
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Ewa Krawczyk,
Georgetown University, United States

REVIEWED BY

Angela M. Otto,
Technical University of Munich, Germany

*CORRESPONDENCE

Celia R. Berkers

C.R.Berkers@uu.nl

Jarno Drost

J.Drost@prinsesmaximacentrum.nl

RECEIVED 14 August 2024

ACCEPTED 26 August 2024
PUBLISHED 17 September 2024

CITATION

Kes MMG, Berkers CR and Drost J (2024)
Bridging the gap: advancing cancer cell
culture to reveal key metabolic targets.
Front. Oncol. 14:1480613.
doi: 10.3389/fonc.2024.1480613

COPYRIGHT

© 2024 Kes, Berkers and Drost. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Mini Review

PUBLISHED 17 September 2024

DOI 10.3389/fonc.2024.1480613
Bridging the gap: advancing
cancer cell culture to reveal key
metabolic targets
Marjolein M. G. Kes1,2, Celia R. Berkers2* and Jarno Drost1*
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Metabolic rewiring is a defining characteristic of cancer cells, driving their ability

to proliferate. Leveraging these metabolic vulnerabilities for therapeutic

purposes has a long and impactful history, with the advent of antimetabolites

marking a significant breakthrough in cancer treatment. Despite this, only a few

in vitro metabolic discoveries have been successfully translated into effective

clinical therapies. This limited translatability is partially due to the use of simplistic

in vitro models that do not accurately reflect the tumor microenvironment. This

Review examines the effects of current cell culture practices on cancer cell

metabolism and highlights recent advancements in establishing more

physiologically relevant in vitro culture conditions and technologies, such as

organoids. Applying these improvements may bridge the gap between in vitro

and in vivo findings, facilitating the development of innovative metabolic

therapies for cancer.
KEYWORDS
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physiologic media, oxygen, pH
1 Introduction

Cancer cells can autonomously rewire their metabolic pathway activity to meet their

increased bioenergetic, biosynthetic, and redox needs (1). These reprogramming activities

are observed ubiquitously across many cancer types and are therefore considered a

hallmark of cancer (2, 3). Established in the 1920s with Otto Warburg’s pioneering work

on aerobic glycolysis (4), the study of cancer metabolism represents one of the oldest areas

of research in cancer biology (1).

The concept of exploiting metabolic vulnerabilities as a cancer therapy is longstanding

(5), with the first antimetabolite therapy dating back to 1948 (6). At that time, Farber and

colleagues demonstrated that aminopterin, a folate analogue blocking de novo nucleotide

biosynthesis, could halt tumor progression in children with acute lymphoblastic leukemia

(ALL) (6). Since then, several other antimetabolites including methotrexate,
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6-mercaptopurine and 5-fluorouracil (5-FU) have found their way

into the clinic and are now being extensively used in various cancer

treatment regimens (7–9).

Despite these advancements, only a limited number of

identified metabolic vulnerabilities have been successfully

translated into effective (targeted) therapies to date. This is, at

least in part, due to the use of reductionist in vitro models in

preclinical studies that fail to recapitulate the complex

microenvironment that defines the heterogeneous metabolic

landscape of human tumors (10, 11). Furthermore, it has become

increasingly appreciated that the artificial environment of cell

culture systems dictates the metabolic state of cancer cells and

that minor adjustments in cancer modeling (i.e., cell culture

architecture and microenvironmental interactions), biochemical

(i.e., nutrients, cell culture media) and physicochemical (i.e.,

oxygen levels, pH) factors could easily alter metabolic pathway

activity, thereby influencing metabolic readouts (12, 13).

In this Review, we discuss the impact of current cancer models,

biochemical and physiochemical conditions in standard cell culture

practices on cancer cell metabolism. Furthermore, recent efforts to

improve the modeling capacity of in vitro systems to better

recapitulate physiologic conditions are discussed, including their

strengths and current limitations.
2 Modeling of tumor tissue
architecture and microenvironmental
interactions enhances the metabolic
fidelity of in vitro cancer models

Conventional cancer cell metabolism studies have predominantly

been conducted using two-dimensional (2D) cell cultures. However,

cells grown as a monolayer do not accurately replicate the three-

dimensional (3D) growth dynamics of a tumor (14). Moreover, gaining

comprehensive insights into cancer metabolism requires models that

facilitate the study of intra- and intercellular communication and

tumor-microenvironment (TME) interactions. 3D cell culture

platforms, including tumor spheroids and organoids, replicate many

of the pathophysiological features of solid tumors, such as cell-cell

contacts as well as pH, oxygen and nutrient gradients (15). Such

models are increasingly favored to study tumor biological processes in

vitro (16), but also exhibit several drawbacks. Currently used 3D

cultures lack many components of the TME that shape the unique

metabolic landscape of patient tumors, such as infiltrating stromal and

immune cells, vasculature and the tumor interstitial fluid (17). Below,

we discuss recent efforts in optimizing cell culture dimensionality (e.g.,

3D cultures) and complexity (e.g., co-cultures, tissue explants,

microfluidics) that have led to in vitro tumor models that better

recapitulate the metabolic landscape of tumors.
2.1 Cell culture architecture: 2D versus 3D

