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Abstract

Chronic inflammation contributes to breast cancer progression through cytokine effects on tumor growth. Tumor necrosis fac-
tor- alpha (TNF-a) is a key inflammatory mediator implicated in breast cancer subtypes. Atorvastatin (ATO), beyond its lipid-
lowering effects, has been reported to exert anti-inflammatory and anti-tumor properties. We investigated the effects of the
ATO on TNF-a expression, secretion, and growth in MCF-7 and MDA-MB-231 breast cancer cells in response to lipopolysac-
charide (LPS) stimulation. Treatments used were LPS 10 pg/mL) and ATO (0 - 9 uM), alone or combined. The antiproliferative
effects of ATO were assessed by MTT and RTCA analysis. TNF-o mRNA expression and secretion levels were quantified by
qPCR using TagMan probes and by a Luminex immunoassay. ATO reduced the LPS-induced cell proliferation. ATO also
lowered TNF-a gene expression relative to LPS-treated cells, although LPS-induced upregulation of TNF-a expression in
MCF-7 cells did not reach statistical significance. In MDA-MB-231 cells, the effects of ATO were less pronounced, supporting
a cell type- and dose-dependent pleiotropic anti-inflammatory action of ATO in breast cancer.

Rezumat

Inflamatia cronica determind progresia cancerului mamar prin efectele citokinelor asupra cresterii tumorale. Factorul de
necroza tumorald alfa (TNF-0) este un mediator inflamator esential, implicat in diferite subtipuri de cancer mamar.
Atorvastatina (ATO), dincolo de efectele sale hipolipemiante, a fost raportatd ca avand proprietdti antiinflamatoare si
antitumorale. Au fost investigate efectele atorvastatinei asupra expresiei TNF-a si asupra proliferarii celulare pe liniile de
cancer mamar MCF-7 si MDA-MB-231, dupa stimularea cu lipopolizaharide (LPS). Dozele utilizate au fost LPS 10 pg/mL si
ATO 0 - 9 uM, administrate individual sau in combinatie. Efectele antiproliferative ale atorvastatinei au fost evaluate prin
analize MTT si RTCA. Expresia ARNm si valorile TNF-a au fost cuantificate prin qPCR, utilizdnd sonde TaqMan, si printr-
un imunotest Luminex. Atorvastatina a redus proliferarea celulard indusd de LPS. De asemenea, ATO a diminuat expresia
genei TNF-a comparativ cu celulele tratate doar cu LPS, desi cresterea expresiei TNF-a indusa de LPS in celulele MCF-7 nu
a atins pragul de semnificatie statistica. in celulele MDA-MB-231, efectele atorvastatinei au fost mai putin pronuntate, susti-
nand o actiune antiinflamatoare pleiotropa, in functie de tipul celular si de doza.
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Introduction tumor-associated macrophages, and by the cancer
cells.

The mevalonate pathway is essential for cholesterol
production. Products of this pathway have been
shown to promote migration, proliferation, and dif-
ferentiation of breast cancer cells. Statins are ap-
proved drugs for cholesterol-lowering action (2).
They inhibit the rate-limiting enzyme, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMG-CoA
reductase), of the mevalonate pathway. Lipophilic
statins, including atorvastatin (ATO) and simvas-
tatin, have been reported to inhibit growth and even
induce cancer cell death (3). Cancer cells rely on an-
aerobic glycolysis for energy production even in the
presence of adequate oxygen. This metabolic adap-
tation, commonly known as the Warburg effect, sup-
ports the energy demands of the TME. Because the
mevalonate pathway is important in cellular

Despite significant advancements in cancer research,
cancers remain a challenge to treat due to issues like
metastasis, recurrence, and drug resistance. Breast
cancer, the most prevalent cancer among women
worldwide, is driven by genetic and epigenetic alter-
ations within the tumor microenvironment (TME).
Inflammation, mediated by these alterations in pro-
inflammatory cytokines, plays a crucial role in dis-
ease progression. Additionally, metabolic repro-
gramming of cancer cells and the TME facilitates tu-
mor progression. Hence, targeting the TME by drugs
that affect metabolism could offer new anti-cancer
therapeutic strategies. Tumor necrosis factor-alpha
(TNF-a), an essential pro-inflammatory cytokine, is
abundant in the TME of breast cancer patients (1). It
is secreted by various stromal cells, predominantly

1090



FARMACIA, 2026, Vol. 74, 4

bioenergetics, statins, including ATO, have been
proposed to indirectly modulate this energy demand
of cancer cells in addition to their cholesterol-lower-
ing action (3). However, the concentrations needed
to produce these pleiotropic anti-cancer effects in the
laboratory are much higher than the levels of ATO
that reach the bloodstream in patients taking stand-
ard oral doses (10 - 80 mg/day). The oral bioavaila-
bility in patients taking ATO typically remains in the
micromolar range (3-5). To bridge this gap, we used
ATO concentrations ranging from 0.3 to 9 uM, with
or without LPS, to enhance the overall anti-prolifer-
ative and anti-inflammatory effects against two
breast cancer cell lines in this study.

