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Rosmarinic acid is a natural phenolic acid and active compound found in many culinary
plants, such as rosemary, mint, basil and perilla. Aiming to improve the pharmacokinetic
profile of rosmarinic acid and its activity on vascular smooth muscle cell proliferation, we
generated a series of rosmarinic acid esters with increasing alkyl chain length ranging from
C1 to C12. UHPLC-MS/MS analysis of rat blood samples revealed the highest increase in
bioavailability of rosmarinic acid, up to 10.52%, after oral administration of its butyl ester,
compared to only 1.57% after rosmarinic acid had been administered in its original form.
When added to vascular smooth muscle cells in vitro, all rosmarinic acid esters were taken
up, remained esterified and inhibited vascular smooth muscle cell proliferation with IC50

values declining as the length of alkyl chains increased up to C4, with an IC50 of 2.84 µM for
rosmarinic acid butyl ester, as evident in a resazurin assay. Vascular smooth muscle cells
were arrested in the G0/G1 phase of the cell cycle and the retinoblastoma protein
phosphorylation was blocked. Esterification with longer alkyl chains did not improve
absorption and resulted in cytotoxicity in in vitro settings. In this study, we proved that
esterification with proper length of alkyl chains (C1–C4) is a promising way to improve in
vivo bioavailability of rosmarinic acid in rats and in vitro biological activity in rat vascular
smooth muscle cells.
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Abbreviations: AUC, area under the curve; Cmax, maximum plasma concentration, CL, clearance; CDK, cyclin-dependent
kinase; DMAP, 4-dimethylamino-pyridine; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; F, bioavailability; IS,
internal standard; LDH, lactate dehydrogenase; MRM, multiple reaction monitoring; PDGF, platelet-derived growth factor;
PI, propidium iodide; VSMC, vascular smooth muscle cell; RA, rosmarinic acid; RABU, rosmarinic acid butyl ester; RAET,
rosmarinic acid ethyl ester; RAME, rosmarinic acid methyl ester; RADOD, rosmarinic acid dodecyl ester; RAOCT, rosmarinic
acid octyl ester; Rb, retinoblastoma; Tmax, time to reach Cmax; T1/2, plasma half-life; Vd, apparent volume of distribution.
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INTRODUCTION

Blood vessel wall disorders like atherosclerosis and restenosis are
characterized by a switch of quiescent vascular smooth muscle
cells (VSMC) into a proliferative and synthetic phenotype.
Platelet-derived growth factor (PDGF) is a powerful stimulator
of VSMC migration and proliferation. Identification of
compounds counteracting the PDGF-induced VSMC
proliferation would be an effective approach for ameliorating
these vessel wall disorders (Levitzki, 2004).

Aside from having nutritional value, food and spices are
excellent sources for lead structure identification. We
previously found that polyphenols from Mediterranean spices
could inhibit VSMC proliferation, especially rosmarinic acid
(RA) and its congeners. Among the 12 tested constituents,
rosmarinic acid methyl ester (RAME) showed the best anti-
proliferative activity in VSMC, even more potent than RA,
and it inhibited neointima formation in vivo (Liu et al., 2018).

RA is an ester of caffeic (1) and 3,4-dihydroxyphenyl lactic
acid (5). Besides chlorogenic acid, it represents one of the most
frequently occurring caffeic acid esters in the whole plant
kingdom (Petersen, 2013). The most prominent plant families
containing RA are Boraginaceae and Lamiaceae (sub-family
Nepetoideae). RA is an integral part of the daily human diet,
found as well in food supplements to act preventive or therapeutic
against various diseases. It shows extensive pharmacological
activities, e.g. antioxidant, anti-inflammatory, antiviral and
cardioprotective (Nunes et al., 2017). However, poor oral
bioavailability and marked metabolism impeded exploitation
of RA as a therapeutic agent. Different pharmacokinetic
studies in rats and humans showed that only a small amount
of orally ingested RA, up to 1.69%, is absorbed, presumably in the
upper intestine (Nakazawa and Ohsawa, 1998; Baba et al., 2005;
Wang et al., 2017), and in part in its conjugated form (Baba et al.,
2005; Noguchi-Shinohara et al., 2015). Similar reports on low
bioavailability of RA were obtained from absorption studies using
the Caco-2 cell model (Qiang et al., 2011; Villalva et al., 2018).
Unabsorbed RA seems to reach the colon, where it is hydrolyzed
by gut bacteria into metabolites, like caffeic acid (1) and 3,4-
dihydroxyphenyl lactic acid (2) (Nakamura et al., 1998; Bel-Rhlid
et al., 2009; Zoric et al., 2016) as depicted in Figure 1. Other
metabolites were also reported after ingestion of RA in rat and
human studies, like intact and conjugated forms of methylated
RA (Baba et al., 2005), m-coumaric acid (3), ferulic acid (4)
(Nakazawa and Ohsawa, 1998; Baba et al., 2005) and
m-hydroxyphenylpropionic acid (5) (Nakazawa and Ohsawa,
1998; Mosele et al., 2014). Cumulative proportions of all RA
metabolites detected in urine corresponded to about 32% and 6%
of the administered dose in rat (Nakazawa and Ohsawa, 1998)
and human (Baba et al., 2005) studies, respectively. However, to
what extent so far identifiedmetabolites account for the biological
effects of RA has been largely underexplored.

