
6455

Abstract. – OBJECTIVE: Acute liver injury 
(ALI) leads to inflammatory response and tissue 
damage. Inflammatory activation of infiltrative 
macrophages plays a critical role in liver histol-
ogy destruction and dysfunction. Hydroxytyro-
sol (3,4-dihydroxyphenil-ethanol, HT), one of the 
polyphenols extracted from extra virgin olive oil, 
currently acts as a treatment for neuroinflamma-
tory responses, but its effect on ALI is elusive. 
The present study aims to examine the mecha-
nism of HT in macrophages inflammation and 
evaluate treatment effect of HT on ALI.

MATERIALS AND METHODS: In vitro, the ex-
pressions of type M1/M2 macrophages biomark-
ers (CD11c/CD206) and cytokines (TNF-α, IL-1β, 
IL-6, IL-10, IL-4) following lipopolysaccharide 
(LPS) stimulation and HT administration were 
detected using immunofluorescence, quantita-
tive real-time polymerase chain reaction (qRT-
PCR), and enzyme-linked immunosorbent as-
say (ELISA). Mechanically, HT was used to treat 
cells and phosphorylation level of extracellu-
lar-signal-regulated kinase 1/2 (ERK1/2) protein 
in cells was analyzed using Western blotting. 
In murine acute liver injury, inflammatory cyto-
kines and liver injury degree were exhibited by 
qRT-PCR, IHC and HE staining. Furthermore, 
hepatic function was exhibited via hepatic met-
abolic enzymes (ALT/AST) and total bilirubin 
(TBil) in serum.

RESULTS: It was demonstrated that HT treat-
ment attenuated M1 macrophages and increased 
M2 macrophages after LPS stimulation. Further-
more, the pro-inflammatory cytokine level was 
descended, while an-inflammatory cytokine was 
increased via HT suppressing ERK pathway in 
macrophages. In vivo, HT reduced inflammato-
ry level and mitigated hepatic histological inju-
ry, thus ameliorating liver function after acute 
liver injury.

CONCLUSIONS: HT exerts a hepatoprotective 
and anti-inflammation effect on acute liver in-
jury, which restrains inflammation by inhibiting 
ERK pathway and regulating macrophages po-

larization. Moreover, HT prevents liver tissues 
from inflammatory injury. Therefore, HT serves 
as a potential implication to treat ALI through 
modulating inflammation of macrophages.
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Introduction

Acute liver injury (ALI) a destructive disease 
that results in histological damage and disorders 
of metabolomics1,2. ALI can be elicited by multiple 
inducements including intemperance, drug abuse, 
virus infection and immunologic process3-5. Al-
though the pathogenesis of ALI has been widely 
explored, therapeutic methods of alleviating ALI 
remain uncertain. Hepatocyte injury and death re-
sulting from granulocytes infiltration are features 
of the injured liver, which may aggravate structur-
al destruction, metabolic hypofunction and even 
trigger acute liver failure. Tsutsui et al6 confirmed 
that negative modulation of inflammatory level in 
ALI could attenuate hepatic parenchymal injury, 
indicating that the reverse of excessive inflam-
mation at early stage may control the aggravation 
of ALI. Inflammation, serving as a pathological 
immunologic process7, is involved in tissue injury 
process when over-expressed, which contributes 
to overwhelming leukocytes into liver tissue and a 
mass of pro-inflammatory cytokines to exacerbate 
histological destruction and ultimately inducing 
hepatocytes apoptosis. To control inflammation 
process and decrease liver injury area, regulating 
macrophages bioactivity is a significant therapy 
direction. Macrophages are a kind of bone mar-
row-derived monocytes and possess phagocytic 
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and polarization ability in congenital and cellu-
lar immunity, which perform phagocytic func-
tion in fragments and pathogens8. There are two 
types of macrophages, namely M1 considered to 
be pro-inflammation phenotype and M2 charac-
terized as anti-inflammation. Over-activated M1 
macrophages in lesion proliferate and secrete toxic 
nitric oxide via consuming the substrate arginine 
to induce secondary injury and enlarge injured ar-
ea9. However, M2 macrophages activation releases 
multiple anti-inflammation factors and promotes 
tissue remodeling10. The polarization of macro-
phages in pro-inflammation or anti-inflammation 
type is critical to histologic lesion and repair11,12. 
Hence, recent researches have been concentrating 
on the understanding of macrophages differenti-
ation regulation in an expectation that advanced 
treatment controls inflammation progression. Hy-
droxytyrosol (3,4-dihydroxyphenil-ethanol, HT), 
a small-molecule compound isolated from olive 
oil13, modulates oxidative stress, inflammation and 
thrombogenesis. HT plays a protective role in 
liver steatosis diseases14-16. Particularly, HT mod-
ulates neuroinflammatory in lipopolysaccharide 
(LPS)-induced microglia via suppression of toll 
like receptor-4 (TLR-4)-mediated nuclear fac-
tor-κB (NF-κB) P65 activation17. But HT’s effects 
on ALI have not been reported and the mechanism 
of HT on macrophages in ALI is unclear. It has 
been recognized that HT may change pathogenetic 
process of ALI through modulating macrophage 
polarization. In this study, HT was hypothesized 
to mediate related pathway of macrophages and 
reduce inflammatory factors and increase anti-in-
flammatory factors expressions. To testify the hy-
pothesis, HT in macrophage line RAW 264.7 cells 
was utilized, and the effect and mechanism of HT 
on inflammation regulation in LPS-induced mac-
rophages and ALI were explored.