3D cell culture models are a promising tool to mitigate the gap

between 2D culture systems and cancer tissues to study the metabolic
Frontiers in Oncology 02
complexity of cancer (18). Various studies tried to assess how the

metabolic profile of 3Dmodels compares to that of 2D cultures and are

reviewed in Tables 1, 2. Most of these studies report an increase in the

glycolytic- (19, 20, 42, 43) and oxidative capacities (20, 21, 42) of 3D

cultures. Yet, several studies report the opposite, with diminished

glycolysis (21) or oxidative metabolism (19, 43) present in 3D

models. Moreover, 3D models showed a higher maintenance of ATP

production (20, 42, 44, 45), redox balance (42, 44), and biomass

synthesis, including nucleotides (42, 44), amino acids (21, 42, 44),

lipids (22, 23, 42–45) and NADPH (42, 44). Nevertheless, reductions in

amino acid (43) and especially de novo nucleotide synthesis (24, 43, 45)

were also reported for 3D models compared to their 2D counterparts.

Because these comparative studies were conducted inmodels of various

cancer types, it is believed that these contradictory results can be

partially attributed to the metabolic variation across tumor entities.

Although a considerable number of studies have addressed the

metabolic differences between 2D and 3D cultures, fewer studies

make the comparison between these in vitro systems and the

metabolic profiles found in primary tumor tissues. Nevertheless,

studies that do investigate this indicate a closer resemblance of 3D

models to cancer tissues compared to either the traditional 2D cultures

(44) or normal, non-cancerous tissue (45).

Given the metabolic differences identified between 2D and 3D

culture conditions, it is not surprising that these models show

altered sensitivities to commonly used therapeutic agents. Several

findings highlight the importance of considering 3D over or next to

2D models in pre-clinical studies evaluating cancer metabolism and

responses to anti-cancer drugs, with numerous studies indicating

that 3D models exhibit greater resistance to chemotherapeutics

compared to 2D models (24, 25, 57–59), thereby more accurately

mimicking drug responses observed in vivo.

A burgeoning number of studies combines 3D organoid models

such as patient-derived tumor organoids (PDTO) with metabolomics

and stable-isotope tracing approaches to study cancer cell metabolism

(60–64). Several reports have demonstrated that this approach could

facilitate the assessment of metabolic responses to treatment and aid in

the development of novel metabolic treatment strategies. For instance,

Neef and colleagues (63) observed dose-dependent alterations in the

metabolic profiles of patient-derived colorectal cancer (CRC) organoids

subjected to 5-FU treatment. Importantly, the metabolites that

exhibited significant changes were primarily associated with purine

and pyrimidine metabolism, consistent with the known mechanism of

action of 5-FU (63). Furthermore, Ludikhuize et al. (64) investigated the

5-FU response in PDTO models mimicking the different CRC stages.

They found that 5-FU induces DNA damage and cell death in p53-

deficient CRC organoids due to pyrimidine imbalance, with enhanced

toxicity observed in KRASG12D glycolytic CRC organoids when

targeting the Warburg effect (64). Together, these studies illustrate the

valuable role of 3D organoids in monitoring drug-induced metabolic

changes and identifying tumor-specific metabolic sensitivities in vitro.
2.2 Tumor microenvironment interactions

The advent of co-culture systems has made it possible to

incorporate multiple cell types to study metabolic cell-cell
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TABLE 1 Cited literature on more common cancer types that review the impact of cell culture conditions on cancer cell metabolism in vitro.

Review of cited literature on common cancer types

Authors
Cancer
type Metabolic impact of cell culture conditions

CELL CULTURE PARAMETER

Comparison of 2D cultures versus 3D cultures

Rodrıǵuez-Enrıq́uez
et al., 2008 (19)

Cervical cancer Increased glycolytic flux and decreased oxidative phosphorylation potential in 3D HeLa cultures.

Tidwell et al.,
2022 (20)

Colorectal
cancer

Increased glycolytic activity, ATP-linked respiration and non-aerobic ATP production in 3D colorectal cancer and PDAC
cell cultures.

Sato et al.,
2016 (21)

Ovarian and
cervical cancer

Decreased lactate production (glycolysis) and increased amino acids (serine, aspartate, glutamate, glutamine), citrate (TCA cycle)
activity in ovarian and cervical cancer 3D cultures.

Tobias &
Hummon,
2022 (22)

Colon cancer
Increased sphingolipid, acylcarnitine, polyunsaturated fatty acid (PUFAs), and lipid subclasses associated with lipid droplets
(triacylglycerol) production in 3D colon cancer cultures.

Vidavski et al.,
2019 (23)

Breast cancer
When moving from 2D to 3D breast cancer cultures, total lipid amount decreased, while the neutral glycerolipids, ratio of
acylglycerols to membrane lipids and formation of large lipid droplets increased.

