

tee (AnimCareREC) (AREC-1309013-015) under approval number
NWU-00437-21-A5.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Arnal-Estapé, A., Foggetti, G., Starrett, J. H., Nguyen, D. X., & Politi,
K. (2021). Preclinical models for the study of lung cancer patho-
genesis and therapy development. Cold Spring Harbor Perspec-
tives in Medicine, 11(12), a037820. https://doi.org/10.1101/cshpe
rspect.a037820

Bastian, J. L. D., Zeuschner, P., Stockle, M., Junker, K., & Linxweiler,
J. (2024). Tumor promoting effect of spheroids in an orthotopic
prostate cancer mouse model. Scientific Reports, 14(1). https://do
i.org/10.1038/s41598-024-59052-0

Bose, S., Zhang, C., & Le, A. (2021). Glucose metabolism in cancer:
The Warburg effect and beyond. In The Heterogeneity of Cancer
Metabolism (pp. 3—15). Springer. https://doi.org/10.1007/978-3-0
30-65768-0 1

Choi, S. Y., Kang, S. H,, Oh, S. Y., Lee, K. Y., Lee, H. J., Gum, S.,
Kwon, T. G., Kim, J. W,, Lee, S. T., Hong, Y. J., Kim, D. G., &
Hong, S. H. (2021). Differential angiogenic potential of 3-Dimen-
sion spheroid of HNSCC cells in mouse xenograft. International
Journal of Molecular Sciences, 22(15), 8245. https://doi.org/10.
3390/ijms22158245

Cooper, J. R., Abdullatif, M. B., Burnett, E. C., Kempsell, K. E., Con-
forti, F., Tolley, H., Collins, J. E., & Davies, D. E. (2016). Long
term culture of the A549 Cancer cell line promotes multilamel-
lar body formation and differentiation towards an alveolar type II
pneumocyte phenotype. PloS One, 11(10), e0164438. https://doi.
org/10.1371/journal.pone.0164438

Guerin, M. V., Finisguerra, V., Van den Eynde, B. J., Bercovici, N., &
Trautmann, A. (2020). Preclinical murine tumor models: A struc-
tural and functional perspective. eLife, 9, €50740. https://doi.org
/10.7554/eLife.50740

Guo, J.,, Yu, J., Peng, F,, Li, J.,, Tan, Z., Chen, Y., Rao, T., Wang, Y.,
Peng, J., & Zhou, H. (2021). In vitro and in vivo analysis of
metabolites involved in the TCA cycle and glutamine metabolism
associated with cisplatin resistance in human lung cancer. Expert
Review of Proteomics, 18(3), 233-240. https://doi.org/10.1080/1
4789450.2021.1915775

Hu, C., Liu, Z., Zhao, H., Wu. L., Lian, Q., & Li, J. V. (2020). A bio-
chemical comparison of the lung, colonic, brain, renal, and ovar-
ian cancer cell lines using 1H-NMR spectroscopy. Bioscience
Reports, 40 (4). https://doi.org/10.1042/BSR20194027

Huang, Y., Lu, Y., Vadlamudi, M., Zhao, S., Felmlee, M., Rahimian,
R., & Guo, X. (2020). Intrapulmonary inoculation of multicel-
lular spheroids to construct an orthotopic lung cancer xenograft
model that mimics four clinical stages of non-small cell lung can-
cer. Journal of Pharmacological and Toxicological Methods, 104,
106885. https://doi.org/10.1016/j.vascn.2020.106885


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1101/cshperspect.a037820
https://doi.org/10.1101/cshperspect.a037820
https://doi.org/10.1038/s41598-024-59052-0
https://doi.org/10.1038/s41598-024-59052-0
https://doi.org/10.1007/978-3-030-65768-0_1
https://doi.org/10.1007/978-3-030-65768-0_1
https://doi.org/10.3390/ijms22158245
https://doi.org/10.3390/ijms22158245
https://doi.org/10.1371/journal.pone.0164438
https://doi.org/10.1371/journal.pone.0164438
https://doi.org/10.7554/eLife.50740
https://doi.org/10.7554/eLife.50740
https://doi.org/10.1080/14789450.2021.1915775
https://doi.org/10.1080/14789450.2021.1915775
https://doi.org/10.1042/BSR20194027
https://doi.org/10.1016/j.vascn.2020.106885