The high hydrophilicity is one of the main reasons for RA’s
poor bioavailability. Ester-containing small molecules are
common prodrugs, as exemplified by acetylsalicylic acid
(aspirin). Esterification of plant polyphenols can ameliorate
their strong resistance to 1st-pass effects during absorption, as

shown in the case of quercetin (Biasutto et al., 2007; Hu et al.,
2016).

Prompted by our previous findings that the methyl-ester of RA
was more potent against PDGF-induced VSMC proliferation
than RA (Liu et al., 2018), we hypothesized that esters of RA
may serve as prodrugs with increased cell permeability in vitro,
higher bioavailability in vivo and subsequent higher intracellular
levels of bioactive RA. A series of RA (6) alkyl esters was
synthesized: methyl (7), ethyl (8), butyl (9), octyl (10) and
dodecyl (11), as shown in Figure 2, and the effect of the alkyl
chain length on bioavailability of RA in vivo as well as cell
permeability and antiproliferative activity in VSMC in vitro
were investigated. Moreover, known RA metabolites were
tested for inhibition of VSMC growth in vitro.

MATERIALS AND METHODS

Materials
Rosmarinic acid, caffeic acid, ferulic acid, m-coumaric acid and
3,4-dihydroxyphenyl lactic acid were purchased from Victory
Biological Technologies (Sichuan, China, purity of compounds as
stated by the company was >95%), whereas
m-hydroxyphenylpropionic acid (purity obtained by HPLC
was 99.8%, as stated by the company’s COA) was from Sigma-

FIGURE 1 | Structures of rosmarinic acid metabolites that were
examined for the inhibition of PDGF-BB-induced VSMC proliferation.
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Aldrich (MO, United States). Methyl, ethyl, butyl, octyl and
dodecyl RA esters were synthesized in our laboratory (Key
Laboratory of Molecular Pharmacology and Drug Evaluation,
University of Yantai, China), and their structures were confirmed
by high-resolution MS data and NMR spectroscopic data (see
Supplementary Material). The purity of synthesized compounds
was analyzed on Waters Acquity I-Class UHPLC system, using
chromatographic column Waters BEH C18 (2.1 × 50 mm,
1.7 µm) and water (V:V; 0.1% formic acid) as mobile phase A
and acetonitrile (V:V; 0.1% formic acid) as mobile phase B.
Elution was conducted under a flow rate of 0.3 ml/min and
conditions as follows: 0–1 min, 5%–15% B; 1–3 min, 15% B;
3–3.5 min, 15%–25% B; 3.5–4 min, 25% B; 4–4.5 min,
25%–40% B; 4.5–6 min, 40%–70% B; 6–7 min, 70% B;
7–7.5 min, 70%–95% B; 7.5–8 min, 95% B; 8–8.1 min, 95%–5%
B; 8.1–13 min, 5% B. The absorption was detected at 330 nm. The
determined purities of RA esters were: 98.68% for methyl-,
96.82% for ethyl-, 95.46% for butyl-, 96.46% for octyl- and
97.86% for dodecyl-ester, and the respective chromatograms
are depicted in Supplementary Figure S1.

Silibinin, used as an internal standard (IS), was obtained from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). The purities of all reference
standards were determined to be over 95% by HPLC-UV. HPLC-
grade reagents were obtained from Fisher Scientific
(Fairlawn, NJ).

Primary rat aortic VSMC, growth media, and cell culture
supplements were purchased from Lonza (Basel, Switzerland).
Serum for cell culture was supplied from Gibco Life Technologies
(Darmstadt, Germany), and PDGF-BB was obtained from
Bachem (Weilheim, Germany).

All other used reagents and chemicals were of analytical grade
and obtained from Sigma–Aldrich (MO, United States). The
monoclonal anti-phospho-Rb (Ser807/811), the anti-
α/β-tubulin and the secondary horseradish-peroxidase-coupled
antibody were all from Cell Signaling (Leiden, Netherlands).

Synthesis of Rosmarinic Acid Alkyl Esters
The synthesis of RAME (7), RA ethyl ester (RAET, 8), RA butyl
ester (RABU, 9), RA octyl ester (RAOCT, 10) and RA dodecyl

ester (RADOD, 11) were carried out by esterification of RA (6)
with corresponding alcohols (methanol, ethanol, n-butanol,
n-octanol, n-dodecanol) respectively, as shown in Figure 2. 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and 4-
dimethylamino-pyridine (DMAP) were used as catalysts, DMF
was the solvent. The products were purified by liquid-liquid
extraction and column chromatography. The structures of RA
alkyl esters were confirmed by high-resolution MS data and
NMR spectroscopic data. High-resolution MS data was
recorded on a Q Exactive Orbitrap MS system at a
resolution of 70,000 FWHM (Thermo scientific, Waltham,
MA, United States). 1H NMR data was measured with a
Bruker AVANCE 400 NMR spectrometer at 400 MHz
(Bruker, Fallanden, Switzerland). Mass errors obtained from
high-resolution MS data of these RA esters were all within
5 ppm (Supplementary Figure S2). 1H NMR data
(Supplementary Figures S3–S7) obtained from methyl,
ethyl, butyl, octyl and dodecyl RA esters was consistent
with those previously reported (Hamada and Abdo, 2015;
Wicha et al., 2015; Thammason et al., 2018).

