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Abstract 

Background  The PI3K signalling pathway regulates the metabolic activity of cells. Disruption by PI3K inhibitors 
causes an aerobic/anaerobic imbalance that decreases energy production and cell growth. Cancer cells adapt to PI3K 
inhibitors in order to reduce their effectiveness. Resistance to Apitolisib could be due to intrinsic factors or acquired 
adaptation. Oncologists often ask whether to discontinue Apitolisib, increase its dose, or use a drug combination.

Methods  We observed the proliferation of resistant cells in (H1975R+) and out (H1975R−) of Apitolisib treatment, 
cell cycle pattern, energy phenotyping/reprogramming, and the effects of combining Apitolisib with Vorinostat 
on the acquired proliferation of H1975R− cells.

Results  The Proliferation of H1975R− cells increased, while that of H1975R+ cells remained suppressed. Both 
conditions showed a 5 × decrease in the number of cells at the Go/G1 phase and doubled at S and G2/M phases 
(p < 0.0001). Both H1975R− and H1975R+ cells exhibited decreased ECAR, with a stronger effect observed 
in H1975R+ cells (p < 0.0001). Oxygen consumption (OCR) increased significantly in H1975R− compared with that in 
H1975P (p = 0.02). The resistant cells became energetically active using mitochondrial respiration in drug-
free medium; H1975R+ was hypo-energetic and consumed more free fatty acids (p = 0.0001). Ketone bodies 
in H1975R+ were increased by 40% and 2 × in BOHB and AcAc levels, respectively, compared to that in H1975P 
and H1975R− (p < 0.0001). H1975R− cell survival was 80% compared with 20% in H975R+ cells treated with 7 μM Vori-
nostat. Vorinostat effectively controlled acquired hyperproliferation of H1975R− cells.

Conclusion  If a tumour becomes unresponsive to Apitolisib, it is advisable to continue the inhibitor and consider 
a combination with non-tyrosine kinase inhibitors.

Keywords  H1975 lung adenocarcinoma, Apitolisib-acquired resistance, Acquired aggressive proliferation, Metabolic 
reprogramming, Apitolisib/Vorinostat combination

Background
The primary aim of chemotherapy is to disrupt the pro-
liferation and dissemination of malignant tumours as 
well as to facilitate the process of programmed cell death 
known as apoptosis. These are accomplished by the deac-
tivation of molecular machinery implicated in the cell 
cycle, cell viability, and energy generation, all of which 
rely on the activation of signalling pathways known as 
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protein tyrosine kinase (PTK) cascades [1]. Protein tyros-
ine kinases (PTKs) are meant to phosphorylate tyrosine-
residue-containing enzymes utilizing ATP. Based on 
their location, PTKs are classified into receptor tyrosine 
kinases (RTKs), located in the cell membrane, such as 
vascular endothelial growth factor receptor (VEGFR), 
growth factors receptor (GFR), Insulin receptor (IR), 
colony-stimulating factor 1 receptor (CSF1R), hepato-
cyte growth factor receptor (HGFR) and Fibroblast 
growth factor receptor (FGFR), and non-receptor tyros-
ine kinases (NRTKs), located in the cytoplasm, like Janus 
kinase (JAK), focal adhesion kinase (Fak), and proto-
Oncogenes; such as Abl, FES and Scr, their function is to 
regulate cell proliferation, migration, adhesion, apopto-
sis and immuno-modulation through coupling with the 
RTKs and other G-coupled receptors [2]. Consequently, 
clinical trials have introduced tyrosine kinase inhibitors 
(TKI), which specifically target both RTK and NRTK. 
Over the past two decades, some of these inhibitors have 
been approved by the FDA, contributing to the enhance-
ment of patient survival and quality of life [3]. The selec-
tion of the appropriate RTK or a cytoplasmic NRTK 
depends on the presence of a “gain of function” mutation 
in the specific TK such as R1275Q in the anaplastic lym-
phoma receptor (ALK) and F1147L mutation in neuro-
blastoma (NB) gene and/or its abundance within the cell 
leading to activation of the downstream signalling path-
ways [4]. Despite the effective treatment of solid tumours 
with targeted chemotherapy, the remarkable capacity of 
tumour cells to develop resistance to these inhibitors has 
been frustrating. Acquired resistance to tyrosine kinase 
inhibitors is characterized by the re-establishment of 
phosphorylation of pivotal proteins, potentially facili-
tated through crosstalk with other upstream or down-
stream tyrosine kinases such as pim kinase, Janus kinase 
(JAK), mitogen-activated protein kinase (MAPK), and 
hepatocyte growth factor receptor (HGFR) [5]. Yang, Y. 
et al. in 2022 wrote an outstanding review detailing pro-
tein tyrosine kinases, their activation associated muta-
tions, their small molecule inhibitors, and the possible 
molecular mechanisms of resistance to such TKIs [5]. 
The overall result is the restoration of the tumour cell 
phenotype, leading to the acquisition of more aggressive 
metabolic reprogramming [6]. However, to understand 
the mechanism underlying metabolic reprogramming 
during tumorigenesis and tyrosine kinase treatment/
resistance, the subject of this manuscript, it is imperative 
to consider cancer cells as somatic cells that have under-
gone specific mutations (known as driver mutations), 
causing them to exhibit distinct behaviours compared to 
normal cells. Consequently, they undergo glucose meta-
bolic reprogramming, switching to glycolysis, to meet 
the increased requirements for nucleic acid synthesis. 

