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Abstract
Introduction: Geranylgeranoic acid (GGA) is an endogenous lipid mediator 
implicated in hepatocellular carcinogenesis, but its phospholipid-associated 
intracellular distribution remains poorly defined.
Objectives: To characterize the lipid-fraction distribution of endogenous GGA in 
HuH-7 hepatoma cells and determine whether enhanced non-sterol isoprenoid flux 
alters its recovery from phospholipid-associated fractions.
Methods: HuH-7 cells were analyzed under basal conditions and after treatment with 
squalestatin-1/zaragozic acid A (ZAA), a squalene synthase inhibitor. Cellular lipids 
were separated by thin-layer chromatography (TLC), followed by alkaline hydrolysis 
and GGA quantification using liquid chromatography-tandem mass spectrometry. 
Polar lipids were further separated to assess recovery from phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), and solvent-front/cardiolipin (CL)-enriched 
fractions. Supplementary CL-resolving TLC was also performed.
Results: Under basal conditions, GGA was recovered mainly from polar lipids, 
predominantly in PC and, to a lesser extent, PE fractions, whereas the solvent-front/
CL-enriched fraction contained only minor amounts. ZAA increased GGA recovery 
6.0-fold from the free fatty acid fraction and 2.2-fold from the polar lipid fraction. 
Within phospholipid-containing fractions, ZAA increased recovery 18.2-fold from the 
solvent-front/CL-enriched fraction, while PC remained relatively unchanged and PE 
decreased modestly. Supplementary CL-resolving analysis supported recovery from 
a CL-associated fraction.
Conclusion: GGA was recovered after alkaline hydrolysis of TLC fractions; however, 
this does not establish covalent esterification or identify the relevant intact molecular 
species. Increased intracellular GGA availability was accompanied by expansion of a 
CL-associated recoverable pool, supporting future investigation of its relationship to 
mitochondrial lipid remodeling and hepatoma-cell stress responses.
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1. Introduction
Geranylgeranoic acid (GGA) is a naturally occurring 
acyclic diterpenoid endogenously synthesized via the 
mevalonate (MVA) pathway in mammalian cells.1-6 While 
GGA was initially studied as a differentiation-inducing 
agent acting through retinoic acid receptors (RAR/RXR),7 
GGA and related acyclic retinoids have more recently been 
implicated in hepatic tumor suppression.5,8,9 In vivo studies 
suggest that decreased hepatic GGA levels are associated 
with the onset of spontaneous hepatocellular carcinoma 
in aged rodents,5,10,11 whereas dietary supplementation of 
GGA reduces tumor incidence in carcinogen-induced and 
spontaneous hepatoma models.5,10,11 In parallel, exogenous 
GGA induces apoptosis- or pyroptosis-like cell death 
selectively in human hepatoma-derived cell lines,12-15 but 
not in normal hepatocytes.3 These findings support the 
potential tumor-suppressive function of GGA; however, the 
mechanistic link between endogenous GGA biosynthesis, 
intracellular handling, and hepatoma-cell stress responses 
remains incompletely understood.

Recent studies have broadened the biological context of 
GGA from a synthetic acyclic retinoid to a lipid mediator 
with dual endogenous and dietary origins.16 GGA has 
been detected in plant-derived foods, including turmeric 
and selected nuts and legumes, suggesting that circulating 
and hepatic GGA levels may be influenced not only by 
endogenous biosynthesis but also by habitual dietary 
intake.2 At the same time, mammalian GGA biosynthesis 
has been linked to the metabolism of prenols and prenoic 
acids, a group of acyclic isoprenoid metabolites that are 
increasingly recognized as underexplored regulators of 
metabolism, disease prevention, and aging.4,5 This dual 
origin is particularly relevant to hepatic tumor suppression, 
because age-related changes in GGA availability may 
depend on both dietary supply and endogenous isoprenoid 
metabolism.

Endogenous GGA is biosynthesized from 
geranylgeranyl pyrophosphate (GGPP), which is derived 
from farnesyl pyrophosphate (FPP), a downstream 
metabolite of the MVA pathway.1 Under physiological 
conditions, FPP is primarily utilized for cholesterol 
biosynthesis,17 whereas GGPP is mainly used for protein 
prenylation and also serves as a precursor for dolichols 
and ubiquinone.18-20 A key branching point in the MVA 
pathway is catalyzed by squalene synthase (SQS), which 
converts FPP into squalene and thereby commits the 
metabolic flux toward sterol biosynthesis.17,18 As a result, 
only a limited fraction of isoprenoid intermediates may 
be available for GGA biosynthesis under basal conditions. 
Pharmacological inhibition of SQS has therefore been 
used to increase non-sterol isoprenoid flux and enhance 

endogenous GGA production.1 Squalestatin-1, also 
known as zaragozic acid A (ZAA), diverts FPP away from 
sterol biosynthesis toward non-sterol branches of the 
MVA pathway, resulting in increased levels of non-sterol 
isoprenoids, including GGA.1,17,21 Thus, SQS inhibition 
provides a useful experimental approach for examining 
how increased endogenous GGA availability affects its 
intracellular lipid distribution.

