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ABSTRACT

Background: Chronic fatty acid (FA) elevation drives metabolic dysfunction-associated steatotic liver disease. Hepatocytes buffer transient
lipid overload via coordinated adaptive mechanisms, but the temporal limits of this capacity remain undefined.

Objectives: We characterized early, intermediate, and prolonged hepatocellular responses to sustained lipid excess.

Methods: HuH7 hepatocytes were exposed to an equimolar palmitic/oleic acid (PA/OA) mixture for 1, 14, or 28 d. Viability, lipid
accumulation, stress-response pathways, insulin signaling, metabolic regulators, mitochondrial markers, [14c]-PA uptake, and exometa-
bolomic profiles were assessed (n > 3/group). Data (mean =+ standard error of the mean) were analyzed by 2-way analysis of variance with
Bonferroni post hoc testing; cumulative cell death was analyzed by linear regression. P < 0.05 was considered significant.

Results: FA treatment increased lipid droplet accumulation 1.4- to 1.7-fold compared with time-matched bovine serum albumin controls at
all time points (P < 0.001) and increased the rate of cumulative cell death ~4.3-fold (1.556% =+ 0.083% compared with 0.365 + 0.054%/d,
P < 0.001). Exometabolomic principal component analysis explained 88.5% of variance (Q? = 0.758), with peak lactate release at day 14
and progressively rising acetate through day 28. ['“C]-PA accumulation at day 28 was ~30% lower than day 1 (~800 compared with ~500
cpm/mg protein), with a declining rather than plateauing profile between 20 and 60 s. By day 28, FA-treated cells showed lower FA
synthase (P < 0.001), CD36 (P < 0.05), FABP1 (P < 0.001), SIRT1 (P < 0.005), and CLOCK (P < 0.01) protein levels, and higher
carnitine palmitoyl transferase 1A (P < 0.001), phosphorylated AMP-activated protein kinase (AMPK)/AMPK (P < 0.01), p53 (P <
0.001), Bax/Bcl2 (P < 0.005), and respiratory complex I-V abundance (P < 0.05-P < 0.001) compared with controls.

Conclusions: Sustained PA/OA exposure induces a staged hepatocellular response, early lipid-buffering adaptation, intermediate meta-
bolic compensation, and late decompensation, indicating that chronic lipotoxicity reflects progressive loss of regulatory coordination
despite persistent metabolic adaptation.
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Introduction coordinated metabolic reprogramming and stress mitigation
pathways. However, obesity and metabolic disorders expose
hepatocytes to sustained lipid overload, which contributes to
metabolic dysfunction-associated steatotic liver disease
(MASLD) [2]. MASLD affects >30% of the global population and
represents a major cause of chronic liver disease [3]. Its pro-
gression from steatosis to steatohepatitis, fibrosis, and cirrhosis
reflects, at least in part, the inability of hepatocytes to maintain

The liver stands at the metabolic crossroads of systemic en-
ergy homeostasis, continuously orchestrating the uptake, syn-
thesis, oxidation, and storage of fatty acids (FAs) in response to
fluctuating nutrient availability [1]. Under physiological con-
ditions, hepatocytes exhibit remarkable plasticity, efficiently
buffering transient elevations in circulating FAs through
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adaptive responses under prolonged metabolic stress [4].
Despite extensive research into lipotoxicity, how hepatocytes
transition from lipid adaptation to maladaptive injury during
persistent FA exposure remains incompletely understood.

Among circulating FAs, palmitic acid (PA, 16:0) is a potent
inducer of lipotoxic stress, promoting endoplasmic reticulum
(ER) stress, oxidative stress, and proapoptotic signaling [5]. In
contrast, oleic acid (OA, 18:1) can attenuate PA-induced toxicity
by promoting triacylglycerol synthesis and lipid droplet (LD)
formation, thereby diverting FAs away from toxic lipid in-
termediates [6]. PA and OA are major FAs incorporated into
liver triacylglycerols, and the balance between SFA and MUFA
influences hepatocellular lipotoxicity and MASLD progression
[7,8]. Consistently, in vitro studies have shown that OA
cotreatment reduces PA-induced cytotoxicity, ER stress, and
apoptosis during acute exposure, supporting the role of
OA-mediated esterification in lipid buffering [9,10].

Most in vitro models focus on acute FA exposure, typically 16
to 24 h, and therefore capture early cellular responses to lipid
excess. However, in patients, hepatocytes are exposed to
elevated FA for months or years, requiring sustained rather than
transient adaptation. Whether protective mechanisms observed
during acute exposure are maintained, remodeled, or progres-
sively lost under chronic lipid stress remains unclear [11,12].

Emerging evidence suggests that hepatocyte resilience under
chronic stress depends not only on individual adaptive pathways
but on integrated regulatory networks that coordinate meta-
bolism, stress responses, and bioenergetic homeostasis [13].
Among these, the AMP-activated protein kinase (AMPK)-SIRT1
axis has emerged as a primary regulatory node. AMPK, activated
by energetic stress, promotes catabolic metabolism by stimu-
lating FA oxidation (FAO), inhibiting lipogenesis, and inducing
autophagy [14]. SIRT1, a NAD"'-dependent deacetylase,
orchestrates mitochondrial biogenesis, antioxidant defenses, and
metabolic flexibility through deacetylation of key transcription
factors, including PGC-1a, FOXO, and LXR [15]. Critically, AMPK
and SIRT1 engage in reciprocal activation, forming a positive
feedback loop essential for sustained metabolic adaptation.
Disruption of the AMPK-SIRT1 axis has been implicated in
MASLD progression, yet whether chronic lipid exposure directly
erodes this regulatory network and whether such erosion con-
tributes to adaptive failure remains unknown [16].

In the present study, we adopted a temporal stress-adaptation
framework to investigate hepatocyte responses to sustained
lipid overload. Using human HuH7 hepatocytes exposed to a
PA/OA mixture (1:1 ratio), we compared early responses (24 h)
with those emerging at 14 d and 28 d, a duration far exceeding
conventional protocols and designed to reveal the transition
from metabolic adaptation to adaptive failure under persistent
lipid stress.

By integrating temporal analyses of lipid accumulation,
metabolic reprogramming, stress response pathways, bio-
energetic signaling, and cell viability, we reveal a progressive
uncoupling between compensatory metabolic reprogramming
and cellular survival. Our findings demonstrate that sustained
activation of adaptive pathways, including increased CPT1A
expression, AMPK signaling, and autophagy, occurs paradoxi-
cally alongside declining SIRT1 expression, antioxidant deple-
tion, dysregulated ER stress, and mounting cell death, indicating
that metabolic adaptation alone cannot ensure long-term
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hepatocyte resilience. These results highlight critical temporal
transitions in cellular stress responses that may inform thera-
peutic strategies aimed at sustaining hepatocyte resilience dur-
ing chronic metabolic lipid overload.

