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Abstract

Background Nutrient stress (NS), one of the hallmarks of the tumour microenvironment, can render cancer cells tol-
erant to cytotoxicity. Fibroblasts, on the other hand, have cancer cell-like traits, such as plasticity and resiliency. Hence,
this study aimed to evaluate the cytotoxicity of the drug on reseeded human U87 glioblastoma (GBM) cells as well

as on mouse 1929 fibroblasts in the form of monolayer and colonies that grew after NS induction.

Results No treatment for 48 h showed a statistically significant difference in U87 cell viability when compared

to the 50% hypothetical value. However, temozolomide (TMZ) (151.0 ug/ml) and azithromycin (AZl) (92.0 pg/ml) sig-
nificantly diminished the number of U87 cell colonies compared to the untreated control, and AZl also outperformed
doxycycline (DOXY) (147.0 ug/ml). L929 fibroblasts survived NS, but the cytotoxicity of AZI, DOXY, and AZI+DOXY
(92.0+147.0 pug/ml) substantially increased than in L929 fibroblasts without NS induction.

Conclusions The present findings suggest that NS does not inevitably contribute to cytotoxic drug tolerance in GBM
cells. In addition, although fibroblasts can withstand NS, they can also become susceptible to cytotoxic drug-induced
death; nevertheless, the type of drug may play a role.

Keywords Nutrient stress, Drug cytotoxicity, Human glioblastoma cells, Fibroblasts, Azithromycin, Doxycycline,
Temozolomide

*Correspondence:

Farizan Ahmad

farizan@usm.my

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n 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.org/licenses/by/4.0/.


http://orcid.org/0000-0001-6413-7530
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43094-024-00637-x&domain=pdf

Hassan et al. Future Journal of Pharmaceutical Sciences (2024) 10:65

Graphical Abstract

Nutritional stress
induction

Survive, but may
become less
sensitive after
regrowth

U87 cell monolayers

U87 cell colonies

Type of drug could be a
factor

Page 2 of 9

Survive, but may

become more

sensitive after
regrowth

L1929 fibroblasts

e.g., TMZ, AZI, DOXY,
and AZI+DOXY

Background
High-grade glioma, notably glioblastoma (GBM), is one
of the most challenging cancers to treat, partly due to its
high degree of heterogeneity. Despite the discovery of
drugs that can interfere with GBM growth, such as temo-
zolomide (TMZ), most patients succumbed to death. The
major issues are that not all patients respond to the same
effective drugs, and even if they do, patients ultimately
develop resistance. Although much work is currently
being expended on immune-based therapies [1], alterna-
tive effective agents are in constant demand.

Azithromycin (AZI) and doxycycline (DOXY) are
intriguing candidates of antibiotics actively being studied
for their anticancer attributes. Both drugs have exhibited
substantial anti-proliferative and pro-apoptotic effects in
different human cancer cells [2-5]. They are also capa-
ble of modulating various therapeutic targets associated
with cancer hallmarks, including angiogenesis and pro-
survival autophagy [2, 4, 6, 7]. Furthermore, they are
effective against drug-tolerant persister cells of a wide
range of origins, such as cancer stem-like cells, in part
by inhibiting mitochondrial oxidative phosphorylation
(OXPHOS) [3, 8-10].

The tumour microenvironment (TME) is composed of
a complex network of cells (e.g., malignant/stromal cells)
and non-cellular components (e.g., extracellular matrix
proteins) that surround and interact with one another,
which mutually contribute to tumour growth and devel-
opment. The metabolism of tumours, including GBM,
is malleable to factors in the environment in which they

emerge. Metabolism is the chemical process that allows
cells to use available nutrient resources to sustain their
survival and propagation. The availability and quantity of
nutrients, as well as other elements that enable metabo-
lism, such as oxygen, and the presence of other cells
(such as fibroblasts, endothelial and immune cells) that
compete for or fuel such nutrients, are all intrinsic factors
that can influence tumour behaviours [11].