The enzymatic regulation of endogenous GGA 
biosynthesis has also attracted attention in the context 
of aging and hepatocarcinogenesis. Previous studies 
have identified monoamine oxidase B (MAOB) as a 
major enzyme involved in the oxidative metabolism of 
geranylgeraniol to GGA, whereas cytochrome P450 3A4 
(CYP3A4) may provide a compensatory pathway under 
MAOB-deficient conditions.4,5,13 Because hepatic MAOB 
expression and activity may decline with aging, reduced 
MAOB-dependent GGA synthesis has been proposed as 
a potential contributor to age-related reduction of hepatic 
GGA levels and increased susceptibility to spontaneous 
hepatocarcinogenesis.4,5,13,22 More recently, MAOB has been 
discussed as a regulator of endogenous GGA production 
in hepatocytes, in addition to its established role as a 
mitochondrial redox enzyme.4,5,13 These observations 
further emphasize the need to understand how newly 
synthesized GGA is handled within intracellular lipid 
pools.

Previous studies have generally treated reduced 
endogenous GGA during tumorigenesis5,13,16 and 
exogenous GGA-induced tumor-selective cell death3,12 as 
related but distinct phenomena. One possible connection 
between these observations is that endogenously produced 
GGA may behave, at least in part, as a lipid mediator 
whose activity is regulated by intracellular lipid pools. 
Classical lipid mediators, such as arachidonic acid-derived 
prostaglandins and leukotrienes, are stored in membrane 
phospholipids and released by enzymatic hydrolysis in 
response to cellular stimuli.23-26 By analogy, GGA may 
also be stored or handled in hydrolysable phospholipid-
associated pools, from which it could be mobilized 
under metabolic or stress conditions. Although GGA is 
structurally distinct from polyunsaturated fatty acid–
derived lipid mediators, its reported biological actions 
beyond classical nuclear receptor activation, including 
modulation of retinoid signaling and hepatoma-cell stress 
responses,7,13,14 support the need to define its intracellular 
lipid distribution.

Such compartmentalization within specific phospholipid 
classes may provide spatial and temporal regulation of GGA 
activity. In particular, changes in the recovery of GGA from 
mitochondria-associated lipid fractions may be relevant to 
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hepatoma-cell stress responses, because cardiolipin (CL) 
is a mitochondria-associated phospholipid involved in 
mitochondrial membrane organization, respiratory chain 
function, cristae integrity, and cell-death regulation.27-29 
CL remodeling is also closely linked to mitochondrial 
stress responses, and alterations in CL composition can 
influence mitochondrial vulnerability under pathological 
conditions.29-33 Therefore, if endogenous GGA is recovered 
from CL-enriched or CL-associated lipid fractions, such 
a distribution may provide a biochemical connection 
between isoprenoid metabolism and mitochondrial lipid 
remodeling in hepatoma cells.

However, it remains unclear whether endogenous 
GGA is primarily associated with common membrane 
phospholipids under basal conditions, or whether 
increased GGA production alters its phospholipid-
fraction distribution. In particular, it is unknown 
whether enhancement of non-sterol isoprenoid flux 
causes a broad increase in free GGA alone, or whether 
a portion of GGA becomes recoverable from selected 
hydrolysable phospholipid-associated pools. In this 
study, the lipid-class distribution of endogenous GGA 
in HuH-7 hepatoma cells by thin-layer chromatography 
(TLC), alkaline saponification, and LC-MS/MS was 
examined. Whether enhancement of non-sterol isoprenoid 
flux by ZAA alters the recovery of GGA from major 
phospholipid fractions, including phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), and solvent-front/
CL-enriched fractions, was further investigated.

2. Material and methods
2.1. Chemicals and reagents

Geranylgeranoic acid (GGA) was prepared by Kuraray 
Co. (Okayama, Japan) and Kowa Pharmaceutical Co. Ltd. 
(Tokyo, Japan). Zaragozic acid A (ZAA; squalestatin-1) was 
obtained from Merck (Darmstadt, Germany). Authentic 
lipid standards used for TLC band identification, including 
phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylinositol (PI), phosphatidylserine (PS), 
cardiolipin (CL), free fatty acid (FFA), triacylglycerol 
(TG), diacylglycerol (DG), and cholesteryl ester (ChE), 
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture reagents were obtained as follows: High-
glucose Dulbecco’s Modified Eagle Medium (DMEM) 
was purchased from Wako Pure Chemical Industries 
(Osaka, Japan). Fetal bovine serum (FBS) was purchased 
from HyClone, Thermo Fisher Scientific (Tokyo, Japan). 
Dulbecco’s phosphate-buffered saline without calcium 
chloride and magnesium chloride [PBS(–)] and other cell 
culture reagents were purchased from Sigma-Aldrich.

Organic solvents and TLC-related reagents were 
obtained from commercial sources. Chloroform, n-hexane, 
and methanol were purchased from Kanto Chemical 
Co. (Tokyo, Japan). Diethyl ether, acetic acid, potassium 
hydroxide (KOH), hydrochloric acid (HCl), and iodine 
were purchased from Wako Pure Chemical Industries. 
Acetonitrile of LC/MS grade, ethanol, and triethylamine 
were purchased from Sigma-Aldrich. Silica gel 60 TLC 
plates were obtained from Merck. All other chemicals were 
of analytical or reagent grade.

