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Abstract: Hepatic ischemia/reperfusion (Hep I/R) is a great health burden during hepatic transplantation surgery. The present work 
aimed to examine the mitigative effect of Chlorella vulgaris against Hep I/R and its underlying protective mechanisms. The animals in 
the present research were classified into four equal experimental groups (n=6): the sham group, sham+Chlorella vulgaris group, Hep 
I/R group, and Hep I/R+Chlorella vulgaris group. Hepatic ischemia results in liver impairment, as evidenced by elevated liver enzyme 
levels and altered liver histology. It also reduced antioxidant enzyme levels and increased lipid peroxidation. Additionally, the Hep I/R 
group displayed significant suppression of the nuclear factor erythroid 2-related factor 2 (Nrf2)/haem oxygenase-1 pathway. There was a 
marked elevation in the expression of inflammatory markers, including nuclear factor kappa beta (NF-κB), tumor necrosis factor-alpha, 
interleukin-1 beta, interleukin-6, and myloperoxidase, and NOD-like receptor protein 3 (NLRP3) and caspase-1. Furthermore, the  
levels of apoptotic markers such as caspase-3 and Bax were greater than those in the sham groups. Pretreatment with Chlorella vulgaris  
significantly protected against Hep I/R by reversing these effects. Rats pretreated with Chlorella vulgaris exhibited a hepatoprotective 
effect against Hep I/R through its inhibition of the NF-κB and NLRP3 cascades and Nrf2 stimulation.
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Introduction

Liver ischemia occurs in many liver pathologies, such as 
liver resection and liver transplantation, leading to signifi-
cant mortality and morbidity [1]. The initial stage of hepatic 
ischemia/reperfusion (Hep I/R) damage is characterized 
by oxidative stress induced by Kupffer cells, which causes 
hepatocellular damage and subsequently leads to extensive 
neutrophil infiltration [2].

The transcription factor nuclear factor erythroid 2-re-
lated factor 2 (Nrf2) is considered one of the key factors in 
protection against Hep I/R-induced oxidative stress injury 
and the inflammatory response and is crucial for regulat-
ing intracellular antioxidant processes [3]. Following I/R, 
Nrf2 translocates to the nucleus, where it activates various 
detoxifying genes, including haem oxygenase-1 (HO-1), 
which plays an important role in preventing oxidative injury 
[4, 5]. A significant pathway involved in inflammation and 
apoptosis includes the nuclear factor nuclear factor kappa 
beta (NF-κB) and NOD-like receptor protein 3 (NLRP3) [6]. 
NF-κB-mediated secretion of interleukin-6 (IL-6), tumor 
necrosis factor-alpha (TNF-α), and interleukin-1 beta (IL-1β) 
is activated [7, 8]. Additionally, stimulation of NF-κB is im-
portant for the upregulation of the NLRP3 inflammasome 
[9]. Inflammasomes, particularly NLRP3, play crucial roles 
in liver disease by inhibiting inflammation and minimizing 
neutrophil infiltration during hepatic I/R injury [10, 11].

Chlorella vulgaris is a green alga that is rich in lutein 
[12, 13]. Often considered a superfood, it contains approxi-
mately 18 amino acids, 60% protein, twenty vitamins, and 
minerals such as calcium, magnesium, potassium, iron and 
phosphorus [14]. Like Chlorella, microalgae also contain 
various antioxidants, including lutein, carotenoids, astax-
anthin, chlorophyll, and phycobiliproteins [15, 16]. Supple-
mentation with Chlorella sp. has shown numerous fruitful 
physiological effects, such as antioxidative [17], antitumor 
[18], hypocholesterolemic [19], antihypertensive [20], and 
hypoglycemic and hypolipidemic effects [21, 22]. Chlorella 
has demonstrated hepatoprotective potential against carbon 
tetrachloride-induced hepatic degeneration in animals [23, 
24]. However, no additional studies have extensively exam-
ined the hepatoprotective effect of Chlorella vulgaris [25]. 
The aim of this work was to examine the hepatoprotective 
impact of Chlorella vulgaris against hepatitis I/R, explore its 
histopathological changes, and explore its biochemical and 
molecular mechanisms.