Nutrient scarcity is one of the hallmarks of TME, and
the Warburg effect (a glucose-dependent glycolytic aer-
obic process) is an atypical metabolic phenomenon of
cancer cells. As a result, cancer cells not only reprogram
their metabolism but also develop various mechanisms
to meet their energy demands and sustain survival. For
instance, they switch metabolism towards mitochon-
drial OXPHOS and phenotype to a quiescent state in
response to glucose stress [12, 13]. Secondly, cancer cells
secrete molecules that promote angiogenesis to improve
blood flow and delivery of oxygen and nutrients, as well
as attract other cells (e.g., fibroblasts) that can provide
additional resources [14, 15]. Indeed, the ability of cancer
cells to adapt, survive, and propagate under such an intri-
cate milieu promotes evolution, driving them towards a
more aggressive phenotype/behaviour and resulting in
drug resistance [11, 13, 16, 17].

Aside from that, tumour behaviours are greatly influ-
enced by activated fibroblasts, one of the most abundant
stromal cells in the TME. They are renowned as cancer-
associated fibroblasts and are heterogeneous, with dis-
tinct functions that include tumour growth, survival, and
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metabolism, as well as mediating drug resistance [14, 15].
Ironically, fibroblasts have cancer cell-like traits, such as
plasticity and resiliency, and they are associated with all
stages of tumour progression [15]. Tumours have even
been dubbed “wounds that do not heal” [18].

To that end, it is of interest to expound the impact of
nutrient stress (NS) on drug cytotoxicity in GBM cells
and fibroblasts. Our earlier findings showed that the con-
centrations of TMZ, AZI, and DOXY that caused 50%
of U87 GBM cell monolayer to be affected (ICj;) under
nutrient-favourable conditions for 48 h were 151.0, 92.0,
and 147.0 pg/ml, respectively [19]. This study investi-
gated their effects on U87 cell viability and colonies, as
well as 1929 fibroblast viability after the induction of NS.

Methods

Drugs and reagents

TMZ (Sigma-Aldrich, St. Louis, MO, USA), AZI (Bio-
Vision, Milpitas, CA, USA), DOXY (Sigma-Aldrich,
St. Louis, MO, USA), 1xphosphate buffer saline (PBS)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), 10.0% neutral buffered formalin
(NBF) (Sigma-Aldrich, St. Louis, MO, USA), and gram
crystal violet reagent (GCC Diagnostics, UK). Note that
AZI (Sigma-Aldrich, St. Louis, MO, USA) was used to
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NS induction
To induce NS in GBM cells, U87 cells were seeded in T75
flasks at a density of 1.0x 10? in a final volume of 12 ml
and maintained under standard growth conditions. In
brief, the medium was refreshed on days 30 and 33, cells
were then subcultured on day 36, and harvested on day
38, followed by seeding. To induce NS in normal cells,
1929 fibroblasts were seeded in T75 flasks at a density of
1.0x 10% in a final volume of 12 ml and maintained under
standard growth conditions. In brief, the medium was
refreshed on day 48, fibroblasts were then subcultured on
day 54, and harvested on day 56, followed by seeding.
The cells were sustained in culture for a period until
some adherent (spindle-shaped) cells were observed
(Fig. 1), day 30 and day 48 for GBM cells and fibroblasts,
respectively. GBM cells were fully repopulated on day 36,
while fibroblasts were on day 54. This field is based on
the principle that metabolic activities in cancer cells dif-
fer from normal cells, with cancer cells exhibiting rapid
abnormal growth and higher metabolic demands.

Determination of U87 cell viability

A total of 1.0x 10 cells in a final volume of 100 pul was
seeded in 96-well plates and cultured for 72 h before
being treated. After 48 h of cytotoxic drug treatments,
the MTT assay was carried out in accordance with the
manufacturer’s protocol, and the percentage of cell via-
bility was calculated using the following equation:

Mean absorbance of treated cells — Mean absorbance of blank

Cell viability(%) =

Mean absorbance of untreated cells — Mean absorbance of blank x

100

treat NIH3T3 and human dermal fibroblasts (HDF), but
the manufacturer discontinued the drug in the middle of
the study.