Assessing metabolic alterations and cancer biomarkers in athymic nude mice implanted with NSCLC spheroids

Page7of 7 77

Jun, J. H., Shim, J. K., Oh, J. E., Kim, K. S., Kwak, Y. L., & Soh, S.
(2023). Effects of Dexmedetomidine on A549 non-small cell lung
cancer growth in a clinically relevant surgical xenograft model.
Scientific Reports, 13(1), 12471. https://doi.org/10.1038/s41598
-023-39704-3

Kang, H., Kim, B., Park, J., Youn, H., & Youn, B. (2023). The Warburg
effect on radioresistance: Survival beyond growth. Biochimica Et
Biophysica Acta Reviews on Cancer, 1878(6), 188988.

Kim, D., Hwang, K. S., Seo, E. U., Seo, S., Lee, B. C., Choi, N., et
al. (2022). Vascularized lung cancer model for evaluating the
promoted transport of anticancer drugs and immune cells in an
engineered tumor microenvironment. Advanced Healthcare
Materials, 11(12). https://doi.org/10.1002/adhm.202102581

Li, X., Zhao, L., Wei, M., Lv, J., Sun, Y., Shen, X., Zhao, D., Xue, F.,
Zhang, T., & Wang, J. (2021). Serum metabolomics analysis for
the progression of esophageal squamous cell carcinoma. Journal
of Cancer, 12(11), 3190-3197. https://doi.org/10.7150/jca.54429

Lu, Z.J.,, Ren, Y. Q., Wang, G. P,, Song, Q., Li, M., Jiang, S. S., et al.
(2009). Biological behaviors and proteomics analysis of hybrid
cell line EAhy926 and its parent cell line A549. Journal of Exper-
imental & Clinical Cancer Research, 28(1), 16. https://doi.org/10
.1186/1756-9966-28-16

Mabela, C. M., & Pheiffer, G. C. W (2024). Overcoming Obstacles in
three-dimensional cell culture model establishment: Approaches
for growing A549 non-small cell lung cancer spheroids using a
clinostat system. Journal of Pharmacological and Toxicological
Methods, 130, 107564. https://doi.org/10.1016/j.vascn.2024.107
564

Mason, S., Terburgh, K., & Louw, R. (2018). Miniaturized 1H-NMR
method for analyzing limited-quantity samples applied to a
mouse model of Leigh disease. Metabolomics, 14(6), 74.

Monleén-Guinot, 1., Milian, L., Martinez-Vallejo, P., Sancho-Tello,
M., Llop-Miguel, M., Galbis, J. M., et al. (2023). Morphologi-
cal characterization of human lung cancer organoids cultured in
type I collagen hydrogels: A histological approach. International
Journal of Molecular Sciences, 24(12), 10131. https://doi.org/10
.3390/ijms241210131

Pan, E., Bogumil, D., Cortessis, V., Yu, S., & Nieva, J. (2020). A sys-
tematic review of the efficacy of preclinical models of lung cancer
drugs. Frontiers in Oncology, 10, 591. https://doi.org/10.3389/fo
nc.2020.00591

Pinto, B., Henriques, A. C., Silva, P. M. A., & Bousbaa, H. (2020).
Three-dimensional spheroids as in vitro preclinical models for
cancer research. Pharmaceutics, 12(12), 1186. https://doi.org/10.
3390/pharmaceutics12121186

Saad, H. M., Tourky, G. F., Al-Kuraishy, H. M., Al-Gareeb, A. 1.,
Khattab, A. M., Elmasry, S. A., Alsayegh, A. A., Hakami, Z.
H., Alsulimani, A., Sabatier, J. M., Eid, M. W., Shaheen, H. M.,
Mohammed, A. A., Batiha, G. E., & De Waard, M. (2022). The
potential role of MUC16 (CA125) biomarker in lung cancer: A
magic biomarker but with adversity. Diagnostics (Basel Switzer-
land), 12(12), 2985. https://doi.org/10.3390/diagnostics1212298
5

