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Introduction

Hydroxytyrosol (HT) is a natural phenol of olive oil with a 
wide-ranging biological role. As a powerful antioxidant, HT 
scavenges free radicals, stimulates the synthesis and activ-
ity of endogenous antioxidant enzymes, and reduces lipid 
peroxidation.1,2 Moreover, HT exerts anti-inflammatory and 
anti-atherogenic effects.3 The disease-preventive profile of 
HT has been well documented in many studies of patients 
either supplemented with HT or consuming diets rich in 
olive oil.2 It is not a coincidence that a panel of experts was 

constituted by EFSA (European Food Safety Authority) to 
substantiate the health claims of HT and other olive oil poly-
phenols.4 These health-beneficial features of HT make it an 
ideal candidate for the development of food additives and 
supplements (nutraceuticals).

HT is derived as a hydrolysis product of more complex 
compounds such as of oleuropein either during ripening of 
olive fruits or with time after olive oil production and storage.3  
Many factors affect the HT content of olive oil, including 
olive variety, region microclimate, soil quality (factors that 
define oil quality)5 and the olive oil extraction process.6 
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Abstract
This study explores the biological effects of hydroxytyrosol (HT), produced by 
the metabolic engineering of Escherichia coli, in a series of in vitro and in vivo 
experiments. In particular, a metabolically engineered Escherichia coli strain 
capable of producing HT was constructed and utilized. HEK293 and HeLa cells 
were exposed to purified HT to determine non-toxic doses that can offer protection 
against oxidative stress (activation of Nrf2/HO-1 signaling pathway). Male CD-1 
mice were orally supplemented with HT to evaluate (1) renal and hepatic toxicity, (2) 
endogenous system antioxidant response, and (3) activation of Nrf2/HO-1 system 
in the liver. HT protected cells from oxidative stress through the activation of Nrf2 
regulatory network. Activation of Nrf2 signaling pathway was also observed in the 
hepatic tissue of the mice. HT supplementation was safe and produced differential 
effects on mice’s endogenous antioxidant defense system. HT biosynthesized from 
genetically modified Escherichia coli strains is an alternative method to produce 
high-quality HT that exerts favorable effects in the regulation of the organism’s 
response to oxidative stress. Nonetheless, further investigation of the multifactorial 
action of HT on the antioxidant network regulation is needed.
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Impact statement

The numerous beneficial biological properties of 
hydroxytyrosol (HT) support its use in the produc-
tion of nutraceuticals, agrochemicals, and cosme-
ceuticals, as well as in the food industry. Extracting 
HT from natural sources is expensive, and chemical 
production suffers from low productivity. However, HT 
production through metabolically engineered micro-
bial strains is an excellent eco-friendly alternative for 
producing highly pure HT. Our data indicate that HT, 
which is biotechnologically produced and purified 
with XAD-4 resin and fast centrifugal partition chro-
matography (FCPC), activates the Nrf2/HO-1 path-
way and interacts differentially with the components 
of the endogenous antioxidant network. Moreover, 
repeated administration of 25 mg/kg body weight/
day for 90 days showed no HT-related toxicity. These 
findings support the further exploitation of metabolic 
engineering to produce pure, low-cost, and biocom-
patible HT for large use scale in the industry.
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Thus, the concentration of HT in olive oil vary, ranging from 
0.2 ± 004 to 29.0 ± 0.42 mg/kg. Oleuropein, on the other 
hand, exists only in traces.7

HT can be isolated from olive products (olive oil or olive 
leaves) and can be produced by chemical synthesis or by 
microorganisms through the application of biotechnological 
approaches.8 However, the extraction of HT from natural 
sources is an expensive process. Although several chemical 
synthesis pathways leading to HT have been described from 
various precursor molecules (tyrosol, eugenol, catechol, 
DOPAC, homovanillyl alcohol, and so on), this methodology 
suffers from low productivity.8 Since HT recovery from olive 
mill wastewaters and other sources is inefficient, and chemi-
cal synthesis is expensive for industrial-scale production, the 
alternative HT production through metabolically engineered 
microbial strains in an industrial or semi-industrial type bio-
reactor is an excellent alternative.9 Such a biotechnological 
approach is an environmentally friendly method free from 
plant tissues that produce high levels of HT and is much 
easier and more economically purified.

