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Abstract: Background/Objectives: Acetaminophen (APAP) is a widely used analgesic
and antipyretic, but overdose can lead to APAP-induced liver injury (AILI), a major cause
of acute liver failure. While N-acetylcysteine (NAC) is the current standard of care, its
efficacy is significantly reduced when administered after the peak time of liver injury,
highlighting the need for alternative therapeutic strategies. Human placenta hydrolysate
(HPH) has shown potential as a therapeutic agent for various liver diseases due to its rich
content of bioactive compounds. This study aimed to investigate the hepatoprotective
effects of HPH in a mouse model of AILL. Methods: HPH was administered to mice for
three days prior to APAP treatment. The effects of HPH on liver morphology, necrosis, liver
enzymes, phase I/1I detoxification enzymes, oxidative stress markers, and inflammatory
cytokines were evaluated. Results: HPH pretreatment attenuated APAP-induced liver
necrosis and congestion, reduced serum levels of liver enzymes. In addition, HPH showed
a concentration-dependent attenuation of APAP-induced decrease in human hepatocyte
viability. HPH modulated phase I/1I enzyme expression by downregulating CYP2E1 and
upregulating SULT1A1, UGT1A6, GSTP1, and TPMT. HPH also exhibited antioxidant
effects by increasing SOD and GPx activities, reducing MDA levels, and restoring the
GSH/GSSG ratio. Furthermore, HPH attenuated the APAP-induced increase in the in-
flammatory cytokines TNF-« and IL-6. These findings suggest that HPH protects against
AILI through multiple mechanisms, including the modulation of phase I/II detoxification,
activation of antioxidants, and inhibition of inflammation. Conclusions: HPH could be a
potential therapeutic option for APAP overdose and related liver injuries.

Keywords: acetaminophen; drug-induced liver injury; human placenta hydrolysate;
antioxidant; anti-inflammatory agent

1. Introduction

Acetaminophen (APAP) is one of the most widely used over-the-counter analgesics
and antipyretics. Although APAP is regarded as safe within the recommended doses,
overdose can lead to APAP-induced liver injury (AILI), which is considered the lead-
ing cause of acute liver failure (ALF) in many countries [1]. At therapeutic doses, most
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APAP is converted to non-toxic adducts by phase II conjugating enzymes, mainly UDP-
glucuronosyltransferase (UGT) and sulfotransferase (SULT), and excreted in the urine. A
minor portion is metabolized by cytochrome P450 enzymes (CYPs), particularly CYP2E1,
to form the highly reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) [2]. Un-
der normal physiological conditions, NAPQI is rapidly detoxified by conjugation with
glutathione (GSH). However, at toxic doses, phase II enzymes become saturated and the
overproduction of NAPQI depletes GSH, causing oxidative stress, mitochondrial dysfunc-
tion, and hepatocyte necrosis [3].

Because a significant number of patients with ALF secondary to AILI undergo liver
transplantation and have a high mortality rate, additional therapeutic options are neces-
sary [4,5]. Currently, N-acetylcysteine (NAC) is the only therapeutic option for patients
with APAP overdose [6]. Administration of NAC, an antioxidant, at the early stage of AILI
can replenish the depleted GSH pool and prevent the accumulation of the noxious metabo-
lite NAPQI [7,8]. However, NAC is most effective if administered within 8 h of APAP
overdose [9,10]. Unfortunately, most APAP overdose patients receive treatment after the
peak time of liver injury, when the effectiveness of NAC has significantly declined [9,10].
Therefore, there is a need for alternative hepatoprotective therapeutic options that are
effective during the metabolism of APAP and liver injury.