Materials and Methods

Rats and experimental plan
The study involved 24 adult male albino rats, each weigh-

ing nearly 165 grams. The animals were held in metal cages 
with easy access to water and food. The study was conducted 
in accordance with the Canadian Council on Animal Care 
Guidelines. The Ethical Committee of Kafrelsheikh Univer-
sity, Kafr El Sheikh, Egypt, approved the housing and manage-
ment of the animals (code number: KFS-IACUC/234/2024). 
The rats were allocated into four groups, each containing 
six rats. Sham animals: rats underwent median laparotomy 
without performing liver I/R and were given normal saline. 
Sham+Chlorella vulgaris group: sham group rats treated 
with Chlorella vulgaris (500 mg/kg body weight daily) for 7 
days [26]. In the hepatic I/R group, the animals underwent 
surgery and experienced hepatic ischemia for thirty min-
utes accompanied by 24 hours of reperfusion. I/R+Chlorella 
vulgaris group: rats were treated with the previous dose and 
duration before the I/R procedure, with the treatment con-
tinuing during the ischemia period at the same daily dose.

Preparation of Chlorella vulgaris methanolic extract
Following the procedure of Qasem et al. [27], the metha-

nolic extract of Chlorella vulgaris was prepared as follows: 
the powder used in the preparation of Chlorella vulgaris was 
purchased from the National Research Center, Cairo, Egypt. 
The mixture was soaked in 99.5% ethanol at a 1:5 ratio (w/v) 
in a dark room with frequent shaking at room temperature. 
The mixture was filtered through Whatman filter paper 
number one and then concentrated via a rotary evaporator. 
Finally, the extract was kept at 5°C in a refrigerator until use.

Liver ischemia/reperfusion
I/R was performed as previously described [28]. The rats 

were anesthetized with thiopental (0.05 g/kg, intraperitone-
ally) and placed in the supine position. A midline anterior 
abdominal wall incision was made via a microvascular 
clamp, and seventy percent hepatic ischemia was induced 
for half an hour, as confirmed by the pale appearance of the 
clamped hepatic lobes. After that, the clamp was carefully 
removed to allow 24 hours of reperfusion.

Sample collections
Following hepatic reperfusion, samples of blood were col-

lected from the abdominal aorta. The blood was centrifuged 
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for separation of the serum, which was subsequently used for 
liver function assays. Following blood collection, the animals 
were harvested, and their livers were extracted and divided 
into three parts. First, the samples were homogenized, and 
the supernatants were stored at –80°C for use in biochemical 
assays. Second fraction: immersed in ten percent formalin 
for histological examination. The third fraction was stored at 
–80°C for molecular measurements.

Assessment of liver function indicators
The serum levels of alanine aminotransferase (ALT) (Cat# 

EEA001), aspartate aminotransferase (AST) (Cat# EEA003), 
and alkaline phosphatase (ALP) (Cat# ab83369) were mea-
sured via diagnostic kits following the manufacturer’s in-
structions.

Biochemical and ELISAs
The hepatic levels of malonaldehyde (MDA), GPx, super-

oxide dismutase (SOD), and catalase (CAT) were measured 
via ELISA kits from Biodiagnostic, following the manu-
facturer’s instructions. Hepatic supernatant levels of HO-
1, TNF-α, IL-6, IL-1β, Bax, and caspase-3 were measured 
via commercial kits (Cat# SL0341Ra, RK00029, SL0411Ra, 
SL0402Ra, MBS2512405, NBP2-75024, respectively). All 
procedures were conducted according to the manufacturers’ 
guidelines.

Histopathological and immunohistochemistry 
investigations

Hepatic samples were fixed in 10% formalin for forty-
eight hours. The samples were then washed under running 
tap water overnight, dehydrated in increasing alcohol con-
centrations (70%–100%), cleaned with xylene, and embedded 
in paraffin. The blocks were sliced at a thickness of five µm, 
stained with hematoxylin and eosin (H&E), and examined 
via an Olympus light microscope (Olympus) [29]. The Suzu-
ki et al.’s [30] score is a widely used grading system to assess 
liver damage, particularly in the context of Hep I/R injury. It 
ranges from 0 to 4, with higher scores indicating more severe 
damage [30]. We assessed our H&E-stained sections accord-
ing to this score to evaluate hepatic damage.