Since HT is a biological molecule with wide-ranging bio-
logical uses, it has been included in a variety of products, 
including dietary supplements and food additives, raising 
the challenge to develop inexpensive and efficient manu-
facturing processes. Following this, HT has been produced 
by the enzymatic hydrolysis and high-temperature deg-
radation of oleuropein, utilizing two cellulases with high  
β-glucosidase activity.10 Recently, novel nano-biocata-
lysts have been developed that can convert oleuropein to 
HT using immobilized β-glucosidase on porous carbon 
cuboids.11 The immobilization of the enzyme β-glucosidase 
doubles the enzyme’s ability to convert oleuropein to HT. 
HT has also been produced from wild type12,13 or metaboli-
cally engineered bacterial strains,14–16 though with varying 
efficiency and resource allocation. Especially for the meta-
bolically engineered strains, varying genetic backgrounds, 
substrates, production processes or purification protocols 
have been utilized as alternative approaches.17

Here we report the in vitro and in vivo biological effects of 
purified HT biotechnologically produced from appropriate 
metabolically engineered E. coli strains, grown in a semi-
industrial scale bioreactor. We further studied its pharmaco-
logical effects interacting or even reinforcing the antioxidant 
potential existing in the biological systems tested giving 
attention to the Nrf2/HO-1 signaling pathway, which is a 
complex regulatory mechanism that plays a pivotal role in 
oxidative stress diseases.

Materials and methods

Construction of Escherichia coli metabolically 
engineered strain

A metabolically engineered Escherichia coli strain capable 
of producing HT was constructed according to Trantas et 
al.9 A Petroselinum crispum DNA fragment of 1680 bp coding 
for an aromatic acetaldehyde synthase (AAS) was cloned 
from root complementary DNA (cDNA) utilizing the primer 
pair GTT ACC ATG GGC TCC ATC GAT AAT CTT ACT 
G / GGA TCC CTC AAA CCA GAG CAG AGA CAT GG 
with a Phusion DNA polymerase (Thermo Fisher Scientific).  

It was then inserted into the pACYC Duet expression vector 
(Novagen, Merck Millipore), utilizing the NcoI and BamHI 
restriction enzymes to deliver the pACYC-PcAAS plasmid. 
The PcAAS gene sequence was experimentally confirmed by 
Sanger sequencing and was transferred into the BL21(DE3) 
E. coli strain to deliver the BL21-pACYC-PcAAS strain 
(abbreviated as B11T). The AAS activity in in vitro reactions 
was tested following a previously established protocol9 The 
whole construction scheme is shown in Figure 1.

HT production protocol from E. coli fed-batch growth 
in a semi-industrial-scale bioreactor and purification

In this work, HT was produced from the above-mentioned 
metabolically engineered E. coli B11T strain, grown in a fed-
batch mode in a 50 L semi-industrial scale bioreactor (LP351, 
Bioengineering AG), where vessel temperature, agitation, 
pH, and aeration were tightly controlled. The bioreactor’s 
vessel was filled with 28 L deionized water, the solid compo-
nents of M9 minimal medium (6 g/L Na2HPO4∙7H2O, 3 g/L 
KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 120.4 mg/L MgSO4, and 
11.1 mg/L CaCl2 final concentrations), and was sterilized on 
site. After the sterilization, the temperature was set to 30°C 
and the medium was finalized with the addition of the rest 
of the components in liquid form, previously filter-sterilized 
(thiamine 10 nM, glucose 1%, chloramphenicol 34 mg/L final 
concentrations). The reaction was initiated with the inocu-
lation of the medium with a 2 L overnight culture of B11T 
strain grown in Lysogeny Broth (yeast extract 5 g/L, tryptone 
10 g/L, NaCl 10 g/L). B11T was let to grow until optical den-
sity reached OD600 = 1. Then the inducer reagent isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added to a final 
concentration of 200 μM to trigger transcription of the lac 
operon and thus induce protein expression of the AAS gene 
and let to grow for an additional 3 h. The precursor molecule, 
L-DOPA, was added to a final concentration of 4 mM and 
allowed to bio-transform to HT for an additional 12 h, with 
an expected 1:1 bio-transformation efficiency. By the end of 
the reaction, the B11T cells were separated from the medium 
by a high-speed tubular centrifuge (CEPA) and were frozen 
until purification. All analyses were performed in triplicate 
on aSCIEX UHPLC system consisting of an Exion LC model 
coupled with a QTRAP 4500 Triple quadrupole.

For HT purification, the methodology described by Xynos et 
al. was followed with some modifications. Briefly, XAD-4 resin 
was used for the selected adsorption of HT, while its recovery 
was achieved using isopropanol as an elution solvent. The final 
purification of HT took place using fast centrifugal partition 
chromatography (FCPC), leading to > 95% purity.18

Cell lines

HEK293 (human embryonic kidney 293 cells, 
ATCC®CRL-1573) and HeLa (human cell line derived 
from cervical cancer, ATCC®CCL-2) cells were cultured 
in Dulbecco’s modified eagle medium (high glucose for 
HEK293 and HeLa cells) supplemented with 10% (v/v) fetal 
bovine serum, 2 mM L-glutamine and 1% (v/v) penicillin–
streptomycin (100×: 10,000 units/mL of penicillin and 
10,000 μg/mL streptomycin) in a humidified incubator (5% 
CO2, 95% air) at 37°C.
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Estimation of cell viability by MTT assay