Human placenta hydrolysate (HPH) is a rich source of bioactive compounds, includ-
ing amino acids, peptides, cytokines, and growth factors [11-13]. HPH has been shown
to promote liver regeneration by activating cytokines and growth factors and reducing
oxidative stress [14]. Moreover, HPH has shown anti-apoptotic effects against hepatocyte
toxicity both in vivo and in vitro [15]. Because these effects are mediated by supplemen-
tation with GSH and its components, along with the activation of antioxidative enzymes
such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), HPH could be
considered a candidate therapeutic option for AILL

This study aimed to evaluate the hepatoprotective effects of HPH in a mouse model of
AILL By analyzing the influence of HPH on phase I and II detoxification enzymes, oxidative
stress markers, and hepatocellular damage, this study sought to determine whether HPH
could serve as a novel therapeutic approach for AILL

2. Materials and Methods
2.1. Preparation of Human Placenta Hydrolysate

HPH (Laennec®, Green Cross WellBeing Corp., Seoul, Republic of Korea) was prepared
by hydrolysis of the human placenta using HCl and pepsin. The final product was in the
liquid form.

2.2. In Vitro Cell Viability Assay

Cryopreserved primary human hepatocytes (LIFEHEPA® plateable hepatocytes) sup-
plied by HLB Cell Co. Ltd. (Dongtan, Republic of Korea) were thawed and seeded onto
collagen type I-coated 12-well plate (SPLCoat™, SPL Life Sciences Co. Ltd., Pocheon,
Republic of Korea) at an appropriate density. The hepatocytes were maintained in Williams’
Medium E, Modified (LM017-02, Welgene Inc., Gyeongsan, Republic of Korea) with 10%
FBS and 1% penicillin/streptomycin. After 24 h, the wells were divided into six groups
to receive respective treatment: (a) Normal (no treatment), (b) Control (APAP 20 mM),
(c) NAC (N-acetylcysteine 10 mM for one hour followed by APAP 20 mM), (d) HPH 5%
(Laennec® 5% for two hours followed by APAP 20 mM), (e) HPH 10% (Laennec® 10% for
two hours followed by APAP 20 mM), and (f) HPH 15% (Laennec® 15% for two hours
followed by APAP 20 mM). MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich
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(Saint Louis, MO, USA), CAS-No: 293-93-1) assay was performed for each well to assess
cell viability.

2.3. Animals and Experimental Design

Six-week-old male C57BL mice were supplied by Raonbio, Inc. (Yongin, Republic
of Korea). During the experimental period, mice were provided with adequate food
and water ad libitum. The animal room was maintained at a temperature of 22 + 2 °C
and humidity of 50 £ 20%, with a 12-h light/dark cycle. After acclimation and weight
measurement, the mice divided into five groups and were administered the respective test
substance once a day for three days: (a) normal (PBS 200 uL), (b) control (PBS 200 uL),
(c) HPH (Laennec® 8.2 mL/ kg, 200 uL), (d) UDCA (ursodeoxycholic acid 250 mg/kg), and
(e) NAC (NAC 100 mg/kg). PBS and HPH were administered via intraperitoneal injection,
whereas UDCA and NAC were administered orally. Following an overnight fast, all groups,
except the normal group, received APAP (500 mg/kg, 200 uL) dissolved in PBS warmed
to approximately 55 °C to ensure complete dissolution and subsequently cooled to room
temperature prior to injection, intraperitoneally one hour after the last administration of
the test substance. Necropsy was performed 24 h after APAP administration to collect
blood and liver tissue. Blood samples were collected from the inferior vena cava during the
necropsy. After incubation at room temperature for 1.5 h to ensure complete clot formation,
the serum samples were separated from the blood samples by centrifugation (1000x g,
15 min, 4 °C) and stored in a deep freezer. Liver tissues were harvested after PBS perfusion
during necropsy and were stored in a deep freezer.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kits (MyBioSource, San Diego, CA, USA) were used to measure the activities or
levels of the following enzymes and biomarkers: phase I enzyme (CYP2E1), antioxidants
(SOD, Malondialdehyde (MDA), GSH), phase II enzymes (SULT1A1, UGT1AS6, glutathione
S-transferase P1 (GSTP1), thiopurine methyltransferase (TPMT)), and liver enzymes (aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT)). The assay was conducted
using mouse serum or liver tissue following the protocol provided in the ELISA kit. The
optical density (OD) of each well was measured using a spectrometer (SpectraMax i3x,
Molecular Devices, San Jose, CA, USA).