Shie, M. Y., Fang, H. Y., Kan, K. W, Ho, C. C., Tu, C. Y., Lee, P. C,
Hsueh, P. R., Chen, C. H., Lee, A. K., Tien, N., Chen, J. X., Shen,
Y. C,, Chang, J. G., Shen, Y. F,, Lin, T. J., Wang, B., Hung, M.
C., Cho, D. Y., & Chen, Y. W. (2023). Highly mimetic ex vivo
Lung-Cancer Spheroid-Based physiological model for clinical
precision therapeutics. Advanced science (Weinheim. Baden-
Wurttemberg Germany), 10(16), €2206603. https://doi.org/10.10
02/advs.202206603

Smith, B., Schafer, X. L., Ambeskovic, A., Spencer, C. M., Land, H.,
& Munger, J. (2016). Addiction to coupling of the Warburg effect
with glutamine catabolism in Cancer cells. Cell Reports, 17(3),
821-836. https://doi.org/10.1016/j.celrep.2016.09.045

Szade, K., Zukowska, M., Szade, A., Collet, G., Kloska, D., Kieda,
C., et al. (2016). Spheroid-plug model as a tool to study tumor
development, angiogenesis, and heterogeneity in vivo. Tumour
Biology, 37(2), 2481-2496. https://doi.org/10.1007/s13277-015-
4065-z

Thandra, K. C., Barsouk, A., Saginala, K., Aluru, J. S., & Barsouk, A.
(2021). Epidemiology of lung cancer. Wspodiczesna Onkologia,
25(1), 45-52. https://doi.org/10.5114/w0.2021.103829

Van der Merwe, L., Svitina, H., Willers, C. (2022). A novel NCI-H69V
small-cell lung cancer functional mini-tumor model for future
treatment screening applications. Biotechnology Progress, 38(4),
e3253.

van Niekerk, A., Wrzesinski, K., Steyn, D., & Gouws, C. (2023). A
Novel NCI-H69AR Drug-Resistant Small-Cell Lung Cancer
Mini-Tumor Model for Anti-Cancer Treatment Screening. Cells,
12(15), 1980. https://doi.org/10.3390/cells 12151980

Wang, Y., Xiao, J., Jiang, W., Zuo, D., Wang, X., Jin, Y., Qiao, L., An,
H., Yang, L., Dumoulin, D. W., Dempke, W. C. M., Best, S. A.,
& Ren, L. (2021). BCKDK alters the metabolism of non-small
cell lung cancer. Translational Lung Cancer Research, 10(12),
4459-4476. https://doi.org/10.21037/tlcr-21-885

Warburg, O. (1925). The metabolism of carcinoma cells. The Journal
of Cancer Research, 9(1), 148-163. https://doi.org/10.1158/jcr.1
925.148

Wrzesinski, K., Frandsen, H. S., Calitz, C. (2021). Clinostar 3D cell
culture: Protocols for the preparation and functional analysis of
reproducible, large, uniform spheroids and organoids. In Brevini,
T. A., Fazeli, A., & Turksen, K. (Eds.), Next Generation Culture
Platforms for Reliable In Vitro Models (Vol. 2273, pp. 17-62).
Humana.

Wu, L. X., Li, X. F.,, Chen, H. F.,, Zhu, Y. C., Wang, W. X., Xu, C. W.,
Xie, D. F., Wan, Y., & Du, K. Q. (2018). Combined detection of
CEA and CA125 for the diagnosis for lung cancer: A meta-anal-
ysis. Cellular and Molecular Biology (Noisy-le-Grand France),
64(15), 67-70.