The cells were plated in 96-well plates at a density of 5 × 103 
cells/well and incubated for 24 hours before treatment with 
various concentrations of HT for 24 and 48 h. Cell viabil-
ity was measured after incubation of each well with 50 μL 
of MTT (stock solution of 3 mg/mL) for 3 h. The medium 
was then removed, and the blue formazans were diluted 
with 200 μL of dimethyl sulfoxide (DMSO). Absorbance was 
determined at 570 nm (background absorbance measured at 
690 nm) using a microplate spectrophotometer (Multiskan 
Spectrum, Thermo Fisher Scientific, Waltham, USA). All 
experiments were performed in triplicate.

Quantification of apoptosis by HT using flow 
cytometry

The cells were seeded into six-well plates at a density of 
(5 × 104) cells/well before the addition of HT. After 24 h incu-
bation with HT, the supernatants and cells were collected 
(washed twice with ice-cold phosphate-buffered saline 
[PBS]), centrifuged, and cell pellets at a density of 105/100 
μL were suspended in a cold calcium-binding medium. 
Annexin V-FITC (5 μL) and PI (5 μL) double staining was 
used to quantify apoptosis. Samples remained for 15 min in 
the dark at room temperature. Analysis was performed on 
a fluorescence-activated cell sorting flow cytometer (Partec 
ML, Partec GmbH, Germany).

Determination of cellular reactive oxygen species 
levels

The cells were seeded for 24 h into six-well plates (at a den-
sity of 150 × 103 cells/well) with various HT concentrations 
(2.5–20 μg/mL). Cells were washed (3× PBS) and treated with 
H2O2 (125 μM) and dichlorofluorescin diacetate (DCFH-DA)  
(2.5 μM) in Hanks’ balanced salt solution for 15 min. Cells were 
then incubated with propidium iodide (PI; 1 μg/mL), placed 
on ice, and immediately analyzed on a fluorescence-acti-
vated cell sorting flow cytometer (Partec ML, Partec GmbH, 
Germany). For each sample, 10,000 events were measured.

In vivo effects of orally supplemented HT in CD1 
mice

Male CD-1 mice, 2 months old, with a mean weight of approx-
imately 30 ± 5 g, were used to evaluate the in vivo effects 
of orally supplemented HT. The mice were kept in cages 
(three animals per cage), at room temperature (25°C), under 
12/12 h of light/darkness conditions. Mice chow (Viozois 
S.A., Animal Feed Company of Epirus, Greece) and water 
were provided ad libitum. Experiments were handled with 
humane care, following the European Union directive for the 
care and use of laboratory animals (EEC Directive 2010/63/
EU; University of Ioannina, Approval no. 1657/23-2-2021).

The mice were randomly divided into three groups (10 
animals per group): (1) the control group (CG), (2) the low 

Figure 1.  Hydroxytyrosol production scheme utilizing the activity of a heterologously expressed aromatic acetaldehyde synthase enzyme from Petroselinum 
crispum (PcAAS) and the activity of an endogenous aldehyde reductase (EcALR, red color). L-DOPA is externally supplemented to the cells, which is absorbed and 
transformed into HT.
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HT group (Low HT), and (3) the high HT group (High HT). 
HT was diluted in the drinking water for mice to achieve 
a concentration of 2.5 mg/kg for the Low HT group and 
25 mg/kg for the High HT group per day. The supplementa-
tion period lasted 90 days.

Toxicological evaluation

All animals were euthanized using the approved by the 
Presidential Decree (56/30-4-2013) and EEC Directive 
(2010/63/EU) protocols at the end of the supplementation 
period and an autopsy was immediately performed. Mice’s 
liver and kidneys were dissected and fixed in 10% buffered 
formalin. The samples were sent to the University Hospital 
of Ioannina for a histological evaluation by an experienced 
pathologist.

Effects of HT on catalase activity and glutathione 
levels

Blood was collected at the beginning (Day 0) and the end 
(Day 90) of the supplementation period. Blood samples were 
centrifuged at 3000 r/min for 20 min to separate the plasma 
from the red blood cells. All samples were stored at −80°C 
until use, to preserve long-term stability of the enzymes and 
other biochemical markers of the blood.19–21 The activity of 
catalase as well as glutathione (GSH) levels in mice plasma 
were determined utilizing spectrophotometry using the 
Megazyme Catalase Assay kit (Product Code: K-Catal) and 
the Sigma-Aldrich Assay kit (CS0260), respectively.