Bioavailability and Pharmacokinetics of
Rosmarinic Acid and Its Esters in Rats
Animal Experiment
Male Sprague–Dawley rats (220–250 g) were purchased from
Jinan Peng Yue Experimental Animal Breeding Co., Ltd
(Shandong, China). Rats were housed under standard
conditions with free access to food and deionized water. All
animal experimental protocols were approved by the Ethics
Committee of Yantai University (IACUC No. 2018-DA-12)
and conducted according to the Care and Use of Laboratory
Animals of the National Institutes of Health (NIH). Rats were
fasted overnight with free access to water before animal
experiments. Animals were randomly divided into twelve
groups (three rats per group). All compounds were
administered as a single dose orally (80 μmol/kg) and as an
intravenous injection via tail vein (1 μmol/kg). Compounds
were suspended in DMSO: 1% CMC-Na (5:95, v/v) for oral
administration and dissolved in DMSO: 0.5% tween 80 (5:95,

FIGURE 2 | Synthesis of methyl, ethyl, butyl, octyl and dodecyl RA esters.
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v/v) as a clear solution for intravenous administration,
respectively. Approximately 250 µL blood samples were
collected from the orbital veins in heparinized tubes before
and 0.033, 0.083, 0.167, 0.25, 0.5, 1, 2, 4, 8 h after drug
administration. Blood samples were centrifuged at
8,000 rpm, 4°C for 10 min, and plasma was collected and
stored at −20°C until analysis.

Sample Preparation
Plasma sample (50 µl) was mixed with 5 µl internal standard
solution (1 μg/ml silibinin in methanol) and 145 µl 0.05% formic
acid-methanol for protein precipitation. After vortexing for 30 s,
the mixture was centrifuged at 13,000 rpm, 4°C for 10 min, and
5 μl of supernatant were injected into UHPLC-MS/MS for
analysis.

Preparation of Calibration Standards, and Quality
Control (QC) Solutions
The stock solution of RA (5 mg/mL) was prepared in methanol
and further diluted to 20 μg/ml with water: methanol (1:1, v/v,
0.1% formic acid). The stock solution of IS (silibinin, 2 mg/
mL) was prepared in DMSO and further diluted to 1 μg/mL
with methanol. Both stock solutions were stored at −20°C
before analysis. The working solution of RA was obtained
by serial dilutions of stock solution with water: methanol (1:1,
v/v, 0.1% formic acid). Then, 5 µl working solutions were
added to 45 µl blank plasma and acquired final plasma
concentrations at 1, 5, 10, 50, 100, 500, 1,000, 2000 ng/mL
for the calibration standards and 2, 40, 800 ng/mL for QC
solutions. Finally, solutions were treated in the same manner
as sample preparation.

UHPLC-MS/MS Conditions
The UHPLC-MS/MS analysis was performed on a Shimadzu LC-
30AD system (Shimadzu Corporation, Kyoto, Japan) coupled
with an Applied Biosystems Sciex 4,500 triple quadrupole MS/MS
system (AB Sciex, Foster City, CA, United States). The separation
was performed on an ACQUITY UPLC BEH C18 column (2.1 ×
50 mm, 1.7 µm, Waters) with a Van Guard pre-column at 40°C.
The mobile phase consisted of water (0.1% formic acid, v/v) as
solvent A and acetonitrile (0.1% formic acid, v/v) as solvent B.
The linear gradient elution steps were as follows: 0–0.5 min,
15–65% B; 0.5–1.4 min, 65% B; 1.4–1.41 min, 65–90% B;
1.41–1.80 min, 90% B; 1.80–1.81 min, 90–15% B; 1.81–2.3 min,
15% B. During 0–0.8 min, the flow was moved into waste. The
flow rate and the autosampler temperature were set at 0.3 ml/min
and 4°C, respectively. Biological samples were analysed in
negative ion mode using an ESI source. The optimized
multiple reaction monitoring (MRM) transitions were m/z
359.0–161.0 for RA, and m/z 481.0–301.0 for IS. Other
relevant mass spectrometer parameters were as follows: ion
spray voltage, −4500 V; source temperature, 550°C; curtain gas,
10 psi; ion source gas1, 55 psi; ion source gas2, 55 psi; collision
gas, 8 psi; entrance potential, −10 V; collision cell exit potential,
−11 V. Quantification of analytes was conducted using Analyst
1.6.3 and MultiQuant 3.0.2 softwares (AB Sciex, Foster City, CA,
United States).

Method Validation
In order to prove the authenticity, reliability and reproducibility
of the experimental data, the full bio-analytical method validation
was carried out according to the US Food and Drug
Administration (US-FDA) and European Medicines Agency
guidance on bio-analytical method validation.

Data Analyses
Pharmacokinetic parameters of RA and its esters were calculated
using the non-compartmental method of PhoenixWinNonlin 8.1
software (Pharsight, Mountain View, CA, United States). The
absolute oral bioavailability was calculated using the following
equation:

F (%) � (AUC p.o. × Dose i.v.)
(AUC i.v. × Dose p.o.)

× 100%

Biological Evaluation of Rosmarinic Acid
Esters as Inhibitors of Vascular Smooth
Muscle Cell Proliferation
Cell Culture
Primary VSMC were cultivated in DMEM-F12 (1:1)
supplemented with 20% fetal bovine serum, 30 μg/ml
gentamicin, and 15 ng/mL amphotericin B at 37°C in an
incubator with 5% CO2 flow in a humidified atmosphere.
Passages 4 to 12 were used in experiments.