Fan et al.,
2018 (24)

Lung cancer

Similar 13C6-glucose incorporation into glycolytic, TCA, PPP, and nucleotide biosynthesis metabolites in 2D and 3D lung cancer
cultures.
Reduced de novo pyrimidine and sugar nucleotide synthesis in 3D cultures.
Selenite treatment induced lesser perturbation of metabolic pathways in 3D cultures.

Russell et al.,
2017 (25)

Colon and
lung cancer

Differential metabolism in 2D and 3D colon- and lung cancer cell models result in different responses to chemotherapeutic
drugs, with 2D models being more sensitive than 3D models.

Comparison of standard culture media vs physiologic culture media

Cantor et al.,
2017 (26)

Various
cancer types

HPLM had profound effects on abundance of amino acid, lipid, and nucleotide metabolism, redox state and glucose utilization
of cancer cells.
Presence of uric acid in HPLM lead to inhibition of de novo pyrimidine synthesis enzyme UMPS, reducing sensitivity of cancer
cell lines to 5-FU.

Vande Voorde
et al., 2019 (27)

Breast cancer
Reduced intracellular pyruvate levels, reduced uptake of glutamine and proportional changes in uptake/release of other amino
acids of triple-negative breast cancer cells cultured in Plasmax.
Better recapitulation of the metabolic signature of orthotopic xenograft models by cells cultured in Plasmax.

Golikov et al.,
2021 (28)

Cervical and
lung cancer

Higher basal and maximum respiration levels with almost no effect on glycolysis for cervical and lung carcinoma cells cultured
in Plasmax.

Moradi et al.,
2021 (29)

Various
cancer types

Increased oxidative and decreased glycolytic metabolism in cancer cells cultured n Plasmax.

Comparison of normoxic O2 levels versus physioxic or hypoxic O2 levels

Moradi et al.,
2021 (29)

Various
cancer types

Increased mitochondrial metabolism in three out of the four human cancer cell lines at physioxic (5%) compared to normoxic
(18%) O2 conditions.

Timpano et al.,
2019 (30)

Breast cancer
Significantly increased glycolysis at 1% O2 compared to normoxic breast cancer cells.
Decreased mitochondrial activity at ≥12% O2 compared to physioxic breast cancer cells.

Frezza et al.,
2011 (31)

Colon cancer
Compared to normoxia (21% O2), there was increased glycolysis, protein- and lipid catabolism at hypoxia (1% O2) in colon
cancer cells.
Retained mitochondrial-dependent oxygen consumption under hypoxia, but at significantly lower rates than normoxic cells.

Tsai et al.,
2013 (32)

Breast cancer
Increased lactate, pyruvate glutamine, valine, leucine, methionine and phenylalanine metabolite levels in breast cancer cells at
hypoxia (0.5% O2) compared to normoxia (21% O2).
Decreased myo-inositol, formate, tyrosine, creatine, glutamate, proline, glycine, alanine and acetate levels at hypoxia.

Yang et al.,
2018 (33)

Breast cancer
Increased glycolysis and decreased TCA cycle activity in breast cancer cells at hypoxia.
Hypoxia decreased the flux of glucose and increased the flux of glutamine into the TCA cycle.

Martıń-Bernabé
et al., 2021 (34)

Lung cancer Increased lactate production and decreased glutamine uptake in lung cancer cells at hypoxia.

(Continued)
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TABLE 1 Continued

Review of cited literature on common cancer types

Authors
Cancer
type Metabolic impact of cell culture conditions

CELL CULTURE PARAMETER

Comparison of neutral pH versus acidic pH

Chen et al.,
2008 (35)

Colon and
cervical cancer

Decreased glucose consumption and glycolytic metabolism in colon- and cervical cancer cells cultured at acidic pH.

Peppicelli et al.,
2016 (36)

Melanoma
Decreased lactate production and increased oxidative metabolism in melanoma cells cultured at pH 6.7 compared to pH 7.4.
The acidosis-induced EMT phenotype in melanoma cells could be prevented by the mitochondrial complex I
inhibitor Metformin.

Corbet et al.,
2016 (37)

Various
cancer types

Decreased use of glucose, leading to a reduced production of acetyl-CoA by cancer cells cultured at pH 6.5 compared to pH 7.4.
Concomitant use of fatty acid oxidation (FAO) and synthesis (FAS) under acidosis through downregulation of ACC2.

LaMonte et al.,
2013 (38)

Breast cancer
Decreased glycolysis, lactate and glutathione production, and increased glutaminolysis, fatty acid b-oxidation, pentose phosphate
pathway activity, and NADPH production of breast cancer cells cultured at pH 6.7 compared to pH 7.4.