Methods

Cell cultures and reagents

Human hepatocellular carcinoma HuH7 cells (cat.
#JCRB0403, purchased from Japanese Cancer Research Re-
sources Bank, JCRB) were maintained in low-glucose (1 g/L
glucose, corresponding to ~5.5 mM glucose) Dulbecco’s Modi-
fied Eagle Medium (DMEM, Sigma-Aldrich D5546) supple-
mented with 10% fetal bovine serum (Capricorn HI-12A),
penicillin/streptomycin (Sigma-Aldrich #P4333), and gluta-
mine (Sigma-Aldrich G7513), under standard culture conditions
(37 °C, 5% CO5). HuH7 cells were selected as a well-
characterized hepatic cell model frequently used to study lipid
handling and metabolic stress responses, while acknowledging
their transformed origin and associated metabolic adaptations.
PA (Cat. no. 506345) and OA (Cat. no. 75090) were conjugated
to FA-free bovine serum albumin (BSA, Cat. no. 03117057001)
at a molar ratio of ~2:1 (FA:BSA), comparable with physiolog-
ical albumin-binding conditions in circulation [17]. FAs were
freshly prepared and diluted in culture medium immediately
before use to minimize spontaneous oxidation. To assess insulin
responsiveness, HuH7 cells were serum-starved for 4 h. There-
after, cells were acutely treated with 100 nM insulin (Sig-
ma-Aldrich) for 10 min and immediately lysed for protein
extraction. This insulin concentration was selected to provide a
robust and reproducible activation of the insulin pathway [18].

FA treatments and experimental design

Cells were exposed to a PA/OA mixture (1:1 molar ratio; final
concentration 0.2 mM total FAs) or to BSA alone as a carrier
control. This FA concentration was selected to induce lipid
overload while avoiding acute cytotoxicity. The 1:1 PA/OA ratio
was chosen because it is widely adopted in the literature for in
vitro models of FA overload [19-21] and is consistent with our
previous work [6,18,22,23]. During treatments, cells were
maintained in the same low-glucose DMEM formulation
described previously, and culture medium containing BSA or FA
was refreshed every 48 to 72 h. To preserve culture viability
over extended periods, cells were periodically passaged and
reseeded at defined densities. We recognize that repeated
passaging introduces selective pressure; accordingly, the pro-
longed exposure paradigm is interpreted as a stress-adaptation
model rather than a direct disease mimic. Cell viability was
monitored throughout the exposure period using Trypan Blue
exclusion assays, and cumulative cell death was calculated as a
percentage of total counted cells [24].

BODIPY staining

To visualize LD accumulation, cells were seeded 2 d before
staining into 6-well plates containing sterile glass coverslips, at a
density of 2 x 10° cells/well. Both day 1 and day 28 (main-
taining chronic treatment with BSA or PA/OA) were prepared in
parallel. For day 1 condition, HuH7 cells were treated the next
day with either FA-free BSA (control) or a PA/OA mixture (0.2
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mM final concentration, 1:1 molar ratio). After 24 h of treat-
ment, both day 1 and day 28 cells were washed twice with
phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde for 15 min at room temperature. After fixation, all
samples were incubated with BODIPY 493/503 at a dilution of
1:1000 in PBS from a stock solution of 1 mg/mL for 15 min at
room temperature in the dark to stain neutral lipids. Coverslips
were mounted onto glass slides, and images were captured using
a Cell Imaging Station microscope (Invitrogen, FLoid Cell Im-
aging Station, 10 213-412, Thermo Fisher Scientific) at 20x
magnification with a scale bar of 100 pm. Absorbance was
measured at 570 nm by a Biotek Cytation 5 Cell Imaging
Multimode Reader (Agilent Technologies) and normalized on
total cell number.

Western blotting analysis

Proteins were extracted from cells using the radio-
immunoprecipitation assay lysis buffer (cat. no. 9806, Cell
Signaling). The Bradford method was used to quantify total
protein levels (BIO-RAD). Proteins were separated by SDS-
polyacrylamide gel electrophoresis and transferred onto a
nitrocellulose membrane (Bio-Rad Laboratories). After blocking
at room temperature for 1 h with 5% (w/v) skim milk in TBS-
Tween buffer (Tris-buffered saline plus 0.5% (v/v) Tween-20,
TTBS), membranes were incubated with primary antibodies
(the list of primary antibodies used is reported in Supplemental
Table 1). After washing with TTBS, blots were incubated with
peroxidase-conjugated secondary antibodies (cat. no. A3687
and cat no. A3652, Sigma-Aldrich) at 1:10,000 dilutions at room
temperature for 1 to 2 h. The filters were then washed twice in
TTBS. Western blotting analyses were performed using the
Amersham ECL Advance Western Blotting Detection Kit (cat. no.
RPN2106, GE Healthcare). Densitometric analysis of immuno-
blots was performed using Image Lab software version 6.0.1
2017 (Bio-Rad Laboratories, Inc.). Red Ponceau staining was
used as the protein loading control.

Kinetic of [U-1%C] -palmitate uptake

Time-dependent uptake of radiolabeled palmitate was
assessed by using the assay described by Stremmel and Berk
[25]. Briefly, HuH7 cells maintained under FA treatment for 1 or
28 d were washed with PBS and incubated at 37 °C with pre-
warmed [U-1*C]-palmitate solution containing 100 puM
[U-14C]-PA and 100 uM FA-free BSA in PBS, with a specific ac-
tivity of 40 mCi/mmol. Uptake was measured at 10, 20, 40, and
60 s. At each time point, uptake was rapidly stopped by aspi-
rating the solution and washing the cells with ice-cold PBS
containing 0.5% BSA to remove extracellular and
membrane-associated palmitate. Cells were then lysed in 1 M
NaOH, and aliquots of the lysates were used for radioactivity
measurement by liquid scintillation counting. Radioactivity
values were normalized to total protein content and expressed as
counts per minute per milligram (cpm/mg) protein.

Metabolomic analysis by 'H- Nuclear Magnetic
Resonance

According to previously reported procedures [26,27], the
recovered culture media (900 pL) was mixed with 100 pL buffer
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[1.5 M K2HPO4, 2 mM trimethylsilyl propionate (TSP), and 2
mM sodium azide, at pH 7.4] to minimize variations in metab-
olite nuclear magnetic resonance (NMR) chemical shifts. Sam-
ples were then vortexed and centrifuged. The supernatants (600
pL) were finally placed in 5 mm outer diameter NMR tubes.

All measurements were recorded on the Bruker Avance
spectrometer (Bruker) operating at 400.13 MHz, T = 300 K,
equipped with a PABBI 5-mm inverse detection probe incorpo-
rating a z-axis gradient coil. A time delay of 5 min was set be-
tween sample injection and preacquisition calibrations to ensure
complete temperature equilibration (300 K). Experiments were
run in automation mode after loading individual samples on a
Bruker Automatic Sample Changer, interfaced with the software
Icon NMR (Bruker).