2.2. Cell culture

The human hepatoma cell line HuH-7 (Cell Bank, RIKEN, 
Wako, Saitama, Japan) was cultured in high-glucose 
DMEM supplemented with 5% fetal bovine serum (FBS). 
Cells were maintained at 37 °C in a humidified incubator 
with 5% CO₂. For experiments, HuH-7 cells were seeded at 
a density of 5 × 10⁵ cells per 100-mm dish and allowed to 
adhere for 24 h in DMEM containing 5% FBS. Cells were 
used for experiments when they reached approximately 
80–90% confluence.

2.3. ZAA treatment

One day prior to treatment, the culture medium was 
replaced with serum-free DMEM. Cells were then exposed 
to 2.5 µM ZAA for 48 h. ZAA was dissolved in ethanol and 
added to cultures at a final solvent concentration of 0.1% 
(v/v). Control cells received 0.1% ethanol vehicle without 
ZAA. Previous work confirmed that 2.5 µM ZAA does not 
induce significant cytotoxicity in HuH-7 cells within 48 h.1 
Following treatment, cells were collected using a plastic cell 
lifter (Nunc, Roskilde, Denmark), pelleted, and weighed to 
determine cell wet weight. GGA content was normalized to 
cell wet weight and expressed as ng/g cell wet weight.

2.4. Lipid extraction

Total lipids were extracted from cultured cells using 
a chloroform/methanol (2:1, v/v) mixture according 
to the Folch method,34 with minor modifications. The 
lipid extracts were dried under a stream of nitrogen 
and re-dissolved in a small volume of chloroform for 
subsequent TLC separation.

2.5. TLC(1): neutral and polar lipid separation

The total lipid extract was applied onto silica gel 60 TLC 
plates (Merck) and developed with a solvent system 
consisting of n-hexane: diethyl ether: acetic acid (80:20:1, 
v/v/v). This system was used to separate free fatty acids 
(FFA), triacylglycerol (TG), cholesteryl ester (ChE), 
diacylglycerol (DG), and the origin fraction containing 
mainly polar lipids, including phospholipids. Lipid bands 
were visualized by brief exposure to iodine vapor and 
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identified by comparison with authentic lipid standards. 
The corresponding bands were scraped from the TLC 
plates and subjected to alkaline hydrolysis followed by 
LC-MS/MS analysis.

2.6. TLC(2): phospholipid-class separation

Polar lipids recovered from the origin fraction of TLC(1) 
were extracted with chloroform: methanol (2:1, v/v) and 
further separated by TLC using a solvent system consisting 
of n-hexane: methanol: water: triethylamine (90:15:10:1, 
v/v/v/v). This solvent system was used as the primary 
phospholipid-class separation system because it allowed 
simultaneous fractionation of major phospholipid-
containing fractions, including the solvent-front fraction, 
PE, PI, PS, PC, and lysophospholipids. The solvent-front 
fraction was operationally designated as a CL-enriched 
fraction based on the migration of an authentic CL 
standard under the same TLC condition. This designation 
indicates co-migration with the CL standard under the 
present TLC conditions and does not establish chemical 
purity of the scraped fraction or exclude co-migrating lipid 
species. After development, lipid bands were visualized by 
brief exposure to iodine vapor, scraped from the TLC plate 
according to the migration of authentic lipid standards, 
and subjected to alkaline hydrolysis followed by LC-MS/
MS analysis.

For supplementary confirmation of CL-associated 
GGA recovery, polar lipid extracts were also analyzed 
using a CL-resolving TLC solvent system consisting 
of chloroform, methanol, acetic acid, and water 
(85:15:10:3.5, v/v/v/v). This solvent system was used 
to separate CL, PE, monolysocardiolipin (MLCL), and 
lysophosphatidylethanolamine (LPE), based on the 
migration of authentic lipid standards. The corresponding 
bands were scraped from the TLC plate and subjected 
to alkaline hydrolysis followed by LC-MS/MS analysis. 
Because this CL-resolving solvent system did not resolve 
PC, these data were used as supplementary evidence 
supporting GGA recovery from a fraction co-migrating 
with authentic CL, rather than as definitive identification 
of GGA-containing CL molecular species.

2.7. Alkaline hydrolysis of TLC-scraped lipid 
fractions

TLC-scraped lipid fractions were extracted and evaporated 
to dryness under nitrogen. The dried residues were 
re-dissolved in 100 µL ethanol. Alkaline hydrolysis was 
performed by adding 5 M KOH and heating at 56 °C for 
1 h to recover GGA released under the present alkaline 
hydrolysis conditions. The reaction mixture was cooled 
on ice, neutralized with acetic acid and HCl, and extracted 
with n-hexane. The organic phase was evaporated under 

nitrogen, and the residue was re-dissolved in 100 µL 
ethanol for LC-MS/MS analysis.

