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Differential modulation of the hepatocellular
metabolome, cytoprotective and inflammatory
responses due to endotoxemia and lipotoxicity†

Jyoti Sharma and Priyankar Dey *

The present work aimed to examine the primary mechanisms of liver damage, namely the impact of

gut-derived endotoxins along the gut–liver axis and adipose-derived free fatty acids along the adipose–

liver axis. These processes are known to play a significant role in the development of hepatic inflamma-

tion and steatosis. Although possible overlapping in the pathogenesis was expected, these processes

have unique pathophysiological consequences. Therefore, we used HepG2 cells as a model system to

investigate the impact of lipopolysaccharides (LPS) and free fatty acid (FFA; albumin conjugated palmitic

acid) on the intracellular metabolome. Although both LPS and FFA triggered the expression of nuclear

factor kB (NFkB)-dependent inflammation, only LPS treatment was able to trigger a Toll-like receptor 4

(TLR4) dependent response. The intracellular cytoprotective enzymatic levels (catalase, peroxidase,

glutathione) were increased due to FFA but lowered due to LPS. The free-radical neutralizing efficacies

of cell-free metabolites of FFA-treated cells were better than those of the LPS-treated ones. The use of

untargeted metabolomics allowed for the identification of distinct metabolic pathway enrichments,

providing further insights into the differential effects of LPS and FFA on the metabolism of hepatocytes.

Collectively, the current study highlights the distinct impacts of endotoxemia and lipotoxicity on the

metabolome of hepatocytes, hence offering valuable insights into hepatocellular function.

1. Introduction

The liver is crucial for maintaining overall metabolic home-
ostasis by regulating nutrient metabolism and storage, drug
detoxification, and energy homeostasis. Numerous conditions
are linked to liver injury, including autoimmune diseases,
viral infections, consequences from drugs and alcohol, and
metabolic diseases like diabetes, obesity, and metabolic dys-
function-associated liver disease (MASLD). In particular,
MASLD is characterized by a prevalence of both lipotoxicity
and endotoxemia-associated hepatic insults, which range from
simple steatosis to cirrhosis and may eventually result in
hepatocellular cancer.1,2 Due to the increased prevalence of
metabolic syndrome in relation to calorie intake and sedentary
lifestyle, the prevalence of the MASLD spectrum is surpassing
the rate of viral or alcohol-induced liver diseases, even though
historically, viral liver diseases accounted for the largest share
of liver disease-related mortality.3,4

While various environmental (e.g., diet and lifestyle) and
genetic factors may contribute to MASLD, endotoxemia and
lipotoxicity along the gut–liver and adipose–liver axis play
critical roles in the promotion and progression of MASLD.5,6

The translocation of gut microbial pyrogenic products along
the gut–liver axis through a ‘leaky-gut’ results in the activation
of hepatic Kupffer cells.7 Elevation of endotoxin in both serum
and the liver was reported in multiple cohorts of patients with
metabolic liver disease.8,9 Indeed, experimental evidence shows
that reduction in endotoxin translocation along the gut–liver
axis could attenuate metabolic syndrome-associated MASLD,10

while hepatic loss-of-function of Toll-like receptor 4/nuclear
factor kB (TLR4/NFkB) signaling protects mice from diet-
induced MASLD.11 Another mode of hepatic insult is associated
with lipotoxicity due to adipose lipolysis and translocation of
adipose-derived free non-esterified fatty acid along the adi-
pose–liver axis, triggering hepatic steatosis.12 Additionally,
lipotoxicity caused by de novo lipogenesis and the formation
of reactive lipid intermediates trigger oxidative damage and
inflammation in the liver.13 Gut-derived endotoxin affects
hepatic lipid accumulation via inducing adipose lipolysis in
addition to directly causing liver inflammation.14 Indeed, the
liver is considered the primary afflicted organ due to gut-
derived endotoxin translocation, whereas adipose lipolysis
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can result in hepatic steatosis.15 Since the pathophysiological
effects of endotoxemia and lipotoxicity are different, they are
often regarded as separate causes of liver damage; nonetheless,
when combined, they result in hepatic metainflammation.
However, there is a severe shortage of experimental data to
comprehend the separate hepatocellular response to lipotoxi-
city and endotoxemia. In fact, due to the recent increased
prevalence of lean MASLD, a condition that is not asso-
ciated with obesity and adipose-derived lipotoxicity,16,17

understanding to what extent these individual modes of injury
affect the hepatocellular immunometabolic homeostasis
remains crucial.

In recent years, systemic and tissue-specific metabolites
have been used as prognostic markers for early detection of
chronic disease. Metabolomics strategies have been used in
liver disease for multiple purposes, including marker identifi-
cation for MASLD,18 cirrhosis,19 hepatocellular carcinoma,20

and to differentiate between various stages of the MASLD
spectrum.21,22 In fact, metabolome-based rapid diagnostic
approaches are emerging popular strategies in disease-
associated biomarker discovery, drug development, under-
standing disease mechanisms, characterizing disease subtypes,
predicting disease risk, monitoring treatment response, nutri-
tional assessment, metabolic disorders, and microbiome
research.22–25 Nevertheless, to our knowledge, the independent
effects of endotoxemia and lipotoxicity on the hepatocellular
metabolome have never been comparatively studied before.
Therefore, in the present study, by utilizing HepG2 cells, the
independent effects of LPS and fatty acid on the intracellular
metabolome were evaluated. The resultant metabolites were
mapped against appropriate cellular pathways. Collectively, the
results, for the first time, demonstrate how LPS and fatty acid
differentially impact the overall intracellular metabolic homeo-
stasis of HepG2 cells.