A 1-dimensional CPMG experiment with a transverse-
relaxation-filter incorporating pulse sequence (referred to as
Carr-Purcell-Meiboom-Gill spin-echo sequence, CMPG) was run
with 256 scans, a total spin-spin relaxation delay of 20 ps, and
solvent signal saturation during the relaxation delay. The FIDs
were multiplied by an exponential weighting function corre-
sponding to a line broadening of 0.3 Hz before Fourier trans-
formation, phasing, and baseline correction. All spectra were
referenced to the TSP signal (6 = 0.00 ppm). The metabolites were
assigned based on Chenomzx Suite V 12 and comparison with the
Human Metabolome Database and other published data [28].

Spectral processing and multivariate data analysis

'H-CPMG NMR spectra were automatically divided into
rectangular buckets of fixed 0.04 ppm width and integrated
using Bruker Amix 3.9.13 (Bruker BioSpin) software. The spec-
tral region between 4.5 and 5 ppm (residual protic water signal)
was discarded to exclude the effects of variability in the water
suppression signal. The remaining buckets in the range of 10.00
to 0.50 ppm were normalized to total area to minimize small
differences and subsequently mean-centered. The Pareto scaling
method, which is performed by dividing the mean-centered data
by the square root of the SD, was then applied to the variables.
Multivariate statistical analyses were performed with the soft-
ware SIMCA-P (V14, Umetrics). Principal component analysis
(PCA), an unsupervised pattern recognition method, was per-
formed to identify general metabolic trends and possible out-
liers. Then, orthogonal partial least square-discriminant analysis
(OPLS-DA), a supervised multivariate data analysis, was carried
out to improve the statistically significant metabolite variations
related to complex exposures. The statistical models’ (PCA and
OPLS-DA) performance was evaluated by R2(cum) and Q2(cum)
parameters for goodness of fit and prediction, respectively, ac-
cording to 7-fold internal cross-validation, further evaluated
with a permutation test (100 permutations) of SIMCA-P soft-
ware [29].

Determination of intracellular reactive oxygen
species by 2',7'-dichlorodihydrofluorescein
diacetate assay

Intracellular reactive oxygen species (ROS) levels were
assessed using the cell-permeable fluorescent probe 2'7'-
dichlorodihydrofluorescein diacetate (DCFH-DA, D399). HuH7
cells were seeded in 12-well plates and subjected to either acute
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(24 h) or chronic (28 d) exposure to FA as described in the
experimental design. A vehicle-treated group (BSA) served as
the control for both time points. At the end of the incubation
periods, cells were washed with PBS and incubated with a fresh
serum-free culture medium containing 20 pM DCFH-DA for 30
min at 37°C, in the dark. After incubation, cells were washed
twice with PBS to remove the extracellular dye and resuspended
in PBS for imaging. Images were captured using a fluorescence
microscope (Cell Imaging Station microscope, Invitrogen, FLoid
Cell Imaging Station, 10 213-412, Thermo Fisher Scientific) at
20x magnification with a scale bar of 100 pm, and the mean
fluorescence intensity, proportional to ROS production, was
quantified using ImageJ software (NIH).

RNA extraction and real-time PCR analyses

Total RNA was extracted with TRI reagent (Zymo Research,
R2050-1). RNA quantification was performed using a NanoDrop
One Spectrophotometer (Thermo Fisher Scientific). Gene
expression analyses were performed through real-time PCR
using SYBR Green technology (FluoCycle, Euroclone), run on
CFX Connect Real-Time System (Bio-Rad Laboratories). GAPDH
was used as a housekeeping gene, and the relative expression
levels were expressed as fold change. The list of primers is re-
ported in Supplemental Table 2.

Statistical analysis

Data are presented as mean + SEM from >3 independent
experiments. Statistical significance was assessed using 2-way
analysis of variance, with time and treatment as factors, fol-
lowed by Bonferroni post hoc testing. A P value of <0.05 was
considered statistically significant. For proportional data
expressed as fold change, values were log2-transformed before
statistical analysis and visualization to represent reciprocal in-
creases and decreases on an equivalent scale. For the longitu-
dinal cell death analysis, cumulative cell death was analyzed by
simple linear regression. Slopes were compared between BSA-
and FA-treated cells, and the accumulation rate was reported as
% cell death/d. All statistical analyses were performed using
GraphPad Prism 9.1.0.

Results

Temporal dissociation between lipid storage
capacity and cell viability under chronic FA
exposure

To characterize the time-dependent responses to lipid over-
load, HuH?7 cells were exposed to a PA/OA mixture at an equi-
molar ratio for 24 h, 14 d, and 28 d. Across all time points,
FA-treated cells displayed persistent intracellular LD accumula-
tion, as visualized by BODIPY staining (Figure 1A, B), indicating
that the capacity for neutral lipid storage is maintained
throughout the entire exposure period regardless of treatment
duration.

Despite this sustained lipid accumulation, the trajectory of
cell viability diverged markedly over time. At day 1, cell
morphology and viability remained intact, indicating effective
buffering of lipid stress during this early phase (Figure 1C, D). At
day 14, phase-contrast microscopy similarly did not reveal
marked alterations in cell shape or overt morphological
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deterioration (Figure 1C, D). In contrast, on day 28, cellular
homeostasis was altered, resulting in mounting cytotoxicity.
Linear regression analysis of cumulative cell death (Figure 1D)
showed that FA treatment markedly increased the rate of cell
death compared with BSA controls, with an accumulation rate of
1.556% =+ 0.083% cell death/d in FA-treated cells compared
with 0.365% =+ 0.054% cell death/d in BSA-treated cells, cor-
responding to a ~4.3-fold higher rate under FA exposure. This
cumulative toxicity was accompanied by profound morpholog-
ical deterioration, with cells becoming progressively enlarged
and rounded, with diminished confluence, hallmarks of chronic
metabolic stress and compromised cellular integrity (Figure 1C).
These pathological features were absent in BSA-treated controls,
although prolonged culture alone induced modest baseline
changes, underscoring the importance of time-matched controls
in chronic exposure models.

By 'H-NMR spectroscopy, we analyzed the exometabolome
(i.e., the cell culture media) to obtain valuable information on
the physiological state of the cells [26,30]. The principal me-
tabolites that allow for defining clusters included glucose, a
range of amino acids (glutamine, valine, isoleucine, leucine,
tyrosine, and phenylalanine), acetate, lactate, pyruvate,
myoinositol, and glutamate (Figure 1E, F).

As an initial, unsupervised approach, PCA was applied to the
bucketed 'H CPMG NMR spectra obtained from culture media
across all experimental conditions (Figure 1). The PCA model
revealed a marked separation along the first principal compo-
nent (t[1]) between day 1 (BSA-1 and FA-1) and those collected
at later time points (days 14 and 28), consistent with higher
medium glucose content in the day 1 media (Figure 1E). Along
the second principal component (t[2]), FA-14 was distinguished
by elevated lactate levels (Figure 1F), whereas FA-28 exhibited
higher acetate content.

