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Simple Summary: Excessive alcohol consumption can lead to liver damage, partly due to
excess iron buildup in the liver. Excess iron in the liver can cause further damage due to
oxidative stress, an imbalance of free radicals, and antioxidants in the body, which leads
to cell damage. In this study, curcumin, a natural antioxidant found in turmeric, was
developed into nanoformulations which enhance the properties of conventional drugs,
to understand if curcumin can protect liver cells from damage. Liver cells were exposed
to alcohol and iron to mimic the effects seen in alcohol-related liver disease. The results
showed that alcohol and iron together significantly reduced cell survival and increased
oxidative stress levels. However, when the curcumin nanoformulation was added, cell
survival improved, and oxidative stress was reduced. Overall, curcumin nanoformulated
drugs demonstrated strong protective effects against alcohol- and iron-induced liver cell
damage. This suggests that curcumin formulations could be a promising future treatment
option for liver disease associated with alcohol misuse.

Abstract: During chronic alcohol misuse, hepatic iron overload occurs, leading to exacer-
bated oxidative stress and liver injury. The aim was to study formulations encapsulated
with the antioxidant curcumin to assess their ability protect against oxidative stress in
a model of alcohol-related liver disease (ALD) combined with iron. HepG2 (VL-17A)
cells were treated with iron (50 µM) alone or with alcohol (200 to 350 mM) over 72 h
and markers of oxidative damage, cell death, and mitochondrial function were assessed.
Nanoformulations encapsulating curcumin were also studied. VL-17A cells treated with
both ethanol and iron showed significant decreases in cell viability (64%, p < 0.0001) when
compared to control, and a 56% decrease (p = 0.0279) when compared to iron-only treat-
ment. Iron-alone treatment caused a 115% increase (p < 0.0001) in ROS at 48 h as well
as increases of up to 118% when treated with 200 mM ethanol + 50 µM iron (p < 0.0001),
compared to control DMEM. The study found that 10 µM curcumin DSPE-PEG increased
cell viability by 17% and 41% when compared to control and iron treatment alone, re-
spectively. Formulations reduced ROS by 36% (p = 0.0015) when compared to iron-alone
treatment. In summary, encapsulated curcumin provided antioxidant capacity and reduced
oxidative stress, demonstrating the therapeutic potential for curcumin formulations in ALD
combined with iron dysregulation.

Keywords: alcohol; antioxidants; curcumin; iron; liver; mitochondria; oxidative stress;
reactive oxygen species
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1. Introduction
Alcohol-related liver disease (ALD) is a progressive disease, causing significant mor-

bidity and mortality worldwide, and ranges from simple fatty liver to fibrosis and cirrho-
sis [1]. Although the stages of liver disease are well classified, the causes of alcohol-induced
liver inflammation are complex. Multiple factors have been identified as causative factors
to liver inflammation, resulting in oxidative damage and reactive oxygen species (ROS)
production [2]. The liver plays a significant role in iron homeostasis as it stores iron as
ferritin as well as in the labile iron pool (LIP) [3]. Alcohol consumption can lead to elevated
liver iron levels [4]. Furthermore, during ALD, iron regulation may become disrupted,
increasing the labile iron pool (LIP) in hepatocytes [5–7]. Alcohol-induced iron overload
can cause further damage to the liver through free radical and inflammatory cytokine
production, for example, NF-κB and TNF-α [8]. In animal models of ALD, Kupffer cells
have been shown to contain elevated levels of iron which activate NF-κB (nuclear factor
kappa B) and TNF-α (tumour necrosis factor alpha) [4,9,10]. Iron overload is common in
fibrosis, cirrhosis, and end stage liver disease [11,12], and liver iron content has also been
shown to be negatively correlated with ALD survival [13]. Therefore, due to increased
oxidative stress occurring in ALD with concomitant iron dysregulation, the liver is more
susceptible to oxidative damage and injury [13].

In general, therapeutic options for ALD remain limited and many clinical trials have
been unsuccessful. Many limitations arise while using traditional drugs due to their low
specificity, low bioavailability, and limited delivery to target sites. The use of nanocarriers
may overcome the limitations of traditional drugs as they can enhance delivery to specific
cell types via surface receptor binding. This specificity provided by nanocarriers can in-
crease drug delivery and concentration at the target site as well as prevent metabolism and
hydrolysis, leading to prolonged release [14,15]. Nanocarriers have previously been success-
fully researched in their antioxidant capacity, as well in their ability to significantly augment
iron absorption, and are a potential delivery vehicle for nutritional applications [16].