Proliferation Assay
Resazurin conversion to fluorescent resorufin was used as a
measure for cell proliferation. Primary VSMC were seeded at
5 × 103 cells/well in a 96-well plate to grow for the next 24 h. Cells
were then synchronized into G0 phase by serum deprivation for
24 h, pretreated with compounds for 30 min and stimulated with
20 ng/mL PDGF-BB for the next 48 h. After one washing step,
cells were incubated in starvation medium containing 10 μg/mL
resazurin for 2 h, and changes in fluorescence were monitored in
a Tecan Spark (Tecan Group, Männedorf, Switzerland) plate
reader at an excitation wavelength of 535 nm and an emission
wavelength of 580 nm.

Cytotoxicity Assay
Increased lactate dehydrogenase (LDH) release is an indicator for
the loss of cell membrane integrity, associated with cell death.
Determination of LDH release in response to increasing
concentrations of RAME (7), RAET (8), RABU (9), RAOCT
(10) and RADOD (11) was performed as previously described
(Liu et al., 2018).

Cell Cycle Analysis
Flow cytometry was used to analyze cell cycle progression. VSMC
were seeded at a density of 105 cells per well in 12-well plates.
After rendered quiescent, cells were treated with increasing
concentrations of RAME (7), RAET (8), RABU (9) and
RAOCT (10) or with 0.1% DMSO for 30 min followed by
stimulation with 20 ng/mL PDGF-BB for 16 h. Cells were
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collected by trypsinization, washed and resuspended in a
hypotonic propidium iodide (PI) solution containing 0.1% (v/
v) Triton X-100, 0.1% (w/v) sodium citrate, and 50 μg/mL PI. PI-
stained nuclei were analyzed on a FACSCalibur (BD Biosciences,
Vienna, Austria) flow cytometer at an excitation wavelength of
488 nm and an emission wavelength of 585 nm.

SDS-PAGE and Immunoblot Analysis
VSMC were seeded in 6-well plates at 2.5 × 105 cells per well and
cultivated for 24 h. Cells were serum-deprived for another 24 h,
then pretreated for 30 min with RAET, RABU, RAOCT (all at
10 μmol/L) or vehicle (0.1% DMSO) and subsequently incubated
with or without PDGF (20 ng/mL) for the indicated time.
Afterward, cells were lysed with an ice-cold lysis buffer
(50 mmol/L HEPES, 50 mmol/L NaCl, 10 mmol/L DTT,
50 mmol/L NaF, 10 mmol/L Na4P2O7 × 10 H2O, 5 mmol/L
EDTA, 1 mmol/L Na3VO4), supplemented with 1 mmol/L
PMSF, 1 × Complete™ (Roche Applied Science), and 1% (v/v)
TritonX-100. Lysates were centrifuged at 5,600 × g at 4°C for
20 min, and supernatants were used for protein denaturation in
3 × SDS sample buffer for 8–10 min at 95°C. Protein
concentrations were determined using Rotiquant reagent
according to the manufacturer’s instructions (Carl Roth).
Protein extracts (10 µg) were subjected to SDS-PAGE and
immunoblot analysis. All antibodies were diluted as
recommended by the providing company. Proteins were
visualized using enhanced chemiluminescence reagent and
quantified using a LAS-3000 luminescent image analyzer
(Fujifilm) with AIDA software (Raytest).

Determination of Intracellular Bioavailability of RA
Esters
After cells had been lysed and membranes had been removed by
centrifugation, as described in the previous section, half of the
cytoplasmic fractions were collected in 1.5 mL eppendorf tubes,
diluted with methanol in 1:3 ratios and centrifuged at 5,600 × g
for 20 min to remove proteins. Supernatants were then subjected
to LC-MS/MS analysis to determine the cytoplasmic
concentrations of RA esters at each treatment time point up to
16 h PDGF-BB stimulation. Cell culture media were also collected
prior to the lysis procedure, diluted with methanol in a manner
described above and subjected to LC-MS/MS. It was monitored
whether the sum of cell lysate and culture medium concentrations
of RA esters at the beginning of the experiment do not extensively
deviate from treatment concentrations. Intracellular
concentrations of RA esters were normalized to protein
concentrations at each treatment time point. Details of the
quantification method are shown in the Supplementary
Material.

Statistical Analysis
Statistical analysis was performed using ANOVA/Bonferroni test.
Data in the figures represent mean ± SD, and the number of
experiments is given in the figure legends. All statistical analysis
was performed using GraphPad PRISM 6 software, and a
probability value <0.05 was considered significant.

RESULTS

In vivo Bioavailability of Rosmarinic Acid
and Its Esters
First, chemical stability and plasma stability of RA esters were
assessed in solution (50%methanol with 0.1% formic acid) and in
fresh rat plasma. The alkyl esters of RA remained stable during
5 h at room temperature in solution, while they converted to RA
instantly in fresh plasma due to enzymatic hydrolysis (data not
shown). As shown by others for ester-prodrugs of indomethacin
and fusidic acid (Takahashi et al., 2018; Strydom et al., 2020), the
alkyl esters of RA in our study were also hydrolyzed to form RA in
vivo. Therefore, we developed and validated an UHPLC-MS/MS
method to analyze the plasma concentration of RA after
intravenous and oral administration of RA, RAME, RAET,
RABU, RAOCT, RADOD in rats.