Pairwise OPLS-DA analysis reveals treatment- and
time-dependent shifts in extracellular metabolite
profiles

To investigate the differences in culture media in greater
depth, pairwise supervised OPLS-DA models were constructed,
enabling the evaluation of treatment effects (Figure 2A-F) and
time-dependent metabolic shifts, within the FA-treated group
(Figure 2G-L) and within the BSA group, the latter serving as a
reference for natural metabolic drift in BSA-treated cells
(Supplemental Figure 1).

All pairwise OPLS-DA models yielded clear metabolite
discrimination between experimental groups, as evidenced by
consistent sample separation along the predictive component (t
[1D) in the score plots (Figure 2A-F). The corresponding S-line
plots identified the metabolites driving each separation: positive
covariance and correlation values denote metabolites enriched
in the class projected onto the positive side of t[1], whereas
negative values reflect relative depletion.

Across comparisons, glucose, tyrosine, pyruvate, glutamine,
acetate, lactate, myoinositol, and formate emerged as the pri-
mary contributors to class discrimination, each displaying
distinct directional changes depending on the contrast exam-
ined, and collectively providing a coherent picture of the
metabolic shifts characterizing each pairwise comparison.

Relative to their respective controls, FA-1 showed higher
glucose and lower pyruvate, acetate, lactate, glutamine, and
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FIGURE 1. Fatty acid (FA)-induced lipid accumulation and metabolic adaptation in HuH7 cells over time. (A, B) Representative fluorescence
microscopy images of HuH7 cells stained with BODIPY 493/503 to visualize lipid droplets after FA treatment at day 1, day 14, and day 28, with
corresponding quantification of BODIPY fluorescence intensity. (C) Representative phase-contrast images of control (BSA) and FA-treated HuH7
cells on day 1, day 14, and day 28. Scale bars = 100 pm. (D) Cumulative cell death (%) in BSA- and FA-treated HuH7 cells over time. Linear
regression was used to estimate the rate of cell death accumulation. (E, F) Principal component analysis (PCA) (3 components) (R2X = 0.885; Q2
= 0.758) of the recovered cell’s culture media (exometabolome). (I) Score plot. (J) Loading plot. Data are presented as mean + SEM from 3
independent experiments. Quantitative data are expressed as fold change relative to BSA-1 or log2 fold change relative to BSA-1. Statistical
significance: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. BODIPY, boron-dipyrromethene; BSA, bovine serum albumin.

tyrosine in the conditioned media (Figure 2A, B). FA-14 was
associated with higher lactate and myoinositol, alongside lower
glutamine, acetate, pyruvate, formate, and tyrosine (Figure 2C,
D). FA-28 exhibited higher glucose and tyrosine, with lower
acetate, glutamine, and lactate (Figure 2E, F).

Analysis of the OPLS-DA models comparing culture media
from FA-treated cells across time points (Figure 2G-L) revealed
a progressive accumulation of acetate, with levels increasing
steadily from day 1 to day 28. Lactate was elevated in both FA-
14 and FA-28 relative to FA-1 (Figure 2G-J), with FA-14 dis-
playing the greatest accumulation. Alanine levels were higher in
the conditioned media of FA-14 and FA-28 than in FA-1 and
remained largely unchanged between the 2 later time points. In
contrast, glucose levels were lower in FA-14 and FA-28 than in
FA-1. Notably, the direct comparison between FA-14 and FA-28
revealed higher glucose and lower lactate in FA-28 (Figure 2K,
L). The same comparisons were also made between control cells
during the time of BSA (Supplemental Figure 1).

Lipid and energetic metabolic reprogramming
induced by long-term FA treatment

To follow the adaptive metabolic strategies of hepatocytes
during chronic lipid challenge, we examined key regulators
governing lipid flux, bioenergetics, and metabolic homeostasis.

At day 1, FA synthase (FASN) and ACC expression were
minimally affected by FA exposure (Figure 3A, B), suggesting
that early adaptive responses primarily involve lipid storage
rather than transcriptional metabolic rewiring. As exposure was
prolonged, however, a progressive suppression of de novo
lipogenic enzyme expression became evident. FASN protein
levels were already markedly reduced at day 14, whereas
inhibitory phosphorylation of ACC did not reach significance
until day 28, indicating that suppression of lipogenic enzyme
expression precedes the full inhibition of ACC activity during
sustained FA exposure (Figure 3A, B). These changes were
accompanied by corresponding transcriptional reprogramming,
as real-time PCR confirmed the downregulation of FASN and
ACC at the mRNA level, consistent with transcriptional-
mediated suppression of lipogenic targets (Figure 3C).

In parallel, markers of FA trafficking were progressively
remodeled. CD36 protein and mRNA expression declined over
time, and FABP1 protein levels decreased progressively, with a
reduction already evident at day 14 that became more pro-
nounced by day 28 (Figure 3A-C).

To functionally validate whether these molecular changes
translate into impaired FA internalization, we performed a ki-
netic analysis of [U-1*C]-PA uptake on day 1 and day 28. On day
1, HuH?7 cells exhibited rapid and progressive PA accumulation,
reaching ~800 cpm/mg protein at 60 s. At day 28, uptake was



L Serra et al.

B8t 1 Fat M2 sba(picomit]

A B {
0.041
03
0.031
o1
02 0021
= o1 = oo Glucose
s -} = 06
= ) v e
S : g o v -y
g = 2 o017 i
€0 Tyrosine pyryate
o2 0921 Glutamine
003 Acetate
0.3 o
oot Lactate o
0.4 VST E 2 & 2 &
0.5 -0.4 -0.3-02 0.1 0 0.1 02 03 04 - RS I K . 1%
1.00038 * t[1] Var ID (Primary) 0
C WosA4 A D N W6 sbaipicom)(t]
N !
1 0.087
08] | Lactate
1 0.06
067 1 o8
1 0.041 % 5
=% L | myo-inositol
% 02 = 0.027 J
£ 02 = | ’ Lo
"i o s o . e
{ %002 Tyrosine y
5-02] - v Glutamin
—-04: -0.04- -
] | Formate
061 T
os] -o0s| Pyruvate Acetate § .
Y E— E— AN EERE 2 3
s 1 05 0 0s 1 s X g 3323
1.00004 * t{1] Var ID (Primary) 3
E Mosa2s WA F : M abaipicom){1]
Y 0.08{
o8] 0.065 |
o] 0.05 o8
_oal 00351 Glucose
3 o2l =4 = o02{ Tyrosine
é D‘* - | l :nnosz 7_,"‘"7.”] r \nd
i = -0.011
S-021 - a i .
g0z - 0025, Clutamine
-0.41
{ -0.041
061 | Acetate
08 T Lactate
"v— -0.0851 o2
15 1 s o os 1 o
1.00098 * t[1] EEEEEREE]
4 AR I
Var ID (Primary) o

The Journal of Nutrition 156 (2026) 101774

FA1 IIFAS
G . H M9.plcom){1])

