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Abstract
Introduction

Curcumin, the principal curcuminoid of turmeric (Curcuma longa), has shown growth-inhibitory activity in
hepatocellular carcinoma (HCC) models. This study examined metabolic viability, cell morphology, death-
mode distribution, and apoptosis-associated transcripts in HepG2 cells exposed to curcumin within a single
time-resolved protocol.

Methods

HepG2 cells were exposed to curcumin at 17.0-542.9 uM for 24, 48, or 72 hours. Metabolic viability was
measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and the 50%
inhibitory concentration (ICg) at each exposure time was estimated by nonlinear regression. Morphology

was examined by hematoxylin and eosin staining, and death-mode distribution by acridine orange/ethidium
bromide (AO/EB) staining at the time-matched ICg. After 48 hours at the 48-hour ICs, the relative p53,

BAX, and BCL-2 mRNA expression was measured by quantitative real-time polymerase chain reaction
(qPCR). Each endpoint was measured in a single experimental series, with three technical replicate wells per
MTT condition and technical duplicate gPCR reactions.

Results
The MTT-derived ICs values were 490.3 uM at 24 hours, 34.9 pM at 48 hours, and 49.0 pM at 72 hours, and

the concentration effect on viability was significant at each exposure time (one-way analysis of variance, P <
0.001). Treated cells showed reduced confluence, shrinkage, rounding, detachment, and cellular debris. On
AO/EB staining, live cells accounted for 97% of untreated cells and for 75%, 62%, and 57% of cells after 24,
48, and 72 hours at the time-matched ICs, with apoptotic fractions (24-33%) exceeding necrotic fractions

(1-10%). After 48 hours, relative to untreated cells and normalized to glyceraldehyde-3-phosphate
dehydrogenase, p53 and BAX mRNA expression was 1.87- and 1.50-fold, and BCL-2 mRNA expression was
0.76-fold; the BAX/BCL-2 transcript ratio, which does not depend on the reference gene, was 1.9-fold higher.

Conclusions

In HepG2 cells, curcumin reduced MTT-based metabolic viability, and this reduction was accompanied by
morphological changes, an AO/EB distribution shifted toward apoptotic cells, and a higher BAX/BCL-2
transcript ratio. These single-series in vitro observations describe a growth-inhibitory response with
apoptosis-associated features and provide a basis for replicated, protein-level studies in additional hepatic
cell models.

Categories: Pharmacology, Integrative/Complementary Medicine, Oncology
Keywords: apoptosis, bax/bcl-2 ratio, curcumin, hepatocellular carcinoma, hepg2 cells, mtt assay, p53

Introduction

Hepatocellular carcinoma (HCC) is the predominant histologic type of primary liver cancer and a major
global health problem. Global Cancer Observatory (GLOBOCAN) 2022 estimated approximately 866,000 new
liver cancer cases and 758,000 liver cancer deaths worldwide, ranking liver cancer sixth in incidence and
third in cancer mortality [1]. HCC accounts for approximately 90% of primary liver cancers [2]. Five-year
survival for HCC is approximately 20% or less in most population-based series [3]. Many patients are
diagnosed at intermediate or advanced stages, when curative options are limited, and recurrence, tumor
heterogeneity, drug resistance, and treatment-related toxicity continue to limit durable disease control
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12,4,5].

Naturally derived bioactive compounds attract interest as anticancer candidates because of their multi-
target biological effects in preclinical research [6,7]. Curcumin is the principal curcuminoid of the rhizome
of Curcuma longa L. (turmeric; family Zingiberaceae) and is also present in related Curcuma species. It has
been widely studied for its antioxidant, anti-inflammatory, and anticancer properties [7,8]. In liver cancer
research, curcumin has shown pro-apoptotic, antiproliferative, anti-angiogenic, and anti-invasive effects,
but its clinical translation is limited by poor oral bioavailability [7-9].

Curcumin has been reported to reduce viability, promote apoptosis-associated responses, and alter cell-
cycle progression in HepG2 cells and other HCC models [10-15]. These effects have often been examined in
separate experimental designs or with single endpoints. Measuring viability, morphology, death-mode
distribution, and apoptosis-associated transcription within the same time-resolved HepG2 protocol allows
these responses to be related to one another under matched exposure conditions.