The method for determining RA in plasma was validated for
selectivity, linearity, low limit of quantification (LLOQ), precision,
accuracy, recovery, matrix effect, and stability. Details of themethod
validation are presented in the Supplementary Material. Typical
chromatograms are shown in Supplementary Figure S8, with no
endogenous interfering peaks in the chromatograms of blank
plasma at retention times of RA and IS. The method displayed
good linearity in the range of 1–2000 ng/mL with the correlation
coefficient greater than 0.999. The LLOQ was 1 ng/mL with the
signal-to-noise ratio of ˃10:1. Precision, accuracy, recovery and
matrix effect of RA in rat plasma are shown in Supplementary
Table S1. Stability of RA under different storage conditions is
shown in Supplementary Table S2.

The plasma concentrations of RA after the intravenous
(1 μmol/kg) and oral (80 μmol/kg) administrations of RA and its
esters were determined by the validated LC-MS/MS method. All
mean plasma concentration-time profiles are shown in Figure 3.
The main pharmacokinetic parameters including area under the
curve (AUC), maximum plasma concentration (Cmax), time to
reach Cmax (Tmax), plasma half-life (T1/2), apparent volume of
distribution (Vd), clearance (CL), and bioavailability (F) are
shown in Table 1. After oral administration of RA (6), RAME
(7), RAET (8), RABU (9), RAOCT (10), RADOD (11) at
80 μmol/kg, the Cmax of RA were 0.55 ± 0.16, 9.81 ± 1.18,
8.51 ± 1.53, 10.98 ± 1.13, 0.84 ± 0.30 and 0.04 ± 0.01 μmol/L,
respectively. The absolute bioavailability of RA after RA, RAME,
RAET, RABU, RAOCT and RADOD administration were 1.57%,
3.30%, 9.65%, 10.52%, 1.93% and 0.22%, respectively. With the
increase of the alkyl chain length, Tmax and T1/2 did not show
obvious changes, while the Cmax and bioavailability values increased
only up to C4 alkyl chain. When applied in the form of the butyl-
ester (RABU), the Cmax and the bioavailability of RA increased
around 20- and 7-fold, respectively.

Rosmarinic Acid Esters, Not Metabolites,
Suppress the PDGF-Induced Vascular
Smooth Muscle Cell Proliferation
The antiproliferative effect of RA and, in particular, of its methyl
ester (RAME) in VSMC was described in an earlier study (Liu
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et al., 2018). We, therefore, decided to examine: 1) whether an
increase in the length of an alkyl chain could enhance the
potency of RA esters in VSMC and 2) whether other known RA
metabolites (Baba et al., 2005) (Figure 1) might have an effect
on VSMC proliferation as well. RA (6) and its esters RAME (7),
RAET (8), RABU (9), RAOCT (10) and RADOD (11), as well
as RA metabolites: 2, 3, 4 and 5 were all tested at 10 μmol/L in
PDGF-BB-activated VSMC using the resazurin assay. RA
metabolites, including 1 at 50 μmol/L, did not render active
at tested concentrations, whereas all the tested esters of RA
completely blocked the PDGF-triggered increase of VSMC
metabolic activity, as surrogate indicator for proliferation
(Table 2). A consistent reduction in VSMC biomass by the
RA esters was observed in the crystal violet assay (data not
shown). Determining the IC50 values of RA and of each of the
tested RA esters revealed a decrease in IC50 from 7.9 μmol/L in

RAME-treated to 3.37 μmol/L in RAET-treated VSMC. A
further slight decrease in IC50 was observed by extending
the alkyl chain of the ester group up to C8-ester (Table 2).
In the case of the RADOD, VSMC proliferation was unaffected
at 1 μmol/L, but completely abrogated at 3 μmol/L of
concentration, which indicated a possible toxic effect of this
compound in VSMC (data not shown). Therefore, we
examined the LDH release in VSMC treated with all five
RA esters. RAME (7), RAET (8) and RABU (9) did not
induce cell death up to 30 μmol/L, whereas RAOCT (10)-
treated VSMC showed a marked but not significant increase
in LDH production at 30 μmol/L (Figure 4). RADOD (11)-
induced cell death at 30 μmol/L was comparable to that of the
positive control, digitonin. At lower concentrations, 3 and
10 μmol/L, RAOCT also induced a distinct LDH release, which
however did not reach significance (Figure 4). Due to the

FIGURE 3 | Mean rat plasma concentration-time curves of RA after intravenous (1 μmol/kg) and oral (80 μmol/kg) administration of RA, RAME, RAET, RABU,
RAOCT, RADOD, respectively. Data are presented as mean ± SD, n � 3.
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exhibited cytotoxic effect, RADOD (11) was excluded from
further in vitro experiments.

Ethyl-, Butyl and Octyl Esters Have the
Same Mode of Action as the Methyl Ester of
Rosmarinic Acid in Vascular Smooth
Muscle Cells
We reported previously that RAME induces a G0/G1 cell cycle
arrest in PDGF-induced VSMC and suppresses retinoblastoma
protein (Rb) phosphorylation, presumably by inhibiting the
activity of the cyclin-dependent kinase 2 (CDK2) (Liu et al.,
2018). To examine in what manner esters of RA with longer alkyl
chains affect cell cycle progression, we subjected the PDGF-BB-
induced VSMC treated with increasing concentrations of RAME

(7), RAET (8), RABU (9) and RAOCT (10) to PI staining and
flow cytometry analysis. While control VSMC markedly
progressed into G2/M phase of the cell cycle after 16 h PDGF
stimulation, all tested RA esters applied at 10 μmol/L arrested
VSMC in G0/G1 phase (Supplementary Figure S9 and
Figure 5A). Furthermore, treatment with RABU and RAOCT
at 3 μmol/L resulted in a significantly higher percentage of cells in
G0/G1 compared to vehicle control (Figure 5A). Rb protein
phosphorylation at Ser807/811 primes the protein for further
phosphorylation steps, which are a prerequisite for S-phase
entry (Rubin, 2013). To examine whether the esters of RA
affect the phosphorylation at Ser807/811, we performed a time-
course experiment with ethyl-, butyl- and octyl ester in PDGF-
BB-stimulated VSMC and a subsequent western blot analysis. All
of the three tested RA esters prevented Rb protein
phosphorylation at Ser807/811 that had been markedly increased
after 8 and 16 h of PDGF-BB stimulation (Figure 5B). These data
strongly indicate that ethyl-, butyl and octyl esters exhibit the
samemode of action as previously reported for the methyl ester of
RA (Liu et al., 2018).