0157 Lactate

06 Alanine

pletn(1]
o o
2

= Acetate

1.06944 * to[1]
3
2

°

2

&

T “Tﬁosine BC
GlucoseljLysine [+

-0.151 -0.02
{ Glutamine
-0.: ~ w o o
25 2 15 -1 05 0 05 1 15 2 RRGEIRINAILIZIS
G e i mma
LLl Var ID (Primary) 4
I FA41 MIFA 28 J M11.plcom)(1])
01
04
Lo Acetate »
=02 008 Lactate
K H = Alanine
. g oo Glutamate
2 = Pyruvate o
]
= %921 Formate
=02 ™ | y
0 — ——t—mper i
|

Tyrosine
Glucose

05

o
b

I3

R

ysine

25 -2 <15 -1 05 0 05 1 15 2 ] B |
1441 Var ID (Primary) 4

FAtslFA2e
K L M12.abs(p(com){1]
Acetate
06 .
0.05 Glutamine
08
04 Glucose
Soo2 [ ] 0 S Al
S - -
s = = 06
8 g
] =
§‘°.2 -0.05
u Lactate 04
-0.4
-0
0.6
02
0.8 oA
2 15 41 05 0 05 1 15 25 ¥ T 8 8§ 38 8

an @ N 6 ¢ m = o

FIGURE 2. Orthogonal partial least square-discriminant analysis (1+1+0), pairwise comparison of the recovered cell’s culture media (exo-
metabolome). (A, C, E, G, I, K) Score plots. (B, D, F, H, J, L) Loading plots. (A,B) BSA-1 compared with FA-1 (R2X = 777; R%Y = 994; Q2 = 965).
(C,D) BSA-14 compared with FA-14 (R2X = 954; R%Y = 999; Q% = 996). (E,F) BSA-28 compared with FA-28 (R?X = 84; R%Y = 992; Q2 = 963). (G,
H) FA-1 compared with FA-14 (R%X = 0.99; R%Y = 1; Q? = 1). (IJ) FA-1 compared with FA-28 (R2X = 0.979; R%Y = 1; Q% = 1). (K-L) FA-14
compared with FA-28 (R2X = 98; R%Y = 1; Q2 = 1). BSA, bovine serum albumin; FA, fatty acid.

significantly reduced at all time points, plateauing at ~500
cpm/mg protein, a ~30% reduction relative to day 1
(Figure 3D).

To further characterize the temporal dynamics of FA
handling, we analyzed the kinetics of [U-!*C]-palmitate accu-
mulation on day 1 and day 28 (Figure 3D). On day 1, cell-
associated radioactivity increased rapidly within the first 20 s
and remained stable thereafter, reaching a plateau that was
maintained for <60 s. At day 28, cell-associated radioactivity
also peaked at 20 s, but at a substantially lower level than day 1,
and subsequently declined between 20 and 60 s rather than
reaching a stable plateau. This difference in curve shape, and not
only in absolute magnitude, could indicate that the reduced PA
accumulation at day 28 cannot be fully accounted for by a
simple decrease in influx capacity, but instead is consistent with
a condition in which efflux and/or intracellular turnover of the
tracer might exceed influx during the later time window.

Consistent with this shift away from lipid anabolism, CPT1A
expression was significantly upregulated from day 14 onward,
with a further increase at day 28 (Figure 3A, B).

The temporal dynamics of DGAT1 expression further support
this reorientation. At day 1, DGAT1 was significantly upregu-
lated at both protein and mRNA levels (Figure 3A-C), consistent
with the robust LD accumulation observed during acute FA
exposure and reflecting an early channeling of excess FA toward

triacylglycerol synthesis. However, DGAT1 expression declined
progressively with prolonged exposure, falling significantly
below respective time-matched controls at days 14 and 28
(Figure 3A-C), suggesting a loss of esterification capacity under
chronic lipid stress. In contrast, DGAT2 expression remained
unaffected by FA treatment at both acute and chronic time
points, at both protein and mRNA levels (Figure 3A-C), indi-
cating that the 2 DGAT isoforms are differentially regulated
during the adaptive response to sustained lipid overload.

Molecular mechanism underlying lipotoxicity
during prolonged FA exposition

At the molecular level, the loss of viability at day 28 was
paralleled by a shift in apoptotic balance. In the context of fatty
liver disease, excess FAs promote hepatocyte death primarily
through an imbalance in Bcl2 family proteins [31,32]. Consis-
tent with this paradigm, Bax expression rose after 28 d of FA
exposure (Figure 4A, B), indicating proapoptotic signaling dur-
ing sustained lipid stress. Concurrently, 28 d of FA exposure
resulted in profound downregulation of Bcl2, leading to a
marked elevation of the Bax/Bcl2 ratio (Figure 4A, B). Further
evidence of progressive stress signaling was provided by p53
expression analysis. p53 is a key tumor suppressor coordinating
cell cycle arrest, DNA damage response, apoptosis, and
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FIGURE 3. Fatty acid (FA) treatment modulates lipogenic, lipid transport, and f-oxidation markers in HuH7 cells. (A) Western blot analysis of
ACC, pACC, FASN, CPT1A, CD36, DGAT1, DGAT2, and FABP1, and (B) relative densitometric quantification of pACC/ACC, FASN, CPT1A, CD36,
DGAT1, DGAT2, and FABP1 in HuH7 cells treated with BSA or FA at day 1, day 14, and day 28. (C) Relative mRNA expression levels of ACC,
FASN, CPT1A, CD36, DGAT1, and DGAT2 at the indicated conditions. (D) Kinetic analysis of ['*C]palmitate uptake in HuH?7 cells at day 1 and
day 28 of FA treatment. Data are presented as mean + SEM from 3 independent experiments. Quantitative data are expressed as fold change
relative to BSA-1 or log2 fold change relative to BSA-1. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. ACC, Acetyl-
CoA Carboxylase; BSA, bovine serum albumin; CPT1A, carnitine palmitoyl transferase 1A; DGAT, diacylglycerol acyltransferase; FABP1, Fatty
Acid-Binding Protein 1; FASN, fatty acid synthase; pACC, phospho Acetyl-CoA Carboxylase.

metabolic regulation, including lipid metabolism and mito-
chondrial function [33,34]. FA treatment for 1 d resulted in
higher p53 protein levels compared with BSA controls, indi-
cating an early stress-responsive induction. After 28 d, p53
levels were further increased in FA-treated cells relative to
time-matched controls, suggesting sustained p53 activation
under chronic lipid stress (Figure 4A, B). At this later time point,
FA-treated cells also displayed a more complex p53 band
pattern, consistent with the presence of distinct p53 species
previously reported under conditions of chronic cellular stress
[35-371].

Prolonged lipid exposition triggers a failure of
protective stress responses

To delineate the molecular events underlying the transition
from adaptive responses to cellular decompensation, we longi-
tudinally assessed oxidative stress levels, antioxidant defense
mechanisms, ER stress responses, and autophagic activity dur-
ing acute and chronic FA exposure.

ROS levels, measured by DCFH-DA fluorescence, were only
modestly elevated after 1 d of FA treatment, whereas prolonged
exposure for 28 d resulted in a significant increase in fluores-
cence intensity compared with both time-matched BSA controls
and the 1-d FA condition (Figure 4C, D). This failure of redox
control was mirrored by a coordinated, time-dependent collapse
of antioxidant enzyme expression.