2.8. LC/MS/MS analysis

Quantification of GGA in each TLC fraction was performed 
using a Waters Acquity UPLC system coupled to a tandem 
quadrupole mass spectrometer (Waters, Milford, MA, 
USA). The mass spectrometer was operated in electrospray 
ionization negative mode, and GGA was detected using 
multiple reaction monitoring (MRM), as described in 
previous studies.1,2 Chromatographic separation, mobile 
phase composition, gradient program, MRM conditions, 
and instrumental parameters were identical to those 
reported previously.1,2 GGA in TLC-scraped fractions was 
identified based on comparison with an authentic GGA 
standard, including chromatographic retention time and 
MRM detection profile. Quantification was performed 
using an external calibration curve generated with authentic 
GGA standards analyzed under the same LC-MS/MS 
conditions. No fraction-specific internal standard, spike-
recovery correction, or formal mass-balance correction 
was applied. Because a stable isotope-labeled GGA 
internal standard was not used, no correction was made 
for fraction-specific matrix effects, ion suppression, silica-
dependent recovery, hydrolysis efficiency, or extraction 
losses. The amount of GGA detected in each fraction was 
normalized to cell wet weight and expressed as ng/g cell 
wet weight.

2.9. Statistical analysis

All experiments were performed in three independent 
replicates. Data are expressed as mean ± SD. Comparisons 
between vehicle-treated and ZAA-treated cells were 
performed using Welch’s t-test with GraphPad Prism 11. 
Welch’s t-test was selected because it does not assume equal 
variances. Owing to the limited sample size, normality 
and variance homogeneity were not formally assessed. No 
adjustment for multiple comparisons or formal effect-size 
confidence intervals was applied. Therefore, p-values < 0.05 
were interpreted as exploratory evidence of differences 
between treatment conditions.

3. Results
3.1. Endogenous GGA was mainly recovered from 
the polar lipid fraction under basal conditions

To examine the lipid-class distribution of endogenous 
GGA in HuH-7 hepatoma cells, total lipid extracts from 
vehicle-treated control cells were first separated into 
neutral lipid fractions and the origin fraction by TLC. 
LC-MS/MS analysis after alkaline hydrolysis showed that 
GGA was mainly recovered from the origin fraction, which 
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contained polar lipids including phospholipids (Table 1). 
The GGA concentration in the origin fraction was 74.1 
± 7.9 ng/g cell wet weight. Lower levels were detected in 
the free fatty acid (FFA) fraction (14.1 ± 2.8 ng/g cell wet 
weight) and triacylglycerol (TG) fraction (2.6 ± 0.6 ng/g 
cell wet weight), whereas GGA was not detected in the 
diacylglycerol (DG), sterol, or solvent-front fractions.

Because free GGA migrates with the FFA fraction 
under this neutral lipid TLC condition, the predominant 
recovery of GGA from the origin fraction suggested that 
a substantial portion of endogenous GGA was associated 
with polar lipid fractions rather than being present solely 
as free GGA. Therefore, the origin fraction was further 
subjected to phospholipid-class separation by a second 
TLC system.

3.2. GGA was predominantly recovered from PC and 
PE fractions under basal conditions

To determine the phospholipid-fraction distribution of 
endogenous GGA, polar lipids recovered from the origin 
fraction of TLC(1) were further separated by TLC(2). The 
TLC(2) system separated major phospholipid-containing 
fractions, including the cardiolipin-enriched solvent-
front fraction, lysophospholipid-containing fraction, 
phosphatidylcholine (PC), phosphatidylserine (PS), 
phosphatidylinositol (PI), phosphatidylethanolamine (PE), 
and the origin fraction. The cardiolipin-enriched solvent-
front fraction is hereafter referred to as the CL-enriched 
fraction.

In vehicle-treated control cells, GGA was predominantly 
recovered from the PC fraction, with a concentration of 
38.5 ± 4.2 ng/g cell wet weight (Table 1). PE also contained 
detectable GGA at 11.2 ± 3.6 ng/g cell wet weight. In 
contrast, the CL-enriched fraction contained a smaller 
amount of GGA, 4.8 ± 1.2 ng/g cell wet weight. GGA was 
not detected in the origin, lysophospholipid, PS, or PI 
fractions under the present analytical conditions. These 
results indicate that, under the present TLC fractionation 
conditions, GGA recovery after alkaline hydrolysis was 
greatest in the PC and PE fractions, whereas recovery from 
the solvent-front/CL-enriched fraction was limited.

3.3. ZAA treatment increased GGA recovery in both 
the polar lipid and FFA fractions

To examine whether enhanced non-sterol isoprenoid flux 
alters the lipid-class distribution of GGA, HuH-7 cells 
were treated with 2.5 µM ZAA for 48 h. Total lipid extracts 
were separated by TLC(1), and GGA was quantified 
after alkaline hydrolysis. ZAA treatment increased GGA 
recovery in the origin fraction from 74.1 ± 7.9 to 160.2 ± 
26.8 ng/g cell wet weight (Table 2), corresponding to an 

approximately 2.2-fold increase compared with vehicle-
treated control cells. GGA recovery in the FFA fraction 
also increased markedly, from 14.1 ± 2.8 to 84.6 ± 13.5 
ng/g cell wet weight, representing an approximately 6.0-
fold increase. In contrast, the TG fraction showed only a 
small increase, from 2.6 ± 0.6 to 3.5 ± 0.9 ng/g cell wet 
weight, and GGA remained undetectable in the DG, sterol, 
and solvent-front fractions.

Table 1. Distribution of endogenous GGA in lipid fractions of 
vehicle-treated HuH-7 cells

TLC system Fraction GGA (ng/g cell wet 
weight)

TLC(1)

Solvent front N.D.

ChE N.D.

TG 2.6 ± 0.6

FFA 14.1 ± 2.8

DG N.D.

Sterol N.D.