Corbet et al.,
2014 (39)

Various
cancer types

Decreased glycolysis, increased reductive glutamine metabolism and glutamine-fueled oxidative phosphorylation in cancer cells
cultured at pH 6.5 compared to pH 7.4.
In vivo, glutaminase inhibitor BPTES significantly reduced growth of tumors comprised of cells pre-adapted to pH 6.5 compared
to tumors from cells pre-adapted to pH 7.4.

Prado-Garcia et al.,
2020 (40)

Lung cancer
Decreased lactate production in both A-549 and A-427 lung cancer cells at pH 6.2 compared to pH 7.2.
Decreased glucose consumption in A-549 cells but not in A-427 cells at pH 6.2. Oxidative metabolism increased in A-427, but
decreased in A-549 cells at pH 6.2.

Rolver et al.,
2022 (41)

Various
cancer types

Increased oxidative metabolism, fatty acid uptake, fatty acid oxidation (FAO) and lipid accumulation in cancer cells cultured at
pH 6.5 compared to pH 7.6.
F
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TABLE 2 Cited literature on more rare cancer types that review the impact of cell culture conditions on cancer cell metabolism in vitro.

Review of cited literature on rare cancer types

Authors
Cancer
type Metabolic impact of cell culture conditions

CELL CULTURE PARAMETER

Comparison of 2D cultures versus 3D cultures

Ikari et al.,
2021 (42)

Bladder cancer

Significantly lower levels of most metabolites, including glycolytic- and TCA cycle intermediates in 2D prostate- and bladder cancer
cultures.
Higher maintenance of ATP production, biomass (nucleotides, amino acids, lipids and NADPH) synthesis, and redox balance in
3D cultures.

Wen et al.,
2023 (43)

Glioma
Decreased nucleotide, amino acid and glutathione metabolism in 3D glioma cultures.
Fluxomics analysis indicates increased glycolysis and de novo lipid biosynthesis activity, and decreased TCA cycle and de novo purine
biosynthesis activity in 3D glioma cultures.

Tidwell et al.,
2022 (20)

Pancreatic
cancer

Increased glycolytic activity, ATP-linked respiration and non-aerobic ATP production in 3D PDAC cell cultures.

Murakami
et al.,
2020 (44)

Tongue cancer
Significantly lower levels of most metabolites and loss of cancer cell line-specific metabolic profiles in tongue cancer 2D cultures.
More active ATP production, biomass synthesis, and maintenance of redox balance in 3D cultures, closely resembling the metabolic
activity in xenografts.

Zang et al.,
2021 (45)

Esophageal
cancer

Similar metabolite levels detected in 3D esophageal cancer cultures and cancer tissues compared to normal tissues.
Abnormal glutamine metabolism, TCA cycle deregulation, increased energy metabolism, decreased inosine levels, and upregulation of
most lipids in 3D cultures and cancer tissues compared to normal tissues.

Fan et al.,
2018 (24)

Pancreatic
cancer

Similar 13C6-glucose incorporation into glycolytic, TCA, PPP, and nucleotide biosynthesis metabolites in 2D and 3D pancreatic cancer
cultures.
Reduced de novo pyrimidine and sugar nucleotide synthesis in 3D cultures.
Selenite treatment induced lesser perturbation of metabolic pathways in 3D cultures.

(Continued)
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communication. These in vitro co-culture techniques have provided

fundamental insights into the metabolic crosstalk between tumor

cells and stromal cells, encompassing adipocytes (65–68),

endothelial cells (69, 70) and fibroblasts (71, 72), as well as

immune cells such as macrophages (73–75) and T lymphocytes

(76–78). However, such systems still lack the cellular diversity as

well as the matrix and vascular compartments found within the

TME. To address this issue, several next-generation culture

platforms have been developed. For example, several groups have

set out to establish patient-derived explants (PDEs) to investigate

tumor cell metabolism. PDEs are generated by directly culturing

fresh, non-dissociated tumor tissue slices in vitro, thereby

preserving native tissue architecture, TME, cell-cell interactions

and metabolic crosstalk of the in vivo situation (79). In the past,
Frontiers in Oncology 05
PDEs have been used for metabolic studies (80, 81), but due to their

relatively short-term viability and the lack of consistent PDE

culturing methodologies their use remains limited (16).

In addition to PDEs, cancer-on-chip (CoC) platforms are

emerging as advanced 3D approaches. A CoC is a micro-fluidic-

based device that usually hosts multiple cell types in a more in vivo-

like microenvironment where mechanical stimuli, flow, and rate of

chemical release can be controlled (82, 83). Sensors can also be

integrated to perform real-time monitoring of physicochemical

cues, such as pH and O2 levels (84). Recently, Dornhof et al. (85)

integrated biosensors to measure oxygen, lactate, and glucose into a

microfluidic CoC platform, allowing precise and reproducible on-

chip multi-analyte metabolite monitoring in real-time. Even more

advanced is the work of Kalfe et al. (86), who embedded a
TABLE 2 Continued

Review of cited literature on rare cancer types

Authors
Cancer
type Metabolic impact of cell culture conditions

CELL CULTURE PARAMETER

Comparison of standard culture media versus physiologic culture media

Golikov et al.,
2021 (28)

Hepatocellular
cancer

Higher basal and maximum respiration levels with almost no effect on glycolysis for hepatocellular carcinoma cells cultured
in Plasmax.