Statins may suppress cancer cell proliferation by in-
ducing cell cycle arrest (6-7). They may also modu-
late the immune response in breast cancer patients,
but clinical data on this is limited (8). Simvastatin
was found to inhibit the mevalonate pathway, which
is involved in the synthesis of the mitochondrial
electron carrier coenzyme Q10 (CoQ10), as well as
other bioenergetic substrates (6). The use of statins
in combination with trastuzumab lowered the cardi-
otoxicity of trastuzumab-based therapy in HER2-
positive breast cancers (9). Inflammation contributes
to various stages of carcinogenesis, from genomic
instability to metastasis (10). However, little is
known about the effect of statins on inflammation-
associated cancers. To address this gap, we aimed to
investigate the effects of ATO on LPS-induced
breast cancer cell lines to explore whether it has a
pleiotropic role with respect to TNF-a-driven in-
flammation in breast cancer. Temporally distinct
parallel observations of TNF-a expression and secre-
tion alongside cell proliferation are important for
identifying the role of new therapeutic agents. This
may provide new insights into its role in potential
intervention pathways for inflammatory breast can-
cer. Examining the effect of ATO as an anti-inflam-
matory agent in breast cancer cells may provide in-
sight into TNF-o-driven inflammatory responses and
growth modulation. Such findings could support the
rationale for combining ATO with other anti-cancer
agents to improve the pleiotropic efficacy at clini-
cally relevant concentrations.

LPS, a bacterial cell wall component, has been
shown to exert diverse effects on the growth and in-
flammatory signaling of cancer cells. Evidence from
animal models suggests that inflammation promotes
genomic instability/DNA mutations, particularly
through reactive oxygen species produced by acti-
vated inflammatory cells and inflammatory cyto-
kines. DNA damage, in turn, exacerbates inflamma-
tion and promotes tumorigenesis. LPS-TLR4 signal-
ing was associated with activation of the ERK and
p38 MAPK pathways, which promoted cancer cell
proliferation (11). In the inflammatory TME, im-
mune cells such as monocytes and T cells encounter
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and respond to abnormal signals from the tumor by
producing inflammatory mediators such as TNF-q.
TNF-a is the most efficient target for modulating the
inflammatory microenvironment for cancer therapy
(12). Key cytokine signaling pathways, such as
TNF-0, can promote cancer growth and suppress
anti-tumor immunity, thereby reducing the effective-
ness of chemotherapy (13). Inflammatory cytokines
and death-inducing cytokines are produced by can-
cer cells themselves or by immune cells in a para-
crine manner (13). At the dissemination stage, in-
flammatory cytokines increase the invasive capacity
of malignant cells through upregulated expression
(14) and contribute to metastasis by promoting the
survival of circulating cancer cells (12). LPS, a po-
tent inducer of inflammation, plays a prominent role
in cytokine regulation and may contribute to breast
cancer progression through TNF-o; hence, it was
used to sensitize the cells.

This study aimed to investigate whether atorvastatin
(ATO) attenuates LPS-induced changes in TNF-a
gene expression, TNF-a protein secretion, and cell
growth in luminal (MCF-7) and triple-negative
(MDA-MB-231) breast cancer cell lines to evaluate
the cell-type dependence of its pleiotropic anti-in-
flammatory action.

Materials and Methods

Cell culture and treatments

MCF-10A (CRL-10317, ATCC) MDA-MB-231
(HTB-26, ATCC) and MCF-7 (HTB-22, ATCC)
breast cell lines were grown in Dulbecco's Modifica-
tion of Eagle's Medium (DMEM) (Cat. No.
41966029, Invitrogen) supplemented with 10% FBS
(Cat. No. F4135, Sigma), L-Glutamine (2 mM) (Cat.
No. G7513-100ML, Sigma) and Penicillin/strepto-
mycin (100 pg/mL) (Cat. No. 15140122, Thermo
Fisher). The cells were maintained at 37°C in 5%
CO;, with around 300,000 cells/mL seeded in cell
culture flasks for all experiments. The cells were
treated with LPS (10 pg/mL) in the absence or pres-
ence of different doses of ATO (0 - 9 uM) (Sigma-
Aldrich, Cat. No. PHR1422-1G, Sintra, Portugal).
Each experiment was carried out at least three times
to obtain statistically significant results. For all ex-
periments, cells treated only with DMSO were used
as a control. The final DMSO concentration used in
all treatments and controls was 0.1% (v/v); the same
final concentration was used to dissolve the drugs.
The final concentration of DMSO was maintained at
0.1% (v/v) in all treatments. LPS and ATO were
added simultaneously (co-treatment) for all combi-
nation groups. Cells were exposed to treatments for
24 h prior to the MTT assay to determine intrinsic
TNF-a gene expression levels. Cell culture superna-
tants were collected after 48 h for Luminex analysis
to measure secreted TNF-a levels. RTCA growth
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was monitored continuously for up to 72 h following
the treatments.

Proliferation assays

Cell proliferation was assessed using 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay to determine safe and effective drug
concentrations. MCF-7 and MDA-MB-231 cells (1
x 10%) were seeded in 96-well culture plates and in-
cubated for 24 h with serum-free DMEM, followed
by simultaneous treatments with 10 pg/mL LPS and/or
varied concentrations of ATO. DMSO-treated cells
served as controls. After treatment, MTT solution
(5 mg/mL) was added, and the mixture was incu-
bated for 3 h. Formazan crystals were dissolved, and
absorbance was measured at 590 nm using an
X-Mark microplate reader within one hour.