Antioxidants can directly neutralise oxidative stress as well as scavenge free radicals
and ROS, and therefore the use of antioxidants as well as methods to target the antioxidant
system in the treatment of ALD have been considered. Curcumin, the main active com-
pound in turmeric, has also been shown to have antioxidant properties via reduction in
oxidative stress and ROS in animal models, as well as reduction in lipid accumulation in
hepatocytes. Although natural compounds such as silymarin, quercetin, hesperidin, and
berberine, when utilised in vitro and in vivo, may have shown some benefit for ALD, limi-
tations still include low bioavailability, limited uptake, and low specificity [17]. Therefore,
the aim of this study is to understand the potential of nanocarrier systems encapsulating
antioxidants to protect against oxidative stress in a liver cell model of ALD combined with
iron treatment.

2. Materials and Methods
2.1. Cell Culture

HepG2 (VL-17A) cells (kindly provided by Dr. Clemens, University of Nebraska, USA),
which overexpress both ADH and CYP2E1 and have been previously characterised when
studying fatty liver disease and alcohol toxicity [18–21], were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) (Lonza Ltd., Slough, UK) supplemented with 10% (v/v) foetal
calf serum (FCS) (Gibco, London, UK) [21–25], 1% (v/v) (10 U/mL) penicillin/streptomycin,
1% (v/v) (2 mM) L-Glutamine and 50 µg/mL gentamycin sulphate (Lonza Ltd., Slough,
UK). Cells were passaged using a 0.5× trypsin solution in phosphate-buffered saline (PBS)
when they reached 70% confluency and viability of cells was assayed using trypan blue.



Biology 2025, 14, 455 3 of 18

2.2. Cell Treatments

Cells were seeded according to the appropriate protocol and treated with alco-
hol (200 mM, 300 mM, and 350 mM) with or without iron (50 µM) or combinations
of both in low-glucose (1.0 g/L) DMEM supplemented with 1% (v/v) FCS, 1% peni-
cillin/streptomycin (100 U/mL), and 1% L-Glutamine (2 mM). The original methodology
as stated by Clemens et al. was followed, where flasks were tightly sealed or cell culture
plates were sealed to prevent ethanol evaporation [24,26]. Alcohol concentrations were
chosen based on previous research whereby we showed that in HepG2 cells that overex-
press ADH, 100 mM alcohol concentration led to a moderate decrease in cell viability and
mitochondrial function [20]. Therefore, to induce further cellular injury reflecting stages
of severe alcoholic hepatitis, higher concentrations of alcohol were characterised, up to
350 mM. Whilst these concentrations exceed clinical observations (up to 110 mM) the con-
centration corroborates other in vitro studies using HepG2 cell treatments at 171 mM [27],
184 mM [22], 300 mM [28], and 750 mM [29]; 100–800 mM in an L-02 hepatocyte line [30];
200 mM in a mouse liver cell line [31]; and 300 mM in neuronal cells [32]. Cells were treated
with iron (50 µM) with/without alcohol (200 to 350 mM). The varying treatments were
studied using parameters of liver toxicity over 30 min to 72 h and assayed as below.

2.3. Cell Viability

Cells were seeded at 1× 104 cell/well and incubated overnight to allow adherence. Fol-
lowing treatment incubations with alcohol and/or iron, 5 mg/mL 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each well and incubated at
37 ◦C for 2 h [21]. After incubation, the reagent was removed, and cells were incubated
with 100 µL/well DMSO for 15 min at room temperature. The plates were then measured
at 550 nm [20,21].

2.4. Reactive Oxygen Species Assay

The level of ROS production was assayed using a method adapted from Bal-
dini et al. [33]. Cells were seeded at 1 × 104 cells/well and incubated overnight to allow
adherence. Following treatment incubations with alcohol and/or iron, cells were washed
twice with PBS and incubated with 200 µL of 200 µM 2, 7-dichlorofluoresceindiacetate
(DCF-DA) (Sigma-Aldrich, Gillingham, UK) at 37 ◦C for 30 min while protected from light.
Following incubation, the substrate solution was removed, and cells were washed in PBS.
After washing, 200 µL of fresh PBS was then added to each well and fluorescence was
measured at excitation 485 nm and emission 535 nm [20,21].