Acute FA exposure was associated with upregulation of both
catalase and glutathione peroxidase-4 (GPx-4) (Figure 4E, F),
consistent with an early adaptive antioxidant response to
increased FA flux and lipid peroxidation. However, after chronic
FA exposure, both enzymes were markedly suppressed below
baseline levels, indicating a loss of compensatory redox capac-
ity. GPx-4 depletion is particularly relevant given its role in
detoxifying lipid hydroperoxides and protecting membrane
integrity [38,39], as its loss may sensitize hepatocytes to
oxidative membrane damage and ferroptosis, a cell death mo-
dality increasingly implicated in metabolic liver disease pro-
gression. Superoxide dismutase 1 (SOD1) levels declined
progressively in both BSA and FA conditions at 28 d (Figure 4E,
F), suggesting a time-dependent erosion of superoxide detoxi-
fication capacity that operates partly independently of lipid
treatment, and that may be further compounded by chronic
lipotoxic stress [40].

In parallel with the collapse of antioxidant defenses, chronic
lipid stress fundamentally reshaped ER stress and autophagic
responses. The unfolded protein response displayed a biphasic
trajectory: PERK expression was elevated during acute exposure,
consistent with early adaptive UPR activation to restore ER
proteostasis, but became markedly suppressed after prolonged
treatment (Figure 4G, H). Spliced XBP1 (XBP1s) was signifi-
cantly increased at day 28 (Figure 4G, H). This pattern suggests
a shift from coordinated, multibranch UPR activation toward
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FIGURE 4. Fatty acid (FA)-induced oxidative stress and cellular stress responses in HuH7 cells. (A) Representative Western blot analysis of P53,
Bcl-2, and Bax protein levels, (B) Bax/Bcl-2 ratio, and P53 relative densitometric quantification in HuH7 cells treated with BSA or FA at day 1 and
day 28. (C) Representative fluorescence microscopy images of intracellular reactive oxygen species (ROS) detected by DCFH-DA staining in HuH7
cells treated with Vehicle (BSA) or FAs (PA/OA 1:1) for 1 d and 28 d. Scale bar = 100 pm. (D) Quantification of ROS based on mean fluorescence
intensity analysis using ImageJ software, normalized to the BSA-1 control group. (E) Representative Western blot analysis of antioxidant enzymes
catalase (CAT), glutathione peroxidase-4 (GPx-4), and superoxide dismutase 1 (SOD1), with (F) relative densitometric quantification in HuH7
cells treated with BSA or FA at day 1 and day 28. (G) Western blot analysis of ER stress and autophagy markers PERK, XBP1s, p62, LC3I, and
LC3II, with (H) quantification of PERK, XBP1s, p62, and LC3II/LC3I ratio in HuH7 cells under the indicated conditions. Data are presented as
mean + SEM from 3 independent experiments. Quantitative data are expressed as fold change relative to BSA-1 or log2 fold change relative to
BSA-1. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. Bax, BCL2-associated X protein; Bcl-2, B-cell lymphoma 2;
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selective and sustained IRE1/XBP1s engagement, a configura-
tion associated with maladaptive ER stress signaling in the
context of chronic metabolic disease.

Autophagic activity, by contrast, remained sustained
throughout both phases. Increased LC3II/LC3I ratios and
reduced p62 levels at both time points (Figure 4G, H) indicate
enhanced autophagic flux rather than pathway blockage, sug-
gesting that lipophagy and general autophagy remain func-
tionally intact and may serve as a salvage mechanism to clear
damaged organelles and LDs under chronic stress. However, the
persistence of autophagic activity was insufficient to prevent
oxidative damage accumulation and cell death, indicating that
autophagy alone cannot compensate for the broader failure of
redox and proteostatic control.

Effect of acute and chronic FA exposure on insulin
receptor and AKT signaling in hepatocytes

To investigate whether lipotoxicity induces changes in insu-
lin responsiveness in hepatocytes, we analyzed total and phos-
phorylated insulin receptor (IR) and AKT protein levels

following an acute insulin stimulation step immediately before
cell lysis [18].

At 1 d, total IR and total AKT protein levels were comparable
between BSA- and FA-treated cells, indicating that short-term
FA exposure did not affect protein expression (Figure 5A-C).
Insulin stimulation increased IR and AKT phosphorylation in
both experimental conditions. Although FA-treated cells showed
a mild reduction in insulin-stimulated AKT phosphorylation
compared with controls, the insulin response was largely pre-
served, as reflected by the maintained pAKT/AKT ratio
(Figure 5A-C).

At 28 d, total IR and AKT levels remained largely unchanged
between BSA and FA conditions. However, insulin-stimulated
phosphorylation of both IR and AKT was markedly reduced in
FA-treated cells compared with controls. AKT phosphorylation
in response to insulin was strongly blunted after chronic FA
exposure, resulting in a significant decrease in the pAKT/AKT
ratio despite the presence of insulin (Figure 5A-C).

Overall, these results indicate that acute FA exposure induces
only a modest impairment of insulin signaling, whereas chronic
FA treatment leads to a pronounced defect in insulin-stimulated



I Serra et al. The Journal of Nutrition 156 (2026) 101774
A NN ® B C
>0 W3 ®
A IS ST S S R
T T PP T T 15 e
Insulin - + -+ -+ -+ 27 = BSA BN BSA
A o = FA
IR -————————|95kDa S 2 1.0
pIR S% 1 4
-
(Tyr1150-1151) 95 kba - é . 'S_ 0.5
2 5 <
AKT 62kpa 2 E eZ
$° % 00
PAKT g 3 01
(Sera73) 62kDa =
el -0.5
Ponceau .
Insulin =~ -+ -+ -+ Insulin -t -t +
FA - - + + - + + FA - - + + - - +
D E F G H
> N
Wy W
F& & 05 . . . -
°© 3 . * *x
LDH | ¥ W% wsmy v |140kD2a o S ©® ® 1
co o3 * D o E
HXKIL | o o e == (100 kD2 & g 00 g " sz’ 23
C g £ £ c = ]
- 2 G 3 G < 52
AMPK ~ ;‘ 0.5 2z 25 SE
pA s (2D D DE 00 =4 <
. o b [=] > s > 0 o F
(Thr172) k<] = k<] é K< o g’D
i |
1.0 05 T T - ;
Ponceau A IN ® o ‘,:'\ A P ® N N ® > LN ® o
g‘-’v <¥ & Q\"’L ¥ P & & & Q\”m & & &

FIGURE 5. Long-term fatty acid (FA) exposure impairs cellular bioenergetic homeostasis. (A) Representative Western blot analysis of insulin
pathway markers insulin receptor (IR), pIR (Tyr1150-1151), AKT, and pAKT (Ser473), with (B, C) pIR/IR and pAKT/AKT ratio in HuH7 cells
treated with BSA or FA at day 1 and day 28, followed by acute stimulation with 100 nM insulin for 10 min immediately before lysis. (D)
Representative Western blot analysis of bioenergetic markers lactate dehydrogenase (LDH), hexokinase II (HKII), AMPK, and phospho-AMPK
(Thr172), with (E, F) relative quantification. (G) pAMPK/AMPK ratio in HuH7 cells treated with BSA or FA at day 1 and day 28. (H) Relative
mRNA expression levels of LDHA. Data are presented as mean + SEM from 3 independent experiments. Quantitative data are shown as log2 fold
change relative to BSA-1. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. AKT, Protein Kinase B; AMPK, AMP-
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AKT activation, consistent with the development of insulin
resistance at later time points.