Origin (polar lipids) 74.1 ± 7.9

TLC(2)

Solvent front / CL-enriched 4.8 ± 1.2

PE 11.2 ± 3.6

PC 38.5 ± 4.2

LPL N.D.

PS N.D.

PI N.D.

Origin N.D.

Notes: Values are expressed as mean ± SD from three independent 
experiments. GGA was quantified by LC-MS/MS after alkaline 
hydrolysis of TLC-scraped fractions.  
Abbreviations: ChE: Cholesteryl ester; CL: Cardiolipin; DG: 
Diacylglycerol; FFA: Free fatty acid; GGA: Geranylgeranoic acid; LPL: 
Lysophospholipids; N.D.: Not detected; PC: Phosphatidylcholine; 
PE: Phosphatidylethanolamine; PI: Phosphatidylinositol; PS: 
Phosphatidylserine; Sterol: Free sterol fraction; TG: Triacylglycerol.

These findings indicate that ZAA-induced enhancement 
of non-sterol isoprenoid flux increased cellular GGA 
recovery in both the polar lipid fraction and the FFA 
fraction. The increase in the FFA fraction is consistent 
with an increase in free or FFA-migrating GGA, whereas 
the prominent increase in the origin fraction suggests 
that a substantial portion of ZAA-induced GGA was also 
recovered from polar lipid-associated pools. Therefore, the 
origin fraction was further analyzed by phospholipid-class 
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TLC to determine whether ZAA altered the distribution of 
GGA among specific phospholipid-containing fractions.

3.4. ZAA treatment markedly increased GGA 
recovery from the CL-enriched fraction

The origin fraction from ZAA-treated cells was further 
separated by TLC(2) to determine whether ZAA altered 
the phospholipid-fraction distribution of GGA. ZAA 
treatment caused a marked increase in GGA recovery from 
the solvent-front/CL-enriched fraction, from 4.8 ± 1.2 to 
87.4 ± 12.4 ng/g cell wet weight (Table 2), corresponding to 
an approximately 18-fold increase compared with vehicle-
treated control cells. In contrast, GGA recovery from the 
PC fraction remained largely unchanged, increasing only 
slightly from 38.5 ± 4.2 to 41.9 ± 5.1 ng/g cell wet weight. 
GGA recovery from the PE fraction showed a modest 
decrease, from 11.2 ± 3.6 to 9.8 ± 2.9 ng/g cell wet weight. 
GGA was not detected in the origin, lysophospholipid, PS, 
or PI fractions under the present analytical conditions.

Thus, ZAA treatment did not cause a uniform increase 
in GGA recovery across the analyzed phospholipid-
containing fractions. Rather, the largest increase in GGA 
recovery was observed in the solvent-front/CL-enriched 
fraction, whereas PC-associated recovery was maintained 
and PE-associated recovery was only slightly reduced. 
Representative LC-MS/MS chromatograms from ZAA-
treated HuH-7 cells confirmed GGA-related peaks in the 
solvent-front/CL-enriched, PE, and PC fractions after 
alkaline hydrolysis (Figure 1). These chromatographic 
profiles were consistent with the quantitative data 
showing prominent GGA recovery from the solvent-front/
CL-enriched fraction and detectable recovery from PC and 
PE fractions.

Polar lipid extracts were also analyzed using a 
CL-resolving TLC solvent system. In this supplementary 
analysis, GGA was recovered from the CL fraction at 
92.6 ± 17.5 ng/g cell wet weight, a level comparable to 
that observed in the solvent-front/CL-enriched fraction 
obtained using the primary phospholipid TLC system 
(87.4 ± 12.4 ng/g cell wet weight). PE-associated GGA 
recovery in the CL-resolving system (11.7 ± 4.6 ng/g 
cell wet weight) was also similar to that observed in the 
primary TLC(2) system (9.8 ± 2.9 ng/g cell wet weight), 
whereas MLCL and LPE showed no detectable GGA (Table 
A1, see Appendix). Because this CL-resolving system 
did not quantify PC, these data were used as supportive 
evidence and are presented separately from the main 
phospholipid-fraction distribution analysis. These changes 
were also visualized in Figure 2. In TLC(1), ZAA treatment 
significantly increased GGA recovery from the origin/
polar lipid fraction and the FFA fraction, whereas the TG 

fraction did not show a significant increase. In TLC(2), 
ZAA treatment significantly increased GGA recovery from 
the solvent-front/CL-enriched fraction, whereas the PC 
and PE fractions did not show significant increases. These 
results indicate that ZAA-induced GGA accumulation 
was not uniformly distributed across lipid fractions but 
was characterized by significant increases in the FFA and 
solvent-front/CL-enriched fractions.

Table 2. Distribution of GGA in lipid fractions of 2.5 µM 
ZAA-treated HuH-7 cells

TLC system Fraction GGA (ng/g cell wet 
weight)

TLC(1)

Solvent front N.D.

ChE N.D.

TG  3.5 ± 0.9

FFA  84.6 ± 13.5

DG N.D.

Sterol N.D.

Origin (polar lipids) 160.2 ± 26.8

TLC(2)

Solvent front / CL-enriched  87.4 ± 12.4

PE  9.8 ± 2.9

PC 41.9 ± 5.1

LPL N.D.

PS N.D.

PI N.D.

Origin N.D.