By using XCelligence real-time cell analysis
(RTCA) cell proliferation assay (RTCA-DP version;
Roche Diagnostics, Mannheim, Germany), MCF-7,
MDA-MB-231, and MCF10A cells were grown in
T-75 flasks to 60-80% confluency. To assess back-
ground electrical impedance, the 96-well electronic
microtiter plate (E-plate) was first blanked with 50ul
of DMEM in each well. Cells were then trypsinized
and counted using a hemocytometer, then plated at
6,000-10,000 cells per well in a 96-well xCelligence
E-plate with an additional 50 pL. of DMEM (final
well volume of 100 pL). Growth was monitored in
real-time for up to 72 h, with impedance assessed at
15-minute intervals using the xCelligence Real-time
Cell Analyzer (RTCA). Data exported from the
xCelligence system were analyzed from each well.
Cell growth results were presented as graphs show-
ing the averages (= SD) from the experiments con-
ducted (15).

Preparation of Total RNA Using TRI reagent and
Tagman-based quantitative real-time PCR of TNF-a
Total RNA was extracted using TRI Reagent solu-
tion (Cat. No. T9424, Sigma) for the isolation of to-
tal RNA. Briefly, cells were lysed in the TRI reagent.
After adding chloroform and centrifugation, the TRI
reagent separated into two layers. The upper layer
was aqueous and contained the RNA. The RNA was
further purified by precipitation with isopropanol
and subsequent ethanol washing. RNA purity was
measured spectrophotometrically, and RNA with an
0O.D. ratio of A260/A280 > 1.8 (5 ng/uL) was used
for cDNA preparation. cDNA from each treatment
group was subjected to reverse transcription accord-
ing to the manufacturer's protocol. Equal amounts of
cDNA were subsequently used for qPCR amplifica-
tion. with an oligo (dT) primer using Superscript 11
reverse transcriptase (Invitrogen) according to the
manufacturer's protocol. Total cDNA was analyzed
using quantitative real-time PCR (qQRT-PCR) with
TagMan chemistry to measure mRNA expression
levels, following the comparative Ct (threshold cy-
cle) method as described previously (16).
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Expressions were analyzed using TaqgMan probes
obtained from Applied Biosystems. Reactions were
performed in triplicate wells according to the manu-
facturer’s instructions for the TagMan predesigned
gene expression assay for TNF-a (Cat. No.
Hs00174128 m1). Amplification was carried out on
an AB 7500 Fast instrument coupled with the Taq-
Man® Universal PCR Master Mix (Applied Biosys-
tems) in fast cycling mode on a 2-step template. The
reference gene was selected as 18S rRNA after per-
forming a pilot validation of endogenous controls.
Different experimental conditions were used, and
constant Ct values were ensured for 18S rRNA. The
cycling parameters were one cycle at 50°C for 2
minutes, followed by one cycle at 95°C and 60°C for
3 seconds, with 40 cycles of extension at 60°C for 30
seconds. Ct values were normalized to the endoge-
nous control 18S rRNA gene (Assay ID: 4319413E).
Relative expression of TNF-o was calculated by the
2728CT method using 18S rRNA as the endogenous
reference gene for all qPCR data reported in this
study.

TNF-a cytokine quantification in cell supernatants
by Luminex Multiplex Immunoassay

TNF-alevels in cell culture supernatants were quan-
tified using a bead-based multiplex immunoassay
(Millipore, Merck) according to the manufacturer’s
instructions. Briefly, culture supernatants were col-
lected, centrifuged at 1,000 x g for 5 min to remove
cellular debris, and stored at -80 °C until analysis.
Samples were thawed and assayed in technical trip-
licate. Magnetic capture beads specific for human
TNF-o were incubated in a 96-well plate at room
temperature with continuous shaking, along with
standards, controls, and samples. Plates were washed
and incubated with biotinylated detection antibodies,
followed by streptavidin-phycoerythrin. Beads were
then washed and resuspended in assay buffer before
acquisition. Data were acquired using a Luminex
LX100/LX200 system, and median fluorescence in-
tensity (MFI) values were recorded. TNF-a concen-
trations were calculated from standard curves gener-
ated using a five-parameter logistic (5-PL) weighted
regression model. TNF-a concentrations were ex-
pressed as pg/mL. Quality control samples and bead
counts > 50 per analyte were used to ensure assay
reliability.

Statistical Analysis

The data were expressed as mean + standard devia-
tion and analyzed using Prism v.7.3 (GraphPad Inc.,
La Jolla, CA, USA). The groups were analyzed rela-
tive to the DMSO control using one-way analysis of
variance (ANOVA), followed by Tukey's multiple
comparisons test at a 95% confidence level. A p-
value < 0.05 was considered significant.
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Results and Discussion

Effect of LPS and ATO on cell proliferation

LPS treatment significantly increased cell optical
density compared with control in the MCF-7 cell
line, confirming its robust stimulatory effect on can-

significantly alter optical density relative to control,
indicating a lack of intrinsic stimulatory activity. Im-
portantly, co-treatment with ATO and LPS reduced
LPS-induced optical density across all ATO treat-
ments (p <0.0001 to p<0.0057) compared to con-
trol, demonstrating a protective effect by attenuating
LPS-mediated stimulation (Figure 1).
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Figure 1.

Effect of varying concentrations of atorvastatin (ATO) on LPS-induced cell proliferation in the MCF-7 cell line,
measured at 590 nm by MTT assay. Cells were treated with increasing concentrations of ATO (0.1, 0.3, 1.0, 3.0,
and 9.0 uM) in the absence or presence of lipopolysaccharide (LPS, 10 pg/mL) and compared with DMSO-
treated controls. ATO attenuates LPS-induced proliferation (p < 0.0001). The addition of ATO, alone or in com-
bination, reversed it to non-significant levels at all concentrations; p-values are indicated above each panel.