Culture of GBM cells and fibroblasts

The human U87 GBM cell line (HTB-14) was obtained
from the American Type Culture Collection (ATCC)
(Rockville, MD, USA) and maintained at 37 °C with 5%
CO, and 95% humidity in Dulbecco’s Modified Eagle
Medium (DMEM) (4.5 g/l glucose with L-glutamine
and sodium pyruvate) (Nacalai Tesque, Kyoto, Japan),
supplemented with 10% foetal bovine serum (FBS)
(Tico Europe, Amstelveen, Netherlands) and 1% non-
essential amino acid (Nacalai Tesque, Kyoto, Japan).
Mouse connective tissue L929 and embryonic NIH3T3
fibroblasts (ATCC), and HDF (RIKEN Cell Bank,
Tsukuba, Ibaraki, Japan) were cultured in the same
manner as GBM cells.

Determination of U87 cell colonies

Cells were seeded in 6-well plates at a density of 1.0x 10% in
a final volume of three ml and maintained under standard
growth conditions. On day 21, the medium was refreshed,
and cells were further incubated until day 25, after which
they were treated for 48 h. On day 27, cells were fixed with
two ml of 10.0% NBF for 20 min, rinsed once with two
ml of 1xXPBS, and stained in two ml of 0.01% crystal vio-
let for 20 min. In each well, eight regions were randomly
captured under a visual field (5x) using a phase-contrast
inverted microscope (Zeiss, Germany), and the number
of colonies with at least 50 cells was counted using Image]
software (NIH Image, Bethesda MD, USA).

Determination of L929 fibroblast viability

A total of 5.0x 10° cells in a final volume of 100 pl was
seeded in 96-well plates and cultured for 24 h before
being treated, followed by an MTT assay. The effects of
cytotoxic drugs on the viability of fibroblasts, such as



Hassan et al. Future Journal of Pharmaceutical Sciences

(2024) 10:65

Page 4 of 9

5% e e

1929, NIH3T3, and HDF without NS induction were also
assessed after 48 h of treatment.

Statistical analysis

Data passed the Shapiro—Wilk normality test (p>0.05).
One-sample ¢-test with 50% as a standard value of inter-
est or the hypothetical value was performed using the
SPSS version 26 software (IBM Corporation, NY, USA).
While one-way analysis of variance (ANOVA) with Tuk-
ey’s post hoc test and two-way ANOVA with Sidak’s post
hoc test were computed using the GraphPad Prism ver-
sion 6.01 software (San Diego, CA, USA). All analyses
were two-tailed and p value less than 0.05 was considered
significantly different.

L U

Fig. 1 Representative of a U87 cells and b L929 fibroblasts following nutrient stress

Results

Drug cytotoxicity on U87 cell viability

None of the treatments showed a statistically signifi-
cant difference in U87 cell viability (Table 1). In other
words, the drug cytotoxicity does not substantially dif-
fer from the hypothesised value of 50%. Besides, one-way
ANOVA revealed no statistically significant difference
between TMZ (151.0 pg/ml) (positive control group),
AZI (92.0 pg/ml), DOXY (147.0 pg/ml), and AZI+DOXY
(92.0+147.0 pg/ml) treatments (F (3, 8)=0.726,
p=0.565) (Fig. 2). All in all, there is insufficient evidence
to reject the null hypothesis in favour of an alternative
hypothesis. It could not be statistically corroborated that

Table 1 Effect of nutrient stress (NS) induction on drug cytotoxicity in U87 cells

Treatment Mean (SD) t statistic (degrees of freedom) p value (2-tailed)* Mean difference
(95% confidence
interval)

T™Z 71.26 (11.75) 3.133(2) 0.089 21.26 (—7.94,50.46)

AZl 95.39 (28.83) 2728 (2) 0.112 4539 (—26.21,117.00)

DOXY 76.56 (19.28) 2.386(2) 0.140 26.56 (—21.33,74.45)

AZI+DOXY 83.03(21.18) 2.701(2) 0.114 33.03 (- 19.58, 85.64)