2.5. Measurement of Apoptosis

To determine quantities of apoptotic cells after treatment, the Annexin VFITC/propidium
iodide (PI) staining kit (BioLegend, London, UK) was used to stain cells with and measured
by flow cytometry. Firstly, 3 × 105 cells were seeded in 12-well plates and left overnight
to adhere. Following adherence, cells were treated as described above with varying
concentration of alcohol and/or iron over a 72 h period. After treatment, the supernatant of
the cells was kept, and the cells were washed with PBS and detached from the plates with
200 µL trypsin (incubated at 37 ◦C for 5 min). To neutralise the action of trypsin, 800 µL of
10% FCS DMEM was then added, and the cell/supernatant mixture was then centrifuged
at 400× g for 5 min. Cell pellets were resuspended in 500 µL of 1× Annexin V Binding
Buffer and then stained with 5 µL of Annexin V-FITC and 5 µL PI, and analysed on the
BD LSRFortessa™ (Wokingham, UK) (Ex = 488 nm, Em = 530 nm) using the FACSDiva
software, Version 6.1.3 [20,21].



Biology 2025, 14, 455 4 of 18

2.6. Measurement of Mitochondrial Respiration

HepG2 cells were plated in 24-well Seahorse MitoStress Assay cell plates at a density
of 2 × 104 cells per well. Following adherence, the cells were then treated with the pre-
viously described conditions of alcohol and/or iron. After the defined treatment lengths,
the cells were washed with Seahorse Assay Medium (pH 7.4) containing 25 mM glucose
and 1 mM sodium pyruvate. MitoStress drugs oligomycin (4 µM), FCCP (4 µM), and
antimycin/Rotenone mixture (2.5 µM) were added, and the oxygen consumption rate
(OCR) was measured using the Seahorse XFE Flux Analyzer (Agilent Technologies Ltd.,
Stockport, UK) under basal conditions. OCR values were normalised to total protein con-
tent, determined using the Bradford Assay, Bio-Rad protein assay kit (Bio-Rad Laboratories,
Watford, UK), as per manufacturers conditions [20,21].

2.7. Preparation of Antioxidant Nanoformulations

The concentrations of curcumin were optimised based on previous studies from our
research group [34,35] and existing literature [36,37]. In preclinical studies for assessing
absorption efficiency and assessing the potential of bioenhancement strategies, such as
nanoformulations and liposomal encapsulations, concentrations of 10 µM curcumin have
been observed as optimal concentrations and therefore was chosen to ensure measurable
and reproducible effects while minimising cytotoxicity.

All nanoformulations were prepared using a modified thin-film hydration method as
previously described [38,39]. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene
glycol) (DSPE-PEG) was dissolved in 10 mL methanol, as well as 10 mg curcumin. Nanofor-
mulations were formulated as 100% DSPE-PEG (blank formulations) and 10 mg curcumin
with 90% DSPE-PEG. A rotary evaporator (Buchi Rotavapor® R-100, Flawil, Switzerland)
was then used to evaporate the methanol (200 rpm and 80 ◦C) under vacuum. Once a thin
film was achieved, it was then hydrated with 10 mL of Milli-Q water and mixed at 80 ◦C
then sonicated using a VWR Ultrasonic cleaner bath USC300T (VWR International Limited,
Lutterworth, UK) for a further 5 min. The solution was then filtered through a sterile
0.45 µm filter to remove any unloaded curcumin [34,35,40,41].

2.8. Size and Surface Charge of Nanoformulations

The size and surface charge of nanoformulations were measured by dynamic light
scattering (DLS) in terms of ZAve hydrodynamic diameter, polydispersity index (PDI) and
zeta potential (§), using the Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). In
total, 1mL of the nanoformulated sample was pipetted into the zeta potential DTS1070
folded capillary cell (Malvern Panalytical, Malvern, UK). Zeta potential was calculated via
electrophoretic mobility using Malvern data analysis software Version 5.3 following the
Helmholtz–Smoluchowski equation [34,35,40,41].

2.9. Determination of Drug Loading and Entrapment Efciency

Drug loading and entrapment efficiency of nanoformulations were measured by
UV–Visible spectrophotometer (Cary Series UV–Vis spectrophotometer, Agilent Technolo-
gies, Santa Clara, CA, USA) using free drug calibration curves. Curcumin was measured
at 424 nm [34,35,40,41]. The percentage of drug loading and entrapment efficiency were
calculated using the following equations:

Drug loading (%) = (total weight of entrapped drug)/(total weight of all raw materials) × 100

Encapsulation efficiency (%) = (determined mass of drug entrapped within nanocarriers)/(actual mass of drug) × 100
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2.10. Statistical Analysis

Results were analysed using either one- or two-way ANOVA using GraphPad Prism
Version 10.1.0 (Boston, MA, USA). Data were tested for normality using the Shapiro–Wilk
test and confirmed for parametric analyses. Statistical analysis was followed by Tukey’s
multiple comparisons post hoc test. Data are expressed as mean ± standard deviation (SD)
and p values ≤ 0.05 were considered statistically significant.