If glucose metabolism remained the same as in normal 
somatic cells, the influx of glucose would be insufficient 
to satisfy the demand for nucleic acid synthesis needed 
by the highly proliferative immortalized cells. As a result, 
a portion of this metabolic reprogramming involves the 
cessation of complete mitochondrial oxidation of glucose 
and the activation of fatty acid and amino acid utilization 
instead [7, 8]. The PI3K pathway plays a significant role in 
metabolic reprogramming by enhancing glucose uptake 
and utilization [9]. Moreover, the m-TOR signalling path-
way enables the activation of amino acid utilization as an 
alternative source of energy production in the mitochon-
dria [10]. The PI3K/mTOR pathway plays a crucial role 
in cell cycle progression, proliferation, and the preven-
tion of apoptosis [11]. The activation of this pathway has 
been observed in various solid tumours. Clinical trials of 
PI3K/mTOR inhibitors have been conducted, although 
the resistance of tumour cells to such chemotherapy has 
been well documented [12].

The question consistently posed by oncologists when 
tumour cells cease responding or when tumour relapse 
is encountered is, what course of action should be 
taken? Should Apitolisib be discontinued? Should the 
Apitolisib dosage be increased? Should further analy-
sis be conducted to identify any possible novel passen-
ger mutations that could affect the activity of the PI3K/
mTOR signalling pathway? Or should the considera-
tion of additional drug combinations be entertained? 
To address these questions, resistance to Apitolisib was 
induced by subjecting H1975 lung adenocarcinoma cells 
to a training process of continuous exposure to increas-
ing doses of Apitolisib. The resistant H1975 cells, both in 
(H1975R+) and out (H1975R−) of the drug incubation, 
were then compared to their Apitolisib-naïve sensitive 
counterparts (H1975P). To understand the resistance to 
Apitolisib from a metabolic reprogramming perspective, 
we observed their proliferation rate, which signifies the 
quantity of energy generated. Next, we analysed their cell 
cycle and energy phenotyping using Cytel® cell cycle pro-
filing, Seahorse®, and a central carbon metabolism assay 
kit, respectively. Based on these results, an additional 
experiment was performed to impede the progressive 
proliferation of resistant cells using a pan-histone dea-
cetylase inhibitor (Vorinostat). The purpose of this study 
was not to explore the molecular basis of resistance to 
Apitolisib but rather to examine a clinical approach to 
managing this resistance.

Materials and methods
Apitolisib-resistant H1975 cells were developed by the 
thoracic oncology research group, Trinity Translational 
Medicine Institute (TTMI) at Saint James’s Hospital, and 
kindly gifted to us by the group leader Dr. Kathy Gately.
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Cell culture: Apitolisib-naïve parent (P) and resist-
ant (R) H1975 lung adenocarcinoma cells were cultured 
in RPMI-1640 medium (Sigma R5886 Lot: RNBF1079) 
supplemented with 10% (FBS Sigma, F7524, Lot: BCBR 
1178V) and 1% penicillin-streptomycin-glutamine 
(Gibco Cat No: 10378-016). The media for H1975R cells 
were conditioned with 1 μM Apitolisib (H1975R+) or 
Apitolisib-free media (H1975R−).

Confluency test: H1975P, H1975R+ and H1975R− 
cells were passaged in, vented and tilted neck, T75 flasks. 
The proliferation of these cells was observed until 90% 
confluency was achieved.

Growth curve: T75 flasks, at 75% confluency, of 
H1975P and H1975R cells (in/out of drug incubation) 
were sub-cultured in five T75 flasks. The cells were left to 
adhere for 24 h. RPMI was then changed daily. One flask 
was removed per condition each day, trypsinized, and the 
turbidity of the cell suspension in PBS was measured as 
the OD at 600 nm. Growth curves were plotted as optical 
density versus time.