Notes: HuH-7 cells were treated with 2.5 µM ZAA for 48 h. Values are 
expressed as mean ± SD from three independent experiments. GGA 
was quantified by LC-MS/MS after alkaline hydrolysis of TLC-scraped 
fractions.  
Abbreviations: ChE: Cholesteryl ester; CL: Cardiolipin; DG: 
Diacylglycerol; FFA: Free fatty acid; GGA: Geranylgeranoic acid; LPL: 
Lysophospholipids; N.D.: Not detected; PC: Phosphatidylcholine; 
PE: Phosphatidylethanolamine; PI: Phosphatidylinositol; PS: 
Phosphatidylserine; Sterol: Free sterol fraction; TG: Triacylglycerol; 
ZAA: Zaragozic acid A.

4. Discussion
This study provides an initial characterization of the 
lipid-fraction distribution of endogenous GGA in HuH-7 
hepatoma cells. Under basal conditions, GGA was mainly 
recovered from the polar lipid fraction, and subsequent 
phospholipid-class separation showed predominant 
recovery from PC and, to a lesser extent, PE fractions. The 
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Figure 1. Representative LC-MS/MS chromatograms of GGA recovered from phospholipid-containing fractions of ZAA-treated HuH-7 cells. HuH-7 cells 
were treated with 2.5 µM ZAA for 48 h, and polar lipid fractions were separated by TLC(2). Each TLC-scraped fraction was subjected to alkaline hydrolysis, 
followed by LC-MS/MS analysis of GGA. GGA-related peaks were detected at approximately 7.16–7.17 min in the solvent-front/CL-enriched, PC, and 
PE fractions, whereas little or no signal was observed in LPL, PS, PI, and origin fractions. The chromatograms are representative of three independent 
experiments. 
Abbreviations: CL: Cardiolipin; GGA: Geranylgeranoic acid; LPL: Lysophospholipids; PC: Phosphatidylcholine; PE: Phosphatidylethanolamine; PI: 
Phosphatidylinositol; PS: Phosphatidylserine; TLC: Thin-layer chromatography; ZAA: Zaragozic acid A.
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CL-enriched fraction contained only a small amount of 
GGA under basal conditions. In contrast, ZAA treatment 
markedly increased GGA recovery from the CL-enriched 
fraction, while PC remained relatively unchanged and PE 
showed only a modest decrease. These findings suggest that 
increased intracellular GGA availability is accompanied by 
a marked expansion of a CL-enriched GGA-recoverable 
pool rather than by a simple uniform increase across all 
phospholipid fractions.1

The basal recovery of GGA from PC and PE fractions 
is compatible with the general concept that membrane 
phospholipids can serve as reservoirs for bioactive lipid 
precursors. Classical lipid mediators, such as arachidonic 
acid-derived prostaglandins and leukotrienes, are stored in 
membrane phospholipids and released through enzymatic 
hydrolysis in response to cellular stimuli.35 Although 
GGA is structurally distinct from polyunsaturated fatty 
acid-derived lipid mediators, the present data raise the 
possibility that PC- and PE-associated lipid pools may 
contribute to the basal storage or handling of endogenous 
GGA in hepatoma cells.

ZAA treatment increased GGA recovery not only from 
the polar lipid fraction but also from the FFA fraction. 
This is consistent with the role of ZAA as an inhibitor of 
squalene synthase that enhances non-sterol isoprenoid 
flux and increases endogenous GGA availability. Therefore, 
ZAA-induced GGA accumulation appears to involve both 
free GGA and hydrolysable lipid-associated GGA pools. 
Within the phospholipid-associated fractions, however, 
the most striking change was the marked increase in GGA 
recovery from the CL-enriched fraction. This suggests 
that, when intracellular GGA availability is increased, a 
substantial portion of recoverable GGA becomes associated 
with a CL-enriched solvent-front fraction.

The simultaneous increase in the FFA fraction and 
the polar lipid fraction may indicate that ZAA-induced 
GGA accumulation is partitioned into more than one 
intracellular pool. The FFA fraction likely reflects free 
or FFA-migrating GGA generated under enhanced 
non-sterol isoprenoid flux,1,4 whereas the polar lipid 
fraction may represent hydrolysable lipid-associated 
GGA pools. This distinction is important because free 

Figure 2. Quantitative comparison of GGA recovery from selected lipid fractions in vehicle- and ZAA-treated HuH-7 cells. HuH-7 cells were treated with 
vehicle or 2.5 µM ZAA for 48 h. GGA was quantified by LC-MS/MS after alkaline hydrolysis of TLC-scraped fractions. Black bars indicate vehicle-treated 
cells, and white bars indicate ZAA-treated cells. GGA recovery from TLC(1) fractions, including TG, FFA, and origin/polar lipids, and TLC(2) fractions, 
including solvent-front/CL-enriched, PE, and PC fractions, is shown. Data are expressed as mean ± SD from three independent experiments. Statistical 
analysis was performed using Welch’s t-test. *p < 0.05 and **p < 0.01 versus vehicle-treated cells. 
Abbreviations: CL: cardiolipin; FFA: free fatty acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; SF: solvent front; TG: triacylglycerol; TLC: 
Thin-layer chromatography; ZAA: Zaragozic acid A.
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GGA and phospholipid-associated GGA may have 
different biological implications. Free GGA may be more 
immediately available for receptor interaction, metabolic 
conversion, or stress signaling,12 whereas phospholipid-
associated GGA may reflect a storage, buffering, or 
compartmentalized handling mechanism within cellular 
membranes. Therefore, the present TLC-based approach 
provides not only quantitative information on total GGA 
recovery but also a first approximation of how increased 
endogenous GGA availability is distributed between free 
and membrane-associated lipid pools. Although this 
interpretation requires confirmation by comprehensive 
lipidomic analysis, it provides a useful working model for 
future studies examining whether distinct GGA pools have 
different roles in hepatoma-cell stress responses.