" One-sample t-test
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Fig. 2 Drug cytotoxicity on reseeded U87 cell monolayer
after nutrient stress (NS) induction. Data are the mean (standard
deviation, SD) of three technical replicates from three independent
experiments (n=3)

AR
L
TX

Colony number

T T T T T
NC T™Z AZ1 DOXY AZI+DOXY

Fig. 3 Drug cytotoxicity on U87 cell colonies that grew after nutrient
stress (NS) induction. Data are the mean (SD) of a single replicate
from nine independent experiments (n=9). One-way ANOVA,
followed by Tukey’s post hoc test; *p < 0.05; **p <0.01; ***p < 0.001

NS induction renders GBM cells tolerant to cytotoxic
drugs under the present test conditions.

Drug cytotoxicity on U87 cell colonies

The cytotoxicity of tested drugs was further evaluated on
U87 colonies that grew after the NS induction. One-way
ANOVA discovered a statistically significant difference
between groups (F (4, 40) =7.455, p=0.0001) (NC (61.89
(7.66), TMZ (47.00 (9.19), AZI (38.44 (7.02), DOXY
(57.89 (15.68), and AZI+DOXY (51.33 (8.59)). Based on
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Tukey’s post hoc test, TMZ and AZI significantly dimin-
ished the number of U87 cell colonies compared to the
untreated group or negative control (NC) (Fig. 3). AZI
also markedly outperformed DOXY.

Drug cytotoxicity on L929 fibroblasts

To compare the cytotoxicity of studied drugs, fibroblasts
were treated at the IC50 levels in GBM cells. Based on
the comparison made to the 50% hypothetical value, only
AZI+DOXY treatment significantly decreased the via-
bility of L929 fibroblasts (Table 2). It is worth noting that
the mean difference in 1929 fibroblast viability across
treatments was lower than the hypothetical value, con-
trasting to U87 cells (Table 1).

Further to that, a two-way ANOVA showed a non-
significant difference between treatment groups (F
(3, 16)=1.303, p=0.308) and a significant difference
between treatment groups before (TMZ (40.27 (2.42),
AZI (52.43 (7.42), DOXY (46.97 (10.26), and AZI+DOXY
(46.40 (6.24)) and after NS induction (F (1, 16)=36.56,
p<0.0001); however, the interaction between before and
after NS was not significant (F (3, 16)=2.418, p=0.104).
A Sidak’s post hoc test demonstrated that AZI, DOXY,
and AZI+DOXY treatments exhibited an increased
cytotoxic effect on L929 fibroblasts after the NS induc-
tion (Fig. 4). These data indicate that the induction of NS
altered their sensitivity to tested drugs, except for TMZ,
which had no meaningful difference between before and
after NS. In fact, the lack of interaction between before
and after NS suggests that the NS induction does not
affect the cytotoxicity of the drug in fibroblasts; never-
theless, the type of drug may play a role.

Additionally, a two-way ANOVA showed a significant
difference between treatment groups (F (3, 16)=18.35,
p<0.0001) and a significant difference between fibroblast
types (NIH3T3 vs. HDF) (F (1, 16)=59.28, p<0.0001)
(TMZ (66.27 (11.23) vs. 99.17 (2.29), AZI (44.80 (2.12)
vs. 56.83 (7.58), DOXY (48.40 (7.63) vs. 78.60 (3.26), and
AZI+DOXY (61.23 (5.70) vs. 83.30 (13.55)); though, the
interaction between fibroblast types was not significant
(F (3, 16)=2.21, p=0.127). A Sidak’s post hoc test dem-
onstrated that drug cytotoxicity differed across fibroblast

Table 2 Effect of nutrient stress (NS) induction on drug cytotoxicity in L929 fibroblasts