Saab et al.,
2023 (46)

Pancreatic
cancer

PDAC cells cultured in TIFM adopt a cellular state closer to tumors than standard PDAC cultures.
Culturing in physiological nutrient conditions identified de novo arginine synthesis in PDAC as a true metabolic feature.

Khadka et al.,
2021 (47)

Glioma
Glutaminolysis, but not glycolysis, is reduced in Plasmax-cultured ENO1-deleted glioma cells corresponding to the absence of in vivo
efficacy of glutaminolysis inhibitor CB-839.
In standard DMEM medium, cells with and without ENO1 deletion were equally sensitive to CB-839 treatment.

Comparison of normoxic O2 levels versus physioxic or hypoxic O2 levels

Blandin et al.,
2019 (48)

Pediatric high-
grade
glioma
(pHGG)

Compared to normoxic conditions (21% O2), metabolism was significantly closer to the relapsed pHGGs and significantly different
from the tumor at diagnosis under hypoxia (1% O2),. Decreased glucose uptake and lactate production and increased ROS, lipolysis,
serinolysis, and glutaminolysis at hypoxia as well as in relapsed pHGGs.

Gunda et al.,
2018 (49)

Pancreatic
cancer

Increased glycolysis and an overall decrease in TCA cycle metabolites in PDAC cells under hypoxia (1% O2) compared to normoxia
(21% O2)

Kucharzewska
et al.,
2015 (50)

Glioblastoma
Increased levels of glucose, glycolysis- and PPP intermediates, lactate production and protein catabolism in glioblastoma cells at
hypoxia (1% O2) compared to normoxia (21% O2).
Decreased TCA cycle intermediates and nucleotides at hypoxia.

Al-Mutawa
et al.,
2018 (51)

Neuroblastoma
High levels of glycolytic end-product lactate were triggered by hypoxia (1% O2) in vitro, but not by hypoxia pre-conditioned
neuroblastoma tumors.
The effects of hypoxia in vitro neuroblastoma cells did not compare with in vivo tumors.

Kumano et al.,
2024 (52)

Pancreatic
cancer

Hypoxia (1% O2) generated PDAC organoids with a different morphology, increased EMT-related protein expression and a higher 5-
FU resistance compared to cells cultured at normoxia (20% O2).

Comparison of neutral pH versus acidic pH

Hu et al.,
2019 (53)

Glioma
Increased mitochondrial metabolism in stem cell-like glioma cells, but not in differentiated glioma cells cultured at pH 6.8 compared
to pH 7.4.

Abrego et al.,
2017 (54)

Pancreatic
cancer

Decreased glucose uptake, glycolytic metabolism and glutathione levels, and increased oxidative- and anaplerotic glutamine
metabolism in PDAC cells cultured in low pH 7.0 compared to pH 7.4.

Chano et al.,
2016 (55)

Osteosarcoma
Decreased glycolysis and lactate production, and increased oxidative metabolism, TCA- and urea cycle, pentose phosphate pathway
activity and amino acid catabolism in osteosarcoma cells cultured at pH 6.5 compared to pH 7.4.
Higher sensitivity to HDAC inhibitors at pH 6.5.

Xu et al.,
2021 (56)

Glioma
Increased TCA cycle flux, pentose phosphate pathway activity, de novo purine synthesis and glutathione levels in glioma stem cells
cultured at pH 6.8 compared to pH 7.4.
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microfluidic tube containing tumor spheroids directly into a

miniaturized NMR metabolomics detector, allowing them to

monitor 23 metabolites. Moreover, Chen et al. (87) developed a

CoC integrated with electrospray ionization mass spectrometry,

enabling the simultaneous measurement of drug-induced apoptosis

and metabolites with high stability, sensitivity and repeatability.

Indeed, microfluidic systems have been demonstrated to be able to

mimic the in vivo tumor conditions better than traditional 2D

systems (88). Especially with the integration of primary, PDTO

cultures, a superior reproduction of the in vivo conditions could be

obtained. Still, one important limitation of CoC systems is their

simplicity, as these devices currently only incorporate the essential

components (89).
3 Culture medium composition has a
profound impact on cancer
cell metabolism

Metabolic pathway activity is dynamically regulated in a

context-dependent manner to balance the anabolic and catabolic

needs within a cell. Cancer cells, which frequently encounter

nutrient-poor, acidic microenvironments with restricted oxygen

availability, must undergo metabolic reprogramming to adapt to

and thrive under these nutritional fluctuations (90, 91). Modeling

cancer cells under variable lactate and nutrient concentrations that

mimic the cancer microenvironment may therefore enhance our

understanding of cancer metabolism in vivo.