LPS treatment (10 pg/mL) also significantly in-
creased optical density in MDA-MB-231 cells com-
pared with DMSO-treated control cells across all
tested concentrations (p < 0.0001), confirming a ro-
bust stimulatory/inflammatory response in this cell
line as well. Treatment with ATO alone resulted in
optical density values that were comparable to the
control group across the concentration range, with
no statistically significant differences observed be-
tween control and ATO-treated cells. Importantly,
co-treatment with ATO and LPS significantly re-
duced the LPS-induced increase in optical density.
This protective effect of ATO was evident at lower
concentrations (0.1-1.0 uM), where ATO +LPS
groups showed a significant decrease compared with
LPS alone (p=0.0004 at 0.3 uM and p=0.0028 at
1.0 uM). At higher concentrations (3.0 and 9.0 pM),
ATO +LPS treatment continued to show a down-
ward trend relative to LPS alone, although the differ-
ences did not reach statistical significance
(p=0.0861 and p=0.3092, respectively). Overall,
these results demonstrate that LPS strongly stimu-
lates the measured response in MDA-MB-231 cells,
whereas ATO alone is non-stimulatory but shows
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significantly slower growth when compared to the
control. Notably, ATO attenuates LPS-induced ac-
tivity, particularly at lower concentrations, support-
ing a protective, anti-inflammatory role of ATO in
this triple-negative breast cancer cell line (Figure 2).

Real-time cell analysis was tested during LPS induc-
tion with ATO treatments at 0.3 and 3 uM in both
breast cancer cells and the normal cell line MCF-
10A. LPS alone caused a mild increase in prolifera-
tion, as evidenced by an elevated cell index relative
to the DMSO control in cancer cell lines, but not in
normal breast MCF-10A cells. (Figure 3). LPS pro-
duced a mild increase in cell index relative to the
DMSO control in the cancer cell lines but not in the
non-tumorigenic MCF-10A cell line. ATO treatment
led to a dose-dependent reduction in cell index gen-
erated using the xCELLigence RTCA system, fol-
lowing LPS and ATO treatments. ATO, alone and
in combination at all concentrations, showed a dose-
dependent reduction in cell proliferation, attributed
to its lipid-lowering action in these cells, observed at
approximately 19-20 h after treatment.
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Figure 2.

Effect of varying concentrations of atorvastatin (ATO) on LPS-induced cell proliferation in the MDA -MB-231
cell line, measured at 590 nm by MTT assay. Cells were treated with increasing concentrations of ATO (0.1, 0.3,
1.0, 3.0, and 9.0 uM) in the absence or presence of lipopolysaccharide (LPS, 10 pg/mL) and compared with
DMSO-treated controls. LPS induced significant proliferation (p < 0.0001), and ATO attenuated LPS-induced
proliferative activity across all concentrations. ATO alone at 0.1 and 0.3 pM reduced cell proliferation below the
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Figure 3.

Real-time cell analysis (RTCA) cell proliferation curve (cell index vs time, hours) for MCF-10A normal breast
cells treated with vehicle control (DMSO), LPS (10 pg/mL), ATO (0.3 uM or 3 uM) alone, or the indicated
ATO + LPS combinations. Data were displayed as mean + SD from 3 technical replicates and were representa-
tive of 3 independent experiments; proliferation is expressed as a normalized cell index (CI). MCF-10A cell line
was included here solely for a proliferation comparison with breast cancer cells and was not evaluated in the
MTT, qPCR, or Luminex assays. LPS alone did not increase proliferation in normal breast MCF-10A cells, and
ATO alone, as well as in combination with LPS, decreased proliferation at both selected concentrations (p <

Figure 4 depicts the real-time growth kinetics of
MCF-7 cells under control conditions and following
treatment with LPS, atorvastatin (ATO) at different
concentrations, and combined ATO + LPS exposure.
Cell index values increased progressively over time
in control cells, reflecting sustained proliferation
throughout the experimental period. LPS treatment
resulted in a consistently higher growth trajectory
compared with control, indicating a stimulatory ef-
fect on cell proliferation and survival. This increase
became more pronounced at later time points, sug-
gesting that inflammatory stimulation promotes con-
tinued cellular expansion in MCF-7 cells. In contrast,

0.0001).
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ATO treatment alone altered cell growth dynamics
in a concentration-dependent manner. ATO treat-
ment, alone and in combination, significantly re-
duced cell growth dynamics in a dose-dependent
manner. The lower concentration of 0.3 uM pro-
duced a growth curve that decreased moderately rel-
ative to LPS-treated and control cells throughout the
monitoring period. In contrast, 3 uM ATO produced
a considerable attenuation of the growth curve be-
ginning at approximately 19-20 h post-treatment, in-
dicating a reduction in net cell growth restricted to
the 3 uM ATO concentration alone and in combina-
tion with LPS in MCF-7 cells (Figure 4).
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Figure 4.
Real-time cell analysis (RTCA) cell proliferation curve (cell index vs time, hours) for MCF-7 breast cancer cells
treated with vehicle control (DMSO), LPS (10 pg/mL), ATO (0.3 uM and 3 uM) alone, or the indicated ATO +
LPS combinations. Data were displayed as mean + SD from 3 technical replicates and were representative of 3
independent experiments; proliferation is expressed as a normalized cell index (CI). 3 uM ATO and 3 uM
ATO+LPS diverged from all other groups after 18-20 h, declining to the lowest cell index by 45 h (endpoint CI
values compared by one-way ANOVA with Tukey's test; p < 0.005) (Colors indicate the treatment groups).