Detection of the Nrf2/Keap1 signaling pathway

For the detection of the protein expression of the key mol-
ecules of the Nrf2/Keap1 signaling pathway, analysis using 
Western blotting of both cell and tissue extracts was executed 
as previously described.22 Briefly, cells treated with different 
concentrations of HT and/or H2O2, as well as control cells, 
were harvested, washed with PBS and then resuspended in 
RIPA Lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 
1% (w/v) Sodium deoxycholate, 0.1% (w/v) SDS, 1% (v/v) 
Triton-X-100, also containing 1 mM PMSF, 1 μg/mL leupep-
tin and 1 μg/mL pepstatin).

Hepatic tissue extracts from experimental animals admin-
istered with two different doses of HT (2.5 and 25 mg/kg 
body weight/day) for 90 days or water (control animals) 
were also prepared as previously described.23 Hepatic tis-
sues were homogenized with a tissue grinder with a mortar 
(Wheaton #358005) in Urea extraction buffer (125 mM Tris-
HCl pH 6.8, 4 M Urea, 1 mM PMSF, 1 mM EDTA, 1 μg/mL 
leupeptin, 0.5 μg/mL pepstatin) at a rate of 10 μL for each 
mg of tissue. Then, total protein extracts were obtained after 
sonication for 30 s and centrifugation at 12,000 g for 5 min at 
4°C.

In addition, nuclear protein samples were extracted from 
the hepatic tissues of the experimental animals or HeLa 
and HEK-293 cells with a Nuclear Extraction Kit (Abcam, 
ab113474) according to the manufacturer’s protocol.

Cell and nuclear extract lysates were prepared, and then 
mixed with SDS (sodium dodecyl sulfate) Sample Buffer 

(containing 62.5 mM Tris-HCl, 3% (w/v) SDS, 10% (v/v) 
glycerol, 5% (v/v) 2-mercaptoethanol, 0.01% (w/v) bromo-
phenol blue) until a final concentration of 1×, and boiled for 
5 min. After boiling, protein extracts (20 μg/sample) were 
analyzed with 10% SDS-polyacrylamide gel electrophoresis 
and subjected to Western blotting analysis using PVDF (pol-
yvinylidene difluoride) membranes (Hybond P, Amersham). 
Then, blots were blocked in 10% dry fat milk in PBS for 1 h 
at room temperature, followed by overnight incubation at 
4°C with the primary antibody in 3% bovine serum albumin 
(BSA) in PBS. After rinsing with Tris-buffered saline/Tween 
20, blots were incubated with the peroxidase-conjugated 
secondary antibody (anti-mouse IgGk-HRP, dilution 1:5000, 
Santa Cruz Biotechnology, sc-516102 and anti-rabbit IgG-
HRP, dilution, 1:3000, Pierce/Thermo Fisher Scientific, cat. 
no. 31460) for 1 h at room temperature. For the detection of 
the protein expression, the enhanced chemiluminescence 
method (Pierce, SuperSignal West Pico, Chemiluminescent 
Substrate CA 47079 – Clarity Western ECL Substrate, 500 ml 
#1705061) was used. The antibodies used were an anti-Nrf2 
(dilution 1:1000, Rabbit mAb, Cell Signaling Technology, 
#12721) and an anti- HO-1 (1:1000, Rabbit mAb, Cell Signaling 
Technology, #43966) antibody. Also, anti- α-tubulin (1:5000, 
Mouse mAb, Santa Cruz Biotechnology, sc-5286) and anti-
GAPDH (1:4000, Rabbit mAb, Cell Signaling Technology, 
#2118) antibodies were used as markers for the equal loading 
of samples.

Statistical analysis

Data are expressed as mean ± SD. Statistically significant dif-
ferences between data means were determined by one-way 
analysis of variance, and the Student’s t-test was used for 
statistical evaluation of differences between groups, at dif-
ferent time intervals (SPSS version 20.0, Statistical Package 
for the Social Sciences software, SPSS, Chicago, IL, USA). The 
values of p < 0.05 were considered significant. The GraphPad 
Prism 8 software was used for creating the figures.

Results

Biotransformation of L-DOPA to HT

The metabolically engineered E. coli strain B11T was 
employed to bio-transform 114.4 g of L-DOPA (4.8 mM) into 
HT in four successive batches of 30 L cultivations. The pre-
cursor was fed into the bioreactor and after about 24 h, 67.52 
g of HT (3.64 mM) was produced giving a yield of 76% (see 
Figure 2). The medium collected from four batches was fro-
zen until purification.

HT exerted a potent cytotoxic effect

HT exerted a dose- but mainly time-dependent cytotoxicity 
against HEK293 cells. Cell viability remained well above 70% 
at the highest concentration (100 μg/mL) for the first 24 h of 
incubation. However, the prolongation of cell exposure to 
HT resulted in a steep decrease in cell survival as the doses 
of HT increased. Thus, a similar IC50 value to HeLa cells 
was estimated for HEK293 (21.9 ± 4.2 μg/mL and 25.1 ± 8.5 
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μg/mL, respectively). The dose-dependent effect of HT on 
HeLa cells was evident after 24 h (IC50 40.8 ± 5.2 μg/mL) of 
incubation whereas the extension of exposure to HT resulted 
in slightly lower rates of cell viability (IC50 21.9 ± 4.2 μg/mL) 
(see Figure 3).

