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Abstract
To expand the application of tyrosol, a series of lipophilized tyrosol derivatives were synthesized via esterification of tyrosol
with fatty acids of different chain lengths. The antiglycative activity of tyrosol esters so prepared was subsequently examined
in the bovine serum albumin/glucose system. A quasi-parabolic shape was observed when the activity was plotted against
alkyl chain length. Additionally, the anti-inflammatory effects of these derivatives were evaluated against methylglyoxalinduced inflammation in RAW264.7 cells. The same trend on anti-inflammatory activity was found as in the antiglycation
study. The results showed that tyrosol esters with C12:0 and C14:0 were two most efficient ones among all the tested
derivatives. Thus, some lipophilized tyrosol derivatives were stronger antiglycative and anti-inflammatory agents compared to
the parent compound, tyrosol.
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Introduction
Glycation is a non-enzymatic reaction between reducing
sugars and proteins, forming an unstable Schiff base
which rearranges to a relatively stable Amadori product
(Yan et al. 2003). Glycation occurs in living organisms
under normal and pathological conditions. Once Amadori product is formed, it follows a further reaction to
produce dicarbonyl intermediates as precursors (Ahmed
and Thornalley 2003). Advanced glycation end products
(AGEs) are the outcome of glycation process with crosslinked and fluorescent structures (Luevano-Contreras
and Chapman-Novakofski 2010). AGEs are found in different types of cells, particularly during aging and chorionic disorders such as diabetes and Alzheimer’s disease
(Yamagishi and Matsui 2016). Besides, excessive accumulation of AGEs is thought to etiologically contribute
to chronic pathologies (Crisostomo et al. 2013; Ramasamy et al. 2005).
Methylglyoxal (MGO), a well-known precursor of
AGEs, is generated in cells during oxidation of glucose as
well as lipids (Thornalley 2005). MGO has been found in
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various tissues, where they may be involved in some detrimental processes, particularly under hyperglycemic conditions. MGO may interact with cellular proteins or
extracellular matrix proteins to form AGEs, and impair
the function of proteins, leading to cellular dysfunction
like inflammation response (Cantero et al. 2007; Vulesevic
et al. 2016). Therefore, strategies for preventing AGEs formation and AGEs/MGO-induced dysfunction have
attracted much interest in recent years. Some polyphenolic compounds have previously been investigated to
inhibit the formation of AGEs and show protective effect
against AGEs-induced oxidative stress and inflammation
(Wang et al. 2016).
Tyrosol (2–(4-hydroxyphenyl) ethanol, TY) is a phenylethanoid present in numerous natural plant sources,
particularly in olives and olive oil (Tuck and Hayball
2002). Tyrosol is proven to have beneficial functions related to its antioxidant, antiglycative, cardio-protective
and anti-inflammatory properties (Bertelli et al. 2002;
Muriana et al. 2017; Zhou et al. 2017). As a phenolic
compound, the biological activities of tyrosol depend on
both the intake level and bioavailability. Esterification
has recently been applied to certain phenolic compounds
including tyrosol, in order to improve their hydrophobicity and efficiency in lipid systems (Wang et al. 2016).
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Several research efforts have been made on the synthesis
of phenolipids from tyrosol and evaluation of their bioactivities. However, these studies have focused primarily
on their antioxidant or antimicrobial properties and little
is known about their antiglycative and anti-inflammatory
properties.
To better understand the application of tyrosol, a series
of tyrosol esters were synthesized by esterification of tyrosol with different fatty acids. These fatty acids varied in
their chain length from 6 to 18 carbon atoms, including
saturated, monounsaturated and polyunsaturated fatty
acids. In the present study, we aimed to investigate
whether esterification of tyrosol would alter its antiglycative activity via a protein glycation system, and the antiinflammatory effect in an MGO-induced inflammation
cell model.