2. Materials and methods
2.1. Preparation of the fatty acid–albumin conjugate

Palmitic-acid albumin conjugate was prepared based on a
previously standardized method.26 The choice of palmitic acid
was based on the fact that it is the predominant fatty acid in
the serum of MASLD patients27 and the superior effects of
palmitic acid over other fatty acids in inducing hepatocellular
ROS generation, inflammation, and cell death.28–30 In brief,
palmitic acid (Sigma #P0500) was heated at 70 1C with 0.1 M
NaOH under constant shaking in a Thermo mixer to prepare a
stock solution (0.1 M, solution A). In parallel, 5% (w/v) FAA
and endotoxin-free bovine serum albumin (Sigma #126579)
were mixed with water at 55 1C under constant shaking
(solution B). Both the solutions were mixed at the desired
proportions at 55 1C under constant shaking to obtain 10 mM
PA–BSA conjugate. The resultant was filtered through a
0.45 mM hydrophilic membrane syringe filter, cooled down
at room temperature, and stored at �20 1C until further use
(stability 3–4 weeks).

2.2. HepG2 cell culture

HepG2 cells were procured from the National Institute of Cell
Science (Pune, India) and were cultured as per our previously
standardized method.31 In brief, cells were cultured (37 1C and
5% CO2) in low-glucose Dulbecco’s modified Eagle medium
(HiMedia, India) supplemented with 10% fetal bovine serum,
100 UI mL�1 penicillin, 100 mg mL�1 streptomycin, and
25 mg mL�1 amphotericin B. An Olympus inverted microscope
(model) was used to track cell development during sub-
culturing, which was carried out at intervals of 45–50 h. Cell
counting equipment (Far-scope B, Curiosis) was used to do the
trypan blue cell count.

2.3. Cytotoxicity test

For dose selection of LPS and FFA, a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell viability
assay was performed, as described previously.32 In brief, cells
were seeded in the wells of a 96-well plate for 24 h to achieve
75–80% confluency. Then, the cells were either treated with
LPS (0–800 mg mL�1, E. coli 055: B5, Sigma #L2637) or FAA
(0–1600 mM) to a final volume of 250 mL and incubated for 24 h.
After incubation, 200 mL of the culture supernatant was
removed carefully and 5 mg mL�1 of MTT solution (20 mL) was
added to each well, and the plate was incubated for 4 h in the
dark. After incubation, 150 mL of DMSO was added to each well,
mixed well, and the absorbance was read at 540 nm against a
suitable blank. Cells were cultured for 48 h to study the time-
dependent effects of LPS and FFA on the cells.

2.4. In vitro experimental design

HepG2 cells were seeded in 6 well-plates (2 � 106 cells per mL)
in DMEM without serum for 24-h to achieve 85–90% con-
fluency. Next, the cells were either treated with FAA-albumin
conjugate at 400 mM concentration or with 200 ng mL�1

lipopolysaccharide (LPS; E. coli O55.B5, Sigma, USA) for 24 h
under standard conditions. Untreated cells were considered as
a control. After 24-h of treatment, the cells were separated from
the culture supernatant and cell extracts were prepared as
described before.31

2.5. Intracellular metabolome

HepG2 cells were cultured for 48 h as described and then
centrifuged (5000 rpm for 10 min) to isolate the cell pellet.33

The cells were washed twice with PBS. The cell pellet was
resuspended in chilled methanol : water (3 : 1, v/v) and vortexed
vigorously for 15 min, then centrifuged at 10 000 rpm for
10 min at 4 1C. The supernatant was passed through a
0.4 mm filter to remove cells, and the filtrate was collected in
a separate vial, dried under N2, and then mixed with 20 ml of
N,O-bis(trimethylsilyl)trifluoroacetamide + trimethylchloro-
silane (99 : 1 v/v) mixture and incubated for 60 min at 25 1C
with occasional vortexing, and then sealed in autosampler vials
with a polytetrafluoroethylene cap using N2 flushing.34 Pooled
metabolite extract (n = 3) was analyzed using a Shimadzu QP
2010 Ultra GC-MS instrument equipped with a TG-5MS column
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(30 m � 0.25 mm � 0.25 mm). The injector temperature was set
at 250 1C and the initial temperature of the program was set at
60 1C (solvent delay 4 min) with a hold of 4 min, followed by a
ramp of 10 1C to 300 1C with a hold of 10 min. Derivatized
samples (1 mL) were injected in a split mode (split ratio 20 : 1)
with a splitless time of 0.80 min, with a constant flow of helium
gas (1 mL min�1). The MS transfer line temperature was set at
290 1C with an ion-source temperature of 200 1C (electron
ionization). The samples were analyzed at electron energy
70 eV (vacuum pressure: 2.21 � 10�0.5 torr), and the mass
analyzer range was set to 50–650 amu. MS data were analyzed
using automated mass spectral deconvolution and identifi-
cation system (AMDIS) version 2.70. The major and essential
compounds were identified by mass fragmentation patterns
(m/z) of the reference parent compound (molecular peak and
base peak) using MS Interpreter version 2.0 and by matching
with the reference database of the National Institute Standard
and Technology (NIST) with an MS Library V2011.