2.5. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

The liver tissue harvested during necropsy was cut into approximately 30 mg pieces.
After transfer to a mortar, the tissue was ground into powder with the addition of liquid
nitrogen. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s protocol. A reverse transcription kit (Applied Biosystems,
Foster City, CA, USA) was used to synthesize cDNA from 1 pg of the extracted RNA. The
PCR reaction mixture contained 2 pL. cDNA (10 ng), 10 uL SYBR Green, 0.5 uL 10 pM
forward/reverse primer, and 7 pL distilled water. RT-PCR was performed using the
QuantStudio 3 (Applied Biosystems, Foster City, CA, USA). Expression data were calculated
using the quantification method based on AACt values.

2.6. Statistical Analysis

Data are presented as mean + standard deviation. Statistical comparisons between
groups were performed using a one-way analysis of variance (ANOVA) followed by
Fisher’s Least Significant Difference (LSD) post hoc test when the assumption of normality
was met, as assessed by Shapiro-Wilk test. For data that did not meet the normality
assumption, the Kruskal-Wallis test, followed by Dwass-Steel-Critchlow-Fligner (DSCEF)
multiple comparison test, was utilized as a non-parametric alternative. All statistical



Biomedicines 2025, 13, 1219

40f12

analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA). Statistical
significance was set at p < 0.05.

3. Results
3.1. Effect of HPH on In Vitro Hepatocyte Viability

Although formal statistical comparisons between groups were not conducted owing
to the small sample size, the HPH groups showed a tendency to attenuate the decrease in

cell viability by APAP. This attenuation was more profound at higher concentrations of
HPH (Figure 1).
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Figure 1. Effect of HPH on in vitro viability of human hepatocytes. N = 1 for the normal, control, and
NAC groups. N = 3 for HPH 5%, 10%, and 15% groups.

3.2. Effect of HPH on APAP-Induced Acute Liver Injury

APAP-induced hepatotoxicity leads to congestion, hemorrhage, and necrosis of the
liver parenchyma [16,17]. In contrast to the normal group, the liver tissues of the control
group treated with APAP exhibited widespread necrotic spots, which appeared as white
necrotic patches, along with severe congestion, characterized by dark discoloration. The
HPH group showed mild necrosis and congestion compared with the control group. Simi-
larly, the NAC and UDCA groups showed mild necrosis and congestion, comparable to
those observed in the HPH group (Figure S1). Supporting these macroscopic observations,
Hematoxylin and Eosin (H&E) staining of liver tissue showed 22.0% necrotic area in the
APAP-treated control group, whereas no necrotic area was found in the normal group.
Although not statistically significant, HPH reduced the necrotic area to 16.1%, while NAC
and UDCA decreased the necrotic area to 17.5% and 19.8%, respectively (Figure 2A,B).
High-power magnification (x400) of H&E-stained sections confirmed these findings, pre-
dominantly revealing centrilobular necrosis, a characteristic feature of drug-induced liver
injury (Figure S2).
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Figure 2. Effects of HPH on the necrotic area of liver tissue in AILI mice: (A) H&E staining of liver
tissue (x50); (B) percentage of necrotic area of liver tissue. N = 5 per group. # p < 0.05 versus normal.