Materials and methods
Chemicals

Tyrosol, bovine serum albumin (BSA), aminoguanidine,
Methylglyoxal were purchased from Sigma-Aldrich (St
Louis, MO, USA). D-Glucose was purchased from Aladdin (Shanghai, China).
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Cell culture and determination of cell viability

RAW 264.7 macrophages from American Type Culture
Collection were cultured in DMEM containing 10% fetal
bovine serum at 37 °C and 5% CO2. A cell suspension
was prepared and added into a 96-well plate at a concentration of 2 × 105 cells/mL. To determine the toxicity
of MGO, 0–1000 μΜ of MGO was added. To determine
the cytoprotective effects of chemicals, the cells were
pretreated with AG, tyrosol and tyrosol ester derivatives
at a given concentration for 12 h, and then switched to a
medium containing 1000 μΜ MGO to induce toxicity,
followed by incubation for a further 12 h. Cell number
of each well was determined by crystal violet staining.

RNA isolation

RAW264.7 cells were seeded onto a 12-well plate. When
grown to 70% confluence, cells were treated with 2 μΜ
chemicals, including AG, tyrosol and tyrosol esters. After
12 h of pretreatment, 200 μΜ of MGO were added to
cells and incubated for 12 h, which had no effect on cell
proliferation or cell death.
The cells were then harvested, and their total RNA
was isolated by using TRIzol reagent. The RNA concentration was measured with Nanodrop spectrophotometers (Thermo, Wilmington, DE, USA).

Preparation of tyrosol esters

Tyrosol esters were synthesized according to the method
described by Sun et al. (2018). The same products were
also prepared as given here. Briefly, tyrosol and fatty acid
of different chain-length and unsaturation degree
(Caproic acid, caprylic acid, capric acid, lauric acid, myristic acid, palmitic acid, stearic acid, oleic acid, linolenic
acid and eicosapentaenoic acid) were reacted with tyrosol in the presence of Candida antarctica lipase at 40 °C
for 24 h. Any unreacted starting materials, mainly fatty
acids, were removed by using a base extraction process.
Both routes provided identical products with no side
products formed and products were + 99% pure.

Measurement of total fluorescent AGEs

AGEs were measured in an in vitro glycation model with
or without potential inhibitors. Bovine serum albumin
(BSA, 2 mg/mL) was co-incubated with D-glucose (6
mg/L) in 0.1 M phosphate buffer (pH 7). To evaluate inhibition of AGEs, a series of tyrosol esters as well as
aminoguanidine (AG), as a positive control, were added.
The glycation system was incubated at 37 °C for 7 days.
After incubation, the level of AGEs was recorded by
monitoring fluorescence intensity in a multi-mode microplate reader (Synergy 2, Biotek, Winooski, VT, USA),
with excitation and emission wavelengths of 355 and
405 nm, respectively.

Real-time PCR

RNA (1μg) was used for reverse transcription which was
performed with a SuperScript VILO cDNA synthesis kit
(Invitrogen, Carlsbad, CA, USA) with random hexamers,
according to the instruction of the manufacturer. Gene
expression was determined with real time qPCR using
SYBRGreen reagent. Primer sequences are listed in
Table 1.

Statistical analysis

Data were expressed as the mean ± standard deviation
(SD). All statistical analyses were carried out by using
Graphpad Prism 5.0 software. Differences with P < 0.05
were considered to be statistically significant.

Table 1 Primers used for real-time qPCR
Gene

Forward primer

Reverse primer

IL-1β

GCAACTGTTCCTGAACTCAACT

ATCTTTTGGGGTCCGTCAACT

IL-6

AGCCAGAGTCCTTCAGAGAGAT

GCACTAGGTTTGCCGAGTAGAT

iNOS

GGCAGCCTGTGAGACCTTTG

GCATTGGAAGTGAAGCGTTTC

MIP2

CTGTCAATGCCTGAAGACC

CCGGGTGCTGTTTGTTTT

TNF-α

CACCACGCTCTTCTGTCTACTG

CTTTGAGATCCATCGCGTTG

18 s

GTAACCCGTTGAACCCCATT

CCATCCAATCGGTAGTAGCG
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Results
Inhibitory effect of tyrosol and its esters on glycation