The primary objective of this study was to describe the concentration- and time-dependent effect of
curcumin on the metabolic viability of HepG2 cells, measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay after 24, 48, and 72 hours of exposure. The secondary objectives
were to describe, under conditions defined by the MTT-derived 50% inhibitory concentration (ICs), cell

morphology on hematoxylin and eosin (H&E) staining, death-mode distribution on acridine
orange/ethidium bromide (AO/EB) staining at the time-matched ICs, and relative p53, BAX, and BCL-2

mRNA expression measured by quantitative real-time polymerase chain reaction (QPCR) at the 48-hour ICs.

Materials And Methods
Study design

This in vitro experimental study evaluated the effects of curcumin on HepG2 human hepatoma cells. Dose-
response experiments were performed after 24, 48, and 72 hours of curcumin exposure. Transcript analysis
was performed at the 48-hour MTT-derived ICs, corresponding to 34.9 uM (12.84 ng/mL). The study used an

established, commercially available human cell line and did not involve human participants or animals;
ethics committee approval was therefore not required.

Materials and reagents

Curcumin powder (98% purity) was supplied by Wuxi Hongmeirui Medical Technology Co., Ltd. (Wuxi,
China). RPMI-1640 medium and 0.25% trypsin-EDTA were purchased from Biowest (Nuaillé, France).
Dimethyl sulfoxide (DMSO), fetal bovine serum (FBS), and MTT were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Acridine orange and ethidium bromide were obtained from Merck KGaA (Darmstadt,
Germany). TransZol reagent was obtained from TransGen Biotech (Beijing, China). The RevertAid First
Strand cDNA Synthesis Kit and Maxima SYBR Green qPCR Master Mix were obtained from Thermo Fisher
Scientific (Waltham, MA, USA).

Cell line and culture conditions

HepG2 cells, a human hepatoma cell line derived from the liver tumor of a 15-year-old male, were obtained
from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in RPMI-1640 medium
supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 37°C with 5% COa.
At approximately 80-90% confluence, cells were washed with phosphate-buffered saline (PBS), detached
with 0.25% trypsin-EDTA, neutralized with complete medium, counted, and reseeded as required. The
culture medium was replaced every two to three days.

Preparation of curcumin and treatments

Curcumin powder was dissolved in DMSO to obtain a 20 mg/mL stock solution (approximately 54.3 mM,
based on a molecular weight of 368.38 g/mol). The stock was added to complete culture medium at 1% (v/v)
to give the highest working concentration of 200 pg/mL (542.9 uM), and the lower working concentrations
were freshly prepared by dilution in complete culture medium. The final DMSO concentration therefore
decreased in proportion to the curcumin concentration, from 1% at 542.9 uM to approximately 0.03% at 17.0
1M, and the 1% DMSO vehicle control corresponded to the highest solvent exposure. HepG2 cells were
allowed to attach for 24 hours and were then exposed to curcumin at final concentrations of 17.0, 33.9, 67.9,
135.7, 271.5, and 542.9 uM (6.25, 12.5, 25, 50, 100, and 200 pg/mL, respectively) for 24, 48, or 72 hours,
depending on the assay. Untreated cells cultured in medium alone and the 1% DMSO vehicle control were
included.

MTT assay

HepG2 cells were seeded in 96-well plates at 1 x 10% cells/well, allowed to attach for 24 hours, and treated
with curcumin or control conditions for 24, 48, or 72 hours. Each condition was tested in three technical
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replicate wells at each exposure time within a single experimental series, with the well as the experimental
unit. MTT stock solution (5 mg/mL in PBS) was diluted 1:10 in fresh RPMI-1640 medium immediately before
use to give a working concentration of 0.5 mg/mL. At the end of each exposure period, the curcumin-
containing medium was completely aspirated before MTT was added to limit interference of residual
extracellular curcumin with the MTT readout. Working MTT solution (100 uL) was then added to each well,
and plates were incubated for four hours at 37°C with 5% COs to allow formazan crystal formation. The MTT
solution was removed, 100 uL of DMSO was added to each well, plates were mixed for 10 minutes, and
absorbance was measured at 570 nm, outside the main visible absorbance band of curcumin (approximately
408-500 nm), using a microplate reader (HUMAN Diagnostics Worldwide, Wiesbaden, Germany). The assay
followed the method described by Mosmann [16]. Cell viability was calculated as follows:

Viability (%) = (ODyreated / ODcontrol) * 100,

where OD is the optical density and untreated cells served as the control. Dose-response curves were fitted
by nonlinear regression, and ICsq values were obtained from the fitted curves as point estimates of 50%

inhibition of metabolic viability.