Rosmarinic Acid Esters Are Absorbed in
Cultured Vascular Smooth Muscle Cells in
Their Original Esterified Form
Next, we examined whether RA esters exert their intracellular
effects as esters or whether they become hydrolyzed into RA.
This was achieved by analyzing the contents of RA and its
esters in cytoplasmic fractions of VSMC treated with 10 μmol/
L concentration of RAME (7), RAET (8), RABU (9) and
RAOCT (10) for 0.5, 6.5, 8.5 and 16.5 h by LC-MS/MS.
Since only the respective RA esters but no free RA could be
successfully identified and quantified both in cell lysates and in
culture media supernatants at any treatment time point, we
conclude that the active principle of RA esters in an in vitro
setting of cultured VSMC lies in their esterified form.
Intracellularly accumulated concentrations after 0.5 h

TABLE 1 | Pharmacokinetic parameters of RA after intravenous (1 μmol/kg) and oral (80 μmol/kg) administration of RA or its alkyl esters.

Parametersa AUC0-t

(h*µmol/L)
AUC0-‘

(h*µmol/L)
Cmax (µM) Tmax (h) T1/2 (h) Vd (L/kg) CL (L/h/kg) F (%)

RA (6) iv 0.64 ± 0.09 0.64 ± 0.09 –
b

– 0.22 ± 0.07 0.49 ± 0.08 1.58 ± 0.21 –

po 0.78 ± 0.09 0.80 ± 0.07 0.55 ± 0.16 0.17 ± 0.08 1.31 ± 0.23 1.57
RAME (7) iv 0.50 ± 0.04 0.50 ± 0.04 – – 0.33 ± 0.01 0.97 ± 0.09 2.01 ± 0.15 –

po 1.30 ± 0.15 1.32 ± 0.15 9.81 ± 1.18 0.17 ± 0 1.04 ± 0.11 3.30
RAET (8) iv 0.49 ± 0.01 0.49 ± 0.01 – – 0.30 ± 0.08 0.87 ± 0.25 2.02 ± 0.03 –

po 3.81 ± 0.36 3.82 ± 0.37 8.51 ± 1.53 0.25 ± 0 0.51 ± 0.09 9.65
RABU (9) iv 0.46 ± 0.10 0.46 ± 0.10 – – 0.25 ± 0.07 0.80 ± 0.16 2.27 ± 0.58 –

po 3.86 ± 0.28 3.86 ± 0.27 10.98 ± 1.13 0.19 ± 0.05 0.53 ± 0.10 10.52
RAOCT (10) iv 0.36 ± 0.09 0.36 ± 0.09 – – 0.49 ± 0.06 1.99 ± 0.32 2.91 ± 0.87 –

po 0.55 ± 0.20 0.56 ± 0.19 0.84 ± 0.30 0.25 ± 0 0.62 ± 0.15 1.93
RADOD (11) iv 0.56 ± 0.07 0.57 ± 0.07 – – 0.22 ± 0.02 0.56 ± 0.09 1.79 ± 0.22 –

po 0.09 ± 0.02 0.10 ± 0.02 0.04 ± 0.01 1.00 ± 0 1.78 ± 0.20 0.22

Data are presented as mean ± SD.
aAUC0-t, area under the curve from zero to the last measurable time; AUC0-∞, area under the curve from zero to time infinity; Cmax, maximum plasma concentration; Tmax, time to reach
Cmax; T1/2, plasma half-life; Vd, apparent volume of distribution; CL, clearance; F, bioavailability.
bnot available.

TABLE 2 | Antiproliferative effects of RA esters and metabolites on VSMCs
quantified by the resazurin conversion assay.

Compound VSMC proliferation at
10 μmol/L (relative to
vehicle control, RU)

IC50 (µmol/L)

RA (6) 0.781 ± 0.167n.s. n.d.
RAME (7) 0.415 ± 0.109a 7.90
RAET (8) 0.328 ± 0.081a 3.37
RABU (9) 0.308 ± 0.052a 2.84
RAOCT (10) 0.338 ± 0.147a 2.22
RADOD (11) 0.054 ± 0.081a n.d.
1 (50 μmol/L) 0.922 ± 0.124n.s. –