Materials and Methods

Cell Culture and Treatment
Macrophage RAW 264.7 cells were obtained 

from American Type Culture Collection (ATCC) 
(Manassas, VA, USA). Primary cells were di-
gested with 0.25% trypsin (Gibco, Rockville, 
MD, USA) inoculated in a 25 cm2 cell flask with 
Dulbecco’s Modified Eagle’s Medium (DMEM, 
KeyGEN, Nanjing, China) containing 10% fe-
tal bovine serum (FBS, Gibco, Rockville, MD, 
USA)/1% penicillin-streptomycin. When RAW 
264.7 cells grew to 100% confluence, they were 

transferred into a 6-well plate. After starvation 
treatment with free serum DMEM for 24 h, HT 
(50 or 100 μM) was utilized to pretreat RAW 
264.7 cells for 12 h, and then lipopolysaccharide 
(LPS, 100 ng/mL, Sigma-Aldrich, St. Louis, MO, 
USA) were employed to activate RAW 264.7 cells 
for 24 h.

Mice and ALI Model
Male C57BL/6 mice (6-8W) were purchased 

from Capital Medical University Animal Center 
and housed in Capital Medical University Animal 
Center. This investigation was approved by the 
Animal Ethics Committee of Capital Medical 
University Animal Center. In this study, mice 
were randomly assigned into three groups (con-
trol, LPS, and HT + LPS group) and littermates 
were ear tagged. LPS solution prepared with 0.9% 
normal saline (10 mg/kg, i.p.) was used to treat 
mice to induct ALI in mice. Then, HT (100 mg/
kg, po., q.d, daily for 2 days) was performed to 
medication. Only HT injection was administrated 
in ALI+ dasatinib group. Mice were anesthetized 
with ketamine/xylazine and perfused with phos-
phate-buffered saline (PBS) for RNA isolation or 
4% paraformaldehyde (PFA) for immunostaining.

Quantitative Reverse 
Transcription-Polymerase 
Chain Reaction (qRT-PCR)