Morphological assessment by H&E staining

HepG2 cells were seeded in six-well plates, allowed to attach for 24 hours, and treated with curcumin at 17.0,
33.9, 67.9, or 135.7 uM (6.25, 12.5, 25, or 50 pg/mL, respectively), alongside untreated and 1% DMSO
vehicle-control cells, for 24, 48, or 72 hours. After treatment, cells were washed with PBS, passed through
graded ethanol, stained with hematoxylin for five minutes, rinsed with distilled water, counterstained with
eosin for two minutes, washed, and dehydrated through graded ethanol. Representative fields were
photographed under a light microscope with 20x and 40x objectives, and morphology was assessed
qualitatively.

AOI/EB fluorescence staining

HepG2 cells were seeded on eight-well chamber slides (SPL Life Sciences, Pocheon, South Korea) at 2 x 10*
cells/well. After attachment, cells were treated with curcumin at the time-matched ICsq: 490.3 uM (180.6

ng/mL) for 24 hours, 34.9 uM (12.84 pg/mL) for 48 hours, and 49.0 uM (18.04 pg/mL) for 72 hours. Cells were
then stained with equal volumes of acridine orange (100 pg/mL) and ethidium bromide (100 pg/mL) in PBS
and examined under a fluorescence microscope (Axio Imager Z2; Carl Zeiss Microscopy, Jena, Germany).
Ethidium bromide was handled as a mutagen with appropriate protective and waste-disposal procedures.
Cells were classified manually by fluorescence appearance as viable (green), early apoptotic (yellow), late
apoptotic (orange), or necrotic (red), and the percentage of each category was calculated as follows:

Percentage (%) = (number of cells in the category / total number of counted cells) x 100

RNA extraction, complementary DNA synthesis, and qPCR
HepG2 cells were treated for 48 hours with curcumin at the 48-hour ICs( (34.9 pM; 12.84 pg/mL), and

untreated cells were processed in parallel. Total RNA was extracted with TransZol reagent by the phenol-
chloroform method, and RNA quantity and purity were assessed with a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Complementary DNA (cDNA) was
synthesized from 1 pg of total RNA with the RevertAid First Strand cDNA Synthesis Kit. Relative expression
of p53, BAX, and BCL-2 mRNA was measured with Maxima SYBR Green qPCR Master Mix on a DTlite real-
time PCR system (DNA-Technology, Moscow, Russia), with GAPDH as the reference gene. The primer
sequences are listed in Table /.

Gene Forward primer (5'-3") Reverse primer (5°-3’) Approximate amplicon size (bp)
p53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC 200
BAX TTTGCTTCAGGGTTTCATCC CAGTTGAAGTTGCCGTCAGA 150
BCL-2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC 180
GAPDH  GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC 140

TABLE 1: Primer sequences used for quantitative real-time polymerase chain reaction

BAX: BCL-2-associated X protein; BCL-2: B-cell lymphoma 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase
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Each 25 pL reaction contained 12.5 uL of 2x SYBR Green master mix, 1 pL of each primer, 1 uL of cDNA
template (€100 ng per reaction), and 10.5 pL of nuclease-free water. The analysis included one untreated and
one curcumin-treated sample, and each reaction was run in technical duplicate. Relative expression was

calculated by the 2784Cd method [17], where AACQ = (Cqtarget ~ Creference)treated ~ (Ctarget ~
Cdreference)control» Cd is the quantification cycle, GAPDH is the reference gene, and untreated cells serve as

the calibrator.

Statistical analysis

Data are presented as mean * standard deviation (SD). Dose-response curves were fitted by nonlinear
regression with a five-parameter logistic model, and ICz( values were estimated using GraphPad Prism

version 10.3.1 (GraphPad Software, San Diego, CA, USA). For the MTT assay, the concentration effect at each
exposure time was assessed by one-way analysis of variance (ANOVA) across the untreated control, the
vehicle control, and the six curcumin concentrations, with three technical replicate wells per condition,
followed by Tukey's multiple-comparisons test against the untreated control. The F statistic is reported for
ANOVA and the studentized range statistic (q) for Tukey comparisons. MTT P values are based on between-
well variation within a single experimental series. A two-sided P < 0.05 was considered statistically
significant. AO/EB percentages and qPCR relative quantities were obtained from a single experimental series
and are reported descriptively.