3. Results
To model liver injury, VL-17A cells were treated with iron alone plus with ethanol

for 24 to 72 h. At 24 h, ethanol and iron treatment in combination led to a 55% decrease
(p = 0.0023) in cell viability at 300 mM ethanol + 50 µM iron, and a 63% decrease (p = 0.0008)
when treated with 350 mM ethanol + 50 µM iron. At 24 h, treatment with ethanol and
iron also produced significant differences when compared to the iron only treatment
(Figure 1). At 48 h, ethanol and iron treatment combined led to a 35% decrease in cell
viability at 200 mM ethanol + 50 µM iron (p = 0.0044), a 42% decrease (p = 0.0012) when
treated with 300 mM ethanol + 50 µM iron, and a 64% decrease (p < 0.0001) when treated
with 350 mM ethanol + 50 µM iron, when compared to the control (Figure 1). Similarly,
treatment with ethanol and iron produced significant differences when compared to the
iron-only treatment. At 72 h, ethanol and iron treatment produced significant changes
when compared to the control and iron only. Treatment with 300 mM ethanol + 50 µM
iron produced a 56% decrease (p = 0.0279) and 350 mM ethanol + 50 µM iron produced
a 51% decrease (p = 0.0448), respectively, when compared to iron only (Figure 1).

Figure 1. The effect of ethanol and iron exposure on cell viability over a 72 h period. Cells were
seeded in 96-well plates and treated with 200 mM, 300 mM, and 350 mM ethanol as well as 50 µM
iron. The viability of cells was determined by the MTT assay and measured at 24 h, 48 h, and 72 h.
Data are presented as percentage from the control. Results are presented as mean ± SD (n = 3).
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

Increased ROS production and oxidative stress is a common feature of ALD. After
30 min, iron treatment alone led to a significant increase (68%) in ROS (p = 0.0149); however,
no changes were observed with ethanol and iron treatment combined. At 2 h, iron treatment
alone led to a 92% increase (p = 0.0122) in ROS; 200 mM ethanol + 50 µM iron combined led
to an 89% increase (p = 0.0154) in ROS; a 108% increase (p = 0.0043) was observed when
cells were treated with 300 mM ethanol + 50 µM iron; and a 125% increase (p = 0.0014)
when treated with 350 mM ethanol + 50 µM iron (Figure 2). Iron treatment only led to
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a 60% increase (p = 0.0007) at 24 h and a 115% increase at 48 h (p < 0.0001), whereas at 24 h,
200 mM ethanol + 50 µM iron led to a 52% increase (p = 0.0020) in ROS; a 66% increase
(p = 0.0003) was observed with 300 mM ethanol + 50 µM iron treatment; and a 63% increase
(p = 0.0004) was noted with 350 mM ethanol + 50 µM iron treatment, when compared to
the control (Figure 2). At 48 h, a 118% increase (p < 0.0001) in ROS was observed when cells
were treated with 200 mM ethanol + 50 µM iron; a 97% increase (p < 0.0001) when treated
with 300 mM ethanol + 50 µM iron, and an 89% increase (p < 0.0001) when treated with
350 mM ethanol + 50 µM iron, when compared to the control (Figure 2). At 72 h, iron only
increased ROS by 71% (p = 0.0044) and 200 mM ethanol + 50 µM iron caused a 69% increase
(p = 0.0137) when compared to the control. No significant changes were observed when
comparing ethanol and iron combination treatments to the iron-only treatment across all
time points.

Figure 2. The effect of ethanol and iron exposure on ROS accumulation over a 72 h period. (A) The
percentage of ROS accumulation at 30 min, (B) percentage of ROS accumulation at 1 h, (C) percentage
of ROS accumulation at 2 h, (D) percentage of ROS accumulation at 24 h, (E) percentage of ROS
accumulation at 48 h, and (F) percentage of ROS accumulation at 72 h. Cells were seeded in 96-well
plates and treated with 200 mM, 300 mM, and 350 mM ethanol as well as 50 µM iron. ROS accumu-
lation was determined by the DCFDA assay and measured using fluorescence at 30 min, 1 h, 2 h,
24 h, 48 h, and 72 h. Data are presented as percentage from the control. Results are presented as
mean ± SD (n = 3). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