Figure 5 illustrates the real-time proliferation analy- Notably, co-treatment with ATO and LPS attenuated
sis across all treatments in MDA-MB-231 cells rela- the LPS-induced increase in cell growth, resulting in
tive to DMSO control cells. LPS treatment moder- a progressive decline in cell index. These findings
ately enhanced proliferation, while ATO treatment indicate that ATO significantly suppresses LPS-
alone and in combination reduced growth in a con- induced cell proliferation and counteracts LPS-
centration-dependent manner, with higher doses induced stimulation in the aggressive triple-negative
causing marked growth inhibition after treatment. cell line (Figure 5).
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Figure 5.

Real-time cell analysis (RTCA) cell proliferation curve (cell index vs time, hours) for MDA -MB-231 breast can-
cer cells treated with vehicle control (DMSO), LPS (10 pg/mL), ATO (0.3 uM and 3 pM) alone, or the indicated
ATO + LPS combinations. Data were displayed as mean & SD from 3 technical replicates and were representa-
tive of 3 independent experiments; proliferation was expressed as a normalized cell index (CI). 3 uM ATO and 3
uM ATO+LPS diverged from all other groups after 28-30 h, declining to the lowest cell index by 55 h (endpoint
values; CI compared by one-way ANOV A with Tukey's test, p < 0.0005) (Colors indicate the treatment groups).

Notably, co-treatment with ATO and LPS markedly protective and anti-inflammatory role in limiting in-
modified the LPS-induced growth patterns in cells. flammation-driven tumor cell growth. In contrast to
While initial growth was comparable to that ob- the MCF-7 cell line, ATO treatment alone in the
served with LPS alone, the combined ATO + LPS MDA-MB-231 cell line at 0.3 and 3 pM showed a
groups demonstrated a clear divergence at later progressive decline in cell index at approximately
stages, with a pronounced reduction in cell index 29-30 h post-treatment, in a dose-dependent manner.
compared with LPS-treated cells. This effect sug- This indicates that the growth-inhibitory effect of
gests that ATO effectively counteracts LPS-mediated ATO in MDA-MB-231 cells is delayed. The growth-
enhancement of cell growth in cancer cells, resulting inhibitory effect of ATO was observed at a 10 h de-
in suppressed proliferation over time, supporting its lay relative to MCF-7 cells. This result may be
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attributed to the more aggressive and rapidly prolif-
erating nature of the triple-negative MDA-MB-231
cell line.

Despite the advancements in cancer research, breast
cancer remains challenging to treat due to issues like
metastasis, recurrence, and drug resistance. LPS
treatment induces TNF-a, which plays a dual role in
facilitating tumor progression or directly mediating
tumor cell killing. TNF-a increases the invasive ca-
pacity of tumor cells by altering the inflammatory
cascade within the tumor. In the TME, it contributes
to metastasis by promoting the survival of circulat-
ing tumor cells and may promote apoptosis under
certain conditions (17). Cholesterol-lowering medi-
cations during the adjuvant endocrine therapies have
played important roles in preventing breast cancer
recurrence. The use of cholesterol-lowering medica-
tion in a double-blind study with 8,010 hormone re-
ceptor-positive  breast cancer postmenopausal
women improved survival and reduced recurrence
(18). Understanding the intricate interplay between
TNF-a's apoptotic potential and the tumor-promot-
ing inflammation induced by LPS and ATO treat-
ments is crucial for designing targeted therapies.
This study aimed to investigate the impact of ATO
treatment on TNF-a expression and cell proliferation
in LPS-induced breast cancer cells. Previously, Li et
al. (2017) demonstrated the effectiveness of 10
pg/ml LPS in breast cancer cells, and Hsich et al.
(2025) also used 10 pg/mL LPS in their studies
across different cell lines to induce an inflammatory
response (19-20). ATO was tested over a screening
range (0-9 pM) to define a dose-response in the pres-
ence and absence of LPS in the two selected breast
cancer cell lines. LPS increased cell index relative to
the DMSO control in cancer cell lines, but not in the
non-cancerous MCF-10A cell line, which showed a
mild decrease. The MCF-10A cell line is non-tu-
morogenic and was used solely for proliferation
comparison with breast cancer cells and was not
evaluated in the MTT, qPCR, or Luminex assays. A
previous study reported higher structural integrity in
normal MCF-10A cells than in cancerous cell lines,
resulting in differential responses that may explain
the mild decrease in the RTCA profile (21). Anti-
proliferative effects of ATO-alone treatments in cell
lines may be attributed to inhibition of HMG-CoA
reductase, a rate-limiting enzyme in mevalonate syn-
thesis (cholesterol biosynthesis). Pathway products
such as dolichol, GGPP, and farnesyl pyrophosphate
play important roles in both the S and G1 phases of
the cell cycle (22). Importantly, in MCF-7 cells (Fig-
ure 4), the reduction in the growth curve by 3 uM
ATO compared to the control is apparent at approx-
imately 20 h post-treatment. In contrast, in MDA-
MB-231 cells (Figure 5), the reduction was observed
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at approximately 30 h post-treatment. This 10 h dif-
ference in onset timing may reflect the distinctly dif-
ferent basal proliferation rates and intrinsic inflam-
matory signaling backgrounds of the two cell lines.
A recent study reported differences between two cell
lines in adherence, migration, and invasion behav-
iors (23). The MDA-MB-231 triple-negative cells
appear to sustain growth and proliferation for a
longer duration before the growth inhibitory effect
of ATO becomes detectable. Additionally, it was re-
ported that MDA-MB-231 cells exhibit prolonged
growth and proliferation due to their ability to sus-
tain growth, and this behavior is crucial for their an-
chorage-independent survival and metastasis (24-
25). This showed that the anti-proliferative effect of
ATO is cell-type- and concentration-dependent.
Effect of LPS and ATO on TNF-o. gene expression
and TNF-a protein expression