3.3. Effect of HPH on Liver Enzymes

AST and ALT are liver enzymes released from damaged hepatocytes into the blood-
stream when the liver is injured, making them sensitive indicators of hepatocellular dam-
age [18]. The serum levels of AST and ALT in the APAP-treated control group increased
significantly by 4.9-fold and 35.5-fold, respectively, compared to those in the normal group.
In contrast, the AST and ALT levels decreased by 49.4% (statistically significant) and 37.5%,
respectively, in the HPH group. The NAC group showed a comparable reduction in the liver
enzyme levels, whereas the UDCA group showed a smaller reduction (Figures 3 and S3).
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Figure 3. Effects of HPH on AST in AILI mice. N =7 per group. ### p < 0.001 versus normal.
*p <0.05, ** p < 0.01 versus control.

3.4. Effect of HPH on Modulation of Phase I/Il Enzyme Expression

Approximately 90% of APAP is metabolized in the liver via phase II enzymes into
sulfate and glucuronide conjugates, which are excreted in the urine, whereas the remainder
is converted into the potentially toxic NAPQI via phase I reactions, mainly by CYP2E1 [4].
APAP treatment in the control group resulted in increased expression of CYP2E1. Ad-
ministration of HPH reduced the expression of CYP2E1 to levels similar to those in the
normal group, although the difference was not statistically significant. UDCA and NAC
showed comparable reduction (Figure S4A). In the case of phase Il reactions, the expression
of the APAP-metabolizing enzymes SULT1A1 and UGT1A6, and TPMT was significantly
decreased in the APAP-treated control group. In contrast, in the HPH group, the expression
of SULT1A1 and GSTP1 increased significantly by 65.6% and 38.1%, respectively, compared
to the control group (Figure 4A,B). The expression of UGT1A6 and TPMT in the HPH group
also increased by 61.5% and 21.2%, respectively, although this increase was not statistically
significant (Figure S4B,C).
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Figure 4. Effects of HPH on hepatic phase II enzyme expression level in AILI mice: (A) SULT1A1;
(B) GSTP1. N =7 per group. # p < 0.05 versus normal. * p < 0.05 versus control.
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3.5. Effect of HPH on Antioxidant Activity

Excessive NAPQI formation following APAP overdose leads to GSH depletion and
adduct formation of mitochondprial proteins, resulting in mitochondrial dysfunction and
generation of reactive oxygens species (ROS) [19]. The activity of the antioxidant enzyme
GPx decreased in the APAP-treated control group compared to the normal group. In
contrast, the HPH group exhibited a 43.7% increase in GPx expression relative to the control
group (Figure 5A). SOD, another antioxidant enzyme, showed a similar tendency; however,
the differences between the groups were not statistically significant (Figure S5). In addition,
the expression of MDA, a lipid peroxidation metabolite used as a marker for intracellular
oxidative stress [20], showed an eight-fold increase in the APAP-treated control group
compared to the normal group. Conversely, the HPH group showed a significant reduction
(32.3%) in MDA expression compared to the control group (Figure 5B).
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Figure 5. Effects of HPH on antioxidant activity in AILI mice: (A) GPx; (B) MDA; (C) GSH/GSSG
ratio. N = 7 per group. ### p < 0.001 versus normal. * p < 0.05, ** p < 0.01, ** p < 0.001 versus control.

Since APAP overdose results in excessive production of NAPQI that overwhelms the
hepatic GSH capacity, and the residual NAPQI subsequently causes liver damage, restoring
and maintaining hepatic GSH stores is essential for treating AILI [21]. Glutathione exists in
reduced (GSH) and oxidized (GSSG) forms, and the intracellular GSH/GSSG ratio serves
as an indicator of oxidative stress. In healthy cells, over 90% of the total glutathione is in the
reduced form (GSH), with the remainder in the oxidized form (GSSG) [22]. The GSH/GSSG
ratio in the APAP-treated control group decreased significantly by 25.7% compared to the
normal group. In contrast, the HPH group showed a significant increase (30.8%) in the
GSH/GSSG ratio compared to the control group, restoring the levels to those similar to the
normal group. Notably, only the HPH group exhibited a statistically significant increase
in the GSH/GSSG ratio, whereas the positive control groups, NAC and UDCA, did not
(Figure 5C).