2.6. Intracellular metabolic pathway prediction

MetaboAnalyst V5 was used to analyze the biochemical pathway
enrichment using the metabolite abundance data sets obtained
from the GC-MS analysis.35,36 Enrichment analysis was performed
based on the small molecule pathway database (SMPDB) and was
used to investigate how groups of functionally related metabolites
are significantly enriched that would potentially eliminate require-
ments of preselect compounds based on arbitrary cut-off thresh-
olds. Identified metabolites were mapped against PubChem and
SMPDB identifiers. Pathway analysis was performed based on
SMPDB identifiers, where out-degree centrality was used for topo-
logy analysis, and Fisher’s exact test was used as the enrichment
method.

2.7. RNA extraction and gene expression

Gene expression study was performed following our previous
method.37,38 In brief, after appropriate treatment, cells were
centrifuged at 5000 � g for 10 min to separate them from the
culture media. The cell pellet was washed twice with ice-cold
PBS to remove residual media components. Total mRNA from
the HepG2 cells was extracted using the TRIZOL reagent
(ThermoFisher Scientific) method according to the manufac-
turer’s instructions, and quantification was done in nanodrop
(Thermo Scientific). cDNA was synthesized using an iScript
reverse transcription kit, and gene expression studies were
performed using an SYBR green PCR kit on a real-time instru-
ment (Bio-Rad, CFX96). Primer sequences are given in Table 1.

Target genes were quantified relative to 18S using the 2�DDCT

method.

2.8. Biochemical assays

After treating for 24-h with LPS or FAA, the media was removed
and cells were washed twice in PBS. Cells were then lysed using
chilled lysis buffer, centrifuged at 10 000 rpm (10 min, 4 1C).
The supernatant was split into multiple aliquots and used
in enzymatic assays. First, the influence of the cell extracts on
the oxidation of guaiacol was spectrometrically measured at
436 nm to determine the level of peroxidase as described
before.39 The level of cellular catalase was measured by evalu-
ating the breakdown of H2O2 at 240 nm using the standard
method.31 GSH (LifeSpan BioSciences) and lipid peroxidation
(RayBiotech) were measured in the cell lysate using a commer-
cially available kit.

2.9. Nitrite estimation assay

The level of nitrite released in the culture supernatant was
measured using the Griess reagent method as described
previously.32 In brief, culture supernatant (50 mL) was mixed
with 200 mL of freshly prepared Griess reagent (1% sulfanil-
amide + 1% n-1-naphthyl-ethylenediamine hydrochloride 2.5%
H3PO4) in a microwell plate and incubated for 30 min at 25 1C.
The purple azo-dye generated after the reaction was measured
at 540 nm.

2.10. Antioxidant assays

Based on the intracellular free-radical forming mechanisms,
a total of multiple in vitro free radical scavenging assays (i.e.,
hydroxyl radical, OH�; superoxide radical, O2

��; singlet oxygen,
1O2; hypochlorous acid, HOCl; hydrogen peroxide, H2O2; nitric
oxide, NO; peroxynitrite, OONO�) were selected to assess the
overall antioxidant activities of the spice samples.40 The reduc-
ing potential of the spices as a surrogate indicator of the
general antioxidant activity was measured using a 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay. Since transition metals
can accelerate the intracellular free-radical formation cascade
by potentiating the Fenton reaction, iron-chelation activity was
measured, and to evaluate the potentials of the spices to limit
free-radical mediated peroxidation of the cellular lipid, a lipid
peroxidation assay was performed using chicken brain samples
obtained from a local slaughterhouse. All assays were per-
formed against appropriate standards as per our previously
standardized methods adapted to a reduced volume suitable
for microplates.41,42 The range of the highest sample dose for
each assay was based on the linear response range for the
respective standard compounds in the final volume of the
reaction mixture.

2.11. Statistical analysis

All data are reported as mean � SEM of three replicates. Group
comparisons were done by one-way ANOVA with Tukey’s post
hoc test using GraphPad V9. The percentage of inhibition/
scavenging was calculated by the formula [(X0 � X1)/X0] �
100, where, X0 is the absorbance of the control, and X1 is the

Table 1 Sequence of qRT-PCR primers

Gene
name Forward primer Reverse primer

TNFa AGCCCATGTTGTAGCAAACC GGAAGACCCCTCCCAGATAG
TLR4 GCAATGGATCAAGGACCAGA CTACAAGCACACTGAGGACC
IL1b ACGAATCTCCGACCACCACTA TCCATGGCCACAACAACTGAC
MyD88 GACCCCTGGTGCAAGTACC AGTAGCTTACAACGCATGACAG
18S CGCTTCCTTACCTGGTTGAT GAGCGACCAAAGGAACCATA
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absorbance in the presence of the samples and control. Linear
correlation between independent variables was performed
using Pearson’s method. Data having unequal variances were
log-transformed to achieve equal variances. Enrichment analy-
sis was performed using MetaboAnalyst V5. The enrichment
ratio for metabolites and pathways was calculated based on
observed hit/expected hit values. Holm–Bonferroni correction
for p-value and false discovery rate (FDR) was calculated for all
entries of enrichment analysis. Pathway analysis was performed
using Fisher’s exact test. p o 0.05 was considered significant
for all cases.