The expression of hexokinase II (HKII) increased while that of
lactate dehydrogenase strongly decreased, both at the level of
protein and mRNA (Figure 5D-F,H). The metabolic shift toward
oxidative metabolism throughout prolonged lipid exposure was
paralleled by activation of AMPK (Figure 5D, G), a hallmark of
energetic stress and master regulator of catabolic metabolism.

Consistent with these results, immunoblot analysis revealed
that acute exposure to FA induced a significant increase in the
protein levels of multiple mitochondrial respiratory complexes,
including complex V (ATP5A), complex III (UQCRC2), complex
II (SDHB), and complex I (NDUFB8), compared with BSA-
treated controls (Figure 6A-E). After prolonged lipid exposure
(28 d), expression of these mitochondrial complexes remained
elevated or further increased, with complex II showing the most
pronounced and consistent upregulation relative to both acute
treatment and time-matched controls (Figure 6A-E), consistent
with adaptations to accommodate elevated p-oxidation flux and
maintain ATP production under metabolic stress.

Chronic lipid exposure alters mitochondrial and
SIRT1/CLOCK-associated regulatory markers

In contrast to the sustained increase in mitochondrial respi-
ratory complex expression, prolonged FA exposure was

associated with a significant reduction in SIRT1 protein levels
(Figure 6F, G). To interpret mitochondrial and regulatory ad-
aptations in the context of chronic FA exposure, it is important
to note that these experiments were performed in low-glucose
medium without insulin supplementation. Thus, cells were not
exposed to sustained high-glucose/high-insulin conditions dur-
ing the 28-d treatment period. SIRT1 is a NAD'-dependent
deacetylase that plays a pivotal role in coordinating mitochon-
drial function, FAO, antioxidant defenses, autophagy, and ER
stress resolution through deacetylation of key transcriptional
regulators, including components of the circadian clock ma-
chinery. Its downregulation under chronic lipid stress likely
reflects a state of persistent energetic and redox imbalance,
potentially driven by NAD" depletion secondary to sustained
B-oxidation.

Notably, prolonged lipid exposure was associated with a
progressive decline in SIRT1 expression (Figure 6F, G). In par-
allel, chronic lipid overload was associated with a marked sup-
pression of CLOCK protein expression (Figure 6F, H), indicating
disruption of the hepatocyte circadian machinery. Importantly,
the decline in both SIRT1 and CLOCK was specific to prolonged
lipid exposure, as time-matched BSA-treated controls displayed
only moderate reductions. Together, these results indicate that
chronic lipid overload is associated with sustained upregulation
of mitochondrial respiratory complexes alongside a concomitant
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FIGURE 6. Extended fatty acid (FA) treatment compromises mitochondrial complex and alters circadian clock regulators. (A) Western blot
analysis of mitochondrial respiratory chain complexes, with (B-E) relative densitometric quantification. (F) Western blot analysis of SIRT1 and
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reduction in SIRT1 and CLOCK protein expression, revealing a
divergence between mitochondrial expansion and higher-level
metabolic and circadian regulatory pathways during pro-
longed lipotoxic stress.

Discussion

The present study provides a temporal characterization of the
hepatocellular response to sustained FA overload and identifies
the progressive loss of regulatory coordination as a key event
underlying the transition from metabolic adaptation to cellular
dysfunction. By comparing acute and prolonged exposure to a
PA/OA mixture, we show that hepatocytes initially activate
effective protective mechanisms that preserve metabolic ho-
meostasis, whereas chronic lipid exposure progressively un-
couples these adaptive responses, ultimately resulting in
oxidative stress, insulin resistance, and cell death. These find-
ings support the concept that lipotoxicity arises not simply from
lipid accumulation per se but from the inability to sustain long-
term integration among metabolic, redox, and stress-response
pathways.

During the early phase of exposure (day 1), hepatocytes
efficiently buffered FA overload through enhanced neutral lipid
storage. Because BODIPY 493/503 specifically labels intracel-
lular neutral lipids, the sustained accumulation of LDs
throughout the experiment reflects the dynamic balance among
FA uptake, esterification, storage, mobilization, and oxidation
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rather than FA uptake alone [41,42]. The marked increase in LD
content together with DGAT1 induction is consistent with the
established cytoprotective role of triacylglycerol synthesis and
LD biogenesis in preventing the accumulation of toxic lipid in-
termediates [43]. At this stage, cell viability, morphology,
apoptotic markers, and insulin responsiveness remained largely
preserved, whereas increased catalase and GPx-4 expression
indicated activation of an adaptive antioxidant response. Exo-
metabolomic analysis further supported an early adaptive
phenotype, revealing higher residual glucose together with
lower pyruvate, lactate, acetate, and glutamine levels compared
with controls. These findings suggest preferential utilization of
exogenous FA as an energy source, limiting glycolytic engage-
ment and amino acid catabolism. The preservation of FASN and
ACC expression further indicates that hepatocytes retained
substantial metabolic flexibility during this initial phase,
consistent with previous models of early steatotic adaptation
[44].

A distinct metabolic phenotype emerged after 14 d of treat-
ment. Although cell viability and lipid storage capacity were still
largely preserved, exometabolomic profiling revealed marked
remodeling of carbon and amino acid metabolism, characterized
by increased lactate and alanine levels together with enhanced
glutamine consumption. The pronounced lactate accumulation
in the medium, the highest observed across all conditions, sug-
gests increased glycolytic flux and reflects an energetic demand
that could no longer be fully sustained by oxidative metabolism
alone. Consistent with this interpretation, FASN and ACC



L Serra et al.

protein levels were significantly reduced, indicating diversion of
carbon substrates away from de novo lipogenesis toward
energy-producing pathways. Elevated alanine levels may reflect
impaired hepatic alanine disposal, a phenomenon previously
associated with hepatic steatosis and reduced glucagon-
dependent amino acid catabolism [45]. Indeed, hepatic stea-
tosis has been shown to reduce glucagon receptor abundance,
thereby attenuating downstream signaling involved in alanine
transport and metabolism [46].

Concurrently, lower extracellular pyruvate levels suggest
increased intracellular pyruvate utilization either for lactate
production or mitochondrial oxidation. The induction of CPT1A
in the absence of a significant decline in SIRT1 further indicates
that mitochondrial oxidative capacity remained functional at
this stage. Collectively, these findings identify day 14 as a
transitional phase in which metabolic compensation is still
maintained but increasingly relies on the coordinated engage-
ment of glycolytic, amino acid, and oxidative pathways, indi-
cating that hepatocytes are approaching the limits of their
adaptive capacity before overt cytotoxicity becomes evident.