Results

MTT-based metabolic viability

Curcumin reduced the MTT-based metabolic viability of HepG2 cells at 24, 48, and 72 hours (Figure 7). One-
way ANOVA showed a concentration effect at each exposure time (24 hours: F(7,16) = 7.16, P < 0.001; 48
hours: F(7,16) = 35.96, P < 0.001; 72 hours: F(7,16) = 30.23, P < 0.001). Compared with untreated cells,
viability was significantly lower at 542.9 uM after 24 hours, at 33.9-542.9 pM after 48 hours, and at all tested
concentrations (17.0-542.9 uM) after 72 hours (Table 2). The 1% DMSO vehicle control did not reduce
viability relative to untreated cells at any exposure time. The IC50 values were 490.3 uM (180.6 pg/mL) at 24
hours, 34.9 uM (12.84 ug/mL) at 48 hours, and 49.0 uM (18.04 ug/mL) at 72 hours.

A 24 h exposure B 48 h exposure c 72 h exposure

-
N
o
N
a
N
a

2 ICs = 180.6 g/mL (4903 M) © ICo=1284 gimL (34.94M) S G = 18.04 pigimL (49.0 M)
§ 100 § 100 § 100
- ° S
s 5 5
* 75 R 75 ® 75
z z z
2 50 E 50 ° 5 50
S S s
S 25 S 25 3 25
S % I
T T T T T T T T T
1 10 100 1 10 100 1 10 100
Curcumin concentration (ug/mL) Curcumin concentration (ug/mL) Curcumin concentration (ug/mL)

FIGURE 1: MTT-based metabolic viability of HepG2 cells after 24, 48,
and 72 hours of curcumin exposure

Dose-response curves after 24 hours (A), 48 hours (B), and 72 hours (C) of exposure to curcumin at 17.0-542.9
UM (6.25-200 pg/mL; x-axis in pg/mL). Viability is expressed relative to untreated cells. Curves were fitted by
nonlinear regression with a five-parameter logistic model; the ICgy shown in each panel is the point estimate for

50% inhibition of metabolic viability, and dotted lines mark 50% viability and the IC5,. Data are the mean + SD of
three technical replicate wells per condition.

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; IC 55: 50% inhibitory concentration; SD:
standard deviation
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Exposure time

24 hours

48 hours

72 hours

Condition

All conditions (one-way ANOVA)
Untreated control (reference)
1% DMSO vehicle control
Curcumin 17.0 pM

Curcumin 33.9 pM

Curcumin 67.9 pM

Curcumin 135.7 yM

Curcumin 271.5 yM

Curcumin 542.9 yM

All conditions (one-way ANOVA)
Untreated control (reference)
1% DMSO vehicle control
Curcumin 17.0 pM

Curcumin 33.9 yM

Curcumin 67.9 yM

Curcumin 135.7 yM

Curcumin 271.5 yM

Curcumin 542.9 yM

All conditions (one-way ANOVA)
Untreated control (reference)
1% DMSO vehicle control
Curcumin 17.0 yM

Curcumin 33.9 uyM

Curcumin 67.9 uyM

Curcumin 135.7 yM

Curcumin 271.5 yM

Curcumin 542.9 uM

Viability (%), mean * SD

100.00 £ 0.22
100.00 £ 0.19
113.84 £17.79
102.00 £ 9.43
94.98 + 10.49
7717 £17.97
64.51 +28.58

47.43 £5.31

100.00 £ 0.16
100.00 £ 0.27
71.70 £ 6.95
43.78 + 1.69
44.25 +31.40
12.22 +1.52
9.61+0.76

1.26 +1.70

100.00 + 0.44
100.00 £ 0.34
65.91 +11.65
68.46 + 22.25
38.90 + 13.00
29.38 +5.79

22.61+3.33

21.12+1.10

Test statistic

F(7,16) = 7.16

q=0.00
q=165
q=024
q=0.60
q=273
q=424
q=6.28

F(7,16) = 35.96

q=0.00
q=4.29
q=8.53
q=8.46
q=13.32
q=13.71
q=14.98

F(7,16) = 30.23

q=0.00
q=5.74
q=5.31
q=10.29
q=11.90
q=13.04

q=13.29

P value

<0.001

>0.999

0.930

>0.999

>0.999

0.553

0.116

0.008

<0.001

>0.999

0.109

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

>0.999

0.016

0.029

<0.001

<0.001

<0.001

<0.001

TABLE 2: MTT-based viability of HepG2 cells after 24, 48, and 72 hours of curcumin exposure