Total RNA was extracted from RAW 264.7 cells 
and liver tissue homogenate using a TRIzol re-
agent (Beyotime Biotechnology, Shanghai, China) 
according to the manufacturer’s protocol. 1 μg of 
RNA was reversely transcribed to complementary 
deoxyribose nucleic acid (cDNA) using Rever-
tAid First strand cDNA synthesis kit (Thermo 
Fisher Scientific, Waltham, MA, USA). Quantifi-
cation of the RNAs was performed using SYBR 
Green qPCR Mater Mix (Thermo Fisher Scien-
tific, Waltham, MA, USA). Thereafter, melting 
curve analysis was used to determination of every 
reaction specificity. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used for normaliza-
tion and all reactions were repeated in triplicate 
using a real-time PCR system. Finally, the relative 
mRNA expression was quantified by the 2−ΔΔCt 
methods. Full list of primers used is provided as 
follows. TNF-α, Forward Primer, CAGGCGGT-
GCCTATGTCTC; Reverse Primer, CGATCAC-
CCCGAAGTTCAGTAG. IL-1β, Forward Prim-
er, TTCAGGCAGGCAGTATCACTC; Reverse 
Primer, GAAGGTCCACGGGAAAGACAC. IL-
6, Forward Primer, CTGCAAGAGACTTCCATC-
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CAG; Reverse Primer, AGTGGTATAGACAG-
GTCTGTTGG. IL-10, Forward Primer, CT-
TACTGACTGGCATGAGGATCA and Reverse 
Primer, GCAGCTCTAGGAGCATGTGG. IL-4, 
Forward Primer, GGTCTCAACCCCCAGCTAGT 
and Reverse Primer, GCCGATGATCTCTCT-
CAAGTGAT. GAPDH, Forward Primer, TGG-
CCTTCCGTGTTCCTAC and Reverse Primer, 
GAGTTGCTGTTGAAGTCGCA.

 
Western Blot (WB) Analysis

Cells were harvested in lysis buffer supple-
mented phenylmethylsulfonyl fluoride (PMSF) 
and phosphatase inhibitors/ proteinase inhibi-
tor then total proteins were extracted. Proteins 
concentration was detected using an enhanced 
bicinchoninic acid (BCA) Protein Assay Kit (Be-
yotime, Shanghai, China). Next, electrophoret-
ic separation, transferring and blocking were 
conducted. Then, proteins were incubated with 
anti-COX-2 (Abcam, Cambridge, MA, USA, 
1:1000), anti-ERK1/2 (Abcam, Cambridge, MA, 
USA, 1:1000), anti-p-ERK1/2 (Abcam, Cam-
bridge, MA, USA, 1:1000) and anti-GAPDH 
(CST, Danvers, MA, USA, 1:2000) overnight. 
After washed with Tris- Buffered Saline and 
Tween-20 (TBST) for 10 min, the proteins were 
incubated with secondary antibody (YiFeiXue, 
Nanjing, China, 1:5000) for 1 h at room tempera-
ture. At last, the proteins were visualized using 
an enhanced chemiluminescence (ECL) system. 

Immunofluorescence (IF)
RAW 264.7 cells in 12-well plate were fixed 

with 4% PFA for 15 min and blocked for 1 h. 
Washed with PBS, cells were incubated with 
CD11c (Abcam, Cambridge, MA, USA, 1:100) 
and CD206 (Abcam, Cambridge, MA, USA, 
1:200) overnight at 4°C. Then, the cells were 
washed by PBS and combined with an Alexa 
Fluor 488 or 594-conjugated AffiniPure F(ab’)2 
Fragment Goat Anti-Rabbit IgG (H+L) (Jackson, 
West Grove, PA, USA, 1:500) for 1 h at room 
temperature. After that, nucleus counterstaining 
and mounting were conducted using a 4’,6-di-
amidino-2-phenylindole (DAPI)-Fluoromount-G 
(Southern Biotech, Birmingham, AL, USA). Fi-
nally, images were collected using a fluorescence 
microscope.

Immunohistochemical and 
Hematein Eosin Staining

Hepatic tissue was fixated with 4% PFA and 
received dehydration through different gradients 

of alcohol. Then, samples were embedded in-
to paraffin and cut into sections (5 μm) using 
a rotary microtome. Hematoxylin-eosin (HE) 
staining was conducted using a Hematoxylin 
and Eosin Staining Kit (Beyotime, Shanghai, 
China). Hepatic sections were incubated with 
CD11c (Abcam, Cambridge, MA, USA, 1:100), 
COX-2 (Abcam, Cambridge, MA, USA, 1:200) 
CD206 (Abcam, Cambridge, MA, USA, 1:100). 
Thereafter, IHC staining was conducted using 
Rabbit&Mouse HRP Kit (DAB, WE0316-JKS, 
Biolab, Madrid, Spain) following manufacturer’s 
instruction. Then, the images of sections were 
visualized and collected using a microscope.