HT induced higher levels of apoptosis in cancer 
than in normal cells

HT induced apoptosis to a greater extent in HeLa cells than 
HEK293 (Figure 4(A) and (B)). The apoptotic effect was dose-
dependent for both cell lines as shown in Figure 4(C) and 
(D). Initiation of apoptosis for HeLa cells was already visible 
at 24 h for doses higher than 20 μg/mL. At 48 h, apoptosis 
was increased 9× for HeLa cells after exposure to 50 μg/mL, 
compared to 3× for HEK293 cells (see Figure 4(B)).

HT inhibited hydrogen peroxide-induced reactive 
oxygen species formation

The ability of HT to scavenge intracellular reactive oxygen 
species (ROS) was investigated after staining the cells with 
the DCFH-DA fluorescent dye and utilizing flow cytometry. 
Exposure to hydrogen peroxide increased intracellular ROS 
formation by 30%. The preincubation of HeLa cells with HT 
resulted in a dose-dependent decrease in ROS formation. At 
20 μg/mL, HT not only managed to scavenge all the ROS 
generated by H2O2 but also ROS generated physiologically 
inside the cells; this was also seen for HEK293 cells at 5 μg/
mL (135% reduction of the mean fluorescence intensity gen-
erated by H2O2). However, at higher doses (10 and 20 μg/
mL), HT completely abolished its ability to scavenge ROS 
(only a 10% reduction was recorded; see Figure 5).

Detection of the Keap1/Nrf2 signaling pathway 
after incubation with HT

Next, the identification of the mechanisms of the action 
exerted by HT, and the potential activation of the Keap1/
Nrf2 signaling pathway were examined. For this purpose, 
the non-toxic concentrations of 5 and 10 μg/mL HT were 
initially chosen, and HeLa and HEK-293 cells were incubated 
for 24 and 48 h. For a better study of the antioxidant capacity 
and the protective effect of HT, cells were also exposed to a 
mild toxicity concentration of 250 μM H2O2 for 24 h after pre-
incubation with 5 and 10 μg/mL HT for 24 and 48 h.

After treatment, SDS-PAGE electrophoresis and Western 
blot analysis showed that incubation of HeLa and HEK-
293 cells with HT-induced protein expression of Nrf2 and 
HO-1 in both time intervals (24 and 48 h) used in our experi-
mental protocol. Expression of Nrf2 and HO-1 seemed to 
increase after cell incubation only with 250 μM H2O2 for 
24 h, and when cells were incubated with HT for 24 and 48 
h, the increase in the expression of both proteins was even 
greater. Also, preincubation of both cell lines with HT before 
H2O2 exposure raised the expression of Nrf2 and HO-1 to a 
greater extent. According to our results, the effect of HT on 

Figure 2.  Time course presenting the biotransformation of L-DOPA into HT in a 
30 L bioreactor.
On the vertical axe, the millimolar concentration of HT and L-DOPA are 
referred (mM).

Figure 3.  Cell viability of HeLa and HEK293 cells treated with 1–100 μg/mL HT 
for (A) 24 and (B) 48 h. The results were normalized with the unexposed control.
Data are presented as mean ± standard deviation. All experiments were 
performed in triplicates.
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protein expression of Nrf2 and HO-1 seemed to be exerted 
in a dose- and time-dependent manner. The highest protein 
expression levels were observed at the concentration of  

10 μg/mL HT when administered to both cell lines for 24 
and 48 h before exposure to H2O2, as Nrf2 and HO-1 expres-
sion was increased more than four- to fivefold compared to 
control cells (see Figures 6 and 7). A comparison of the two 
cell lines showed that expression of Nrf2 and HO-1 was 
raised in HEK-293 cells in a comparable way to HeLa cells 
under the same incubation conditions. This increase was 
much more pronounced for Nrf2 protein levels, and it was 
not statistically significant in the HO-1 expression.