The anti-glycative effect of tyrosol has been welldocumented. As previous studies have shown, esterification of EGCG with fatty acids alters its ability for inhibiting glycation (Wang et al. 2016). Therefore, it is
expected that tyrosol esters with different fatty acids
would likely have different activities compared to the
parent molecule. Figure 1 presents the anti-glycative activities of tyrosol and its esters, as evaluated by the
change of fluorescent AGEs in the BSA/glucose system.
Tyrosol showed an 8.27% inhibition on total AGEs formation. Different esters with fatty acids enhanced or
suppressed the inhibitory effects compared with the parent tyrosol molecule. Among these derivatives, esters of
tyrosol with C10:0, C12:0, C14:0 and C18:1 enhanced
the inhibition of AGEs formation, compared with the
parent tyrosol molecule. Meanwhile esters with C6:0,
C8:0, C16:0, c18:0 and C18:1 exhibited lower antiglycative activities than tyrosol. Esters with C18:3 had no
anti-glycation effects, even stimulating AGEs formation
when compared to the control. The relationship of the
antiglycative efficiency and the fatty acid chain length
was nonlinear, but quasi-parabolic.

Cytoprotective effect of tyrosol and its esters in MGOtreated RAW264.7 cells

The cytotoxicity of MGO at concentrations of 0–1000
μΜ in cells was first examined. As shown in Fig. 2a,
MGO showed no significant effect on cell number
and morphological change at low concentrations (0–
600 μΜ). Treatment with MGO at higher concentrations (600–1000 μΜ) caused a cytotoxic effect, acting
in a dose-dependent manner. To determine the potential cytoprotective effect, 1000 μΜ MGO was used
to induce cell death. Among those compounds which
showed inhibitory effect on glycation, tyrosol esters
with C12:0 and C14:0 showed significant cytoprotective activity and the cell viabilities were increased by
29.4 and 30.4% compared with MGO-treated cells
(Fig. 2b).

Page 3 of 7

Inhibition of gene expression of pro-inflammatory
cytokine in MGO-treated RAW264.7 cells

RAW264.7 cell line is widely used to study inflammation
event under certain conditions and treatment with different chemicals. In this study, the nontoxic concentration, 200 μΜ of MGO was chosen for stimulation of
inflammation in RAW264.7 cells. Typical proinflammatory cytokines, such as tumor necrosis factorα (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL6) were examined on gene expression level to evaluate
whether MGO could induce inflammation. Figure 3
shows that with MGO treatment, TNF α and IL-1β
mRNA were dramatically evoked (P < 0.01), but IL-6 did
not significantly increase. Taken together, MGO at 200
μΜ was able to induce some inflammatory response in
RAW264.7 macrophages. To evaluate the antiinflammatory effect of tyrosol esters, the cells were pretreated with them to see whether they could attenuate
the inflammation induced by MGO. As shown in Fig. 3a,
all tyrosol esters were more effective in reducing TNF α
mRNA expression than the parent compound, tyrosol,
especially for esters with C12:0 (56.0% decrease of
MGO-treated group, P < 0.01), C14:0 (51.4% decrease of
MGO-treated group, P < 0.01) and C18:1(42.3% decrease
of MGO-treated group, P < 0.05). The same trend was
observed in IL-1β mRNA expression. Except for esters
with C18:1, other esters had stronger inhibiting capacity
on IL-1β gene expression than tyrosol (Fig. 3b). For IL-6
mRNA, the parent tyrosol showed stronger inhibitory effect (75.8% decrease of MGO-treated group, P < 0.01)
than its esters with different fatty acids (Fig. 3c). Interestingly, although tyrosol ester with C18:3 could not inhibit AGEs formation, as shown in Fig. 1, it could
significantly reduce the mRNA expression of some inflammatory cytokines, such as IL-1β and IL-6 (Fig. 4).
Inhibition of iNOS and MIP-2 mRNA in MGO-treated
RAW264.7 cells

In macrophages, chemokines are also involved in inflammation. To systemically evaluate the anti-inflammatory
effects of tyrosol esters, other important inflammation
mediators including Macrophage Inflammatory Protein