The biological significance of increased GGA 
recovery from the CL-enriched fraction warrants further 
investigation. Cardiolipin is closely associated with 
mitochondrial membrane organization, cristae structure, 
respiratory chain function, and mitochondrial stress 
responses.28,35 Previous studies have shown that higher-
dose ZAA-induced intracellular GGA accumulation and 
exogenous GGA exposure are associated with hepatoma-
cell death responses, including mitochondrial dysfunction 
and inflammatory cell-death-related phenotypes.1,12,14,36 
However, these previous observations provide biological 
context only and do not establish a functional connection 
with the lipid-fraction changes observed in the present 
study. The present study used lower ZAA concentrations that 
do not induce significant cytotoxicity within 48 h, allowing 
analysis of lipid-fraction distribution under non-cytotoxic 
high-flux conditions. Mitochondrial function, reactive 
oxygen species (ROS) generation, cardiolipin remodeling, 
inflammatory signaling, and cell-death endpoints were 
not measured concurrently. Therefore, the present data do 
not establish a causal relationship between GGA recovery 
from the CL-enriched fraction and hepatoma-cell stress 
responses. Instead, they provide a hypothesis-generating 
biochemical observation that warrants functional testing 
under defined GGA-accumulating or stress conditions.

Several non-mutually exclusive mechanisms may 
underlie the marked increase in GGA recovery from 
the CL-enriched fraction after ZAA treatment. The 
present data do not distinguish specific redistribution of 
GGA into cardiolipin-related pools from broader ZAA-
induced remodeling of mitochondrial lipids, altered 
phospholipid turnover, or nonspecific accumulation of 
isoprenoid metabolites. One possibility is that basal PC/
PE-associated fractions represent major sites of GGA 
handling, whereas increased GGA availability after ZAA 
treatment is accompanied by enhanced recovery from the 

CL-enriched fraction. Alternatively, ZAA-induced changes 
in phospholipid abundance, acyl-chain remodeling, or 
mitochondrial membrane composition may indirectly 
alter the recovery of GGA among TLC fractions.37,38 The 
relatively unchanged PC recovery and modest reduction 
in PE recovery are consistent with a prominent increase 
in GGA recovery from the CL-enriched fraction; however, 
they do not establish direct transfer of GGA from PC/PE to 
CL or regulated incorporation into cardiolipin.39,40

These findings also raise the possibility that phospholipid 
remodeling enzymes participate in the redistribution or 
retention of GGA. PC and PE remodeling is regulated 
in part through Lands’ cycle-related lysophospholipid 
acyltransferases, including LPCATs and LPEAT-related 
enzymes,37,38,41 whereas cardiolipin remodeling is regulated 
by enzymes such as tafazzin and ALCAT1.42-45 If GGA 
is incorporated into or retained within hydrolysable 
phospholipid-associated pools, these remodeling enzymes 
may influence the distribution, retention, or mobilization 
of GGA under basal and high-flux conditions. Future 
studies using genetic or pharmacological modulation of 
LPCATs, LPEAT-related enzymes, tafazzin, ALCAT1, 
and related lipid-remodeling pathways will be useful for 
determining whether the increase in CL-enriched GGA 
recovery reflects regulated lipid remodeling or secondary 
redistribution caused by altered isoprenoid metabolism.