Recognition of the impact of cell culture medium composition

on the transcriptomic, epigenetic and metabolic profiles of cells has

grown considerably over the past years (13, 92, 93). Still, much of

our current knowledge on cancer metabolism predominantly stems

from studies using cells cultured in standard, nutrient-rich media.

Frequently, these standard media include a largely undefined serum

component (e.g., fetal bovine serum (FBS)) in conjunction with one

of the several defined basal media (e.g., Minimal Essential Medium

(MEM), Dulbecco’s Modified Eagle Medium (DMEM), and RPMI

1640). Such standard media were originally designed to promote the

proliferation of specific cell types without the need for constant

refeeding, rather than to accurately mimic the in vivo metabolic

environment (12).

Media formulations mimicking the nutrient concentrations in

plasma or the direct microenvironment can improve the biological

relevance of in vitro cancer modeling and aid in addressing the

metabolic discrepancies between in vivo and in vitro systems. In

2017 and 2019, two physiological media that more accurately

represent the metabolic profile of human plasma were

formulated, termed human plasma-like medium (HPLM) (26)

and Plasmax (27). Multiple studies that used these media

formulations (see Tables 1, 2) have indicated a decreased use of

glucose and reduced glycolytic activity of cancer cells cultured in

physiologic medium, while the use of oxidative metabolism was

shown to be increased (26, 28, 29). Profound effects on amino acid,

lipid, and nucleotide metabolism have also been reported (26).

Furthermore, several studies have demonstrated that culturing of
Frontiers in Oncology 06
cancer cells in physiological media results in metabolic profiles that

more closely resemble the metabolic state of tumors (27, 46), and

could lead to a better assessment of the effectiveness of antitumor

drugs in vivo (26, 47). For example, Vande Voorde and colleagues

(27) compared the metabolic profiles of CAL-120 breast cancer cells

cultured in DMEM-F12 and Plasmax, both as 2D monolayers and

3D spheroids, with CAL-120-derived mammary tumors. They

found that 3D spheroids cultured in Plasmax had a metabolic

profile closest to that of the tumors, suggesting that 3D culture in

a physiological medium better approximates the tumor’s metabolic

phenotype (27). In addition, Cantor et al. (26) showed that the

physiologic uric acid levels present in HPLM directly inhibit uridine

monophosphate synthase (UMPS), thereby reducing the sensitivity

of cancer cells to antimetabolite 5-fluorouracil.

Tumor cells are not directly exposed to nutrients in circulating

plasma, but rather to nutrients present in the extracellular fluid that

perfuses the tissue, so-called tumor interstitial fluid (TIF) (94). By

extracting both plasma and TIF from murine lung- and pancreatic

adenocarcinoma (PDAC) models, Sullivan et al. (95) revealed that

the nutrients available in TIF differ from those present in plasma.

Building on these findings, TIF medium (TIFM), containing

nutrient levels representative of the PDAC microenvironment,

was developed by the same group (46). PDAC cells cultured in

TIFM more closely resembled the metabolic state of PDAC tumors

compared to standard cell culture models. In addition, these TIFM-

cultured PDAC models revealed high de novo arginine synthesis

activity to be a specific metabolic feature of PDAC tumors (46).

Nevertheless, it remains to be determined whether the nutrient

concentrations observed in murine TIF are comparable to those in

human tumors.

While these advancements in media formulation enhance the

metabolic fidelity of cell culture models, physiological media are

susceptible to rapid nutrient depletion (96), indicating the necessity

of daily media replacement in such cultures. However, the daily

renewal of nutrients and growth factors could lead to cyclic

metabolic activation of cells and therefore affect experimental

readouts. Instead, continuous perfusion of cells with physiologic

media using a fluidic system, for example, could at least partially

solve this (10).
4 Physicochemical culture properties
influence cancer cell metabolism

Both in vitro and in the human body, the physicochemical

environment (i.e., temperature, pH, O2 and CO2 levels) is tightly

controlled, but not necessarily the same. Under normal

physiological conditions, the pH of blood and tissues is tightly

regulated to be at pH 7.4 (97). Similarly, a stable pH range of 7.2-7.4

is often maintained in cell culture media by the addition of buffers,

such as sodium bicarbonate (NaHCO3) or HEPES (98). In contrast,

most conventional cell culture incubators do not regulate O2 levels,

resulting in atmospheric O2 concentrations around 18-21% (99),

while much lower oxygen levels are found in human tissues, ranging

from 3-7.4% (physioxia) (100).
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In the microenvironment of human tumors, pH and oxygen

levels are subjected to further change. In solid tumors, the

microenvironment is frequently acidified due to elevated levels of

acidic metabolites, such as lactate, and the secretion of protons (H+)

through specific pumps and transporters (101). The latter processes

result in a local extracellular pH ranging from 5.5 to 7.0 (102, 103).

Extracellular acidosis is therefore considered a hallmark of most

human tumors, strongly linked to malignancy, aggressiveness (36)

and/or stemness (53) of tumors. Oxygenation in tumors frequently

drops to 0.3-4.2% oxygen (hypoxia) (100). Yet, most in vitro cancer

studies have been performed under hyperoxic conditions, with 18–

21% O2 now frequently referred to as ‘normoxia’ in literature (104).