3.6. Effect of HPH on Inflammatory Cytokines

In AILI, necrotic hepatocytes release various damage-associated molecular patterns
(DAMPs) to activate the innate immune response and promote leukocyte infiltration [23,24].
Upon activation, immune cells release inflammatory cytokines, including TNF-«, IL-1f3,
and IL-6, which are involved in liver damage [23]. Hepatic concentrations of TNF-o
and IL-6 in the APAP-treated control group were significantly higher than those in the
normal group. In contrast, the concentrations of TNF-«, IL-1f3, and IL-6 in the HPH group
decreased significantly by 12.3% and 10.3%, respectively. A comparable decrease was
observed in the NAC and UDCA groups (Figure 6A,B). IL-13 also showed a similar pattern,
although the differences between the groups were not statistically significant (Figure S6).
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Figure 6. Effects of HPH on inflammatory cytokines in AILI mice: (A) TNF-o; (B) IL-6. N = 7 per
group. ## p < 0.01 versus normal. * p < 0.05, ** p < 0.01 versus control.

4. Discussion

Although APAP overdose is a major cause of ALF in many countries, therapeutic
options for this condition have limitations [4]. The current study showed that HPH pro-
tected the liver of an AILI mouse model via multiple mechanisms, including phase I/1I
detoxification, antioxidants, and inflammation.

In this study, the reduction of liver injury was assessed by gross morphological changes
in the liver, measurement of necrotic area in the liver tissue, alteration of liver enzymes,
and in vitro cell viability assay. The livers of the APAP-treated mice exhibited widespread
necrotic patches and congestion. The observed morphological changes were attenuated
in groups treated with HPH, NAC, and UDCA. HE staining of the liver tissues indicated
that APAP-induced necrosis of hepatocytes was reduced in the HPH-treated group, while
the NAC and UCDA-treated groups showed lesser extent of decrease, suggesting that the
reduction of liver injury was most profound in the HPH group. In line with these findings,
an in vitro cell viability assay demonstrated a tendency of HPH to attenuate the decrease
in human hepatocyte viability induced by APAP. Although formal statistical comparisons
were not conducted owing to the small sample size, the protective effect was more evident
at higher concentrations of HPH. The decrease in AST and ALT, well-known markers of
hepatocellular injury, was also most profound in the HPH-treated groups compared to
the other groups. Similar to our findings, a previous study showed that HPH alleviates
hepatotoxin-induced liver injury in vivo and in vitro [25]. Therefore, the hepatoprotective
effect of HPH may be applicable to liver injury induced by various hepatotoxins.

HPH is a complex mixture of various bioactive substances, including polydeoxyri-
bonucleotides, RNA, DNA, amino acids and peptides, enzymes, and trace elements [26].
Among these components, certain amino acids have well-documented roles in liver pro-
tection. For instance, alanine administration has been reported to decrease ALT and total
bilirubin levels in D-galactosamine-treated Sprague-Dawley rat and to prevent both ALT
elevation and liver damage in CCL4-induced liver injury in rat [27,28]. Glutamate functions
as an intracellular antioxidant by contributing to glutathione synthesis [29]. Other amino
acids, such as aspartate, glycine, histidine, and serine, have also demonstrated therapeutic
effects in in vivo liver disease models [30]. Regarding peptides and growth factors, hepa-
tocyte growth factor (HGF), epidermal growth factor (EGF), and fibroblast growth factor
(FGF) have been reported in placental extracts and are recognized for their capacity to
induce liver regeneration [31]. Furthermore, HPH is itself a source of various cytokines
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and has been shown to reduce levels of pro-inflammatory cytokines such as IL-6 and
TNEF-« [32]. Other important constituents of HPH are nucleic acid derivatives, including
polydeoxyribonucleotides (PDRNSs), which are known for their tissue repair-promoting
and anti-inflammatory properties [26].