Treatment Mean (SD) t statistic (degrees of p value (2-tailed)* Mean difference (95%
freedom) confidence interval)
T™MZ 33.17(12.86) —2.267(2) 0.152 —16.83 (—48.78,15.11)
AZI 2527 (12.33) —3475(2) 0.074 —24.73 (—55.36,5.89)
DOXY 24.70 (12.61) —-3474(2) 0.074 —25.30(-56.64,6.04)
AZI+DOXY 11.33 (2.60) —-2573(2) 0.002” —38.67 (—45.13,—-32.20)

" One-sample t-test; **p <0.01
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Fig. 4 Drug cytotoxicity on L929 fibroblasts and on reseeded L929 fibroblasts after nutrient stress (NS) induction. Data are the mean (SD) of three
technical replicates from three independent experiments (n=3). Two-way ANOVA, followed by Sidak's post hoc test; *p < 0.05; **p < 0.01
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Fig. 5 Drug cytotoxicity on NIH3T3 fibroblasts and human dermal fibroblasts (HDF). Data are the mean (SD) of three technical replicates from three
independent experiments (n=3). Two-way ANOVA, followed by Sidak’s post hoc test; *p < 0.05; ***p < 0.001

types (Fig. 5), except for AZIL. Despite this, the lack of
interaction between fibroblast types suggests that the
drug types may affect the effects.

Discussion
In a previous study, AZI and DOXY have shown prom-
ising anticancer effects in GBM cells [19]. Nevertheless,
the role of NS in driving tumour cells to adaptive growth
and survival, as well as its involvement in the develop-
ment of drug resistance, is a matter of ongoing research.
The main finding herein is that NS-induced U87 cells
essentially do not develop into a drug-tolerant pheno-
type. The mean differences in U87 cell viability across
treatments were not statistically significant. Moreover,

TMZ and AZI retained their effectiveness in reduc-
ing U87 cell colonies. In these situations, different drug
mechanisms and targets that certainly influence the find-
ings cannot be ruled out. Indeed, the probable divergence
of biological activities and oncogenic signalling pathways
between reseeded monolayer and grown aggregates war-
rants further exploration. In particular, NS promotes
chemoresistance [13, 16]. As per Mondal and colleagues,
NS induction leads to phenotypic reprogramming, driv-
ing U87 cells into a glioma stem cell-like phenotype.
Explicitly, NS-induced U87 cells demonstrated increased
drug efflux capacity, which is consistent with the MTT
cell viability assay, as the cytotoxicity of TMZ, cisplatin,
and paclitaxel decreased on these cells [16].
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On the other hand, glucose deprivation caused a
marked sensitisation of U87 cells to TMZ and carbopl-
atin, nearly doubling the rate of apoptosis [13]. Neverthe-
less, further analysis revealed that it drove U87 and U251
GBM cells to exit the cell cycle and enter quiescence, and
augmented autophagy, allowing them to withstand TMZ-
and carboplatin-induced cytotoxicity. Indeed, autophagy
is responsible not only in chemoresistance but also
tumour survival by acting as a self-degradation channel
that maintains metabolism and homeostasis, as well as an
intracellular recycling platform that supplies the nutri-
ents needed for growth [13, 14]. Likewise, when glucose
was substituted with galactose, PANC1 pancreatic cancer
cells switched to autophagy-dependent mitochondrial
OXPHOS [12].

In contrast to the aforementioned, we previously found
that 21-day survived U87 cells without medium replen-
ishment were completely susceptible to AZI and DOXY
treatments [19]. Notably, AZI exhibited preferential cyto-
toxicity in CAL27 oral squamous and Detroit 562 phar-
yngeal cancer cells under amino acid-deprived conditions
by blocking autophagic flux [2]. GBM, like other cancers,
prioritises glucose to produce adenosine triphosphate via
aerobic glycolysis, but switches to mitochondrial respi-
ration when nutrients or glucose are scarce [12, 13, 20].
At its core, AZI and DOXY have superior cytotoxicity to
nutritionally stressed cells probably owing, in part, to the
fact that they mediate cell death through mitochondrial
respiration [3, 8—10] and autophagy inhibition [2, 4].