We then examined the potential HT-mediated transloca-
tion of Nrf2 to the nucleus. After extraction of nuclear lysates 
from HeLa and HEK-293 cells treated with 5 and 10 μg/mL 
HT for 24 and 48 h or incubated with the same HT concen-
trations before exposure of cells to 250 μM H2O2 for 24 h, an 
induction of Nrf2 expression in the nucleus was observed 
for both concentrations of HT and the corresponding time 
intervals used. Treatment of both cell lines with HT increased 
Nrf2 expression in the nucleus, and this increase was more 
evident after incubation of cells to 5 and 10 μg/mL HT for 
24 and 48 h, followed by exposure to 250 μM H2O2 for 24 h. 
Nuclear Nrf2 expression levels were higher at the concen-
tration of 10 μg/mL HT for both time intervals when incu-
bated either alone or before H2O2. Under these conditions, 
Nrf2 expression increased about three to four and five to 
six times compared to the control cells in HeLa and HEK-
293 cells, respectively (see Figure 8). Comparing the nuclear 

Figure 4.  HT induces apoptosis in HeLa cells. (A) Initiation of apoptosis is more evident in HeLa than in HEK293 cells. (B) A steep increase in the apoptotic HeLa cell 
population at 50 μg/mL. (C) Dose-dependent effect of HT in HEK293 cells. (D) Dose- and time-dependent effect of HT in HeLa cells.
Data are presented as mean ± standard deviation. All experiments were performed in triplicates.

Figure 5.  Reactive oxygen species (ROS) in HeLa and HEK292 cells measured 
by flow cytometry after staining with DCF-DA. Cells were pre-treated with 2.5–20 
μg/mL HT for 24 h and exposed to 125 μM H2O2.
Data are presented as mean ± standard deviation. All experiments were 
performed in triplicates.
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Figure 6.  HT increases Nrf2 and HO-1 protein expression of HeLa cells. (A) Representative bands from total Nrf2 and HO-1 proteins. Pre-treated with HT for (B) 24 
and (C) 48 h with/without exposure to H2O2 increased the expression of HO-1. Pre-treated with HT for (D) 24 and (E) 48 h with/without exposure to H2O2 also led to a 
similar Nrf2 increase in HO-1 expression.
aStatistically significantly different from negative control.
bStatistically significantly different from positive control.
cStatistically significantly different between (–) and (+)-H2O2 at the same dose. Data are presented as mean ± standard deviation. All experiments were performed in 
triplicates.
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Figure 7.  HT increases Nrf2 and HO-1 protein expression of HEK293 cells. (A) Representative bands from total Nrf2 and HO-1 proteins. Pre-treated with HT for (B) 
24 and (C) 48 hours with/without exposure to H2O2 increased the expression of Nrf2. Pre-treated with HT for (D) 24 and (E) 48 h with/without exposure to H2O2 also 
increased HO-1 expression but at a lower rate than Nrf2.
aStatistically significantly different from negative control.
bStatistically significantly different from positive control.
cStatistically significantly different between (–) and (+)-H2O2 at the same dose. Data are presented as mean ± standard deviation. All experiments were performed in 
triplicates.
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Figure 8.  HT induces Nrf2 translocation into nuclei of (A, B, C) HeLa and (D, E, F) HEK293 cells. (A) Representative bands from nuclear Nrf2 in HeLa cells. Pre-
treatment with HT for (B) 24 and (C) 48 h and exposure to H2O2 triggered the translocation and accumulation of Nrf2 in nuclei. (D) Representative bands from nuclear 
Nrf2 in HEK-293 cells. Pre-treatment with HT for (E) 24 and (F) 48 h and exposure to H2O2 triggered the translocation and accumulation of Nrf2 in nuclei at higher 
rates than in HeLa cells.
aStatistically significantly different from negative control.
bStatistically significantly different from positive control.
cStatistically significantly different between (–) and (+)-H2O2 at the same dose. Data are presented as mean ± standard deviation. All experiments were performed in 
triplicates.
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expression of Nrf2 between the two cell lines, a statistically 
significant rise in HEK-293 cells, compared to HeLa cells 
under the same treatment conditions, was observed.

Effect of HT on CD-1 mice body weight and liver 
and kidney toxicity

During supplementation, the Low and High HT groups’ 
weight gain was similar to the control group as can be seen 
in Figure 9. The mice rapidly increased their weight until 
week 7; thenceforth, their weight was stabilized at around 
40 g (see Figure 9(A)). The mean weight gain for each group 
was calculated at 23 g (see Figure 9(B)).

Evaluation of liver and kidney sections stained with H&E 
revealed no significant pathological features (see Figure 10). 
These results suggest that intake of HT for 90 days does not 
induce any specific toxicity in the liver and kidney organs of 
CD-1 mice at a dose of 25 mg/kg body weight/day.

Supplemental HT maintained catalase activity but 
decreased GSH levels in CD-1 mice

As shown in Figure 11(A), catalase activity in Low and 
High HT Groups remained constant throughout the sup-
plementation period. Although a trend for an increase was 
noted in the High HT group with respect to catalase activity 
(12% increase), no statistically significant differences were 
detected.

Total GSH levels were similar in both groups and compa-
rable to the control group at the beginning of the supplemen-
tation period. At the end of the study, a significant decrease 
(p < 0.05) was noted in both HT-supplemented groups. 
Interestingly GSH levels were 49% lower in the low-dose 
group and 15% in the high-dose group. The concentration of 
post-supplementation total GSH for the low-dose group was 
also statistically different (significantly lower) compared to 
the high-dose group (p < 0.05; see Figure 11(B)).