Fig. 1 Inhibitory effect of tyrosol and its esters on glycation. The antiglycation assay was performed in a BSA/glucose model with 100 μΜ of aminoguanidine
(AG), tyrosol and its esters. Data are means of duplicates from three separate experiments. *P < 0.05. Ty, tyrosol
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Fig. 2 Cytoprotective effect of tyrosol and its esters in MGO-treated RAW264.7 cells. a Effect of MGO on cell viability was determined at treatment
of 0, 200, 400, 600,800 and 1000 μΜ for 24 h. b Cells were pretreated with 2μΜ of tyrosol and tyrosol esters for 12 h, and then incubated with
1000uM of methylglyoxal (MGO) for another 12 h. Data expressed as means of three experiments. *P < 0.05, vs. control. Ty, tyrosol; Ctrl, control

2 (MIP-2) and inducible nitric oxide synthase (iNOS)
were also analyzed. MIP-2, a chemokine, plays a key role
in the recruitment and activation of inflammatory cells
under certain conditions (De Filippo et al. 2008). In the
present study, MGO did not alter the expression of
MIP-2 mRNA. Tyrosol and its esters decreased MIP-2
mRNA moderately, only esters with C14:0 showed a significant inhibitory effect on MIP-2 expression (46.8% decrease of MGO-treated group, P < 0.05). Nitric oxide

(NO) is a signaling molecule which mediates many aspects of inflammatory responses. iNOS is the principal
enzyme involved in NO production, responsible for
high-level NO synthesis (Förstermann and Sessa 2012).
Therefore, iNOS mRNA was also measured and found
to be significantly triggered (3.26-fold, P < 0.05) by
MGO treatment. Tyrosol and all its esters significantly
reduced iNOS mRNA expression to varying degrees.
Among them, tyrosol esterified to C12:0 and C14:0 was

Fig. 3 Tyrosol and its esters inhibited the gene expression of pro-inflammatory cytokines in MGO-treated RAW264.7 cells. Cells are pretreated
with 2μΜ of tyrosol and tyrosol esters for 12 h, then treated with 200uM MGO for another 24 h. The total RNAs were transcribed and amplified by
qPCR. The mRNA expression of TNF-α (a), IL-1β and IL-6 (c) were normalized by 18 s with control. Data expressed as means of triplicates from
three experiments. *P < 0.05, vs. control. Ty, tyrosol; Ctrl, control
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Fig. 4 Tyrosol and its esters inhibited iNOS (a) and MIP-2 (b) gene expression of in MGO-treated RAW264.7 cells. Cells are pretreated with 2μΜ of
tyrosol and tyrosol esters for 12 h, then treated with 200uM MGO for another 24 h. The total RNAs were transcribed and amplified by qPCR. The
data were normalized by 18 s with control. Data expressed as means of triplicates from three experiments. *P < 0.05, vs. control. Ty, tyrosol;
Ctrl, control

more effective than tyrosol, with 63.9 and 66.6% (P <
0.01) decrease of MGO-treated group, respectively.

Discussion
Olive and its products are an integral part of the Mediterranean diet and might confer health benefits due to
the inclusion of monounsaturated fatty acids and polyphenols. Tyrosol is one of the most abundant phenolic
compounds found in olive oil (Richard et al. 2011) and
the presence of tyrosol esters in olive oil was more recently documented (Lee et al. 2016). Furthermore, the
esters of tyrosol were found to undergo hydrolysis in rat
gut sac model, hence releasing tyrosol to render its effects (Yin et al. 2018). However, the biological functions
of lipophilic tyrosol esters are not yet well elucidated.
Thereby, a series of tyrosol fatty acid esters with different chain length from C6 to C18 were synthesized and
their antiglycative and anti-inflammatory effects investigated for the first time to clarify the relationship of
structure (such as carbon number and degree of unsaturation) and their bioactivities.
Concerning the antiglycative activities, esters of tyrosol
with C10:0, C12:0, C14:0 and C18:1 were most effective
in inhibiting AGEs formation compared with the parent
tyrosol. In the present study, a quasi-parabolic shape
was displayed for the whole series of tyrosyl esters, when
activity was plotted against alkyl chain length. This
phenomenon is also known as cut-off effect, which
means the efficiency of the compounds increases concomitantly with the increase of their hydrophobic parts
up to a certain chain length and then begins to decrease
(Costa et al. 2015). Similar trends were also reported
studying the structure-activity relationship of other phenolipids with antioxidant capability. A parabolic dependency was observed in an antioxidant experiment with
emulsion systems for chlorogenic acid alkyl esters, where
phenolic dodecyl ester exerted the maximum antioxidant