This adaptive state was not maintained during prolonged
exposure. At day 28, FA treatment resulted in progressive ROS
accumulation accompanied by a marked reduction in antioxi-
dant defenses. The decline in catalase, GPx-4, and SOD1
expression indicates a reduced capacity to neutralize ROS,
thereby promoting a pro-oxidant intracellular environment.
Particularly relevant is the depletion of GPx-4, a key regulator of
lipid peroxide detoxification and membrane protection [47],
whose loss has been linked to increased susceptibility to fer-
roptosis and lipotoxic injury in metabolic liver disease. In par-
allel, chronic FA exposure induced profound impairment
of insulin signaling, as demonstrated by reduced insulin-
stimulated AKT activation despite preserved insulin receptor
expression, suggesting that chronic lipotoxicity primarily affects
postreceptor signaling events [48-50].

The deterioration of redox homeostasis was accompanied by
activation of cell death pathways. Chronic treatment shifted the
balance of Bcl2 family proteins toward apoptosis, as evidenced
by the marked increase in the Bax/Bcl2 ratio. These alterations
were associated with sustained p53 accumulation and progres-
sive cell loss. Given the established role of p53 as an integrator
of metabolic, oxidative, and genotoxic stress signals [51], its
induction likely reflects the inability of hepatocytes to resolve
chronic metabolic stress. Although the molecular identity of the
p53 doublet remains unclear, stress-induced p53 processing has
previously been associated with the generation of
mitochondrial-localized forms capable of amplifying apoptotic
signaling [52].

The metabolic phenotype observed at day 28 further supports
the concept of adaptive failure rather than successful metabolic
reprogramming. Hepatocytes responded to prolonged FA excess
by suppressing lipogenic enzymes and reducing FA uptake ca-
pacity, as indicated by the downregulation of FASN, ACC, CD36,
and FABP1. Conversely, CPT1A expression, AMPK activation,
and increased abundance of mitochondrial respiratory chain
complexes were consistent with an attempt to sustain FAO and
mitochondrial energy production [53]. Importantly, these mo-
lecular changes should be interpreted as indicators of enhanced
oxidative capacity rather than direct evidence of increased
B-oxidation flux, which was not measured in the present study.
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Reduced net palmitate accumulation, together with the down-
regulation of CD36 and FABP1, further supports altered FA
handling during chronic exposure. However, the present assay
does not allow discrimination between reduced FA uptake and
changes in intracellular retention, efflux, or metabolic parti-
tioning. Clarifying the relative contribution of these mecha-
nisms will require dedicated studies.

Exometabolomic data provide additional insight into the
metabolic consequences of this chronic response. The increase
in residual glucose, accompanied by lower lactate levels relative
to day 14, suggests reduced glycolytic output despite increased
HKII expression. Under these conditions, glucose-derived car-
bon may be redirected toward pathways such as the pentose
phosphate pathway rather than lactate production or de novo
lipogenesis, which is unlikely given the marked suppression of
SREBP-1, FASN, and ACC activity. Such metabolic rerouting
could provide NADPH to sustain antioxidant defenses and sup-
port nucleotide synthesis and protein glycosylation during
persistent cellular stress. In addition, the progressive accumu-
lation of extracellular acetate throughout the experimental
period deserves particular attention. Hepatic acetate may orig-
inate from acetyl-CoA hydrolysis, incomplete FAO, or alterna-
tive acetyl-CoA disposal pathways [54,55]. The sustained
increase in acetate secretion, occurring alongside CPT1A in-
duction and enhanced respiratory complex abundance, may
therefore reflect acetyl-CoA overflow resulting from FAO rates
exceeding tricarboxylic acid cycle capacity. Alternatively, it
may indicate impaired channeling of acetyl-CoA into down-
stream anabolic pathways as lipogenesis becomes progressively
suppressed. In either case, acetate accumulation provides an
independent readout of the metabolic imbalance between FAO
and acetyl-CoA utilization that characterizes the chronic stage of
lipid overload.

A central mechanistic insight emerging from this study is
the progressive decline of SIRT1 and CLOCK expression dur-
ing chronic FA exposure. SIRT1 is a critical regulator linking
nutrient sensing, mitochondrial function, antioxidant de-
fenses, autophagy, and ER stress responses through NAD™-
dependent signaling [56], whereas CLOCK coordinates circa-
dian regulation of hepatic metabolism and energy homeostasis
[57-59]. The concomitant reduction of these regulators
occurred despite persistent AMPK activation and increased
abundance of mitochondrial respiratory complexes, indicating
that hepatocytes retain the ability to activate compensatory
metabolic programs but progressively lose the higher-order
regulatory networks required to coordinate them efficiently.
Consistent with this interpretation, acute FA exposure induced
PERK expression, suggesting activation of a protective
unfolded protein response, whereas chronic treatment resul-
ted in PERK suppression and persistent activation of the
XBP1s branch, indicative of dysregulated ER stress signaling
[60-63]. Although autophagic activity appeared to remain
active throughout the experimental period, as indicated by
increased LC3II/LC3I ratios and reduced p62 abundance,
maintenance of autophagic flux alone was insufficient to
prevent oxidative damage and cell death. Together, these
findings suggest that chronic lipotoxicity is characterized not
by the failure of a single adaptive pathway but by the pro-
gressive loss of regulatory coordination among multiple
stress-response systems.
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Several limitations should be acknowledged. The study did
not directly quantify intracellular lipid species, p-oxidation
rates, or mitochondrial function. Consequently, the molecular
changes reported here should be interpreted as indicators of
metabolic remodeling rather than direct measurements of
pathway activity. In addition, the PA/OA mixture reproduces
only part of the complexity of the circulating FA environment
and therefore represents a reductionist model of lipid overload.
Nevertheless, the prolonged exposure paradigm employed in
this study provides a valuable framework for investigating the
temporal dynamics of lipotoxic adaptation and failure that are
not captured by conventional short-term models.

In conclusions, overall, our data support a temporal organi-
zation of the response, suggesting a 3-stage process. An initial
adaptive phase (day 1) is followed by a compensatory remod-
eling phase (day 14), characterized by extensive metabolic
reorganization in the absence of overt cellular dysfunction, and
finally by a decompensated phase (day 28), in which persistent
oxidative stress, impaired signaling, and loss of regulatory co-
ordination culminate in cell death. This intermediate compen-
satory stage may be particularly relevant to MASLD progression
because it likely corresponds to the period during which hepa-
tocytes remain functionally viable despite increasing metabolic
stress and therefore may represent a critical therapeutic win-
dow. In this context, preservation of redox balance, NAD" ho-
meostasis, and SIRT1/CLOCK-dependent signaling may
represent key targets for maintaining hepatocyte resilience
during chronic lipid overload and for limiting the transition
from adaptive steatosis to progressive metabolic liver disease.
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