In vivo activation of the Keap1/Nrf2 signaling 
pathway after incubation with HT

In the next step of our research, we aimed to confirm the 
protective effect of HT on the hepatic tissues of experimen-
tal animals, and the identification of the potential pathway 
through which HT exerts its action. For this purpose, liver 
tissues from mice of all groups were isolated after admin-
istration with two different doses of HT (2.5 and 25 mg/kg 
body weight per day) or only with water (control mice) for 
90 days. After total protein extraction from the hepatic tis-
sues of the animals, protein cell extracts were analyzed with 
SDS-PAGE/Western blotting/ECL system, using specific 
antibodies against Nrf2 and HO-1. According to our results, 
an increased expression of Nrf2 protein in liver tissues 
from mice that were administered with both doses of HT 
compared to control mice was observed. Correspondingly, 
induction of the expression of HO-1 protein was observed 
in liver tissues of the group of mice that were administered 
with both the low and the high dose of HT compared to the 
control group of mice (see Figure 12(A) and (B)).

The increase in protein levels of both Nrf2 and HO-1 
appeared to be more intense when mice were administered 
with the high dose of HT compared to the low dose, but this 
difference was not statistically significant. Administration 
with the low dose of HT to mice induced the Nrf2 and HO-1 
expression about two to three times, while a high dose of 
HT caused a three- to fourfold increase in the protein levels 
of Nrf2 and HO-1 compared to the control group. In addi-
tion, HT seemed to induce Nrf2 expression in the nucleus of 
hepatic cells of the experimental animals after daily admin-
istration with the two HT doses for 90 days. A significant 
change was observed in the nuclear levels of Nrf2, with its 
expression being increased by approximately five and nine 
times in relation to the control group after administration 
with the low and the high dose, respectively. This difference 
between the two doses used in our experimental protocol 
concerning the nuclear Nrf2 expression was statistically sig-
nificant (p < 0.05; see Figure 12(C) and (D)).

Discussion

Several in vitro and in vivo studies have shown that HT (and 
also its main precursor, oleuropein) have a wide spectrum 
of biological effects, which are characterized as beneficial 
for human health. The most important effects of HT are 
reported to be its anti-atherogenic, anticancer, antidiabetic, 
antithrombotic, and cardioprotective activity, and the effi-
cient amelioration of cardiovascular and hepatic structure 
and function by HT has also been indicated.24,25 Based on 

Figure 9.  (A) Weight change of mice during supplementation period. (B) Mean 
weight gain in each group.
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these properties, HT’s potential clinical application is under 
investigation with several phase 2 or 3 clinical randomized 
trials aiming to verify that the findings from the in vitro 
experiments and animal studies can be translated into prac-
tical clinical recommendations26 and HT supplementation 
could be widely used for the prevention and/or treatment 
of chronic diseases.

As we mentioned above, the extraction of HT from natu-
ral sources is an expensive process; thus, cheap and reliable 
methods that can produce high amounts of pure HT with 
minimal cost, will be of the utmost importance. Herein, we 
report for the first time that HT produced by a metabolic engi-
neering strategy in E. coli strains increases the expression of 
Nrf2 with an analogous elevation in its nuclear translocation, 

Figure 10.  Representative histological images of liver and kidney tissue samples (40× magnification, scale bar 20 μm). Tissue sections were stained with 
hematoxylin–eosin.
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which results in an enhanced expression of HO-1. The Nrf2 
role emerges in the regulation of oxidative stress caused by 
the excess production of ROS in the body cells. Total Nrf2 
expression and nuclear translocation were more pronounced 
in HEK293 than in HeLa cells; however, HO-1 response was 
found to be similar in both cell lines. Exposure of cells to 
oxidative stress (H2O2 for 24 h) magnified the effect of HT 
on the expression of Nrf2 and subsequently on HO-1. Thus, 
HT could activate the Nrf2 pathway in vitro, playing a crucial 
role in the antioxidant defense, since it interacts with the 
antioxidant response element that controls oxidant homeo-
stasis. However, according to the literature, the effect of HT 
on Nrf2 activity varies between studies and cells. A recent 
study showed that HT (50–150 μM) reduces the expression 
of Nrf2 in human colorectal cancer cells (LS180) whereas a 
study from 2011 found no effect of HT on Nrf2 expression in 

breast cancer cell lines MDA-MB231 and MCF7.27 However, 
in the same study, HT increased the expression of Nrf2 in a 
normal epithelial cell line MCF10A.