Next, we sought to test differences in the mRNA
abundance of the TNF-a gene in LPS-induced
MDA-MDB-231 and MCF-7 Breast Cancer cells to
show that cell proliferation is associated with TNF-
a-driven inflammation-associated cytotoxicity. Tu-
mor necrosis factor o (TNF-a) plays a crucial role in
initiating inflammatory responses. While TNF-a has
been shown to induce cell death in certain types of
cancer, in others it can also exhibit tumor-promoting
effects, including stimulation of transformation, pro-
liferation, angiogenesis, invasion, and metastasis.
LPS induction in MCF-7 and MDA-MB-231 breast
cancer cells increased TNF-a gene expression (Fig-
ure 6). LPS stimulation significantly upregulated
TNF-0 gene expression in MDA-MB-231 breast
cancer cells but not in MCF-7 breast cancer cells,
compared to their DMSO controls. All experiments
were performed at least 3 times.

The results demonstrated that LPS-induced TNF-a is
cell line-dependent and more pronounced in MDA-
MB-231 cells. The TNF-a upregulation in cell lines
was temporally distinct and parallel with the moder-
ate increase in proliferation rates observed upon LPS
induction. TNF-a mRNA expression in MCF-7 cells
following treatment with LPS and increasing con-
centrations of ATO alone or in combination is shown
in Figure 7. ATO treatment alone at 0.3, 1, 3, or 9
puM did not alter TNF-o mRNA levels relative to the
control (ns), indicating that ATO alone does not in-
duce TNF-a expression. Similarly, co-treatment with
LPS and varied ATO concentrations (0.3, 3, and
9 uM) did not significantly modify the LPS-induced
response. Notably, co-treatment with LPS and 1 uM
ATO resulted in a marked and significant increase in
TNF-a expression compared with the DMSO control
(p<0.0001), suggesting a concentration-specific
spike in TNF-a transcription and a non-monotonic
dose response (Figure 7).
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Figure 6.

Effect of LPS induction on TNF-a gene expression in breast cancer cell lines. LPS stimulation upregulated TNF-
a gene expression in breast cancer cells. A: MDA-MB-231 cells were significantly upregulated (p < 0.0002 with
LPS stimulation; B: MCF-7 cells showed non-significant upregulation in TNF-o by LPS-induction when com-
pared to the DMSO control group p < 0.0589), n = 3 of three independent experiments.
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Figure 7.
Effect of varied concentrations of ATO on TNF-a induced by 10 ug/mL LPS in MCF-7 cells. 0.3 uM and 9 uM
ATO downregulated inflammatory cytokine upregulation, but mid-treatment with 1pM ATO itself increased in-
flammatory cytokine levels, indicating dose-dependent mechanisms with respect to anti-inflammatory action in
this cell line. Data are presented as mean + SD. Statistical significance is indicated as ***p < 0.001,
**%%*p <0.0001; ns, not significant. versus the DMSO control.

Figure 8 shows TNF-a gene expression in
MDA-MB-231 cells following treatment with LPS
and ATO. The results showed that LPS significantly
increased TNF-a expression compared with the con-
trol, whereas ATO alone reduced TNF-a levels.
Co-treatment with ATO, however, did not signifi-
cantly attenuate LPS-induced TNF-o expression and
provided only partial protection. Although ATO sig-
nificantly reduced basal TNF-a expression, it failed
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to fully attenuate LPS-induced TNF-a upregulation
in MDA-MB-231 cells, suggesting cell-type—spe-
cific resistance to anti-inflammatory modulation.
The aggressive and intrinsically inflammatory nature
of triple-negative breast cancer cells, along with con-
stitutive activation of inflammatory signaling path-
ways, may limit the capacity of ATO to suppress
LPS-driven TNF-a transcription, resulting in only
partial protection (Figure 8).
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Figure 8.

Effect of varied concentrations of ATO on TNF-a induced by 10 pg/mL LPS in MDA-MB-231 cells. LPS sig-
nificantly increased TNF-a expression, whereas ATO alone reduced basal TNF-a. levels. Co-treatment with ATO
partially reduced LPS-induced TNF-aexpression but did not fully suppress the inflammatory response. Data are
shown as mean + SD. Statistical significance is indicated as **p <0.01, ****p <0.0001; ns, not significant.