Cell cycle profiling: Cells were seeded in sterile 
Nunc™ MicroWell™ 96-well microplates in six replicates: 
H1975P, H1975R− and H1975R+. Cells were allowed to 
adhere and proliferate for 48 h, washed twice with 1× 
PBS, fixed in pre-warmed (37 °C) formaldehyde (Image-
iT™ Fixative Solution; 4% formaldehyde, methanol free, 
Cat #FB002) containing 0.3% Triton-X100 for 15 min 
at 37 °C. The cells were then washed twice with 1× PBS 
and the nuclei were stained with DAPI (Invitrogen™-
DAPI, cat. #D3571) for 15 min at RT. The cell cycle was 
read in a Cytel® Cell Imaging System (GE Healthcare Life 
Sciences).

Metabolic profiling: A Seahorse XF24 extracellu-
lar flux analyser and Seahorse XF24 FluxPak mini kit 
(Part #100,867-100) were used. A preliminary experi-
ment was conducted to determine the optimal seeding 
density. Cells were seeded in 24-well cell culture plates 
(Seahorse Bioscience V7-PS, TC-treated, Part #100,777-
004) at densities of 60,000, 40,000, and 80,000 cells/well 
for H1975P, H1975R−, and H1975R+ , respectively [13]. 
The results from the Seahorse XF24 analyser were nor-
malized by dividing their values by their correspond-
ing crystal violet measurements [13]. The average of six 
OCR, PPP, and ECAR per condition was recorded. The 
experiment was performed once a week for three con-
secutives. Normalized OCR, PPP, and ECAR values were 
compared using GraphPad Prism® 7.0. The Seahorse XF 
energy phenotype test report from Agilent® was used to 
track the metabolic changes in the compared cells.

Central carbon metabolism: This was evaluated 
using the colorimetric Enzychrom™ pyruvate assay kit 
(Cat #EPYR-100), free fatty acid assay kit (Cat #EFFA-
100), and EnzyChrom™ ketone assay kit (EKBD-100) 

in accordance with the guidelines provided by the 
manufacturer.

Drug combination: Vorinostat (Sigma-Aldrich, CAS. 
#149,647-78-9) was used as a pan-histone deacetylase 
(HDAC) inhibitor. BrdU cell proliferation colorimetric 
ELISA assay kit, purchased from Cell Signalling Tech-
nology® (cat. no. 6813), was used to construct a dose–
response curve for cell proliferation. The Vorinostat dose 
ranged used was from 1 to 20 µM (represented as log 3–
log 4.3 in the graph). The log-dose response versus the % 
inhibition of growth was constructed in Prism 7.0.

Results
Confluency test: H1975P cells became 90% confluent 
within three days, whereas the H1975R− cells took only 
two. Furthermore, H1975R+ cells required five days to 
reach 90% confluency.

Proliferation rates: Fig. 1 illustrates a qualitative com-
parison of the proliferation rate of H1975R cells with that 
of H1975P cells. Evidently, H1975R− developed adaptive 
mechanisms, allowing them to proliferate more rapidly 
than H1975P cells. Additionally, a significant decline in 
the proliferation rate of H1975GR+ was observed. The 
slow proliferation of H1975GR+ cells is indicative of 
a pure metabolic reprogramming/bypass of the PI3K/
mTOR pathway. In contrast, the aggressive proliferation 
of H1975R− cells was the sum of the advantageous meta-
bolic reprogramming and the restoration of PI3K/mTOR 
signalling.

Cell cycle profiling: Fig.  2 depicts the cell cycle pat-
tern for H1975 cells. In the reference cell cycle pattern 

Fig. 1  Growth curves of H1975P (Apitolisib naive/sensitive) 
and H1975R (Apitolisib resistant) cells, in the presence (H1975R+) 
or absence (H1975R−) of Apitolisib incubation. The y-axis represents 
the five OD points, which correspond to consecutive five-day 
measurements of detached cells suspension in 1 × PBS. The 
x-axis, on the other hand, represents the time interval in hours 
between these measurements. The comparison between the tested 
cells only commenced after 48 h, as Apitolisib was added 
to the treated H1975R+ after the initial 24 h (zero-time), allowing 
for proper cells adherence and resuscitation



Page 4 of 10Hmmier and Dowling ﻿Future Journal of Pharmaceutical Sciences          (2024) 10:133 