Enzyme-Linked Immunosorbent Assay 
(ELISA)

Serum was taken from mice, collected and 
centrifuged for 10 min, and then their supernatant 
was collected. ELISA detection was conducted 
using an ELISA Kit (MultiSciences, Hangzhou, 
China). Standard products and samples in each 
group were successively added into a 96-well 
plate. Then, the colorant was seeded into each 
well and the plate was placed in the dark for 15 
min. Finally, the reaction was terminated using 
the terminal, and the absorbance (OD value) of 
each well was measured at 450 nm. 

Statistical Analysis
Data were exhibited as the means ± SD (stan-

dard deviations). Differences between two groups 
were analyzed by using the Student’s t-test. Com-
parison between multiple groups was done using 
One-way ANOVA test followed by Post-Hoc Test 
(Least Significant Difference). Data were col-
lected and analyzed using Statistical Product and 
Service Solutions (SPSS) 16.0 software (SPSS 
Inc., Chicago, IL, USA). When p<0.05, the dif-
ference was statistically significant.

Results

HT Inhibits Pro-Inflammatory Factors 
and Reduces Inflammatory Expression in 
RAW 264.7 Cells

First, to verify whether HT inhibits inflam-
mation in RAW 264.7 cells, cyclooxygenase-2 
(COX-2) expression following LPS stimuli and HT 
treatment was examined. Western blotting exhib-
ited that LPS significantly increased COX-2 ex-
pression while HT reduced COX-2 level after LPS 
stimulation with a concentration gradient (Figure 
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1A). Further, the RNA levels of tumor necrosis 
factor-alpha (TNF-α), interleukin-1 beta (IL-1β) 
and interleukin-6 (IL-6) were detected, finding 
that TNF-α, IL-1β and IL-6 were decreased in 
RNA level after HT treatment (Figure 1B-1D). 
TNF-α, IL-1β and IL-6 expressions were also mea-
sured using ELISA, showing that LPS remarkably 
enhanced TNF-α, IL-1β and IL-6 expressions in 
cells. However, 50 μM and 100 μM HT adminis-
tration reversed the above inflammatory cytokines 
expression after LPS activation in cells (Figure 
1E-1G). Hence, HT inhibits pro-inflammatory fac-
tors and alleviates inflammatory level.

Administration of HT Promotes 
Macrophages M2 Polarization Via 
Regulation of ERK Signaling

To explore the mechanism of HT concerning 
anti-inflammatory effect on the RAW 264.7 cells, 
LPS and 100 μM of HT were further employed 
to treat the RAW 264.7 cells, and the polariza-
tion levels of M1 and M2 were measured using 
IF staining. It was found that M1 cells (CD11c 
positive) were increased after LPS utilization 
while M2 cells (CD206 positive) were at low ex-
pression, but HT treatment remarkably elevated 
M2 cell polarization following LPS stimulation 
(Figure 2A). Besides, the RNA levels of IL-10 

and IL-4 were measured, exhibiting that HT 
increased IL-10 and IL-4 expressions after LPS 
treatment (Figure 2B, 2C). Besides, the phos-
phorylation level of ERK1/2 in the LPS-activat-
ed RAW 264.7 cells was detected. WB showed 
that p-ERK1/2 was increased remarkably in LPS 
group. However, HT decreased p-ERK1/2 but 
they all did not affect the ERK1/2 expression 
(Figure 2D). Thereof, the results indicate that 
HT promotes macrophages M2 polarization and 
increases anti-inflammatory cytokines through 
restraining ERK1/2 pathway.