For the immunohistochemical procedure, the expres-
sion of myloperoxidase (MPO), NF-κB, caspase-1, and Nrf2 
was examined as previously described [31]. The following 
antibodies were used: Cat#. Immunoexpression quantitative 
analysis was performed via NIS-Elements software (Nikon 
Instruments Inc.). The optical density in the immunohis-
tochemical areas of each image was calculated by counting 
positive cells at 400× magnification. A blinded expert ob-
served ten consecutive, nonoverlapping sections per image.

Quantitative real-time PCR
Total hepatic tissue RNA was extracted with TRIzol re-

agent (Thermo Fisher Scientific). Then, the products were 
reverse transcribed into cDNA via a reverse-sense first-strand 
cDNA synthesis kit. quantitative real-time polymerase chain 
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Fig. 1. Effect of Chlorella vulgaris intake for 7 days prior to hepatic ischemia/reperfusion (Hep I/R) in liver enzymes, (A) alanine 
aminotransferase (ALT), (B) aspartate aminotransferase (AST), and (C) alkaline phosphatase (ALP). All our results presented mean±SD. *P 
<0.05 significant to sham groups, #P<0.05 significant to Hep I/R group.
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reaction (qRT-PCR) was performed with maximum SYBR 
green/rox qPCR kits. The specific primers used were as fol-
lows: NF-κB, forward 5’TGGGACGACACCTCTACACA 3 
and reverse 3’GGAGCTCATCTCATAGTTGTCC 5’; NLRP3, 

forward 5’CAGACCTCCAAGACCACGACTG 3’ and reverse 
3’CATCCGCAGCCAATGAACAGAG 5’; and the housekeep-
ing gene β-actin, forward 5’TGACAGGATGCAGAAGGAGA 
3’ and reverse 3’TAGAGCCACCAATCCACACA 5’. Analysis 
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Fig. 2. Histological examination of hepatic tissues revealed. (A, B) H&E-stained hepatic slices show well-organized hepatic parenchyma with 
normal hepatocytes, sinusoids, central veins, and portal areas in the sham and sham+Chlorella vulgaris groups. (C–G) Hepatic sections from the 
hepatic ischemia/reperfusion (Hep I/R) group exhibit marked extension of portal areas due to vascular congestion (red arrows), edema (arrowhead), 
and dilated bile ductules (black arrow), pyknotic hepatocytes (blue arrows) along with dilated sinusoids and atrophied hepatic cords. (H) Hepatic 
sections from the Hep I/R+Chlorella vulgaris group show impaired hepatic parenchyma with decreased portal edema (arrowhead). (I) Suzuki score. 
Magnifications: ×400 (scale bars 50 µm). *P<0.05 significant to sham groups, #P<0.05 significant to Hep I/R group.
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of the melting curve was used for validation of the PCR ampli-
fication results. The mRNA expression level was determined 
through the cycle threshold formula 2–ΔΔCT, with β-actin used 
as the reference gene for normalization.

Statistical analysis
Statistical analysis for all the study variables was per-

formed via GraphPad Prism software version 8.0.2 (Graph-
Pad Software), and ANOVA was used to clarify the differ-
ences between the experimental groups, followed by Tukey’s 
test. P<0.05 was considered significant.

Results

Hepatoprotective effect of Chlorella vulgaris 
pretreatment on Hep I/R

Compared with the sham conditions, Hep I/R induced 
liver impairment, as indicated by significant (P<0.05) el-
evations in the levels of the liver enzymes ALT, AST, and 
ALP (Fig. 1). However, pretreatment with Chlorella vulgaris 
significantly (P<0.05) decreased these liver function test en-
zyme markers compared with those in the Hep I/R group.

Impact of Chlorella vulgaris on hepatic histopathology
H&E examination of the sham groups revealed a classic 

picture of the hepatic parenchyma with healthy hepatocytes 
(Fig. 2A, B). In contrast, the Hep I/R group revealed signifi-
cant hepatic histological deterioration, including atrophied 
hepatocytes, vascular congestion, marked dilatation in bile 
ductules and sinusoids, and hepatic pyknosis (Fig. 2C–G). 