4.1. Limitations

First, this study used TLC-based lipid fractionation, and 
complete chemical purity of each scraped fraction was not 
confirmed by comprehensive lipidomic profiling.46-51 In 
the primary phospholipid TLC system, the solvent-front 
fraction was operationally designated as CL-enriched 
because an authentic CL standard migrated to this 
region. Supplementary CL-resolving TLC analysis further 
showed GGA recovery from a fraction co-migrating 
with the authentic CL standard. Nevertheless, these 
TLC-based observations do not exclude the presence 
of co-migrating lipid species and do not identify GGA-
containing cardiolipin molecular species. Accordingly, 
the present data support recovery of hydrolysable GGA 
from a CL-enriched or CL-associated TLC fraction, 
rather than definitive structural assignment of GGA 
to cardiolipin. High-resolution lipidomic analysis of 
intact molecular species will be required to resolve this 
issue. Second, GGA was quantified only after alkaline 
hydrolysis of TLC-scraped material. Therefore, the present 
workflow does not establish covalent esterification of 
GGA to phospholipids and cannot distinguish esterified 
GGA from non-covalently associated, silica-retained, or 
co-extracted GGA. Accordingly, the term “hydrolysable 
GGA-recoverable pool” is used operationally to describe 
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the material from which GGA was recovered after alkaline 
hydrolysis. Third, no fraction-specific internal standard, 
spike-recovery experiment, or formal mass-balance 
validation was performed. Therefore, the sum of TLC(2) 
fractions cannot be interpreted as a quantitative recovery 
assessment of the TLC(1) origin fraction. Losses and 
variability during re-extraction from the TLC(1) origin, 
the second TLC separation, silica scraping, alkaline 
hydrolysis, and subsequent extraction may affect the 
apparent distribution and mass balance between sequential 
TLC procedures. Fourth, external calibration with 
authentic GGA was used without a stable isotope-labeled 
internal standard. Thus, fraction-specific matrix effects, 
ion suppression, silica-dependent recovery, hydrolysis 
efficiency, and extraction losses were not independently 
assessed or corrected. The reported values should 
therefore be interpreted as comparative GGA recovery 
under a common analytical workflow rather than as fully 
matrix-corrected absolute quantification across distinct 
TLC fractions. Fifth, the statistical analysis was based on 
three independent experiments per condition. Normality 
and variance homogeneity were not formally assessed, 
no adjustment for multiple comparisons was applied, and 
formal effect-size confidence intervals were not calculated. 
Although Welch’s t-test does not assume equal variances, 
the resulting p-values should be interpreted as exploratory 
and require confirmation in larger independent datasets. 
Sixth, this study was performed in a single hepatoma cell 
line. Seventh, total phospholipid abundance, cardiolipin 
molecular composition, phospholipid turnover, and the 
chemical form of GGA were not measured. Therefore, the 
present design cannot distinguish specific redistribution 
of GGA into cardiolipin-related pools from broader ZAA-
induced lipid remodeling or nonspecific accumulation of 
isoprenoid metabolites. Eighth, mitochondrial function, 
ROS generation, cardiolipin remodeling, inflammatory 
signaling, and cell-death assays were not performed 
concurrently. Therefore, no functional or causal relationship 
between GGA recovery from CL-enriched fractions and 
hepatoma-cell stress responses can be inferred from the 
present study. Thus, the functional significance of GGA 
redistribution should be addressed in future studies.

Taken together, the present findings provide a basis for 
future studies on the intracellular handling of endogenous 
GGA. The observation that basal GGA was mainly 
recovered from PC/PE fractions, whereas ZAA treatment 
markedly increased recovery from the CL-enriched 
fraction, suggests that GGA distribution may be 
dynamically altered according to intracellular isoprenoid 
flux. This shift may represent a lipid-fraction signature 
linking endogenous GGA metabolism to mitochondrial 
lipid remodeling28,43 and hepatoma-cell vulnerability,3,13,14 

although direct functional validation is required. Further 
studies combining high-resolution lipidomics, structural 
identification of GGA-containing molecular species, 
mitochondrial functional assays, cell-death analyses, and 
modulation of phospholipid remodeling enzymes will 
be necessary to determine whether increased recovery 
of GGA from CL-enriched lipid pools contributes to 
anticancer-relevant stress responses in hepatoma cells.4

5. Conclusion
This study provides an initial characterization of the 
lipid-fraction distribution of endogenous GGA in HuH-7 
hepatoma cells. Under basal conditions, GGA was mainly 
recovered from polar lipid fractions, with predominant 
recovery from PC and, to a lesser extent, PE fractions. 
ZAA treatment increased GGA recovery in both the FFA 
and polar lipid fractions, and the most prominent change 
within phospholipid-containing fractions was a marked 
increase in the solvent-front/CL-enriched fraction. 
Supplementary CL-resolving TLC analysis further 
supported the recovery of GGA from a CL-associated 
fraction. These findings indicate that increased intracellular 
GGA availability is associated with the expansion of 
a CL-associated, hydrolysable GGA-recoverable pool. 
Although the chemical form of GGA in these fractions and 
their functional significance require further investigation, 
the observed lipid-fraction shift provides a rationale for 
examining potential relationships between endogenous 
GGA metabolism, mitochondrial lipid remodeling, and 
hepatoma-cell stress responses. Future studies combining 
intact-species lipidomics with mitochondrial and cell-
death assays will be required to determine whether GGA 
recovery from CL-associated fractions has functional 
relevance to the tumor-suppressive actions of GGA in 
hepatoma cells.
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Appendix

Table A1. Supplementary CL-resolving TLC analysis of GGA recovery from cardiolipin-related fractions in ZAA-treated HuH-7 
cells

TLC system Fraction GGA (ng/g cell wet weight)

CL-resolving TLC

CL  92.6 ± 17.5

PE 11.7 ± 4.6

MLCL N.D.

LPE N.D.

Notes: Polar lipid extracts from HuH-7 cells treated with 2.5 µM ZAA for 48 h were separated using a CL-resolving TLC solvent system. Because this 
TLC system did not resolve PC, these data were used as supplementary validation of CL-associated GGA recovery and were not included in the main 
phospholipid-fraction distribution analysis. Values are expressed as mean ± SD from three independent experiments. GGA was quantified by LC-MS/
MS after alkaline hydrolysis of TLC-scraped fractions.  
Abbreviations: CL: Cardiolipin; GGA: Geranylgeranoic acid; LPE: Lysophosphatidylethanolamine; MLCL: Monolysocardiolipin; N.D.: Not detected; PE: 
Phosphatidylethanolamine; TLC: Thin-layer chromatography; ZAA: Zaragozic acid A.
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