activity (Laguerre et al. 2009). In another study with rosmarinic acid alkyl esters, the maximum antioxidant activity was found in the corresponding phenolic octyl
ester (Panya et al. 2012). Oh and Shahidi (2018) found
that resveratrol octyl ester showed the highest antioxidant activity in bulk oil system.
MGO is generated by glycation during cell metabolism, such as oxidation of glucose and lipids, and MGO
can also be formed in our foods, particularly in thermally processed products and fermented foods. This
dicarbonyl compound is very reactive and causes protein
crosslinking, ultimately leading to the formation of
AGEs (Baynes and Thorpe 2000; Cantero et al. 2007).
Abnormal accumulation of MGO in the body evokes
glycative stress, which might cause carbonylative damage
to lipids, proteins and DNA and lead to cell and tissue
dysfunction. One of the biological consequences of glycative stress is chronic inflammation (Lin et al. 2016;
Vulesevic et al. 2016). Recent studies indicate that blocking of AGEs formation by antiglycative agents is an efficient means to prevent the dysfunction caused by AGEs.
Since tyrosyl esters exerted good potentials on inhibiting
AGEs formation, it is very likely that these compounds
would alleviate inflammation induced by glycative stress.
The anti-inflammatory effect of phenolic esters has
been documented. Zhong et al. (2012) and Oh et al.
(2019) found the anti-inflammatory potentials of EGCG
esters and resveratrol esters, respectively, in macrophages. In this context, it was hypothesized that tyrosol
derivatives would show anti-inflammatory effect. In fact,
the anti-inflammatory effect of tyrosol has been previously reported by Lu et al. (2013); 0.3 mM tyrosol reduced both gene expression and secretion of
proinflammatory cytokines, including TNF-α, IL-1β and
IL-6 in LPS-induced RAW264.7 cells. However, our data
showed that tyrosol was inefficient to decrease TNF-α
mRNA expression, only effective on IL-1β and IL-6. The
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different concentrations tested could explain the variance. Although only a few esters with good antiglycative
potential were examined in cell model, the same trend
of anti-inflammatory activity as antiglycation was observed. Taking all indicators into account, C12:0 and
C14:0 tyrosol esters were most efficient in cell survival
or improvement of MGO-induced inflammation among
the tested tyrosol esters. It is interesting to note that tyrosol ester with C18:3 was not able to inhibit AGEs formation, but it significantly reduced inflammation
induced by MGO. The anti-inflammatory effect of these
tyrosol esters might rely on other intracellular mechanisms, like altering AGEs signaling. Part of the glycated
proteins will direct to proteolysis for losing their function, and some of them may bind to cell surface receptors, like receptor for AGEs (RAGE). RAGE mediates
the intracellular signaling of AGEs, activates certain inflammatory regulators and results in inflammation response (Ott et al. 2014). Tyrosol ester with C18:3
probably acts through reducing RAGE expression or
blocking its signaling. Further studies are needed to clarify the underlying mechanism.

Conclusion
The effects of tyrosyl esters with different fatty acid chain
length on antiglycation and anti-inflammation activity
were examined. Based on the data obtained for AGEs formation, the medium chain derivatives (C10:0 tyrosol ester
and C12:0 tyrosol ester) and the C14:0 tyrosol ester exhibited good antiglycation effects. The anti-inflammation activity of tyrosol derivatives showed a similar tendency to
that observed on glycation. Tyrosyl esters with C12:0 and
C14:0 were most efficient in improving MGO-induced inflammation. Thus, the lipophilized tyrosol esters may have
potential use as antiglycation and anti-inflammation
agents in food and pharmaceutical applications.
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