Significant changes were observed in both early and late apoptosis at 72 h. Treatment
with 350 mM ethanol + 50 µM iron caused 39% of cells to undergo early apoptosis compared
to 12% in the control group (p = 0.0057) and 15% in the iron treatment (p = 0.0267). Treatment
with 350 mM ethanol + 50 µM also led to a total of 22% of cells in late apoptosis (p = 0.0478)
(Figure 3).
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Figure 3. The effect of ethanol and iron exposure on apoptosis over a 72 h period. (A) The percentage
of cells in early apoptosis at 24 h, (B) percentage of cells in early apoptosis at 48 h, (C) percentage
of cells in early apoptosis at 72 h, (D) percentage of cells in late apoptosis at 24 h, (E) percentage of
cells in late apoptosis at 48 h, and (F) percentage of cells in late apoptosis at 72 h. Cells were seeded
in 12-well plates and treated with 200 mM, 300 mM, and 350 mM ethanol as well as 50 µM iron.
Apoptosis was assessed at 24 h, 48 h, and 72 h using the Annexin VI kit and measured using flow
cytometry. Data are presented as percentage of positive cells. Results presented as mean ± SD (n = 3).
* p ≤ 0.05, ** p ≤ 0.01.

The respiratory function of mitochondria was evaluated by measuring the oxygen
consumption rate of ethanol and iron treatment on VL-17A cells (Figures 4–6). Significant
decreases were observed in basal respiration at 24 h (p = 0.0433) and maximal respiration at
48 h (p = 0.0326) in the 350 mM ethanol + 50 µM iron-treated cells. No significant changes
were observed in any other parameters.

Novel nanocarrier delivery systems were assessed for their protective properties
against iron and ethanol cellular damage. The antioxidant curcumin was nanoformulated
in carrier system DSPE-PEG and used to assess changes in cell viability and ROS production.
Nanoformulations demonstrated high encapsulation efficiency (78.25%), as well as high drug
loading of 7.11%. Curcumin DSPE-PEG nanocarriers had a mean diameter of 8.40 nm, as well
as low polydispersity index values (<0.5) and low negative surface charges (−15.20) (Table 1).

Table 1. Nanoformulation characteristics.

Active Ingredient
(10 mg)

Polymer
(100 mg)

Hydrodynamic Diameter
(nm)

Polydispersity
Index

Zeta Potential
(mV)

Drug
Loading (%)

Encapsulation Efficiency
(%)

Curcumin 100%
DSPE-PEG

8.40
(±1.160)

0.43
(±0.05)

−15.20
(±1.65)

7.11
(±0.00)

78.25
(±0.04)

Hydrodynamic diameter (d), polydispersity index (PDI), surface charge, drug loading (DL) and encapsulation
efficiency (EE) of curcumin and ascorbyl palmitate (AP) DSPE-PEG nanoformulations prepared at 80 ◦C (data
presented as mean ± SD, n = 3).
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Figure 4. Mitochondrial oxygen consumption rate after ethanol and iron exposure at 24 h and 48 h.
(A) Oxygen consumption rate at 24 h and (B) oxygen consumption rate at 48 h. Cells were seeded in
24-well plates and treated with 200 mM, 300 mM, and 350 mM ethanol as well as 50 µM iron. Oxygen
consumption rate was assessed over 48 h using Seahorse XF24 analyser. Results are presented as
mean of replicates ± SD (n = 3). OCR: oxygen consumption rate.

Figure 5. The effect of ethanol and iron on mitochondrial oxidative phosphorylation parameters at
24 h. (A) Basal respiration, (B) maximal respiration, (C) proton leakage, (D) spare respiratory capacity,
(E) non-mitochondrial oxygen consumption, and (F) ATP production. Cells were seeded in 24-well
plates and treated with 200 mM, 300 mM, and 350 mM with 50 µM iron. Oxygen consumption
rate was assessed at 24 h using the Seahorse XF24 analyser. The results are presented as mean of
replicates ± SD (n = 3). OCR: oxygen consumption rate. * p ≤ 0.05.
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Figure 6. The effect of ethanol and iron on mitochondrial oxidative phosphorylation parameters at
48 h. (A) Basal respiration, (B) maximal respiration, (C) proton leakage, (D) spare respiratory capacity,
(E) non-mitochondrial oxygen consumption, and (F) ATP production. Cells were seeded in 24-well
plates and treated with 200 mM, 300 mM, and 350 mM with 50 µM iron. Oxygen consumption
rate was assessed at 24 h using the Seahorse XF24 analyser. The results are presented as mean of
replicates ± SD (n = 3). OCR: oxygen consumption rate. * p ≤ 0.05.