To test if Atorvastatin modulates LPS-associated
TNF-a secretion in a cell line-dependent manner, we
next sought to validate transcriptional changes in the
tumor microenvironment. To validate the comple-
ment TNF-a transcript analysis, secreted TNF-o was
quantified in conditioned media by Luminex multi-
plex immunoassay. TNF-aprotein levels measured
in culture supernatants closely align with the ob-
served TNF-o gene expression profile and cell
growth behavior in MCF-7 cells. As shown in Figure
9, LPS treatment altered TNF-a secretion compared
with the control. This finding is consistent with the
corresponding TNF-a mRNA data, in which LPS in-
duced only a moderate transcriptional upregulation.
ATO treatment alone reduced TNF-a secretion, par-
ticularly at higher concentrations (9 uM), mirroring
the absence of TNF-a gene induction under ATO-
only conditions. This suppression at both the mRNA
and protein levels by ATO treatment suggests that
ATO may not rely solely on anti-inflammatory sig-
naling via TNF-a in MCF-7 cells and instead exerts
an anti-inflammatory effect through other mecha-
nisms. Notably, co-treatment with ATO and LPS
significantly reduced TNF-a protein secretion

compared with LPS alone. This likely reflects
post-transcriptional regulation of TNF-a secretion
and highlights the capacity of MCF-7 cells to secrete
TNF-a protein. TNF-a expression with ATO alone
treatment at 9 uM and LPS treatment could represent
an autocrine feedback loop in MCF-7 cells that pro-
motes proliferation pathways (Figure 9).

In MDA-MB-231 cells, the basal TNF-a secretion
was detectable in untreated control cells, reflecting
the intrinsically inflammatory phenotype of this tri-
ple-negative breast cancer cell line. LPS treatment
(10 pg/mL) significantly increased TNF-a secretion
compared with control (p<0.01), confirming a
strong inflammatory response. ATO treatment alone
at 0.3 and 9 uM resulted in a non-significant reduc-
tion in TNF-o secretion relative to control cells;
however, these changes did not reach statistical sig-
nificance, indicating limited suppression of basal cy-
tokine release compared with the MCF-7 cell line,
consistent with its aggressive nature. Co-treatment
of ATO and LPS attenuated LPS-induced TNF-a se-
cretion at 3 uM but not at 0.3 uM, indicating dose
dependence (Figure 10).
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Figure 9.

TNF-a secretion in MCF-7 cells following treatment with lipopolysaccharide (LPS) and atorvastatin (ATO).
Cells were treated with LPS (10 pg/mL), ATO alone (0.3 and 9 uM), or in combination with LPS. Secreted TNF -
a levels in culture supernatants were quantified by a Luminex bead-based multiplex assay and expressed as
pg/mL. Data are presented as mean + SD. Statistical significance is indicated as **p <0.01; ns, not significant
when compared to control.
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Figure 10.

TNF-0 secretion in MDA-MB-231 cells following treatment with lipopolysaccharide (LPS) and atorvastatin

(ATO). Cells were treated with LPS (10 pg/mL), ATO alone (0.3 and 9 uM), or in combination with LPS. Se-

creted TNF-alevels in culture supernatants were quantified by a Luminex bead-based multiplex assay and ex-

pressed as pg/mL. Data are presented as mean + SD. Statistical significance is indicated as **p <0.01; ns, not
significant when compared to control.

TNF-a is a multifunctional pro-inflammatory cyto-
kine that plays a central role in systemic inflamma-
tion. It influences nearly all human organs and par-
ticipates in numerous biological functions, including
cell growth and differentiation, programmed cell
death, lipid metabolism, and blood coagulation. In
addition, TNF-a is a key contributor to the
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development of many diseases and biological pro-
cesses (26-27). During inflammatory processes, im-
mune cells in the TME encounter and respond to ab-
normal tumor-derived signals by producing inflam-
matory mediators such as TNF-o. By integrating
gene expression, secretion, and real-time prolifera-
tion analysis, we demonstrate that the inflammatory
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response to LPS is modulated by ATO and is cell-
type- and dose-dependent. Our results are consistent
with previous studies that reported LPS-induced ac-
tivation of TLR4 signaling promotes cancer cell pro-
liferation. LPS-TLR4 signaling has been previously
associated with activation of the ERK and p38
MAPK signaling pathways, which promote cancer
cell proliferation (11, 28) and cell migration and in-
vasion in breast cancer cells (29). The anti-prolifer-
ative effects of ATO could result from inhibition of
the mevalonate pathway and the Warburg effect (a
hallmark of cancer) in cancer cells. LPS induction in
MCF-7 and MDA-MB-231 breast cancer cells in-
creased TNF-a gene expression. A previous study
reported that LPS activates inflammasomes in can-
cer cells through NF-kB and promotes metastasis
through glycolysis enhanced by the NF-
«kB/Snail/HK3 signaling pathway in colorectal can-
cer (CRC), and reported the protective effect of met-
formin on LPS-activated inflammasomes (30). Tar-
geting TNF-a or its downstream metabolic effects
(Warburg effect) with ATO could provide a strategy
to limit LPS/TLR4-driven inflammatory signaling in
breast cancer cells, particularly in aggressive triple-
negative models (31). In the MCF-7 cell line, ATO
alone at 9 uM and LPS treatment reduced TNF-a se-
cretion in culture supernatants below control levels,
suggesting an autocrine feedback loop that promotes
proliferation pathways in cancer cells. Autocrine
feedback signaling is defined as the production and
secretion of a mediator (i.e., a cytokine) by a cell,
followed by its binding to receptors on the surface of
the secreting cell to initiate signaling. Such an auto-
crine feedback loop has already been established in
cancer cells for TGF-$ and TNF-a (32). Notably, the
pattern of TNF-a protein secretion in the combina-
tion-treated group and the trend observed in the
growth-curve data in MCF-7 cells were obtained at
different time points (48 h vs up to 72 h) and are in-
terpreted here as temporally distinct, associative ob-
servations rather than proven correlations. This fur-
ther supports an autocrine feedback loop in activat-
ing cell-proliferation signaling, as previous studies
have reported TNF-a as a pleiotropic cytokine that
activates distinct downstream signaling pathways,
leading to cell death or survival (33).