(H1975P), the percentage of cells attending G0/G1 was 
52% of the total cell number, which was approximately 
the sum of cells attending S and G2/M. The percentage of 
cells in the S phase was triple (36%) the number of cells in 
the G2/M phase. Both H1975R+ and H1975R- exhibited 
a doubling of the percentage of cells in the S and G2/M 
phases compared to H1975P cells (p < 0.0001). Addi-
tionally, the percentage of cells in the G0/G1 phase was 
five times lower in both H1975R− and H1975R+ than in 
H1975P cells (p < 0.0001). Notably, no difference in the 
cell cycle pattern was observed between H1975R− and 
H1975R+ cells. Specifically, the cells in the G0/G1 phases 
accounted for 11.3% and 10.6%, respectively, the cells in 
the S phase accounted for 64.7% and 66.4%, respectively, 
and the cells in the G2/M phases accounted for 23.8% 
and 22.4%, respectively. Furthermore, it should be noted 
that the changes observed in H1975R+ cells were perma-
nent, as evidenced by their retention even after treatment 
withdrawal for five passages (15 days).

Energy phenotyping: Fig.  3 shows the variations in 
the ECAR/PPR/OCR parameters between H1975R+ , 
H1975R− cells, and their parent Apitolisib-sensitive 
cells (H1975P). Additionally, the figure shows the effect 
of 1  µM Apitolisib on the energy phenotype of Api-
tolisib-resistant H1975 cells. ECAR was significantly 
reduced in both H1975R− and treated H1975R+ cells 
(p < 0.0001). However, this effect was more pronounced 
in H1975R+ cells. The H1975R− cells exhibited a sig-
nificant increase in the OCR, as indicated by a decrease 
in the oxygen concentration in the assay medium rela-
tive to H1975P cells (p = 0.02). This increase in oxygen 

Fig. 2  Cytel® cell cycle profiling of H1975 lung adenocarcinoma 
cells. The Apitolisib-sensitive H1975 cells (H1975P: n = 14,504 ± 1852) 
were compared to the Apitolisib resistant H1975 cells that were 
incubated in 1 µM Apitolisib during the entire experiment (H1975R+ : 
n = 3793 ± 525). Additionally, the Apitolisib-resistant H1975 cells were 
grown in drug-free medium for a total of five passages (two weeks), 
including the experiment (H1975R− : n = 12,167 ± 911). It is important 
to note that the H1975R+ cells were continuously maintained 
in the presence of 1 μM Apitolisib all the time, both before and 
during the experiment. The different phases of the cell cycle are 
represented as follows: G0 for newly divided cells, G for the growth 
phase/cell maturation, S for the synthesis phase, G2 is a second 
maturation phase prior to cell division, and M for the mitosis 
phase. The statistical analysis revealed significant differences 
between the groups, with a p value of 0.0–0.5 (ns), 0.00001 (**) 
for some comparisons and < 0.000001 (***) for others

Fig. 3  Seahorse energy phenotyping of Apitolisib-resistant H1975 cells in the presence (R+) or absence (R−) of Apitolisib compared to their 
Apitolisib-naive sensitive cells. Aerobic phenotype demonstrates the mitochondrial respiration activity measured by the ability of the cells 
to consume oxygen (OCR measured as pmol/min), while the glycolytic phenotype indicates active Warburg effect on glucose metabolism 
as measured by the extracellular acidification rate (ECAR measured as mpH/min). PPR is the total of protons produced from both glycolytic 
and mitochondrial respiration sources (PPRtot = PPRglyc+ PPRresp and can also be calculated by dividing the ECAR​tot by the buffering power 
measured as pmolH+ /min/μg protein). Quiescent phenotype indicates very weakly energetic cells. Energetic phenotype indicates highly energetic 
cells. (ns): p = 0.6, (*): p = 0.01–0.02, (***): p < 0.0001
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consumption was mitigated by incubation with Api-
tolisib. Additionally, mitochondrial oxidative respiration 
(OCR) was significantly reduced in the H1975R+ cells 
compared to that in the H1975R− cells (p = 0.01). 
Through cell energy phenotyping, it was observed that 
the H1975R− cells possessed greater energy levels than 
the H1975P cells, and they appeared to favour mito-
chondrial oxidative respiration, potentially through the 
aerobic utilization of glucose and other acetyl-CoA pre-
cursors, rather than relying on glycolysis. In summary, 
based on the phenotypic characterization of cellular 
energy, it was observed that H1975R− cells demonstrated 
heightened levels of energy when compared to the 
H1975P cells. The former exhibited a preference for aero-
bic metabolism. Following exposure to 1  µM Apitolisib, 
resistant cells (H1975R+) tended to enter a quiescent or 
hypo-energetic state, leading to a decline in both glycoly-
sis and mitochondrial respiration due to the inhibition of 
PI3K-AKT/m-TOR phosphorylation.