Fortunately, pretreatment with Chlorella vulgaris clearly 
improved the hepatic histological appearance, with mini-
mal distortion in the hepatic parenchyma and a decrease in 
edema in the portal region (Fig. 2H). Histological damage to 
hepatic tissues in the Hep I/R group was confirmed by the 
significant increase in the Suzuki score, which markedly de-
creased with Chlorella vulgaris pretreatment (Fig. 2I).

Chlorella vulgaris pretreatment halted  
Hep I/R-induced oxidative insult and upregulated the 
Nrf2/HO-1 pathway

Compared with that in the sham group, Hep I/R signifi-
cantly (P<0.05) increased the level of MDA while simulta-
neously decreasing the activity of the antioxidant enzymes 
SOD and CAT in hepatic tissue homogenates (Fig. 3). These 
effects were reversed by pretreatment with Chlorella vulgaris.

Pretreatment with Chlorella vulgaris significantly (P<0.05) 
upregulated Nrf2 and HO-1, as evidenced by an increase in 
the expression of Nrf2 (Fig. 4G–I) and the protein level of 
HO-1, as measured by ELISA (Fig. 4J), compared with those 
in the Hep I/R group (Fig. 4E, F).

Chlorella vulgaris pretreatment prevents  
Hep I/R-induced inflammation and neutrophil 
infiltration

As shown in Fig. 5, the Hep I/R group presented a notice-
able increase in the nuclear immunoexpression and mRNA 
levels of the inflammatory transcription factor NF-κB, along 
with elevated ELISA levels of the inflammatory mediators 
TNF-α, IL-1β, and IL-6. Additionally, as shown in Fig. 6, 
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Fig. 3. Impact of Chlorella vulgaris pretreatment on (A) malonaldehyde (MDA), (B) superoxide dismutase (SOD), and (C) catalase (CAT). All 
measurements expressed as a mean±SD. *P<0.05 vs. to sham groups, #P<0.05 vs. hepatic ischemia/reperfusion (Hep I/R) group.
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compared with the sham group, the Hep I/R group presented 
a marked increase in the immunoexpression of MPO, an 
indicator of neutrophil infiltration. However, in the Hep I/
R+Chlorella vulgaris group, there was a significant decrease in 

the gene and immunoexpression of NF-κB, as well as inflam-
matory cytokines, and a marked decrease in neutrophil infil-
tration. Overall, Chlorella vulgaris has a strong anti-inflam-
matory effect on Hep I/R-induced hepatic inflammation.
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Fig. 4. Nuclear factor erythroid 2-related factor 2 (Nrf2) immunostained hepatic sections depicted marked positive expression in many 
hepatocytes (black arrows) in the sham and sham+Chlorella vulgaris groups (A–D). Liver slices from the hepatic ischemia/reperfusion (Hep I/R) 
group show mild positive expression in a few hepatocytes (black arrows) (E, F). Hepatic slices from the Hep I/R+Chlorella vulgaris group show 
increased positive expression in hepatocytes (black arrows) (G, H). Magnifications: (A, C, E, G) ×100 (scale bars 100 µm) and (B, D, F, H) ×400 
(scale bars 50 µm). (I) Histogram of Nrf2 immunostaining. (J) ELISA level of haem oxygenase-1 (HO-1) in hepatic supernatant. All results are 
shown as mean±SD. *P<0.05 vs. sham groups, #P<0.05 vs. Hep I/R group.
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Fig. 5. Immunostained hepatic sections for nuclear factor kappa beta (NF-κB) demonstrated negative expression in hepatocytes in both the 
sham group and the sham+Chlorella vulgaris group (A–D). Hepatic slices from the hepatic ischemia/reperfusion (Hep I/R) group display focal 
positive expression in some hepatocytes (indicated by black arrows) (E, F). Hep I/R+Chlorella vulgaris group liver sections revealed a negative 
expression in hepatocytes (G, H). Magnifications are (A, C, E, G) ×100 (scale bars 100 µm) and (B, D, F, H) ×400 (scale bars 50 µm). (I) 
Histogram of NF-κB immunolabelling scores. (J) Gene expression of NF-κB. ELISA levels of (K) tumor necrosis factor-alpha (TNF-α), (L) 
interleukin-1 beta (IL-1β), and (M) interleukin-6 (IL-6). All values are presented as mean±SD. *P<0.05 indicates significance to sham groups, 
#P<0.05 indicates significance to the Hep I/R group.
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Downregulatory effect of Chlorella vulgaris on  
Hep I/R-induced pyroptosis