In a different study, tetrathiomolybdate (TM) has been
discovered to be more toxic to neuroblastoma cells in
low-glucose conditions, regardless of normoxia and
hypoxia [21]. This can be partly attributed to the role
of TM, which increases glucose consumption and acti-
vates glycolysis, making them vulnerable to death in
low-glucose settings. Onodera and colleagues, alterna-
tively, delineated that the redox system inhibitors, includ-
ing penicillic acid (PA), have preferential cytotoxicity to
PANC-1 pancreatic cancer cells in a nutrient-deprived
condition [22]. In this case, nutrient deprivation raises
the reactive oxygen species, while PA form an adduct
with glutathione (GSH) and a lack of precursor amino
acids required for GSH synthesis drops its level, render-
ing them defenceless to oxidative stress-mediated apop-
totic death.

Herein, it was also discovered that L929 fibroblasts that
survived for 48 days in nutrient-deprived conditions (re-
enter the cell cycle and proliferate after being subjected
to nutrient-favourable conditions) were more susceptible
to AZI-, DOXY-, and AZI+DOXY-induced cytotoxicity.
In different studies, AZI shows preferential cytotoxic-
ity to senescent fibroblasts [23, 24], and AZI and DOXY
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both have senotherapeutic potential [24, 25]. These facts
likely, in part, explain why the fibroblasts were more sus-
ceptible to them after NS induction. Certainly, NS acti-
vates autophagy, while autophagy promotes senescence
in cancer cells and fibroblasts [14, 26]. Ironically, cancer
cells with senescence reversal exhibit more aggressive
behaviours [27], whereas autophagic-senescent fibro-
blasts promote tumour growth and metastasis meta-
bolically through paracrine production of high-energy
mitochondrial fuels [14].

Although acknowledging the specificity of drugs of
interest is beyond the scope of the present work since
fibroblasts were cultured under the same conditions as
GBM cells, which may have altered their typical behav-
iours, data shows that they are adaptable in nature.
Fibroblasts are known to have a high degree of plastic-
ity and can change their behaviour depending on the
signals and cues from the microenvironment [15]. In
a different study, the 1C;, value of AZI was reported
to be 115 (49) pg/ml in primary human connective
tissue-derived fibroblasts cultured in alpha-MEM sup-
plemented with 10% FBS and 1 mM glutamine [28].
DOXY had an ICy, value of 310 pM in primary human
skin-derived fibroblasts cultured in DMEM contain-
ing growth ingredients, including GlutaMAX, 4.5 g/l
glucose, 10% FBS, and 1 mM sodium pyruvate [3]. In
the study by Lamb et al., DOXY over the range of 50
to 500 pM showed little or no cytotoxicity in hTERT-
BJ1 human foreskin fibroblasts (culture conditions not
specified); though at 50 pM, it was significantly cyto-
toxic against MCF7 and T47D mammospheres [10].

Future recommendations

NS possesses the promise of sensitising cancer cells to
chemotherapeutic regimens, which is intricately linked
to the mechanism of action of the cytotoxic drugs.
To further demonstrate the usefulness of AZI and/or
DOXY in the context of cytotoxic preference in NS cir-
cumstances, the next envisioned phase entails the uti-
lisation of an in vivo animal model that incorporates
dietary restriction, such as through short-term fasting.

Conclusions

In short, this study suggests that NS does not inevita-
bly contribute to cytotoxic drug tolerance in GBM cells.
On the other hand, although fibroblasts can withstand
NS, they can also become susceptible to cytotoxic
drug-induced death; however, the type of drug may play
arole.
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Abbreviations

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
ATCC American type culture collection

AZI Azithromycin

ANOVA One-way analysis of variance

DOXY Doxycycline

DMEM Dulbecco’s modified eagle medium
FBS Foetal bovine serum

GBM Glioblastoma

GSH Glutathione

HDF Human dermal fibroblasts

ICs Half-maximal inhibitory concentration
NS Nutrient stress

NBF Neutral buffered formalin

OXPHOS  Oxidative phosphorylation

PA Penicillic acid

T™Z Temozolomide

TME Tumour microenvironment

™ Tetrathiomolybdate
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