Viability values are mean + SD of three technical replicate wells per condition, expressed relative to untreated cells. Statistical tests: at each exposure
time, the eight conditions (untreated control, vehicle control, and six curcumin concentrations) were compared by one-way ANOVA (F statistic, F(7,16)),
followed by Tukey's multiple-comparisons test of each condition against the untreated control (studentized range statistic, q(8,16)). P-values for the Tukey
comparisons are multiplicity-adjusted. Curcumin concentrations of 17.0, 33.9, 67.9, 135.7, 271.5, and 542.9 uM correspond to 6.25, 12.5, 25, 50, 100, and

200 pg/mL, respectively.

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO: dimethyl sulfoxide; SD: standard deviation; ANOVA: analysis of variance

Morphology on H&E staining

Untreated cells retained an adherent, epithelial-like appearance (Figure 2). At 67.9 uM (25 pg/mL), curcumin-
treated cells showed reduced confluence, shrinkage, rounding, partial loss of adhesion, and darker nuclear
staining, particularly at 48 and 72 hours. At 135.7 pM (50 pg/mL), these features were more extensive, with
greater detachment, lower cell density, and more cellular debris. Higher-magnification fields at all four H&E
concentrations (17.0-135.7 uM) at 24 and 48 hours are provided in Appendix A.
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FIGURE 2: Hematoxylin and eosin morphology of HepG2 cells after

curcumin exposure

Representative fields after 24 hours (A-C), 48 hours (D-F), and 72 hours (G-I) of exposure. Columns show
untreated cells (A, D, G) and cells exposed to curcumin at 67.9 uM (25 pg/mL) (B, E, H) and 135.7 pM (50 pg/mL)
(C, F, I). Original magnification, 20x objective. Higher-magnification (40x) fields are shown in Appendix A.

Death-mode distribution on AO/EB staining

Untreated cells were predominantly viable, with 97% live, 3% early apoptotic, 0% late apoptotic, and 0%
necrotic cells (Figure 3). After curcumin exposure at the time-matched ICs, live cells accounted for 75%,

62%, and 57% of cells at 24, 48, and 72 hours, respectively. Early apoptotic cells accounted for 20%, 25%,
and 18%; late apoptotic cells for 4%, 8%, and 15%; and necrotic cells for 1%, 5%, and 10%. The combined
apoptotic fraction (24%, 33%, and 33%) exceeded the necrotic fraction at each exposure time.
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FIGURE 3: Acridine orange/ethidium bromide staining of HepG2 cells at
the time-matched 50% inhibitory concentrations

Representative fields of untreated cells (A) and cells exposed to curcumin for 24 hours at 490.3 uM (180.6
ug/mL) (B), 48 hours at 34.9 pM (12.84 pg/mL) (C), and 72 hours at 49.0 pM (18.04 ug/mL) (D). Panel E shows
the percentages of live (green), early apoptotic (yellow), late apoptotic (orange), and necrotic (red) cells for each
condition.

Original magnification, 40x objective; scale bars = 50 ym. IC5y: 50% inhibitory concentration.

Apoptosis-associated transcript expression
After 48 hours of exposure at the 48-hour ICsy, GAPDH-normalized p53 (1.87-fold) and BAX (1.50-fold)

mRNA expression were higher, and BCL-2 (0.76-fold) mRNA expression was lower in curcumin-treated cells
than in untreated cells (Figure 4). GAPDH Cq values were 0.85 cycles higher in treated samples (27.60 vs.
26.75), raw p53 and BAX Cq values differed by less than 0.5 cycles between groups, and raw BCL-2 Cq was
1.25 cycles higher in treated samples (Appendix B). The difference between BAX and BCL-2 Cq values, which
does not depend on the reference gene, decreased from 1.00 in untreated to 0.05 in treated cells,
corresponding to a 1.9-fold higher BAX/BCL-2 transcript ratio. Quantification cycle values and relative
expression calculations are provided in Appendix B.
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FIGURE 4: Relative expression of p53, BAX, and BCL-2 mRNA after 48
hours of curcumin exposure

HepG2 cells were exposed to curcumin at the 48-hour IC5( (34.9 uM; 12.84 pg/mL). Expression was normalized

to GAPDH and calculated relative to untreated cells by the 28ACA method. The dotted line marks the untreated
control (calibrator) value of 1.0. Bars show the mean relative expression of technical duplicate reactions.