Xia, M., Li, X., Diao, Y., Du, B., & Li, Y. (2021). Targeted Inhibi-
tion of glutamine metabolism enhances the antitumor effect of
selumetinib in KRAS-mutant NSCLC. Translational Oncology,
14(1), 100920. https://doi.org/10.1016/j.tranon.2020.100920

Xu, X., & Prestwich, G. D. (2010). Inhibition of tumor growth and
angiogenesis by a lysophosphatidic acid antagonist in an engi-
neered three-dimensional lung cancer xenograft model. Cancer,
116(7), 1739-1750. https://doi.org/10.1002/cncr.24907

Xu, S., Tian, Y., Hu, Y., Zhang, N., Hu, S., Song, D., Wu, Z., Wang,
Y., Cui, Y., & Tang, H. (2016). Tumor growth affects the metabo-
nomic phenotypes of multiple mouse non-involved organs in an
A549 lung cancer xenograft model. Scientific Reports, 6, 28057.
https://doi.org/10.1038/srep28057

Yan, Y., Yao, L., Sun, H., Pang, S., Kong, X., Zhao, S., & Xu, S.
(2020). Effects of Wogonoside on invasion and migration of lung
cancer A549 cells and angiogenesis in xenograft tumors of nude
mice. Journal of Thoracic Disease, 12(4), 1552—1560. https://doi
.org/10.21037/jtd-20-1555

Zhang, Z. H., Han, Y. W,, Liang, H., & Wang, L. M. (2015). Prognos-
tic value of serum CYFRA21-1 and CEA for non-small-cell lung
cancer. Cancer Medicine, 4(11), 1633—1638. https://doi.org/10.1
002/cam4.493

Zheng, M. (2016). Classification and pathology of lung cancer. Surgi-
cal Oncology Clinics of North America, 25(3), 447-468.

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s13277-015-4065-z
https://doi.org/10.1007/s13277-015-4065-z
https://doi.org/10.5114/wo.2021.103829
https://doi.org/10.3390/cells12151980
https://doi.org/10.21037/tlcr-21-885
https://doi.org/10.1158/jcr.1925.148
https://doi.org/10.1158/jcr.1925.148
https://doi.org/10.1016/j.tranon.2020.100920
https://doi.org/10.1002/cncr.24907
https://doi.org/10.1038/srep28057
https://doi.org/10.1038/srep28057
https://doi.org/10.21037/jtd-20-1555
https://doi.org/10.21037/jtd-20-1555
https://doi.org/10.1002/cam4.493
https://doi.org/10.1002/cam4.493
https://doi.org/10.1038/s41598-023-39704-3
https://doi.org/10.1038/s41598-023-39704-3
https://doi.org/10.1002/adhm.202102581
https://doi.org/10.7150/jca.54429
https://doi.org/10.1186/1756-9966-28-16
https://doi.org/10.1186/1756-9966-28-16
https://doi.org/10.1016/j.vascn.2024.107564
https://doi.org/10.1016/j.vascn.2024.107564
https://doi.org/10.3390/ijms241210131
https://doi.org/10.3390/ijms241210131
https://doi.org/10.3389/fonc.2020.00591
https://doi.org/10.3389/fonc.2020.00591
https://doi.org/10.3390/pharmaceutics12121186
https://doi.org/10.3390/pharmaceutics12121186
https://doi.org/10.3390/diagnostics12122985
https://doi.org/10.3390/diagnostics12122985
https://doi.org/10.1002/advs.202206603
https://doi.org/10.1002/advs.202206603
https://doi.org/10.1016/j.celrep.2016.09.045

	﻿Assessing metabolic alterations and cancer biomarkers in athymic nude mice implanted with NSCLC spheroids
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Cultivation and maintenance of A549 spheroids in a clinostar™ system
	﻿2.2﻿ ﻿Animals and spheroid implantation
	﻿2.3﻿ ﻿Histological assessment
	﻿2.4﻿ ﻿Analysis of serum cancer biomarkers and metabolomics
	﻿2.5﻿ ﻿Statistical analysis

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿A549 spheroid-derived xenografts
	﻿3.2﻿ ﻿Histology of the excised tumour
	﻿3.3﻿ ﻿Cancer biomarkers and serum metabolites in spheroid-derived xenograft

	﻿4﻿ ﻿Conclusion
	﻿References