3. Results
3.1. MTT cytotoxicity

The treatment doses of LPS and FFA were selected based on
an MTT cytotoxicity assay. Data showed that compared to
untreated control cells, significant cell death occurred at
400 ng mL�1 LPS and 800 mM concentrations of FFA (Fig. 1A
and B). The EC50 was calculated to be 747.75 ng mL�1 LPS and
1191.68 mM FFA. Therefore, a sublethal dose of 200 ng mL�1 for
LPS and 400 mM concentration of FFA was selected for subse-
quent studies. However, it is noteworthy that lipid accumula-
tion could affect the intracellular redox status that likely
influenced the cytotoxicity assay outcomes. Indeed, the gross
microscopic features of the treated cells indicate relatively
increased steatotic bodies in FFA-treated cells compared to that

of LPS, indicating increased intracellular lipid accumulation
compared to LPS-treated cells (Fig. 1C and D).

3.2. Metabolomic profiling

The alteration of the intracellular metabolome was investigated
using GC-MS analysis after appropriate derivatization.
We identified (Fig. 2A–C and Tables S1–S3, ESI†) a total of
111, 65 and 85 metabolites in the control, LPS and FFA. The top
5 highly abundant metabolites in the control were D-(�)-lactic
acid, (45.3%), oleic acid (8.8%), b-D-glucopyranose (5.9%), ethyl
iso-allocholate (4.9%), and L-leucine (3.6%). The predominant
metabolites in LPS were propanoic acid (11.3%), b-D-gluco-
pyranose (8.8%), lactic acid (8.6%), D-(+)-mannopyranose
(6.4%) and trans-9-octadecenoic acid (4.85), while D-lactic acid
(66.2%), sebacic acid (6.8%), oleic acid (4.8%), azelaic acid
(2.9%) and hexadecanoic acid (2.1%) were the most abundant
metabolites in FFA. A total of 73, 32 and 53 unique metabolites
were identified in the control, LPS and FFA (Fig. 2D). A total of
16 metabolites were common in all the treatments. Commonly
unique metabolites in the control and LPS were 11, control and
FFA were 11, and FFA and LPS were 4. The correlation heatmap
depicted close association between the abundance of various
metabolites with specific treatments (Fig. 2E). In particular, the
overall association pattern was comparable between control
and LPS, as reflected by the dendrogram. Chemical sub-class
analysis revealed most significant abundance of saturated fatty
acids and amino acids in all the treatments (Fig. 3A–C and

Fig. 1 Treatment effects on cell viability, lipid accumulation and inflammation. Effects of (A) LPS (0–800 ng mL�1) and (B) FFA (0–1.6 mM) on the viability
of HepG2 cells (24-h) measured by the MTT method. Visual representation of lipid accumulation (steatotic bodies) due to (C) LPS (200 ng mL�1) and
(D) FFA (400 mM) treatments of HepG2 cells. Abbreviations: LPS, lipopolysaccharide; FFA, free fatty acid (palmitate).
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Tables S4–S6, ESI†). However, isoquinone and benzyl deriva-
tives in the control, 1,3,5-triazine-2,4-diamines and carboximi-
dic acids in LPS (Fig. 3B), and non-metal phosphates and p-
phthalic acids were the highly enriched chemical classes in FFA
(Fig. 3C).

3.3. Enrichment and pathway analysis

The identified metabolites were mapped against respective
biosynthetic pathways based on the small molecule pathway

database. Data showed that fatty acid biosynthesis; valine, leucine
and isoleucine degradation, alanine metabolism, arginine and
proline metabolism, and glutathione metabolism were the top five
most significantly enriched metabolic pathways in the control
(Fig. 4A and Table S7, ESI†). The patterns of pathway enrichment
were altered under LPS and FFA treatment. Phenylalanine and
tyrosine metabolism, trehalose degradation, the Warburg effect,
fatty acid biosynthesis, and the mitochondrial electron transport
chain in LPS (Fig. 4B and Table S8, ESI†), whereas urea cycle,

Fig. 2 Gas chromatography-mass spectrometry (GCMS) analysis of the cell-free metabolites. (A) Control, (B) LPS, and (C) FFA. A list of identified
metabolites is provided in the ESI,† Tables S1–S3. (D) Vein diagram depicting common metabolites. (E) Heatmap depicting the association of the
metabolite abundance with various treatments. Abbreviations: Ctrl, control; LPS, lipopolysaccharide; FFA, free fatty acid (palmitate).