1C50: 50% inhibitory concentration; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; Cq: quantification
cycle; BAX: BCL-2-associated X protein; BCL-2: B-cell lymphoma 2

Discussion

In this study, curcumin reduced the MTT-based metabolic viability of HepG2 cells at 24, 48, and 72 hours.
The reduction was accompanied by morphological changes on H&E staining, a shift in AO/EB staining
toward early and late apoptotic cells, and a higher BAX/BCL-2 transcript ratio at the 48-hour ICs. Together,

these endpoints describe a growth-inhibitory response with apoptosis-associated features.

The viability findings agree with previous reports that curcumin suppresses HepG2 growth and promotes
apoptosis-associated responses [10-15]. In the present study, metabolic viability, morphology, AO/EB
classification, and selected apoptosis-related transcripts were measured within one time-resolved protocol,
with death-mode analysis at time-matched ICs, concentrations, and the underlying viability data and Cq

values are reported in full.

H&E staining showed reduced confluence, cell shrinkage, rounding, detachment, darker nuclear staining,
and cellular debris, most evident at higher concentrations and longer exposures. Cell shrinkage, chromatin
condensation, and nuclear pyknosis are classic features of apoptosis, whereas necrosis is more often
associated with membrane disruption and uncontrolled cellular breakdown [18,19]. On AO/EB staining, the
viable fraction decreased, and the early and late apoptotic fractions increased, while the necrotic fraction
remained below the combined apoptotic fraction at every exposure time. This apoptosis-predominant
distribution agrees with earlier studies in which curcumin promoted apoptosis in HepG2 cells and related
liver cancer models [10,12,14,20].

The transcript findings were directionally consistent with the AO/EB observations. Curcumin-associated
apoptosis in hepatic cancer cells has been linked to BAX/BCL-2 regulation, caspase activation, and reactive
oxygen species-related signaling [12,20-22], and caspase-9 is a key initiator of the intrinsic mitochondrial
apoptotic pathway [23]. In the present data, the higher BAX/BCL-2 transcript ratio is independent of the
reference gene, whereas the higher relative p53 and BAX values arise from normalization to GAPDH, whose
Cq values were higher in treated samples. These transcript changes are in the direction described for the
intrinsic pathway; protein levels and caspase activity were not measured.
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The IC5 decreased from 490.3 pM at 24 hours to 34.9 pM at 48 hours and was 49.0 pM at 72 hours; all three

values were interpolated within the tested concentration range. At 24 hours, viability fell below 50% only at
the highest concentration (47.43% at 542.9 uM), so the 24-hour estimate lies near the upper limit of the
tested range, and between-well variability was greatest in this series (e.g., 64.51% * 28.58% at 271.5 uM).
The lower ICs( at 48 hours is consistent with a response that develops beyond the first 24 hours of exposure.

Curcumin degrades rapidly at physiological pH: about 90% decomposes within 30 minutes in phosphate
buffer and serum-free medium at pH 7.2 and 37°C, and about half remains after eight hours in the medium
containing 10% fetal serum [24,25]. The effective curcumin concentration therefore declines during
prolonged exposure, and regrowth of surviving cells between 48 and 72 hours may account for the higher 72-
hour ICsg. Curcumin stability in the culture medium was not measured in this study.

The micromolar concentrations used here exceed the circulating concentrations typically achieved after
conventional oral curcumin administration [26]. The present findings therefore represent in vitro
pharmacological effects, and formulation and delivery strategies that improve curcumin bioavailability
remain relevant to translational work [27].