At 48 h, 50 µM iron caused a 25% reduction in viability and 350 mM ethanol + 50 µM
iron caused a 52% reduction in cell viability, when compared to the control DMEM. Blank
formulations alone reduced viability by 40%, free drug (FD) curcumin by up to 15%, and
nanoformulated curcumin by up to 20%. However, when treated with 10 µM curcumin
DSPE-PEG + 50 µM iron, cell viability was increased by 17% in comparison to 50 µM iron
only at 48 h. Also, at 72 h, 10 µM curcumin DSPE-PEG + 50 µM iron increased viability
by 41% when compared to 50 µM iron treatment alone. Nanoformulations were unable to
increase cell viability against 350 mM ethanol + 50 µM iron treatment at 72 h (Figure 7).

Protection against oxidative stress was then assessed via ROS production over
72 h. At 30 min, pre-treatment with 10 µM curcumin DSPE-PEG reduced ROS by
41% (p = 0.0005) when compared to iron only treatment, and 39% (p = 0.0070) when com-
pared to 350 mM ethanol + 50 µM iron treatment. At 1 h, pre-treatment with 10 µM cur-
cumin DSPE-PEG reduced ROS by 34% (p = 0.0050) when compared to iron-only treatment,
and 35% (p = 0.0122) when compared to 350 mM ethanol + 50 µM iron treatment. At
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2 h, pre-treatment with 10 µM curcumin DSPE-PEG reduced ROS by 34% (p = 0.0050),
when compared to iron-only treatment and by 35% (p = 0.0122), when compared to
350 mM ethanol + 50 µM iron treatment (Figure 8). At 48 h, decreases in ROS were also
observed with pre-treatment with 10 µM curcumin DSPE-PEG. Moreover, 10 µM cur-
cumin DSPE-PEG reduced ROS by 11% when compared to iron-only treatment, and by
29% (p = 0.0468) when compared to 350 mM ethanol + 50 µM iron treatment. At 72 h, pre-
treatment with 10 µM curcumin DSPE-PEG reduced ROS by 36% (p = 0.0015) when com-
pared to iron-only treatment, and by 45%, when compared to 350 mM ethanol + 50 µM
iron treatment (Figure 8).
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Figure 7. The effect of a 3 h pre-treatment of nanoformulated curcumin on ethanol- and iron-induced
cell damage. (A) The percentage of cell viability at 48 h and (B) percentage of cell viability at 72 h.
Cells were seeded in 96-well plates and co-treated with 350 mM ethanol and/or 50 µM iron as well
as 3 h pre-treatment of formulations. The viability of cells was determined by an MTT assay and
measured at 48 and 72 h. Data are presented as a percentage of the control. Results are presented as
mean ± SD (n = 3).
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Figure 8. The effect of a 3 h pre-treatment of nanoformulated curcumin on ethanol- and iron-induced
ROS production. (A) ROS production at 30 min, (B) ROS production at 1 h, (C) ROS production at
2 h, (D) ROS production at 24 h, (E) ROS production at 48 h, and (F) ROS production at 72 h. ROS
production was determined by DCFDA assay. Cells were seeded in 96-well plates and co-treated with
350 mM ethanol and/or 50 µM iron as well as 3 h pre-treatment of formulations. Data are presented
as a percentage of the control. Results are presented as mean + SD (n = 3) * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001, **** p ≤ 0.0001.

4. Discussion
The development of ALD is complex and is believed to involve multiple factors, in-

cluding ROS, activation of inflammatory cells, gut dysbiosis, and iron overload. Despite
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some known mechanistic features of ALD, treatment options remain limited. In the current
study, we were focussed on the combined effects of ethanol and iron, and whether antioxi-
dant formulations could ameliorate oxidative damage. Ethanol and iron combined led to
reductions in cell viability, while iron alone and combined with ethanol caused increases
in ROS production, suggesting both alcohol and iron cause further detrimental effects on
the liver. Iron overload is well documented in ALD patients, where iron is known to cause
an increase in hydroxyl radical production, [42] and this study showed that iron caused
further damage to the liver via the increase in ROS production possibly via the Fenton
reaction. Recently, it has been demonstrated even mild alcohol consumption can elevate
iron stores and >2 alcoholic drinks per day has been associated with an increased risk
of iron overload [6]. There is significant evidence to suggest that both iron and alcohol
alone can cause oxidative stress and lipid peroxidation and therefore, a combination of
both alcohol and iron can exacerbate disease processes via an increased production of
proinflammatory cytokines and free radicals. Increased iron in Kupffer cells in animal
studies with experimentally induced ALD has also shown downstream activation of NF-κB,
causing an increase in proinflammatory cytokines such as TNF-α [9,10]. This evidence,
along with the toxic effects of iron demonstrated in this study of a reduction in cell viability
and elevated ROS production, shows that iron has a pathogenic effect.