Fig. 3 Metabolite enrichment analysis of (A) Ctrl, (B) LPS, and (C) FFA at a sub-class of chemicals (data corresponds to Tables S4–S6, ESI†). Enrichment
ratio was calculated by observed metabolite hits/expected hits. Abbreviations: Ctrl, control; LPS, lipopolysaccharide; FFA, free fatty acid (palmitate).
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arginine and proline metabolism, fatty acid biosynthesis, gluta-
thione metabolism, and glutamate metabolism were the top five
enriched pathways in FFA (Fig. 4C and Table S9, ESI†). Among
these, only 4 pathway enrichments were common between control
and LPS, whereas 16 were common between control and FFA
(Fig. 4D). Homocysteine degradation and porphyrin metabolism
in the control, and glycerol phosphate shuttle, inositol metabolism,
D-arginine and D-ornithine metabolism, inositol phosphate meta-
bolism, spermidine and spermine biosynthesis, betaine metabo-
lism, lactose synthesis and vitamin B6 metabolism were uniquely
identified in FFA. Furthermore, pathway impact analysis revealed
that in the control (Fig. 4E and Table S10, ESI†), the top five most
significantly impacted pathways were carnitine synthesis, fatty acid
biosynthesis, citric acid cycle, valine, leucine and isoleucine degra-
dation, and threonine and 2-oxobutanoate degradation pathways.
In LPS (Fig. 4F and Table S11, ESI†), the top five impacted pathways
were phenylalanine and tyrosine metabolism, tyrosine metabolism,
trehalose degradation, catecholamine biosynthesis, and mitochon-
drial electron transport chain; whereas the same in the FAA group
(Fig. 4G and Table S12, ESI†) were fatty acid biosynthesis, butyrate
metabolism, carnitine synthesis, cysteine metabolism, and biotin
metabolism. Only plasmalogen synthesis was unique in the LPS
group whereas mitochondrial beta-oxidation of long chain satu-
rated fatty acids, sulfate/sulfite metabolism, lysine degradation,
mitochondrial beta-oxidation of short chain saturated fatty acids,
and cysteine metabolism were unique pathways in FFA (Fig. 4H).

3.4. Gene expression

LPS and FFA differentially influenced the gene expressions in
HepG2 cells (Fig. 5). The mRNA expression of TLR4 and MyD88

were significantly increased due to LPS treatment at 2.2–
2.8-times. LPS also resulted in 3.9–3.7-times increased mRNA
expression of TNFa and IL1b. Compared to the control, FFA
had no significant impact on the mRNA expression of TLR4 and
MyD88, although TLR4 was increased 1.5-times. The expression
of both TNFa and IL1b was significantly increased 1.9-times
compared to the control; however, they were 45–58% lower
compared to LPS.

3.5. Antioxidant enzymes

The effects of LPS and FAA on the cytoprotective enzymes
and oxidative stress were evaluated using biochemical assays.

Fig. 4 Treatment effects on intracellular metabolic pathways. Pathway enrichment in control (A), LPS (B), and (C) FFA-treated cells (data corresponds to
Tables S7–S9, ESI†). Venn diagram depicting commonly enriched pathways (D). log normalized pathway impacts in control (E), LPS (F), and (G) FFA-
treated cells (data corresponds to Tables S10–S12, ESI†). Venn diagram depicting commonly impacted pathways (H).

Fig. 5 mRNA expressions of inflammatory parameters. Data represented
as mean� SEM of 3 replicates. Abbreviations: LPS, lipopolysaccharide; FFA,
free fatty acid (palmitate); Ctrl, control; TLR4, Toll-like receptor 4; MyD88,
myeloid differentiation primary response 88; TNFa, tumor necrosis factor a;
IL1b, interleukin 1b.
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Data showed that compared to the control, LPS-treatment
reduced (24.8%) the cellular catalase activity whereas it was
elevated (1.2-times) due to FAA (Fig. 6A). The peroxidase activity
was lowered (21.3%; P = 0.11) while FAA treatment increased
(1.1-times) the peroxidase activity (Fig. 6B). While the GSH level
was elevated both due to LPS (1.2-times) and FFA (1.5-times),
the increase was significant only for FFA (P = 0.03) (Fig. 6C).
Both LPS (1.6-times) and FFA (1.4-times) elevated the nitrite
release compared to the control (Fig. 6D). Finally, only FFA
significantly increased (1.9-times; P = 0.001) the lipid peroxida-
tion compared to the control (Fig. 6E). It is noteworthy that
a significant increase of catalase (1.68-times; P = 0.001), per-
oxidase (1.44-times; P = 0.016), and MDA (1.87-times;
P = 0.001) levels was observed due to FFA treatment compared
to LPS. Compared to LPS, the level of GSH was increased
(1.3-times; P = 0.14) while nitrite was decreased (16.7%;
P = 0.07), but not to the level of significance.

3.6. In vitro antioxidant assay

Beyond the intracellular cytoprotective enzymes, intracellular
metabolites are known to limit cellular oxidative damage by
directly scavenging the free radicals. Thus, the free-radical
scavenging potentials of the cell-free metabolites were mea-
sured using biochemical assays relevant to the intracellular
cascade of free-radical formation (Fig. 7A). Data showed that
(Fig. 7B) control metabolites were overall better scavengers of
free radicals compared to LPS and FFA metabolites. For the
DPPH assay, the CTRL was B1.85-times better (p = 0.04)
compared to both LPS and FFA. Compared to the control, the
hydroxyl scavenging capacities of LPS (85.3%; p = 0.001) and
FFA (49.8%; p = 0.01) were lower compared to the control. The
superoxide scavenging potential of the control was 1.84 to
2-times better (p = 0.05) than both treatments. LPS metabolites
demonstrated 60.7% (p = 0.01) lower H2O2 scavenging potential
than the control, while the same was 25.6% lower for FFA
(p = 0.05). For nitric oxide scavenging, the control demonstrated
better capacity compared to LPS (2-times; p = 0.012) and FFA
(1.35-times; p = 0.139). In the case of peroxynitrite scavenging,
LPS (35.1%; p = 0.28) and FFA (73.6%; p = 0.029) demonstrated