HT Treatment Reduces Intrahepatic 
Inflammation Level and Alleviates 
Liver Tissue Injury 

In vivo, ALI mice were treated with HT or 
not. IHC staining displayed that CD11c and 
COX-2 expressions in ALI group were remark-
ably higher than those in control group, but HT 
treatment effectively inhibited CD11c and COX-
2 levels in injured liver (Figure 3A). More-
over, the RNA levels of pro-inflammatory cy-
tokines (TNF-α, IL-1β and IL-6) in liver tissue 
were measured using qRT-PCR, exhibiting that 
HT could negatively modulate the RNA levels 
of TNF-α, IL-1β and IL-6 after ALI (Figure 
3B-3D). Besides, the injury degree of liver 

Figure 1. HT inhibits pro-inflammatory factors and reduces inflammatory expression in RAW 264.7 cells. A, Representative 
COX-2 level in control, LPS, 50 μM HT+LPS and 100 μM HT+LPS group. B-D, Quantitative RNA levels of TNF-α, IL-1β 
and IL-6 in control, LPS, 50 μM HT+LPS and 100 μM HT+LPS group. E-G, Representative ELISA of TNF-α, IL-1β and IL-6 
in control, LPS, 50 μM HT+LPS and 100 μM HT+LPS group. “*” means vs. control group, “#” means vs. LPS group with 
statistical significance.
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was reflected using HE staining. The images 
displayed that HT administration reduced infil-
tration, tissue edema and vacuolation in liver. 

Hence, it can be concluded that HT reduces 
intrahepatic inflammation level and alleviates 
tissue injury after ALI (Figure 3E).

Figure 2. Administration of HT promotes macrophages M2 polarization via regulation of ERK signaling. A, Representative IF 
staining of CD11c (red) and CD206 (green) in control, LPS and 100 μM HT+LPS group (magnification: 400×). B-C, Quantitative RNA 
levels of IL-10 and IL-4 in control, LPS and 100 μM HT+LPS group. D, Representative Western blotting of p-ERK1/2 and ERK1/2 in 
control, LPS and 100 μM HT+LPS group. “*” means vs. control group, “#” means vs. LPS group with statistical significance.

Figure 3. HT treatment reduces intrahepatic inflammation level and alleviates liver tissue injury. A, Representative IHC staining 
of CD11c and COX-2 in control, ALI, and HT+ALI group (magnification: 400×). B-D Representative RNA levels of TNF-α, IL-1β 
and IL-6 in control, ALI, and HT+ALI group. E, Representative HE staining of liver tissue in control, ALI, and HT+ALI group. 
(magnification: 400×) “*” means vs. control group with statistical significance. “#” means vs. ALI group with statistical significance.
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HT Promotes Anti-Inflammatory 
Macrophages Expression and 
Protects Liver Function After ALI

The serum of mice was collected, and IL-10 
and IL-4 in each group were detected using 
ELISA, showing that HT significantly increased 
IL-10 and IL-4 in serum (Figure 4A, 4B). IHC 
also exhibited that HT treatment elevated CD206 
expression in liver tissues (Figure 4C). Besides, 
serum glutamic-pyruvic aminotransferase (ALT), 
glutamic oxalacetic aminotransferase (AST) and 
total bilirubin (TBil) were examined to evaluate 
liver function. The results exhibited that exces-
sive ALT and AST were increased in consistent 
with elevated TBil in serum after ALI, but HT 
administration restrained the elevation of ALT, 
AST and TBil in serum (Figure 4D, 4E), indicat-
ing that HT protects liver function following ALI.

Discussion

Macrophage polarization is a critical process 
participating in pathogenic inflammation re-
sponse. M1 macrophages promote inflammatory 

cascades in injured tissues and induct distensible 
lesions, while M2 macrophages release multi-
ple anti-inflammation factors and phagocytose 
cell fragments and pathogens. In ALI, excessive 
and continuous inflammation could cause organic 
dysfunction and even hepatic failure, which pro-
vokes accumulating inflammatory mediators and 
initiates apoptosis procedure in tissues18. Regu-
lating M1 cells to M2 cells in liver at early stage 
can mitigate secondary injury and conserve liver 
function19-21. Thereof, the directed transition of 
macrophages after liver injury was researched to 
explore a valid therapy. HT is an important con-
stituent of the Mediterranean diet. Of note, Silva 
et al22 reported the protective effect of HT on 
rheumatoid arthritis via inhibiting acute inflam-
mation. Considering the above, it was assumed 
that HT may attenuate inflammation of macro-
phages in ALI and take a protective effect on 
liver tissue. Herein, it was firstly found that HT 
down-regulated COX-2 expression and several 
typical pro-inflammatory cytokines in the RAW 
264.7 cells following LPS stimulation. To verify 
this, whether HT regulates RAW 264.7 cell phe-
notype in vitro was next investigated. Zhang et 