Central carbon metabolism: Fig. 4 illustrates the col-
orimetric assay of the primary molecules involved in the 
synthesis and fate of acetyl-CoA. The pyruvate level in 
the H1975R+ was approximately 10% higher (p = 0.002), 
whereas that in the H1975R− was 9% lower (p = 0.01) 
than that in the H1975P cells. Moreover, there was a 19% 
difference in pyruvate levels between the H1975R+ and 

H1975R− cells (p = 0.0005). The average level of acetyl-
CoA in the H1975R+ cells was 39% lower than that in 
H1975P, whereas the H1975R− cells exhibited an average 
increase of 14% in comparison to H1975P cells. However, 
this change was not statistically significant in either con-
dition. Importantly, H1975R+ cells displayed a signifi-
cantly lower acetyl-CoA level (46%) than H1975R− cells 
(P = 0.02). The concentration of ketone bodies was as 
follows: the level of acetoacetic acid (AcAc) was signifi-
cantly elevated in the H1975R+ cells, reaching trice that 
in H1975R− and H1975P cells (p < 0.0001). Conversely, 
it was 14% lower in H1975R− cells than in H1975P cells 
(p = 0.02). Alterations in β-hydroxybutyrate (BOHB) 
levels in the resistant cells relative to the parental cells 
were significant under both conditions. It increased by 
40% in H1975R+ cells (p = 0.02) and decreased by 41% 
in H1975R− cells (p = 0.002) compared to their respec-
tive H1975P cells. The H1975R+ cells showed a 1.4-
fold increase in BOHB levels relative to untreated cells 
(p = 0.002). The H1975R+ and H1975R− cells exhibited 
a reduction of 26% (P = 0.001) and 5% (P =  > 0.05) in 
the levels of free fatty acids, respectively, in comparison 
to H1975P cells. Furthermore, the H1975R+ cells dis-
played a 20% decrease in free fatty acid levels compared 
to H1975R− cells (p = 0.02). The AcAc/BOHB ratio in 
H1975R+ cells was 1.3-fold higher than that in H1975P 
cells. Conversely, H1975R-− cells exhibited a modest 
increase of 0.5-fold. The ratios of the H1975P, H1975R−, 
and H1975R+ cells were 1.4, 2.1, and 3.2, respectively.

Drug combination: Fig.  5 illustrates the effect of 
Vorinostat, a pan-HDAC inhibitor, on the survival 
and proliferation rates of H1975P, H1975R+ cells, and 
H1975R− cells. The H1975R− cells demonstrated a 
higher tolerance to a wide range of Vorinostat concen-
trations compared to H1975P and H1975R+ cells. Unlike 
H1975R+ and H1975P cells, the H1975R− cells did not 
show any response to Vorinostat at 4 µM final concentra-
tion (log doses of 3.6 nM). Pre-treatment with 1 µM Api-
tolisib (H1975R+), the survival rate of the resistant cells 
decreased by nine-fold when exposed to a dose of 7 µM 
Vorinostat (log dose 3.8  nM), reducing viability from 
100% to only 10%. In contrast, when exposed to 7 µM (log 
dose of 3.8  nM), H1975R− cell survival only decreased 
by 20%. At a dose of 8  µM (log dosage of 3.9  nM), the 
viability of H1975R- cells were 57% compared to the 
control dosage, in which their viability remained unaf-
fected. The viability of the H1975R+ at this dose was only 
5.5%, and when compared with the H1975R− cells, the 
H1975R+ cells experienced a 9.5-fold greater reduction 
in viability. Dosages of 10 and 13 µM (log dosage 4.0 and 
4.1 nM) did not have an additional cumulative effect on 
H1975R+ cells, whereas their effect on H1975R− cells 
maintained a direct relationship, resulting in a reduction 

Fig. 4  Central carbon metabolism. Illustrates the comparison 
between acetyl-CoA and its primary precursors, namely pyruvate, 
free fatty acids (FFA), acetoacetic acid (AcAc), and 3-hydroxy 
butyrate (BOHB), in lung adenocarcinoma cells that are sensitive 
(H1975P) and resistant (H1975R) to Apitolisib. The levels of these 
substances per phenotype are measured per 20 µg of total cell 
protein. Additionally, the (R−) designation refers to H1975-resistant 
cells that are cultivated in Apitolisib-free medium (H1975R−), 
while H1975R+ denotes resistant cells that are cultivated in medium 
containing 1 µM Apitolisib. (ns): p = 0.1–0.07, (*): p = 0.01/0.02, (**): 
p = 0.001–0.0009, (***): p < 0.0001
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in their viability by factors of 2.6 and 5, respectively, com-
pared to 8 µM (log dose 3.9 nM).