As oxidative stress is a major contributor to the pathogenesis of ALD, methods to
enrich the antioxidant system have been considered for the treatment of this disease.
Vitamins E/C, N-acetylcysteine (NAC), S-adenosyl methionine (SAMe), and betaine are
antioxidants which moderate ROS. SAMe is a precursor of glutathione (GSH), the main
cellular antioxidant [43,44]. Depleted SAMe and GSH levels have been documented
in ALD, rendering antioxidant systems defective [45,46]. As antioxidants can regulate
levels of catalase, superoxide dismutase, GSH, glutathione peroxidase, and glutathione
reductase, their benefit in ALD therapeutics provides plausible reason. Curcumin has
been shown to have numerous pharmacological benefits in vivo, including reductions in
liver enzymes after curcumin therapy, and improved liver steatosis in patients with non-
alcoholic fatty liver disease [47,48]. In clinical trials, curcumin formulations (500mg/day
equivalent to 70 mg curcumin) significantly reduced liver fat content (78.9%) compared to
27.5% improvement in the placebo group at 8 weeks, as well as reducing BMI, cholesterol,
triglycerides, and liver enzymes [49]. In animal models of fatty liver, 60 mg/kg curcumin
decreased malondialdehyde levels and increase glutathione peroxidase activity [50], whilst
50mg/kg decreased ROS and increased superoxide dismutase and sirtuin-1 [51], suggesting
curcumin can reduce oxidative stress and lipid peroxidation, via its antioxidant properties
and protective effects against cellular damage. Therefore, antioxidant compounds such
as curcumin were investigated in this study as they possess protective effects on chronic
diseases [52–55], increase antioxidant enzyme capacity [56], and reduce inflammation and
fibrosis [57–59].

Previous research has found beneficial effects of nanocarriers due to their ability to
enhance stability, solubility, bioavailability, and delivery of the encapsulated compounds to
specific cells [60]. The study aim was to investigate the protective effects of antioxidants
encapsulated in DSPE-PEG nanocarrier systems against oxidative stress in ALD and iron
treatment. Concentrations of nanocarriers were used at doses previously published in our
group and by others [34,35,61]. Curcumin release from DSPE-PEG micelles is expected
to follow diffusion-controlled kinetics, consistent with previous studies on hydrophobic
drugs in similar formulations [62,63].

Whilst the free drug curcumin and curcumin DSPE-PEG were able to protect against
iron-mediated loss of cell viability, this effect was not translated to the combined damaging
effects of ethanol and iron treatment (Figure 7). The lack of prevention could be due to
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the toxicity of the ethanol metabolite, acetaldehyde. Alcohol toxicity initially arises due to
oxidative stress, but the injury is then sustained due to elevated acetaldehyde levels, which
can perturb mitochondrial function, leading to necroapoptotic cell death [64,65].

There are limited investigations of curcumin in alcohol toxicity. One study showed
moderate reductions in hepatic inflammation in an in vivo model of chronic ethanol con-
sumption with 20 mg/kg curcumin [66], whereas a single oral dose of ethanol 0.5 mL/kg
body weight lowered acetaldehyde concentrations, not ethanol, following 30 mg admin-
istration of curcumin [67]. However, further investigations are required into whether
curcumin can modulate acetaldehyde levels in this model system.

Curcumin possesses diketone and phenolic groups which allow it to scavenge free
radicals [68]. In addition, curcumin is widely known for its iron-chelating properties, which
have been implicated in its antioxidant effects. Previous studies have shown that curcumin
can bind iron ions, reducing their pro-oxidant activity and suppressing ROS generation at
concentrations up to 50 µM [69,70].

In the present study, 10 µM curcumin DSPE-PEG nanocarriers were able to reduce
ROS production in both iron-only, and iron and ethanol treatments at earlier (30 min to 1 h)
time points more significantly than later time points (72 h), compared to without curcumin
(Figure 8), likely through the modulation of iron availability for the Fenton reaction; 10 µM
curcumin DSPE-PEG also reduced ROS to a greater extent than curcumin FD, suggesting
that encapsulation improves the efficacy of curcumin. This important finding confirms
the ability of curcumin to reduce ROS. However, in our study, encapsulated curcumin did
not significantly reduce iron-induced ROS levels at all time points or completely prevent
ROS production. This discrepancy may arise from differences in curcumin bioavailability,
as nanoformulations alter drug interaction with metal ions. Additionally, the curcumin
concentration and iron overload conditions in our system may differ from prior studies,
where higher concentrations were used. Further direct iron-binding assays are needed to
confirm the extent of curcumin’s chelation in our DSPE-PEG formulation.