Among the targets for the attenuation of AILI, modulation of the phase 1/1I detoxifi-
cation process may have beneficial effects. The expression of CYP2E], a phase I enzyme
responsible for the generation of NAPQI, decreased while the expression of SULT1A1,
UGT1A6, GSTP1, and TPMT, a phase Il metabolizing enzyme, increased in the HPH group
compared to the APAP-treated control group. Similarly, a previous study showed that the
activation of liver X receptors (LXR) prevents AILI by inducing phase Il enzymes and sup-
pressing phase I enzymes [33]. Therefore, alteration of nuclear receptors and transcription
factors that regulate the expression and activities of phase I/II enzymes could potentially
alter AILI by modulating the generation of NAPQI [2].

Oxidative stress is another key step in APAP-induced hepatotoxicity. Moreover, the
recovery of the GSH/GSSG ratio comparable to that of the normal group in the HPH
group indicated that the GSH pool was restored to prevent further damage caused by
oxidative stress. Such antioxidative properties have been shown by various components of
placental extract, such as uracil, L-tyrosine, L-phenylalanine, L-tryptophan, and collagen
peptides [34]. The mechanism responsible for the antioxidant effect of HPH involves the
Nrf2 pathway, which increases antioxidant enzyme and hepatic GSH levels [15,34], as
shown in this study.

Necrosis of hepatocytes releases various DAMPs into the extracellular space, stim-
ulating the production of inflammatory mediators by immune cells [2]. Kupffer cells
(KCs), the resident hepatic macrophages, are among the first responders and recognize
DAMPs via pattern recognition receptors such as Toll-like receptors (TLRs), leading to
their activation [35]. Activated KCs are a primary source of TNF-« in the early phase of
AILI[35]. TNF-o plays a critical role by sensitizing hepatocytes to apoptosis, promoting
further inflammation, and contributing to liver damage [35]. IL-6, secreted by KCs and
infiltrating monocytes and macrophages, contributes to the acute phase inflammatory re-
sponse, and in later stages of injury resolution, to regeneration [36]. In the current study, the
increased levels of TNF-a and IL-6 were attenuated in the HPH-treated group. Reduction
of macrophage accumulation and inflammatory cytokines by placental extract has been
reported in previous studies [15,25,37]. Therefore, the anti-inflammatory effect of HPH
may have contributed to the reduction of APAP-induced liver injury.

The current study has several limitations that should be acknowledged. Firstly, pri-
mary pathologic endpoint was the necrotic area quantified in H&E-stained liver sections.
Future research could employ additional methods, such as the terminal deoxynucleotidyl
transferase (dUTP) nick end labeling (TUNEL) assay and immunohistochemistry, to further
elucidate the detailed mechanism of cell death and enable more precise quantification of
the necrotic area. Secondly, this study evaluated the hepatoprotective effect of HPH and
other comparators by administering them before APAP exposure. To assess the therapeutic
potential of HPH and the comparators on established AILI, future studies should involve
their administration after APAP intoxication.

5. Conclusions

In conclusion, this study demonstrated that HPH protected the liver of an APAP-
induced hepatitis mouse model via modulation of phase I/1I detoxification, activation of
antioxidants, and inhibition of inflammation. These results suggest that HPH could be a
potential therapeutic option for APAP overdoses or various hepatotoxic situations.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biomedicines13051219/s1, Figure S1: Gross morphological changes
in the liver. White circles denote representative areas with pathologic features; Figure S2: H&E
staining of liver tissue (x400); Figure S3: Effects of HPH on ALT in AILI mice. N =7 per group.
#p < 0.05 versus normal; Figure S4: Effects of HPH on hepatic phase II enzyme expression level in
AILI mice: (A) CYP2E1; (B) UGT1A6; (C) TPMT. N =7 per group. # p < 0.05, ## p < 0.01 versus normal;
Figure S5: Effects of HPH on SOD in AILI mice. N =7 per group; Figure S6: Effects of HPH on IL-1
in AILI mice. N = 7 per group.
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