Discussion
The aim of this study was to examine the behaviour of 
Apitolisib-resistant H1975 lung adenocarcinoma cells 
from the perspective of metabolic reprogramming and 
proliferation aggressiveness. The notion was to shed light 
on how clinicians might proceed when malignant tissues 
have stopped responding to Apitolisib: continue or stop 
Apitolisib, or consider a drug combination. Therefore, 
understanding cancer biology and expanding the treat-
ment team to include experts from different disciplines 
could improve patient outcomes. In our study, to model 
tyrosine kinase inhibitor resistance arising in the clinic, 
we used H1975 lung adenocarcinoma cells resistant to 
Apitolisib, and compared them to their parent sensitive 
cells.

Apitolisib reverted the excessive proliferation of resistant 
H1975R− cells
The confluency test and proliferation rate measure-
ments showed that the H1975R− had an aggressive pro-
liferation rate even higher than that of drug-naïve parent 
cells. However, the proliferation rate was suppressed by 
incubation with this drug (Fig. 1). Clinically, this means 
that stopping Apitolisib allows the tumour to become 
very aggressive, making tumour relapse highly prob-
able. To elucidate the reasons for the relatively slow rate 
of proliferation observed in H1975R+ cells compared 
with H1975R− cells, we conducted cell cycle profiling. 

Interestingly, the cell cycle patterns in the treated and 
untreated cells were identical. However, the G0/G1 ratio 
of the newly dividing resistant cells was reduced by a fac-
tor of five compared to that of their parent cells. Moreo-
ver, the S and G2/M phases both doubled, indicating that 
both cell populations were actively dividing. The only dis-
cernible difference between the two cell populations was 
the energy output, which was scarce in the treated cells. 
To examine such hypothesis, seahorse energy phenotyp-
ing and central carbon metabolism assessment were per-
formed (Figs. 3 and 4).

The inverted Warburg effect reflects the increased 
aggressiveness of H1975R− cells
An imbalance of the tyrosine kinase cascade can result 
in malignant transformation. This imbalance could 
be caused by gain-of-function (driver) mutations or 
increased expression of RTK or NRTK, combined with 
loss of apoptosis function, and in response to adaptive 
mitochondrial function. Consequently, in response to the 
increased demand for glucose for nucleic acid synthesis, 
somatic cells may activate alternative metabolic path-
ways to generate energy. This could involve an increased 
reliance on glycolysis, which accounts for up to 60% of 
cancer cell energy sources [14]. In cancer cells, the rate 
of glycolysis is 100× faster than that in normal somatic 
cells [15, 16], raising the amount and rate of glucose entry 
into the cells [7–9, 17–19]. The PI3K signalling pathway 
plays a role in regulating the cellular metabolism balance, 
between the aerobic and anaerobic pathways, and the 
uptake of glucose and other nutrients, as well as mito-
chondrial function [18, 19]. Inhibition of PI3K signalling 
by Apitolisib disrupts the balance between the dominant 
OXPHOS pathway and glycolysis, resulting in suppres-
sion of both pathways [20]. A large depression in energy 
production lowers the proliferation rate (Figs.  1 and 3). 
As a consequence of PI3K pathway inhibition, cancer 
cells begin to tolerate and adapt to several mechanisms to 
cope with this shift in energy. The ability of cancer cells to 
tolerate a one-log-fold increase in the IC50 of an inhibi-
tor is called resistance. Apitolisib is a PI3K/m-TOR dual 
inhibitor was introduced in clinical trials after tumour 
cells become tolerant to PI3K single inhibitors. Resist-
ance to this dual inhibitor has been well-documented in 
clinical trials to be due to either intrinsic genetic makeup 
or acquired resistance via exposure and adaptation [21].

H1975 cells harbour activated EGFR and a mutant 
PI3KCA enzyme downstream (a mutation in the cata-
lytic subunit of the kinase enzyme) in combination with 
a dysfunctional TP53 gene. Their adaptive response to 
repetitive exposure to Apitolisib might involve activation 
of molecular crosstalk with EGFR, such as the EGFR/
MAPK axis and other growth factor receptor signalling, 