As shown in Fig. 7, compared with the sham group, the 
Hep I/R group presented a noticeable increase in the rela-

tive fold change in the expression of NLRP3, as well as the 
expression of caspase-1, a pyroptotic marker. However, prior 
treatment with Chlorella vulgaris significantly downregu-
lated both NLRP3 and caspase-1 gene expression and im-
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Fig. 6. Microscopic images of myloperoxidase (MPO) immunostain showed a few positively stained MPO neutrophils in the portal areas of both 
the sham group and the sham+Chlorella vulgaris group (A–D). Hepatic sections from the hepatic ischemia/reperfusion (Hep I/R) group display 
many positively stained neutrophils and periportal hepatocytes (indicated by black arrows) (E, F). Hepatic sections from the Hep I/R+Chlorella 
vulgaris group show few positively stained neutrophils and periportal hepatocytes (black arrows) (G, H). Magnifications are (A, C, E, G) ×100 
(scale bars 100 µm) and (B, D, F, H) ×400 (scale bars 50 µm). (I) Histogram of MPO immunostaining labeling. All study results are presented as 
mean±SD. *P<0.05 vs. sham rats, #P<0.05 vs. Hep I/R group.
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munostaining. Hence, Chlorella vulgaris pretreatment clearly 
mitigated Hep I/R-induced hepatocyte pyroptosis, a form of 
inflammatory cell death.

Anti-apoptotic effect of Chlorella vulgaris on  
Hep I/R-induced hepatic apoptosis

Compared with sham surgery, Hep I/R resulted in a sig-
nificant (P<0.05) increase in the protein levels of the apoptot-
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ic markers caspase-3 and Bax (Fig. 8). However, pretreatment 
with Chlorella vulgaris significantly (P<0.05) reduced these 
protein levels, thereby combating hepatic apoptosis induced 
by ischemia/reperfusion.

Discussion

Hep I/R is considered one of the main causes of mortality 
after liver surgery and transplantation. Reducing neutrophil 
infiltration minimizes the inf lammatory process, which 
helps reduce Hep I/R-induced hepatic degeneration [32]. 
Chlorella vulgaris, characterized by its high content of chlo-
rophyll pigments, minerals, and vitamin complexes [33, 34], 
is rich in antioxidants that can protect cells from the unde-
sirable effects of reactive oxygen species (ROS) accumulation 
[34]. In this study, the hepatoprotective effect of Chlorella 
vulgaris against a Hep I/R experimental model was investi-
gated. These results suggest several protective mechanisms, 
including a reduction in liver enzymes and hepatic pathol-
ogy, mitigation of hepatic oxidative stress through Nrf2/
HO-1 upregulation, and a reduction in hepatic inflammation 
through NF-κB/NLRP3/IL-1β inhibition and neutrophil in-
filtration. Additionally, there was a reduction in hepatocyte 
apoptosis.

Hep I/R resulted in a marked elevation in the levels of 
hepatic enzymes, indicating liver injury, which is consistent 
with previous findings [35, 36]. These changes were con-
firmed histopathologically by the shrunken appearance of 
the hepatic cords and portal edema. Pretreatment with Chlo-
rella vulgaris has been shown to have hepatoprotective effects 
on I/R by reducing liver enzyme levels and improving the 
appearance of hepatic cords, as supported by previous stud-

ies [23, 37, 38].
Oxidative stress plays a pivotal role in I/R pathogenesis 

via the accumulation of ROS, which deplete defensive oxida-
tive enzymes [39, 40]. The results of this study revealed that 
hepatic I/R markedly elevated MDA, with decreases in SOD 
and CAT, which is consistent with previous findings [41, 42]. 
Moreover, pretreatment with Chlorella vulgaris mitigated 
induced oxidative stress by inhibiting MDA and increasing 
hepatic SOD and CAT activities, which is in line with the 
findings of Eissa et al. [43], who reported the hepatoprotec-
tive effect of Chlorella vulgaris against cadmium-induced 
oxidative insult through its reduction in MDA, nitric oxide, 
and increase in the levels of SOD, GPX, and CAT.