lower activities compared to the control. In the case of iron
chelation potential, the control demonstrated better activities
compared to LPS (2.5-times; p = 0.041) and FFA (1.44-times;
p = 0.30). Finally, both LPS (46.8%; p = 0.01) and FFA (18.54%;
p = 0.05) showed lower lipid peroxidation inhibitory activities
than the control. For most all bioactivities, LPS and FFA
demonstrated statistically comparable bioactivities except for
hydroxyl radicals and H2O2 scavenging and lipid peroxidation
inhibitory potential. For these activities, FFA demonstrated
3.43, 1.89, and 1.53-times higher bioactivities relative to LPS.

4. Discussion

The current study presented a comparative account of the
differential effects of sub-lethal dose of endotoxin and
albumin-conjugated FFA on liver injury. Although endotoxemia
and lipotoxicity are known to occur simultaneously during the
course of the MASLD spectrum, a comparative effect of
the individual injuries on liver cells in terms of changes in
the intracellular metabolome remained unknown. We demon-
strated that both LPS and FFA treatment of HepG2 cells
induced inflammation, but unlike LPS, FFA had no effects on
TLR4/MyD88 mRNA expression. LPS reduced intracellular anti-
oxidant defense but no changes in lipid peroxidation were
observed. Whereas, FFA-treatment induced lipid peroxidation
and elevated the levels of antioxidant enzymes. Cell-free meta-
bolites of LPS-treated cells demonstrated lower free-radical
scavenging potentials compared to that of FFA-treated cells.
Finally, both treatments revealed distinct, yet overlapping
intracellular metabolomic features that helped to decipher
altered intracellular metabolic pathways under the influence
of both treatments.

Among the intracellular metabolites identified, lactic acid
was predominant in both the treatments. Indeed, high abun-
dance of lactic acid was reported in the serum of MASLD
patients,43 and hyperacetylation of the lactate dehydrogenase
enzyme is seen in the liver of MASLD patients, resulting in
hepatic lactate accumulation.44 Abundance of oleic acid under
LPS and FFA-treatment was comparatively lower compared to

Fig. 6 Treatment effects (24-h) on (A) catalase activity; (B) peroxidase activity; (C) GSH level; (D) nitrite level; (E) MDA level. Data represented as mean �
SEM of 3 replicates. Abbreviations: Ctrl, control; LPS, lipopolysaccharide; FFA, free fatty acid (palmitate); GSH, glutathione; NO, nitric oxide; MDA,
malondialdehyde.
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untreated control cells. Although similar to the FFA (palmitate)
in the current study, oleic acid is also used to mimic MASLD
in vitro, recent experimental evidence suggests that oleic acid
can ameliorate palmitate-induced lipotoxicity in HepG2 cells by
endoplasmic reticulum stress and inflammatory cell death.45

Cholic acid methyl ester (ethyl iso-alcoholate) was highly
abundant in the control, but absent in LPS and FFA-treated
cells. According to earlier studies, ethyl iso-alcoholate not only
limits liver metastasis,45 but cholic acid derivatives have been
reported to be associated with the regulation of several normal
hepatic functions including inflammatory response, oxidative
damage, energy metabolism and detoxification.46,47 Sebacic
acid, a saturated dicarboxylic acid, was only enriched in FFA-
treated cells, and is also predominantly present in the circula-
tion of MASLD patients.48 We identified the highest enrich-
ment of propanoic acid in LPS-treated cells, which is
contradictory to earlier studies demonstrating its beneficial
effects on the liver in vivo.49 Nevertheless, others have reported
propanoic acid treatment-associated oxidative damage in rat
liver.50 Among the specific chemical sub-class enrichments,
saturated fatty acids were most highly enriched under both the
treatments. Indeed, saturated fatty acids are lipidomic markers
of MASLD,51 where hepatocellular lipid accumulation and
endoplasmic reticulum stress are all caused by the rise in
saturated fatty acids in the hepatocytes.51

The identified metabolites were further mapped against
SMPDB to decipher the treatment effects against intracellular
metabolic and biochemical pathways. Several identified highly
enriched metabolic pathways showed association with the
treatment effects. For instance, the data showed that metabolic
pathways pertaining to phenylalanine and tyrosine metabolism
were highly enriched under LPS treatment. Indeed, this is
supported by earlier studies reporting that treatment of experi-
mental mice with LPS-rich Gram negative bacteria influences
hepatic steatosis by impacting phenylalanine metabolism,
while supplementation of mice with phenylalanine aggravates
hepatic injury.52 In fact, the hydroxylation process through
which phenylalanine is converted to tyrosine predominantly
takes place in the liver, which is elevated in chronic inflamma-
tory liver conditions such as advanced cirrhosis.53 We also
identified the Warburg effect predominant in LPS-treated cells,
which is adaptation of cells from citric acid cycle and oxidative
phosphorylation to glycolysis and lactic acid fermentation for
the generation of energy. Earlier studies indeed reported the
Warburg effect in MASLD,54 and that increased lactate produc-
tion and lack of clearance can promote lipogenic gene expres-
sion, increased intracellular lipid uptake and steatosis in
MASLD.44 In fact, metabolic reprogramming of inflammatory
cells under several chronic inflammatory diseases is closely
associated with the shift in metabolism away from oxidative