Also, in MCF-7 cells, ATO treatment alone at 0.3, 1,
3, or 9 uM did not alter TNF-o mRNA levels relative
to the control (ns), indicating that ATO alone does
not induce TNF-a expression. Similarly, co-treat-
ment with LPS and ATO concentrations (0.3, 3, and
9 uM) did not significantly modify the LPS-induced
response. Notably, co-treatment with LPS and 1 uM
ATO resulted in a marked and significant increase in
TNF-a expression compared to the DMSO control
(p<0.0001), suggesting a U-shaped concentra-
tion-specific spike in TNF-a transcription and a non-
monotonic dose response. This finding reveals a
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biphasic dose-response curve at the mRNA level and
the distinct decoupling between gene transcription
and functional protein secretion in the MCF-7 cell
line, as transcriptional induction did not uniformly
translate into increased TNF-a secretion. Upon LPS
induction, the reduced secretion of TNF-o may be
attributed to a concentration-dependent, transient in-
terruption of isoprenoid synthesis in the mevalonate
pathway. Interrupted isoprenoid biosynthesis leads
to depletion of critical lipid intermediates, such as
farnesyl pyrophosphate and geranylgeranyl pyro-
phosphate (GGPP), which directly disrupts the se-
cretion of inflammatory cytokines (34). Despite the
increased mRNA level, secreted TNF-o remained
low and was completely normalized to baseline by
ATO treatment. Consistent with our study, post-tran-
scriptional/secretory regulation specific to luminal
estrogen receptor-positive (ER+) MCF-7 breast can-
cer cells was reported to have comparatively low
constitutive cytokine-secretory capacity relative to
triple-negative lines (35-36).

Overall, these results highlight a differential and
context-dependent role of ATO in modulating TNF-
a-associated signaling in breast cancer. The ability
of the ATO to suppress TNF-a gene expression and
secretion, along with inhibiting growth responses in
breast cancer cells, underscores the complexity of
targeting TNF-a in luminal and TNBCs. Recent evi-
dence shows that the cytokines and other inflamma-
tory molecules play a role in the development of new
and potential anticancer therapies (37). The study re-
ported that blocking IL-1B with atorvastatin could
resolve inflammation regardless of whether the cy-
tokine is released from the cell or its precursor is
cleaved (22). Multiple studies have highlighted the
contribution of several transcription factors, includ-
ing nuclear factor of activated T cells (NFAT) and
NF-«B, in regulating the TNF-a promoter, providing
a mechanistic explanation for the rapid induction of
TNF-a expression following diverse stimuli (23).
Foundational work using human TNF-a transgenic
mouse models demonstrated that substitution of the
native TNF-a 3’ untranslated region (UTR) with the
B-globin mRNA 3’ UTR was sufficient to induce ex-
cessive TNF-a expression and cause tissue-specific
inflammatory disease, regardless of the promoter
driving the transgene (24). Subsequent studies
showed that the TNF-o promoter exhibits constitu-
tive activity in several cell lines, including HeLa,
NIH3T3, and L929 cells. However, incorporation of
the TNF-a 3" UTR markedly suppressed reporter
gene expression in HeLa and NIH3T3 cells, while
this inhibitory effect was absent in L929 cells, un-
derscoring the cell-type-specific regulatory function
of the TNFa 3’ UTR (34). The functional relevance
of these TNF-a inflammatory patterns was further
supported by the growth curve data. In MCF 7 cells,
limited TNF-o secretion was associated with
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minimal changes in growth kinetics upon LPS stim-
ulation, consistent with the low constitutive cyto-
kine-secretory capacity of luminal breast cancer.
Conversely, in MDA-MB-231 cells, elevated TNF-a
secretion was temporally distinct and parallel to al-
tered growth behavior, supporting the role of TNF-a
as an autocrine mediator of tumor-associated inflam-
mation in TNBC (24).

Limitations of this study

TNF-a secretion levels in cell culture supernatants
from MCF-7 cells require a time-course evaluation
in future studies. Non-monotonic responses de-
scribed in this study may reflect concentration-de-
pendent shifts in mevalonate pathway intermediates
and need further evaluation. Other cytokines and
mediators of inflammation may also be altered by
treatments and, hence, should be evaluated in future
studies, as they can provide essential mechanisms of
ATO attenuation and further support the anti-inflam-
matory effect of ATO.

Conclusions

This study suggested that LPS exposure in the MCF-
7 cell line increased TNF-oo mRNA at 24 h, while the
corresponding secreted TNF-a in cell culture super-
natants at 48 h decreased. In contrast, the
MDA-MB-231 cells showed increased TNF-a secre-
tion in response to increased mRNA levels. Also,
ATO treatments in combination with LPS in MCF-7
cells showed a biphasic, non-monotonic feedback re-
sponse across the tested concentrations. ATO alone
treatments in MDA-MB-231 cells showed limited
suppression of basal TNF-a secretion compared with
the MCF-7 cell line, which may indicate its aggres-
sive nature and constitutive inflammatory pheno-
type, not directly tested in this study. Together, these
findings suggest that atorvastatin’s anti-inflamma-
tory effects on TNF-a mRNA expression and secre-
tion may be cell line- and dose-dependent. The study
findings support the pleiotropic anti-inflammatory
potential of ATO in breast cancer and warrant fur-
ther investigation with matched time points.
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