Nrf2 is a well-known intrinsic regulator of endogenous 
antioxidant mechanisms [44]. Under stress conditions, the 
dissociation process between Keap-1 and Nrf2 occurs, al-
lowing Nrf2 to translocate to the nucleus, where it attaches 
to antioxidant response elements, aiding in the recruitment 
of transcription factors [45]. HO-1, a well-known inducible 
enzyme, is transcribed by Nrf2, which helps to perform its 
antioxidant defense function [46]. Previous research has 
documented the inhibition of the Nrf2/HO-1 signaling path-
way in the pathology of Hep I/R [47]. In the present work, 
hepatic I/R markedly downregulated the immunoexpression 
of Nrf2 and the hepatic protein level of HO-1, which aligns 
with previous results by Morsy et al. [48]. Conversely, Chlo-
rella vulgaris reversed this response, which was supported 
by a study by Farag et al. [49], who reported the ameliorative 
effect of Chlorella vulgaris against cadmium-induced oxida-
tive insult through its upregulation of the hepatic Nrf2/HO-1 
pathway. The antioxidant power of Chlorella vulgaris can be 
attributed to its antioxidant components or its upregulation 
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of the Nrf2 transcription factor. These antioxidant charac-
teristics explain its modulatory effect on liver enzymes and 
hepatic pathology.

The activation of NF-κB plays a vital role in the pathogen-
esis of Hep I/R through its upregulation of the inflamma-
tory cascade response [50]. NLRP3 is a well-known complex 
whose activation is triggered during stressful conditions, 
and it is involved in Hep I/R pathogenesis [28]. NLRP3 sup-
pression helps in the inhibition of neutrophil infiltration in 
hepatic I/R [11]. Consistent with previous data, our results 
revealed a significant increase in the NF-κB/NLRP3 pathway 
through the upregulation of NF-κB and NLRP3 gene expres-
sion, as well as the increased expression of myeloperoxidase 
(a neutrophil infiltration marker), accompanied by a surge 
in the hepatic levels of inflammatory cytokines. This aligns 
with the findings of Gendy et al. [28]. Conversely, pretreat-
ment with Chlorella vulgaris downregulates the NF-κB tran-
scription factor, resulting in decreased TNF-α, IL-1β, and 
IL-6 levels in hepatic homogenates. Moreover, it suppresses 
the mRNA expression of the NLRP3 inflammasome, leading 
to reduced immunoexpression of caspase-1 and subsequent 
MPO immunoexpression. These findings are in line with the 
results of Farag et al. [49], who reported the downregulatory 
effect of Chlorella vulgaris on NF-κB and inflammatory cy-
tokines as a hepatoprotective mechanism against cadmium-
induced hepatotoxicity. Additionally, Nakashima et al. [51] 
reported the ameliorative effect of Chlorella vulgaris on 
mitochondrial ROS formation through its attenuation of 
NLRP3 activation.

In Hep I/R, the apoptotic process plays a pivotal role in 
hepatocyte damage [52]. This is evidenced in our work by a 
significant increase in the protein contents of the proapop-
totic markers caspase-3 and Bax. These data are consistent 
with previous work [28]. Pretreatment with Chlorella vulgaris 
mitigated Hep I/R-induced hepatic apoptosis by decreasing 
the levels of caspase-3 and Bax, which aligns with the find-
ings of Aboumosalem et al. [53], who reported the inhibitory 
effect of Chlorella vulgaris on colonic cellular apoptosis in an 
acetic acid-induced colitis experimental model.

In conclusion, our results demonstrate the hepatoprotec-
tive effect of pretreatment with Chlorella vulgaris against 
Hep I/R. This protection is evidenced by the modulation 
of hepatic enzymes and histological improvements. These 
protective effects can be attributed to the modulation of 
oxidative markers upstream of the Nrf2/HO-1 signaling 
pathway. Additionally, Chlorella vulgaris attenuated Hep I/

R-induced inflammation by inhibiting the NF-κB/NLRP3/
IL-1β complex pathway, leading to a reduction in TNF-α, IL-
1β, and IL-6 levels and neutrophil infiltration. Furthermore, 
it prevented hepatocyte apoptosis by decreasing the levels of 
caspase-3 and Bax. These findings focused on the preventive 
effect of Chlorella vulgaris on Hep I/R injury in patients un-
dergoing liver transplantation.
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