Fig. 5  The effect of Vorinostat on lung adenocarcinoma H1975 
cells. The sensitive cells, which had not been exposed to Apitolisib 
(H1975P), were compared to both Apitolisib-resistant cells that had 
been incubated with Apitolisib (H1975R+) and those that had 
not been incubated with Apitolisib (H1975R−). Doses that were ≤ the 
logarithmic dose 2.1 nM did not have any significant effects 
on the three aforementioned phenotypes. (ns): p = 0.1–0.3, (*): 
p = 0.001/0.0008, (**): p = 0.000001–0.000008, (***): p < 0.000001
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which can bypass the PI3K/m-TOR tyrosine kinases, acti-
vating the downstream transcription factors [21]. There-
fore, these cells can tolerate higher doses of Apitolisib 
over time and can sustain minimal energy requirements. 
Our findings show that when Apitolisib-resistant cells 
are incubated with the drug, the inhibition of PI3K may 
disrupt metabolic regulation, leading to a shift towards 
non-glucose substrate aerobic metabolism, which is con-
firmed by their increased consumption of fatty acids, 
accumulation of pyruvate and elevated levels of ketone 
bodies (ketosis), combined with their decreased OCR 
and ECAR (Figs. 3 and 4) [22]. This could be attributed 
to Apitolisib, as a PI3K inhibitor, leading to additive sup-
pression of both mitochondrial OXPHOS and glycolysis, 
as well as to the reduction of glucose uptake by GLUT 
transporters, which would limit the availability of glucose 
for metabolic processes and nucleic acid synthesis [10, 
23].

In Apitolisib-free media, resistant cells (H1975R) 
shifted to an aerobic metabolism phenotype (a reversed 
Warburg effect) driven by energy starvation caused 
by Apitolisib. These cells became more energetic than 
their parent cells, as indicated by their increased OCR, 
increased pyruvate consumption, and lowered ketone 
body levels (Figs.  3 and 4). These highly energetic cells 
point to the restoration of PI3K/mTOR- facilitated glu-
cose influx and its utilization via mitochondria, with glu-
cose scarcity caused by Apitolisib acting as a driving force 
(Fig.  3), as well as extra energy sourced through non-
carbohydrate substrates (reversed Warburg effect). This 
explains why Apitolisib-resistant H1975 cells in drug-free 
medium exhibit high proliferation rates.

Elevation of ketone bodies explains the slow proliferation 
rate of treated H1975R+ cells
Accumulation of ketone bodies and increased consump-
tion of fatty acids can slow cancer cell proliferation and 
invasion, which is the case in H1975R+ cells [24]. The 
opposite pattern was observed in non-treated cells, in 
which the diminished levels of ketone bodies reflected the 
adequacy of their glucose supply for a high proliferation 
rate (Fig.  1). Ketone bodies have been shown to inhibit 
the proliferation of cancer cells and induce apoptosis, 
leading to reduced tumour growth. They can also dimin-
ish glycolytic flux and glutamine uptake in tumour cells, 
resulting in decreased ATP content and survival [25]. 
Increased ketone bodies in resistant cancer cells disrupt 
their survival and proliferation, inhibit glycolysis, and 
block the main pathway of energy production [24, 26]. 
Ketone supplementation or a ketogenic diet has shown 
positive therapeutic advantages in various malignancies, 
potentially targeting tumour metabolism as a new area 
for drug discovery [27]. The molecular pathways affected 

by ketone body treatment in cancer cells include the JAK-
STAT and mTOR pathways, which lead to decreased cell 
migration and inhibition of cellular growth and prolif-
eration. This might explain the activated JAK/STAT axis 
in our treated Apitolisib-resistant H1975 cells published 
earlier by the thoracic oncology research group at TTMI, 
Trinity College, Dublin [28]. The acquired reliance on 
the JAK-STAT signalling pathway might make them less 
vulnerable to the inhibitory effect of Apitolisib. In the 
absence of the drug, these cells can still exploit alterna-
tive PI3K-independent growth promoting pathways to 
achieve a higher proliferation rate.