Treatment in animal models has shown that curcumin treatment led to a reduction
in iron accumulation in both the liver and spleen, and also significantly reduced lipid
peroxidation and nitric oxide levels [71]. Mechanisms contributing to the effect of curcumin
in iron overload has been suggested to be due to the modulation of iron metabolism and
iron-related proteins. Curcumin has been shown to repress the synthesis of hepcidin, an
important regulator of iron homeostasis [72,73].

The specific mechanisms these antioxidants protect against oxidative stress is thought
to be due to their ability to modulate of antioxidant signalling and mitochondrial function.
Previous research suggests signalling pathways such as those in hepatic fibrosis (TGF-
β1/Smad), apoptosis (JNK1/2-ROS), and inflammation (NF-κB) as well as antioxidant
signalling can be altered by curcumin [74]. The pentose phosphate pathway may also be
altered by curcumin. The pentose phosphate pathway enzymes produce NADPH, which
is required for the conversion of oxidised glutathione to reduced GSH via glutathione
reductase which enables cells to counterbalance oxidative stress [75]. In animal models,
research has shown that long-term iron toxicity can strongly affect genes and enzymes
associated with the pentose phosphate pathway [75].

Curcumin has many mechanisms of action including anti-inflammatory, antioxidant
properties, and anti-apoptotic roles. Another key mechanism that curcumin can target
is oxidative stress via reduced expression of monocyte chemoattractant protein 1 (MCP-
1) as well as reduction in oxidative stress assessed by oxidative changes in hepatocyte
DNA [76]. The hepatoprotective effects of curcumin have also been linked to its antioxidant
properties and its activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/Kelch-
MCP/antioxidant response element pathway, as well as its influence on inflammatory and
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apoptotic mediators [68]. Curcumin has been shown to modulate the Nfr2 pathway and
mitogen-activated protein kinase pathways, which are involved in antioxidant defences,
inflammation, and apoptosis [77].

Considerations and Future Work

This study suggests that curcumin has beneficial effects on oxidative stress in the liver
caused by both ethanol and iron injury in ALD. Whilst we also investigated the mechanistic
effects of iron and high alcohol concentration leading to increased apoptosis and mitochon-
drial dysregulation, future studies need to assess whether curcumin is able to ameliorate
these effects. DSPE-PEG nanocarriers were selected for their proven stability, enhanced
curcumin solubility, and improved bioavailability. However, DSPE-PEG does not actively
target the liver, relying instead on passive accumulation in hepatocytes and Kupffer cells via
reticuloendothelial system uptake. Future work could explore liver-targeting modifications,
such as glycyrrhizin-functionalised nanocarriers, which have demonstrated enhanced hep-
atic accumulation through asialoglycoprotein receptor recognition [78]. Whilst the study is
a proof-of-concept investigation focussing on the most damaging concentrations of iron
and alcohol, future studies will focus on a range of iron and ethanol concentrations, at
various antioxidant nanoformulations (curcumin or n-acetylcysteine) [61] concentrations
to determine the optimal protective dose–response effect. The capability of curcumin to
chelate iron requires further investigation to understand the mechanisms in relation to
mitochondrial function, autophagy and apoptosis in iron overload in ALD. Further work
is also required understand the relationship between ROS and cell death, and to develop
antioxidant formulations that can target acetaldehyde and apoptotic pathways.

5. Conclusions
In this study, VL-17A cells were characterised as a model to investigate the effects of

alcohol exposure and iron treatment. Measurements of oxidative damage and mitochon-
drial function were assessed, and results show that iron treatment caused significant cell
toxicity when combined with ethanol, with a dose-dependent reduction in cell viability
observed over time, increases in ROS production and apoptosis as well as alterations to mi-
tochondrial oxygen consumption. Antioxidant nanocarriers were shown to either enhance
or match the protective effects of the free drugs investigated in this study in terms of ROS
reduction. Overall, this study demonstrates that curcumin was successfully encapsulated
into DSPE-PEG carriers and were observed to have a higher antioxidant capacity providing
protection against oxidative stress in a cellular model of ALD and iron treatment. Whilst
this study demonstrates the promising effects of nanoformulated antioxidants, these com-
pounds require further biophysical and mechanistic investigations to assess their protective
capacity in combined iron and alcohol treatment in liver disease.
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