Fig. 7 Effects of cell-free metabolites on free-radical scavenging activities. (A) Intracellular free-radical formation cascade. The major reactive oxygen
and nitrogen species were studied. (B) Free-radical scavenging effects of the cell-free sample. Metabolites of Ctrl, LPS and FFA-treated (24-h) cells. Data
represented as mean � SEM of 3 replicates. Abbreviations: Ctrl, control; LPS, lipopolysaccharide; FFA, free fatty acid (palmitate); L-arg, L-arginine, NO,
nitric oxide; NOX, NADPH oxidase; O2, superoxide radical; SOD, superoxide dismutase; H2O2, hydrogen peroxide; OH�, hydroxyl radical; MPO,
myeloperoxidase; HOCl, hypochlorous acid; 1O2, singlet oxygen; HOCl, hypochlorous acid; OONO�, peroxynitrite anion; HOONO; peroxynitrous acid;
NO2, nitrogen dioxide radical.
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phosphorylation towards aerobic glycolysis.55 Indeed, enrich-
ment of glycolysis was identified as the only uniquely enriched
pathway in LPS-treated cells. In FFA-treated cells, the urea cycle
was highly impacted based on the metabolite mapping. Studies
in vivo report that hypermethylation of urea cycle-associated
genes and impairment of urea synthesis is a hallmark of
MASLD, where hepatocellular fat accumulation irreversibly
diminishes hepatic ammonia detoxification.56 Reduced hepatic
ammonia is associated with the formation of L-ornithine (later
converts into L-proline) and urea from L-arginine. Indeed, pathway
enrichment data showed that arginine and proline metabolism
were enriched in cells with FFA. This was supported by an earlier
in vivo study demonstrating dysfunctional arginine and proline
metabolism in experimental mice with MASLD.57 Interestingly,
compared to LPS, GSH metabolism was highly enriched in FFA-
treated cells, indicating increased oxidative stress in response to
FFA. Significantly elevated GSH level is not only observed in the
present study, but supportive data from an earlier comparable
study with fatty acid overload in HelG2 cells reported positive
association between hepatocellular steatosis and GSH level.58

In terms of inflammatory injury, LPS treatment demon-
strated comparatively higher inflammation than FFA. This is
evident by the higher mRNA expression of TNFa and IL1b in
LPS-treated cells compared to that of FFA. Although FFA also
increased the levels of the pro-inflammatory mediators, these
increases were independent from stimulation of TLR4/MyD88
signaling, which was otherwise significantly elevated due to
LPS treatment. Gut-derived LPS translocation along the portal
vein is known to trigger hepatic inflammation by activating the
TLR4/MyD88-signaling. Indeed, increased serum endotoxin is a
marker for MASLD and metabolic endotoxemia that is asso-
ciated with hepatic inflammation.8 Earlier studies report that
saturated fatty acids can also activate TLR4 signaling,59 and
that lipid-induced inflammation is predominantly mediated by
TLR4 signaling.60 However, no significant increase of TLR4 and
MyD88 mRNA expression was observed associated with the
increased expression of TNFa and IL1b under the influence of
FFA. Indeed, these observations are consistent with recent data
showing that saturated FA palmitate does not function as a
TLR4 agonist.61 Contrarily, others have reported that palmitate
can trigger NFkB-dependent metainflammation in adipose and
skeletal muscle cells in vitro.62,63 An alternative inflammatory
mechanism of FFA could be the activation of the transcription
factor signal transducer and activator of transcription-3
(STAT3), which is triggered in the liver during the course of
progressive liver metabolic disease.64 Additionally, a TLR2/
STAT3-dependent inflammatory cascade has been attributed
to inflammatory insults during MASLD.65 Nevertheless, several
contrary studies in vitro and in vivo show that unsaturated fatty
acids can inhibit STAT3-associated cellular responses in
HepG266 and other cells.67,68 Our data also show that compared
to LPS, FFA exerts lower inflammatory insults on HepG2 cells.
Although there is no previous literature available comparing
endotoxin and FA in terms of hepatic inflammation, it is likely
that FFA-mediated inflammation, moderate relative to LPS,
results due to intracellular oxidative damage. Indeed, oxidative

stress-induced inflammation is well-established in MASLD.69,70

In support, experimental evidence shows that treatment of
HepG2 cells with antioxidant n-acetylcysteine reduces inflam-
matory damage,71 whereas suppression of hepatocellular cyto-
protective transcription factors can induce inflammation.72

Further investigation is warranted along these lines of research.
We also investigated the individual effects of LPS and FFA on

the intracellular oxidative stress response. Data showed relatively
lower catalase and peroxidase levels due to LPS treatment, while
the same parameters were increased due to FFA compared to
controls. It is known that the enzymatic levels and the activities of
both the enzymes are tightly regulated by the extent of intracel-
lular oxidative stress.73,74 Earlier studies report that LPS treatment
can lower the activities of intracellular cytoprotective enzymes
in a dose-dependent manner, while elevating the levels of pro-
inflammatory IL6, IL1b and TNFa in parallel75 and that LPS-
treatment lowers the intracellular oxidative stress-response in
hepatic endothelial and Kupffer cells.76 Indeed, others have
shown that chemical-induced deactivation of cellular antioxidant
enzymes can exacerbate LPS-induced liver damage.77 FAA on the
other hand increased the level of catalase, peroxidase and GSH,
and these data are supported by earlier studies demonstrating
that palmitate triggers the increase of intracellular antioxidative
enzymes in response to oxidative stress.78