Apitolisib‑resistant H1975R− cells tolerate higher doses 
of vorinostat than H1975R+ 
HDACs play a vital role in the transcription of genes 
involved in cell cycle progression and survival. Further-
more, HDACs 1–7 are essential for the transcription 
complexes required for the cell cycle and survival [29]. 
HDAC7 has been found to be a significant contributor 
to cancer cell proliferation because it affects cell cycle 
progression by regulating c-Myc expression [30]. Tho-
racic oncology research group at TMMI-TCD reported 
that Apitolisib activates c-Myc expression in Apitolisib-
treated resistant H1975 cells [31], which was also the sub-
ject of the current study. It has been demonstrated that 
HDAC inhibitors impede proliferation and induce apop-
tosis in tumour cells, indicating that they may affect the 
post-translational modifications of molecules involved in 
cell proliferation and survival [31, 32]. Western blot anal-
ysis of HDAC levels in H1975R+ cells revealed elevated 
levels of HDACs 1, 2, 3, 4, and 6 compared with H1975R− 
cells (H1975R−) [13]. When a pan-HDAC inhibitor was 
employed, the H1975R− cells demonstrated tolerance to 
elevated doses of Vorinostat, whereas the H1975R+ cells 
exhibited significant vulnerability to Vorinostat (Fig.  5). 
This observation contradicts the findings from the west-
ern blot analysis, which suggests that the H1975R+ cells 
should have a higher tolerance to Vorinostat because of 
their elevated levels of HDACs compared to the non-
treated cells (H1975R−) [13]. However, this elevation in 
HDACs may indicate inactivity, and a positive feedback 
mechanism may trigger their expression and promote 
protein abundance. The PI3K/mTOR pathway is known 
to induce phosphorylation of HDACs, thereby prevent-
ing their export to the nucleus and serving as transcrip-
tional corepressors. We anticipated that treatment with 
Apitolisib would result in hypo-phosphorylation of 
HDACs. This hypo-phosphorylation of HDAC IV and V 
in H1975R+ cells was opposite to that in H1975R− cells, 
which indicates that these HDACs are inactive [13]. This 
finding indicates that HDACs play a significant role in the 
resistance of.
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H1975 cells to Apitolisib and that their phospho-
rylation is essential for their functionality. As HDACs 
become more phosphorylated, their proliferation rates 
increase, and vice versa. This interpretation is sup-
ported by the higher proliferation rate observed in the 
H1975R− cells (Fig. 1).

In summary, Apitolisib reduced the survival of 
H1975R+ with exceedingly low levels of energy, result-
ing in a significant reduction in their proliferation rate 
(Fig. 1). This phenomenon may be attributed to a higher 
rate of apoptosis in comparison to the newly generated 
cells, which is caused by the compromise of both mito-
chondria and glycolysis by Apitolisib. This is indicated 
by heightened levels of ketone bodies and increased 
consumption of fatty acids. Additionally, Apitolisib 
has been observed to eliminate the phosphorylation of 
HDACs, thereby facilitating their entry into the nucleus 
to function as a co-repressor of genes essential for cell 
survival and proliferation. Upon discontinuation of 
Apitolisib, the phosphorylation of HDACs was restored 
and their expression diminished. This suggested the 
increased abundance of HDACs might stem from a 
feedback mechanism. Inhibitors of HDACs impede 
proliferation and induce apoptosis in tumour cells, 
indicating that they might affect post-translational 
modifications of molecules involved in cell proliferation 
and survival. Additionally, by interacting with check-
point kinases and reducing the expression of cyclin-
dependent kinase inhibitory genes, such as BAX and 
P21, which promote apoptosis through the activation 
of P53, these inhibitors further contribute to the higher 
proliferation of non-treated H1975 resistant cells. This 
finding was supported by western blot analysis [13]. 
Considering this scenario in the context of the in vivo 
resistance to Apitolisib observed in clinical settings, it 
can be inferred that if the medication is stopped, the 
elevated levels of HDACs become vulnerable to PI3K/
AKT, resulting in a significant increase in phosphoryl-
ated HDACs, ultimately facilitating tumour relapse 
and enhancing aggressiveness. Therefore, it is highly 
recommended not to stop Apitolisib when no further 
clinical improvement obtained, and instead to combine 
with HDAC inhibitors. However, one limitation of this 
study is that we need to bear in mind that the specific 
effects of Apitolisib on cellular metabolism and the cell 
cycle may depend on several factors, such as cell type, 
genetic alterations, and the cell’s microenvironment. 
Therefore, further investigation of the metabolic effects 
of Apitolisib on resistant cells within panels of cell lines 
with varying oncogenicities would yield more compre-
hensive insights into these processes. The other limita-
tion is that even with the use of a panel of cell lines, 
tumour tissues are highly heterogeneous and culturing 

cell suspension of patients’ tissues is not being used for 
testing drugs in translational medicine laboratories.

Conclusions
Due to high levels of cross-talk signalling activation of 
tyrosine kinases, adaptation to their inhibitors is inevi-
table, and as highlighted in the limitation of this study, 
resistance to this type of targeted chemotherapy might 
come from alteration in the genetic makeup of malig-
nant tissues and their heterogeneity. Therefore, when the 
tumour starts to grow slowly and the resistance to Api-
tolisib is highly likely, it is strongly recommended to con-
tinue the drug and combine it with the available, proven, 
effective drug combination. Additionally, expanding the 
role of translational research laboratories in hospitals 
would have a substantial positive impact on the overall 
patient outcome.
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