Several cell studies have shown that substances with 
antioxidant properties may upregulate antioxidant defenses 
(activity of antioxidant enzymes) and also induce the death 
of cancer cells.27,28 The upregulation of antioxidant defenses 
is correlated with the production of ROS by HT; thus, HT 
acts mainly as a prooxidant in these cell studies and triggers 
an enhanced response from the antioxidant enzymes. On 
the contrary, HT antioxidant properties may also favor the 
balance of ROS levels in cells. Indeed, our results revealed 
that HT effectively reduces H2O2-generated ROS at concen-
trations ranging up to 20 μg/mL in HeLa cells. The same 
effect was seen in HEK293 cells but only at concentrations 
ranging up to 5 μg/mL; at higher concentrations, the anti-
oxidant ability of HT was completely abolished. Flow cytom-
etry revealed that HeLa cells were more susceptible to the 
apoptotic effect of HT than HEK293 cells. Moreover, short-
term exposure (24 h) to HT affected HeLa cell viability to a 
greater extent than that of HEK293 cells. In a recent study, it 
was shown that the deactivation of ROS by GPx3 regulates 
the MKP3-Erk-NF-κB-cyclin B1 signal cascade, which sup-
presses the proliferation of lung cancer cells.29 A potentially 
similar effect could be exerted by HT in Hela cells; however, 
this assumption must be verified by further studies.

Boosting Nrf2 activity protects experimental animals 
from oxidative damage.30 We demonstrated that sup-
plementation of mice with HT caused a dose-dependent 
increase in the expression of Nrf2, its nuclear transloca-
tion and thus, HO-1 expression in liver tissue. Moreover, 
we noted a slight non-statistically significant increase in 
catalase activity of CD-1 mice supplemented with HT (low 
and high doses). HT can upregulate catalase activity in 
vitro31 and a recent clinical study showed that this upregu-
lation of catalase is also feasible in the blood of volunteers 
2 h after they were given phenol-rich extra virgin olive oil 
(that contained 9.4 mg of HT).32 Chronic supplementation 
of C57BL/6J male mice with 5 mg HT/day (for 12 weeks) 
did not improve hepatic catalase activity nor did it increase 
GSH hepatic content,33 but acute (12 h after measurement) 
intraperitoneal injection of male BALB/c mice with 10 mg/
kg HT (~0.25 mg per animal) significantly increased hepatic 
activity of catalase.34

We also measured total GSH levels in mice blood. GSH is 
found in most tissues and protects cells (hepatocytes, eryth-
rocytes, and so on) from toxic injury, which is caused by 
ROS and reactive nitrogen species (RNS).35 Specifically, GSH 
scavenges ROS and RNS directly and indirectly through 
enzymatic reactions. Exposure of C2C12 myoblasts and 
EA.Hy926 endothelial cells to 10–25 μg/mL HT for 24 h has 
been shown to increase GSH levels.36 Numerous studies 
using experimental rodent models of diabetes demonstrated 
that administration of various doses of HT in different ways 
(orally, intraperitoneally, gavage) can effectively increase the 
activity of superoxide dismutase (SOD) and catalase in the 
liver, kidney, pancreas, and blood, and GSH concentration 
in the pancreas and liver.37 Notably, a very steep decrease 

Figure 11.  (A) Catalase activity in the plasma of CD1 mice before and after oral 
supplementation with 2.5 mg/kg/day (low dose) and 25 mg/kg/day (high dose) for 
90 days. (B) Glutathione level in the plasma of CD1 mice before and after oral 
supplementation with 2.5 mg/kg/day (low dose) and 25 mg/kg/day (high dose) for 
90 days.
aStatistically significantly different from the Control Group.
bStatistically significantly different from pre-supplementation levels within the 
same Group. Data are presented as mean ± standard deviation. All experiments 
were performed in triplicates.
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in GSH levels (50%) and a minor one (13%) were seen in the 
low- and the high-dose groups of our in vivo experiment, 
respectively. GSH depletion could reflect increased levels 
of oxidation. Reports are pointing to the interpretation that 
decreased GSH concentrations are due to the conjugation of 
flavanols (such as catechin and epigallocatechin-3- gallate) to 
reduced GSH.38–40 Whether something similar applies to HT 
remains to be investigated.

In summary, we have shown that HT, a natural product 
of olive tree and its leaves as well as a by-product obtained 
from the manufacturing of olive oil, biosynthesized and 
purified to > 95% purity, from genetically modified E. coli 
strains scavenges ROS in vitro by activating the Nrf2/HO-1 
signaling pathway, thereby protecting cells against oxida-
tive stress. The same positive effect of HT on the liver tis-
sues of mice and the possible activation of the Nrf2/HO-1 
signaling pathway with the potential release and transloca-
tion of Nrf2 to the nucleus was concluded, which seems to 
be following our in vitro research. Nonetheless, the mild 
increase in catalase activity and the decrease in GSH levels 
in mice plasma warrants further investigation to identify 

a potential multifactorial effect of HT on the antioxidant 
network regulation.
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