Although the cytoprotective enzymes are transcriptionally
regulated by common factors (e.g., Nrf2, FOXO, etc.), each
enzyme is tightly regulated by specific combinations of intra-
cellular responses and is associated with different functions.
For instance, data suggest that catalase activity plays a pivotal
role against oxidative stress-induced cell damage compared to
GSH.79 Our data showed the relatively opposite trend for the
antioxidant enzymes for both the treatments. Although out of
the scope of the study, it is likely that LPS-associated inflam-
mation could degrade and lower the intracellular enzymatic
activities, where the higher enzymatic activities under FFA were
due to the increase in intracellular oxidative stress response.
Indeed, data from patients with metabolic syndrome show an
inverse association between the levels of antioxidant enzymes
and inflammatory markers.80 Cellular data also show that LPS-
treatment of HepG2 cells is associated with lower activities of
antioxidant enzymes.81 Furthermore, the level of soluble NO
was increased due to both treatments, with LPS causing a
greater increase relative to FFA. This is supported by the fact
that LPS-induced activation of TLR4/MyD88-signaling results in
activation of iNOS and release of NO in various experimental
models.82,83 Additionally, the effects of LPS and FFA on cellular
oxidative stress were demonstrated by the level of lipid perox-
idation where only FFA treatment resulted in increased MDA
level, demonstrating significant oxidative injury to HepG2 cells
due to FFA.

Based on recent reports that the intracellular metabolome is
a better predictor of cellular behavior under pathophysiological
injury84 and that the cellular metabolome could be a suitable
marker of disease pathogenesis,85 we intended to investigate
the targeted free-radical scavenging activities of the cell-free
metabolites of HepG2 cells with or without the treatments. For

Molecular Omics Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
2:

51
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mo00140k


Mol. Omics This journal is © The Royal Society of Chemistry 2024

this purpose, assay-specific reactions were set based on in vitro
production of specific free radicals dedicated for specific
purposes.86 Overall, a striking impact of the metabolites was
observed in the case of the components of the Fenton reaction
and that of the Haber–Weiss reaction. Generally, intracellular
formation of the highly reactive OH� is dependent on H2O2

alone or due to the reaction between H2O2 and O2
��.40 In both

instances, transition metal Fe2+ plays an important role as a
catalyst. Our data show that cell-free metabolites of FFA relative
to LPS, holds better potential in inhibiting OH� and H2O2;
however, comparable activities of both were noted in the case of
O2
�� scavenging and Fe2+ chelation. Although the bioactivities

of the cell-free metabolites of LPS and FFA were statistically
comparable for most cases, FFA demonstrated significantly
higher lipid peroxidation inhibitory effects than LPS, indicating
better cellular protection by FFA than LPS. It is noteworthy
that under this experimental design, the observed antioxidant
effects cannot be attributed to any specific metabolite but
rather are the result of the additive and cumulative effects
of the entire metabolome. Specific metabolites identified are
already known to exert cytoprotective effects. For instance, an
earlier study reports that proline can effectively reduce ROS and
improve cell survival against oxidative stress by increasing
intracellular levels through the overexpression of biosynthetic
enzymes.87 Conversely, cellular manipulations that deplete
proline levels reduce cell survival, which additional antioxi-
dants can counteract. Others report that valine has a significant
protective role against mitochondrial ROS and cellular damage
because it improves mitochondrial biogenesis and dynamics,
influences electron transport chain complexes, lowers mito-
chondrial reactive oxygen species, and increases ATP genera-
tion during oxidative stress.88 Despite this evidence, since we
tested the cytoprotective effects using the cellular metabolome,
identifying the main bioactive metabolite remains out of the
scope of the current study.

5. Conclusion

Initiation and progression of the MASLD-spectrum of diseases
are associated with inflammatory injury due to gut-derived
endotoxin, and steatosis due to adipose-derive lipotoxicity.
In obese individuals with metabolic syndrome, both injuries
are known to occur simultaneously. The current study intended
to decipher the intracellular metabolomic changes that are
exclusive to endotoxemia and lipotoxicity. Data showed that
although both treatments triggered inflammation, FFA induced
greater oxidative injury to HepG2 cells compared to LPS. The
cell-free metabolites of LPS and FFA-treated cells demonstrated
comparable activities in scavenging of free-radicals. Finally,
untargeted metabolomics analysis revealed enrichments of
distinct sets of metabolic pathways due to LPS and FFA. It is
noteworthy that beyond GCMS-based metabolomics, additional
utilization of LCMS-based approaches would likely result in the
identification of diverse classes of metabolites, which remains
to be explored in future studies. Nevertheless, the current study

provided a GCMS-based overview of the altered intracellular
metabolome due to endotoxemia and lipotoxic injury, and
could lead to the understanding of hepatocellular behavior
through future translational studies.
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