2 0.940 ± 0.220n.s. –

3 1.072 ± 0.152n.s. –

4 1.068 ± 0.173n.s. –

5 1.205 ± 0.278n.s. –

Results are presented asmean ± SD, relative to the PDGF-BB-stimulated vehicle control,
and IC50 values were determined if the compound (10 μmol/L) showed a relative
inhibitory action lower than 0.75 RU. All values were obtained from a minimum of three
independent experiments.
ap < 0.001; n.s. not significant compared to vehicle control.
–not tested; n.d.: unable to calculate.
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exposure to 10 μmol/L of RABU and of RAOCT were about
6 μmol/L, and 3-fold higher than those of RAME and RAET
(Figure 6A). We then normalized the detected cytoplasmic
concentration of each RA ester to the protein content of the
respective cell lysate to account for possible changes in cell
number (Figure 6B). This normalization step did not
tremendously affect the trend of intracellular RA ester
bioavailability over time. However, it produced a more
obvious correlation between increased alkyl chain length
and initial intracellular bioavailability (Figure 6B). The
intracellular contents of RAME, RAET and RABU gradually
decreased over time, reaching around 2 pmol per µg of protein
at 8.5 h. The concentration of RAOCT within VSMC also
slightly declined over time but remained relatively high,
even at the 16.5 h time point (Figures 6A,B). The inability
of VSMC to efficiently eliminate RAOCT points to an increase
in intracellular accumulation of this compound when
administered at concentrations higher than 10 μmol/L. This,
in turn, might lead to cytotoxicity, as evident by a slight
increase in LDH release upon treatment with this

compound at 30 μmol/L (Figure 4). Our results strongly
indicate that, of all tested RA esters, RABU possesses the
best intracellular bioavailability.

DISCUSSION

RA esters, especially RAME, widely exist in medicinal plants (e.g.
thyme, garden and red sage), but in much lower amounts
compared to RA (Li et al., 1993; Fecka and Turek, 2008;
Putnik et al., 2016). In recent years, both plant-derived and
synthetic RA esters have been studied and showed potent
biological activities (Abedini et al., 2013; Kang et al., 2016;
Thammason et al., 2018). Out of four isolated active
compounds from the hydromethanolic stem extract of Hyptis
atrorubens (Lamiaceae), RAME showed the most potent
antimicrobial activity (Abedini et al., 2013). Synthetic RAET
acted vasorelaxant in rat aorta (Wicha et al., 2015) and anti-
inflammatory in LPS-induced MH-S cells (Thammason et al.,
2018). RABU was isolated from Isodon oresbius in 1999 (Huang

FIGURE 4 | Cytotoxicity of RA esters in PDGF-induced VSMC. VSMCwere pretreated with 0.1% DMSO or increasing concentrations of RA esters as indicated for
30 min, stimulated with 20 ng/mL PDGF-BB for 24 h, and released LDH was determined. Digitonin (80 μmol/L) was used as a positive control. Graphs show means ±
SD out of 3 (RAME, RAET and RABU) and 4 (RAOCT and RADOD) independent experiments (n.s., not significant, p > 0.05, **p < 0.01, ***p < 0.001, ANOVA/Bonferroni,
“vehicle with PDGF-BB” vs. “RA ester with PDGF-BB”).
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et al., 1999), and was found cytotoxic against colon, ovary and
melanin cancer cell lines (Huang et al., 2006). It was reported that
antioxidant, anti-allergic, and antimicrobial activities of RA esters tend
to be parabolic with the ester chain increasing (Laguerre et al., 2010;
Suriyarak et al., 2013; Zhu et al., 2015). However, to the best of our
knowledge, there are no studies examining the oral bioavailability of
RA alkyl esters or their effect on VSMC proliferation.

In this study we explored the possibility of improving the
bioavailability of RA and its biological activity in proliferating
VSMC by esterification with alkyl chains of increasing length. RA
esters are rapidly hydrolyzed in fresh rat plasma into RA and the
corresponding alcohols. Esterification of RA with up to 4C-alkyl
chains increased the in vivo bioavailable fraction of RA from 2 to
7-fold, whereas further increase in alkyl chain length resulted in

low bioavailability of RA. Regarding the antiproliferative effect in
VSMC, derivatization of RA with methyl-, ethyl-, butyl- and
octyl-esters resulted in a decrease of the IC50 values, whereas RA
dodecyl ester was found to be cytotoxic. Contrary to the observed
hydrolysis in blood plasma, RA esters were detected in cells in
their original form. Treatment with butyl- and octyl-esters
achieved the highest intracellular concentrations.

Caffeic (1), 3,4-dihydroxyphenyl lactic (2), m-coumaric (3),
ferulic (4) and m-hydroxyphenylpropionic (5) acids were found
to account for the bioavailable fraction of ingested RA to a larger
extent than RA itself (Nakazawa and Ohsawa, 1998). The
biological activity of certain polyphenols could in fact be
attributed to their bioavailable metabolites, as exemplified by
the well-known metabolite of the isoflavone daidzein, S (-)-equol

FIGURE 5 | Ethyl, butyl and octyl esters of rosmarinic acid (RA) inhibit the proliferation of VSMC by exerting the same mechanism of action as the methyl ester (A)
Quiescent VSMC were treated with 0.1% DMSO or increasing concentrations of RA esters as indicated for 30 min, stimulated with 20 ng/mL PDGF-BB for 16 h and the
cell cycle progression was analyzed using PI staining and flow cytometry. Graphs show means ± SD out of three independent experiments (G2/M phase: ###p < 0.001,
ANOVA/Bonferroni, “vehicle” vs. “vehicle with PDGF-BB”; G0/G1 phase: *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA/Bonferroni, “vehicle with PDGF-BB” vs.
“compound with PDGF-BB”) (B) Quiescent VSMC were treated with 10 μmol/L of indicated RA esters or 0.1% DMSO for 30 min and stimulated with 20 ng/mL PDGF-
BB for indicated amounts of time. Lyzed cells were subjected to western blot analysis for phospho-RbSer807/811 detection. α/β-tubulin was used as loading control.
Representative blots together with compiled results of densitometric analyses out of four independent experiments are shown (mean ± SD, n.s. not significant, *p < 0.05,
**p < 0.01, ***p < 0.001, ANOVA/Bonferroni, “vehicle” vs. “RA ester”).
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(Setchell and Clerici, 2010). However, in the case of the
antiproliferative effect of RA in VSMC, we show that the
active principle is RA, rather than any of the so far reported
gut-microbial metabolites of RA.