Figure 4. HT promotes anti-inflammatory macrophage expression and protects liver function after ALI. A-B, Representative 
ELISA of IL-10 and IL-4 in control, ALI, and HT+ALI group. C, Representative IHC staining of CD206 in control, ALI, and 
HT+ALI group (magnification: 400×). D-E, Representative serum aminotransferase and TBil in control, ALI, and HT+ALI 
group. “*” means vs. control group with statistical significance. “#” means vs. ALI group with statistical significance.
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al17 showed that HT alleviates neuroinflammation 
in microglia through reducing M1 cells expres-
sion and increasing M2 cell expression, so the M1 
marker CD11c and M2 marker CD206 in LPS-ac-
tivated RAW 264.7 cells were detected, showing 
that HT treatment led to visible decreased expres-
sion of CD11c and increased CD206 expression. 
The result further proved that HT displayed an 
anti-inflammatory effect on macrophage line po-
larization. Mechanically, ERK1/2 pathway is a 
critical regulatory signaling pathway in macro-
phage phenotype. In LPS-induced inflammation, 
the activation of ERK1/2 pathway in macro-
phages could induce inflammatory M1 polariza-
tion. Hence, it was suspected that HT serving as 
a potent anti-inflammatory agent may alleviate 
inflammatory response via inhibiting ERK1/2 
pathway activation in macrophages. It was ob-
served that HT showed apparent downregulation 
of phosphorylated ERK1/2 protein in LPS-ac-
tivated RAW 264.7 cells, indicating that HT 
may exert anti-inflammatory effect via inhibiting 
ERK1/2 pathway. Also, to further demonstrate 
the efficacy of HT on hepatic inflammation and 
hepatic histology after ALI, inflammation level 
and injured degree in liver were assessed. LPS 
injection in murine evokes acute injury to liver 
tissues and then oral HT was employed in mice. 
Inflammatory M1 macrophages are associated 
with progressive inflammation and intrahepatic 
injury following ALI, but the M2 phenotype of 
anti-inflammation can improve hepatic function-
al and histological integrity. In ALI mice, it was 
exhibited that HT negatively modulated intrahe-
patic inflammation after ALI via decreasing M1 
type and increasing M2 type. Besides, the RNA 
levels of TNF-α, IL-1β and IL-6 declined and 
the release of IL-10 and IL-4 increased in serum 
following HT treatment. Briefly, the above results 
in our study supported the view that HT amelio-
rated intrahepatic inflammation and improved 
liver tissues and functions through modulating 
direction of macrophages polarization. Terminal-
ly, due to the restriction of the M1 macrophages 
and promotion of M2 macrophages in liver with 
HT treatment, hepatic impairment in histology 
and function were eventually mitigated. All the 
data indicate that HT may be a promising hepa-
toprotective effect and anti-inflammatory drug by 
targeting macrophages phenotype. The novelties 
of the study are that the improved effect of HT on 
ALI via targeting macrophage polarization was 
firstly presented, and the anti-inflammatory role 
of HT through modulating ERK1/2 pathway in 

macrophage was illuminated, but pharmacoki-
netics and other aspects of liver protection will 
remain to be explored deeply. 

Conclusions

Altogether, the above results suggest that HT 
treatment mitigates ALI in mice through reverse 
polarizing M1 macrophages to M2 macrophages, 
resulting in decreased inflammatory cytokines 
and increased anti-inflammatory cytokines. HT 
also attenuates hepatic histological and function-
al impairment following ALI, so HT may be a 
promising compound to treat ALI.
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