This study has limitations. It used a single liver cancer cell line, HepG2, which was originally described as
hepatocellular carcinoma-derived and later characterized as hepatoblastoma-derived [28], and it did not
include a non-malignant hepatic comparator, so cancer-cell selectivity was not assessed. MTT conditions
were tested in technical replicate wells within one experimental series, and the AO/EB and qPCR analyses
were each performed on a single sample per condition. MTT reduction reflects cellular metabolic activity
rather than cell number, and curcumin's redox activity and visible-range absorbance can interfere with
colorimetric and redox-based assays [25]; cell-free curcumin controls and orthogonal viability assays were
not included. Apoptosis was assessed by AO/EB morphology and transcript levels; curcumin's intrinsic
fluorescence overlaps the emission range of acridine orange [25], and annexin V/propidium iodide staining,
caspase activity, and protein-level assays were not performed. The qPCR analysis used a single reference
gene, GAPDH, whose stability under curcumin exposure was not assessed; primer amplification efficiencies
and melt-curve data are not reported, and the 2-84Cq calculation assumes comparable amplification
efficiencies for target and reference genes. Independent biological replicates, protein-level and functional
apoptosis assays, validated reference genes, and additional hepatic cell models will extend these
observations.

Conclusions

Curcumin reduced the MTT-based metabolic viability of HepG2 cells over 24 to 72 hours of exposure. At
concentrations near the ICs, this reduction was accompanied by morphological changes, an AO/EB
distribution shifted toward early and late apoptotic cells, and a higher BAX/BCL-2 transcript ratio. These
single-series in vitro observations describe a growth-inhibitory response with apoptosis-associated features
in HepG2 cells. Replicated experiments with protein-level and functional apoptosis assays, validated
reference genes, and additional hepatic cell models will define the mechanisms underlying this response.

Appendices
Appendix A

Higher-magnification H&E fields of untreated, vehicle-control, and curcumin-treated HepG2 cells at all four
H&E concentrations (17.0-135.7 uM) at 24 and 48 hours are shown in Figure 5.

Untreated 1% DMSO 6.25 pg/mL 12.5 pg/mL 25 pg/mL
i A”y R i ” ¥

FIGURE 5: Higher-magnification hematoxylin and eosin morphology of
HepG2 cells at 24 and 48 hours

Representative fields of untreated cells, 1% DMSO vehicle-control cells, and cells exposed to curcumin at 17.0
UM (6.25 pg/mL), 33.9 pM (12.5 pg/mL), 67.9 uM (25 pg/mL), and 135.7 uM (50 pg/mL) (columns, left to right) for
24 hours (A-F) and 48 hours (G-L). Original magnification: 40x objective.

DMSO: dimethy! sulfoxide
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Gene Group
Untreated
p53
Curcumin
Untreated
BAX
Curcumin
Untreated
BCL-2
Curcumin

Appendix B

Quantification cycle values and relative expression calculations for the qPCR analysis are shown in Table 3.

Reaction
Duplicate 1
Duplicate 2
Mean
Duplicate 1
Duplicate 2
Mean
Duplicate 1
Duplicate 2
Mean
Duplicate 1
Duplicate 2
Mean
Duplicate 1
Duplicate 2
Mean
Duplicate 1
Duplicate 2

Mean

Target Cq
33.40
33.60
33.50
33.60
33.30
33.45
32.30
32.30
32.30
33.10
32.10
32.60
31.50
31.10
31.30
32.90
32.20

32.55

GAPDH Cq
26.80
26.70
26.75
27.80
27.40
27.60
26.80
26.70
26.75
27.80
27.40
27.60
26.80
26.70
26.75
27.80
27.40

27.60

ACq
6.60
6.90
6.75
5.80
5.90
5.85
5.50
5.60
5.55
5.30
4.70
5.00
4.70
4.40
4.55
5.10
4.80

4.95

AACq

-0.15

0.00
-0.95
-0.85
-0.90
-0.05
0.05
0.00
-0.25
-0.85
-0.55
0.15
-0.15
0.00
0.55
0.25

0.40

RQ (2"24Cq)
1.1096
0.9013
1.0054
1.9319
1.8025
1.8672
1.0353
0.9659
1.0006
1.1892
1.8025
1.4959
0.9013
1.1096
1.0054
0.6830
0.8409

0.7620

TABLE 3: Quantification cycle values and 2-AACq calculations after 48 hours of curcumin

exposure

Curcumin-treated cells were exposed for 48 hours to the 48-hour IC50 (34.9 uM; 12.84 pg/mL). Each group represents one experimental sample
measured in technical duplicate. ACq = target Cq - GAPDH Cq; AACq = ACq — mean ACq of the untreated sample; RQ = 2"22C4, Mean RQ is the

arithmetic mean of the duplicate RQ values.

Caq: quantification cycle; RQ: relative quantity; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IC5,: 50% inhibitory concentration
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