Thus, adjusting O2 levels and pH to more physiologically relevant

conditions, as reviewed below (see also Figure 1 and Tables 1, 2),

can influence cancer cell metabolism in vitro to provide a more

accurate representation of the in vivo tumor milieu.
4.1 Oxygen levels: normoxia versus
physioxia and hypoxia

The supraphysiological O2 levels used in cell culture systems

greatly impact cancer cell metabolism, and could confound the

metabolic findings between in vitro and in vivo settings (99). These

findings could have important implications when studying various

cancer drugs that target energy metabolism. Several studies report

higher mitochondrial activity at physioxia than at normoxia (29, 30,

48), suggesting that the standard O2 cell culture conditions suppress

the actual oxidative capacity of cancer cells in vitro. Hypoxic
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conditions, on the other hand, have been shown to induce

glycolysis (30–34, 49–51) and decrease the overall levels of TCA

cycle metabolites and oxidative metabolism as compared to

normoxia (33, 49, 50). Although diminished, mitochondrial-

dependent metabolism did remain active at hypoxia (31, 33). For

instance, Yang and colleagues (33) observed that exposing MDA-

MB-231 breast cancer cells to hypoxia decreased the flux of glucose

yet increased glutamine flux into the TCA cycle by enhancing

glutaminolysis to compensate for the reduced mitochondrial

metabolism under hypoxia. In addition to changes in energy

metabolism, several studies report increased protein- (31, 33) and

lipid catabolism (31, 48) under hypoxic conditions (1% O2). These

increased catabolic reactions likely occur to compensate for the

impaired mitochondrial activity that could not be corrected by

increasing the glycolytic flux (31).

Subjecting cancer cells to physiologically relevant O2 levels

might result in metabolic profiles that more accurately reflect

tumor metabolism in vivo (48). For example, Blandin and

colleagues demonstrated that the hypoxia-induced metabolic

switch in cultured pediatric high-grade glioma (pHGG) cells was

similar to the metabolic profile of matched relapsed pHGG tumors,

indicating that culturing pHGG cells at 1% O2 more closely reflects

patient tumor metabolism than cells cultured at normoxia (48). By

subjecting identical PDAC surgical samples to 20% or 1% O2,

Kumano et al. (52) found that hypoxia generated PDAC

organoids with a different morphology, increased EMT-related

protein expression and a higher 5-FU resistance. Their results

suggest that hypoxia selects for PDAC cells with malignant traits,

aiding in the development of effective anticancer treatments.
FIGURE 1

Revising cancer cell culture conditions: comparing standard practices with physiologically relevant conditions for enhanced cancer metabolism
modeling. Standard cell culture practices (left) that could be improved to more accurately reflect human physiology (right) to enhance our
understanding of metabolic processes in cancer. Created with BioRender.com.
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4.2 pH: neutral versus acidic

As with oxygen, culturing cancer cells at a tumor-like acidic pH

reprograms their metabolism, revealing vulnerabilities that could

improve the prediction of therapeutic effectiveness in vivo. Various

studies compared the energy metabolism of cancer cells cultured at

physiologic pH 7.4 or acidic pH ranging from 6.0 to 7.0. These

revealed that acidosis reduced the general glucose uptake in tumor

cells (35, 37, 54), and redirected glucose away from glycolysis and

lactate production (35–40, 54) towards oxidative metabolism (36,

39, 53–56). Furthermore, several studies report an increased

concomitant use of fatty acid (FA) breakdown and synthesis in

cancer cells at acidic pH (37, 41). The latter process endows acid-

adapted cancer cells with an increased capacity for utilizing FA for

metabolic needs, while limiting glycolysis (41). Moreover, cells

experiencing acidosis shift their metabolism towards the pentose

phosphate pathway (PPP) (55, 56), important for the production of

NADPH. NADPH is crucial for antioxidant defense, and acts in

part by recycling glutathione (GSH) to counteract reactive oxygen

species (ROS) (38, 105). Several papers report diminished GSH

synthesis at low pH (38, 54), thereby increasing the demand for

PPP-derived NADPH to recycle existing GSH pools (38). These

findings indicating that low environmental pH affects both energy

and redox metabolism to maintain homeostasis under acidosis-

induced oxidative stress.

Acidosis-induced metabolic rewiring of cancer cells results in

novel metabolic vulnerabilities that could potentially be exploited.

As shown by Peppicelli et al. (36), treating acid-exposed melanoma

cells with the mitochondrial complex I inhibitor Metformin

inhibited the acidosis-induced oxidative metabolism and reduced

the proliferation and epithelial-to-mesenchymal transition (EMT)

of invasive melanoma cells. Chano et al. (55) showed a higher

sensitivity of osteosarcoma cells to HDAC inhibitors at pH 6.5,

suggesting that acidosis promotes metabolic profiles that contribute

to epigenetic maintenance. Lastly, Corbet et al. (39) showed that

targeting acid-driven glutamine metabolism in vivo with the

glutaminase inhibitor BPTES significantly reduced the growth of

tumors comprised of cells pre-adapted to pH 6.5, compared to

tumors from cells adapted to neutral pH 7.4.
5 Discussion

Most of our current knowledge on cancer cell metabolism stems

from reductionist in vitro models grown in a highly artificial

environment. In this review, we present how current standard cell

culture practices markedly influence cancer cell metabolism and

how the use of more physiologically relevant culture conditions

could mitigate discrepancies between in vitro and in vivo findings.

The main findings of cited studies are compiled in Table 1.

Summarized by us in Figure 1 are the current recommendations

for standard cell culture practices that could improve the metabolic

fidelity of in vitro modeling systems.

However, not all factors described are easily implementable. For

example, measuring metabolic activity under low O2 conditions

requires the use of expensive hypoxic chambers and incubators that
Frontiers in Oncology 08
are not routinely used in most laboratories. Furthermore, not all cell

culture models can currently be grown or maintained in a 3D

setting. Finally, the development of the more complex CoC models

requires interdisciplinary knowledge, ranging from biology to

microfluidic chip engineering.

Still, tremendous progress has been made in optimizing the

culture conditions and models to more accurately study cancer

metabolism in vitro. Nevertheless, it is expected that our increasing

knowledge on TME physiology as well as continuing technological

advances will ultimately result in more representative models to

study cancer metabolism. Presumably, these improvements will

generate novel and meaningful insights into cancer metabolism

that will be more effectively translated into successful anti-

cancer therapies.
Author contributions

MK: Conceptualization, Investigation, Validation, Visualization,

Writing – original draft, Writing – review & editing. CB:

Conceptualization, Funding acquisition, Supervision, Validation,

Writing – review & editing. JD: Conceptualization, Funding

acquisition, Supervision, Validation, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. We are

grateful for support from the European Research Council (ERC)

starting Grant (#850571) and the Children Cancer-free Foundation

(KiKa #377).
Acknowledgments

We would like to thank J. DeMartino and M. Houweling for

critical reading of the manuscript. We regret that due to space

limitation, we were unable to cite many other studies relevant to the

subject of this review.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1480613
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Kes et al. 10.3389/fonc.2024.1480613
References
1. De Berardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv.
(2016) 2. doi: 10.1126/SCIADV.160020

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. (2011)
144:646–74. doi: 10.1016/J.CELL.2011.02.013

3. Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism. Cell
Metab. (2016) 23:27–47. doi: 10.1016/J.CMET.2015.12.006

4. Warburg O. On the origin of cancer cells. Science. (1956) 123:309–14.
doi: 10.1126/SCIENCE.123.3191.309

5. Wolpaw AJ, Dang CV. Exploiting metabolic vulnerabilities of cancer with
precision and accuracy. Trends Cell Biol. (2018) 28:201–12. doi: 10.1016/
J.TCB.2017.11.006

6. Diamond LK, Mercer RD, Sylvester RF, Wolff JA. Temporary remissions in acute
leukemia in children produced by folic acid antagonist, 4-aminopteroyl-glutamic acid.
N Engl J Med. (1948) 238:787–93. doi: 10.1056/NEJM194806032382301

7. Danzi F, Pacchiana R, Mafficini A, Scupoli MT, Scarpa A, Donadelli M, et al. To
metabolomics and beyond: a technological portfolio to investigate cancer metabolism.
Signal Transduction Targeted Ther. (2023) 8:1–22. doi: 10.1038/s41392-023-01380-0

8. Lambie DG, Johnson RH. Drugs and folate metabolism. Drugs. (1985) 30:145–55.
doi: 10.2165/00003495-198530020-00003/METRICS

9. Kaye SB. New antimetabolites in cancer chemotherapy and their clinical impact.
Br J Cancer. (1998) 78:1. doi: 10.1038/BJC.1998.747

10. Dragic H, Chaveroux C, Cosset E, Manie SN. Modelling cancer metabolism in
vitro: current improvements and future challenges. FEBS J. (2024) 291:402–11.
doi: 10.1111/FEBS.16704

11. Davidson SM, Papagiannakopoulos T, Olenchock BA, Heyman JE, Keibler MA,
Luengo A, et al. Environment impacts the metabolic dependencies of ras-driven non-
small cell lung cancer. Cell Metab. (2016) 23:517–28. doi: 10.1016/J.CMET.2016.01.007

12. Cantor JR. The rise of physiologic media. Trends Cell Biol. (2019) 29:854.
doi: 10.1016/J.TCB.2019.08.009

13. Golikov MV, Valuev-Elliston VT, Smirnova OA, Ivanov AV. Physiological
media in studies of cell metabolism. Mol Biol. (2022) 56:629–37. doi: 10.1134/
S0026893322050077
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