Therefore, we concentrated on improving the absolute
bioavailability and the potency of RA to inhibit VSMC
proliferation by increasing its lipophilicity via esterification. After
oral/intravenous administration of RA alkyl esters to rats, the
bioavailability of RA does not entirely progress with the increase of
the alkyl ester chain length from methyl to dodecyl. From methyl to
butyl side chains, the bioavailability gradually increases. From butyl to
dodecyl chains, the bioavailability decreases. Oral administration of
RA ethyl- and butyl-esters in rats increased the bioavailability of RA
up to around 7-fold, and the respective Cmax values were in the range
of previously reported IC50 values of RA against the PDGF-BB-
induced VSMC proliferation (Liu et al., 2018). Our in vivo
pharmacokinetic results showing Tmax at around 0.2 h (apart from
RADOD) indicate that RA, as well as RA esters are being absorbed in
the upper parts of the GIT and are eliminated fast. Bioavailability and
Tmax data for RA presented here are well in accordance with previous
studies performed in rats (Nakazawa andOhsawa, 1998; Konishi et al.,
2005; Wang et al., 2017). Previous reports on RA absorption suggest
the involvement of paracellular diffusion of RA in the upper intestine
(Konishi et al., 2005; Konishi and Kobayashi, 2005), in contrast to the
caffeic acid that is being absorbed via monocarboxylic transporters
(MCT), and showed about 10 times higher absorption efficiency
(Konishi et al., 2005). It would, thus, be interesting to examinewhether
esterification of RA, with ethanol and butanol in particular, increases
its diffusion properties or whether some cellular transporters are
involved. Unlike methyl to octyl esters of RA, oral administration
of dodecyl ester decreased the bioavailability of RA. A possible reason
for this might be the poor dissolution of RADOD in the aqueous
milieu of the gastrointestinal tract, which is almost always a
prerequisite for oral absorption.

In contrast to systemic application, in cultured VSMC, RA
esters did not undergo hydrolysis by intracellular esterases and

remained in their original form. This result calls for caution when
interpreting results of ester prodrugs in cultured cells, as these
cells might lack the necessary carboxylesterases. In the context of
local drug delivery to prevent aberrant VSMC proliferation and
neointima formation, as in the case of antiproliferative drugs used
in drug-eluting stents (Alfonso et al., 2014), RABU achieved the
highest intracellular concentration (60% of applied
concentration) and the highest potency against VSMC
proliferation, without exhibiting significant toxicity.

We showed previously that RAME inhibits VSMCproliferation by
decreasing the Rb protein phosphorylation, presumably via direct
inhibition of CDK2, and subsequently arresting cells in G0/G1 phase
(Liu et al., 2018). Our current results strongly indicate that the
esterification of RA with alkyl chains longer than one carbon atom
does not alter themechanism of action.While RAME andRAETwere
detected intracellularly at only about 20% of the administered
concentration, levels of absorbed RABU and RAOCT were about
3- and 4-fold higher, respectively. This was reflected in the cell-cycle
progression results, as RABU and RAOCT arrested VSMC in G0/G1

phase at lower applied concentrations than RAME and RAET. The
inhibition of Rb protein phosphorylation was also more pronounced
after RABU and RAOCT administration.

Intracellular concentrations of RA esters increased shortly
after the treatment, as detected at the 30 min time point. RA
esters-mediated inhibition of PDGF-induced Rb protein
phosphorylation was, however, observed 6 h after RAME, RAET
and RABU had intracellularly reached their peak concentrations.
In our previous study, RAME could inhibit the CDK2 kinase
activity in vitro with an IC50 of 11.4 μmol/L, while the activity of
CDK4 was affected only at much higher concentrations (Liu et al.,
2018). The expression and activity of CDK2 becomes relevant at
later stages of the G1 phase and at the transition into S-phase of the
cell cycle (Tadesse et al., 2019). CDK3/cyclin C complex was shown
to be crucial for the transition of dormant G0 cells into the G1

phase, by phosphorylating the Rb protein at Ser807/811 (Ren and
Rollins, 2004). CDK2 and CDK3 share 87% alignment score in

FIGURE 6 | Esters of rosmarinic acid with longer alkyl groups show increased intracellular bioavailability. Cytoplasmic fractions of cells treated with rosmarinic acid
(RA) esters (10 μmol/L) for up to 16 h were diluted with MeOH, centrifuged to remove proteins and subjected to LC-MS/MS analysis (A) Graph shows means ± SD of
detected concentrations of RA esters within cytoplasmic fractions over time out of three independent experiments (B)Detected concentrations of respective esters were
normalized to protein concentrations. Graph shows mean ± SD of the amount of compound per µg protein out of three independent experiments.
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their ATP binding pocket regions (Sridhar et al., 2006). It would,
thus, be quite interesting to examine whether RA esters act already
at the PDGF-induced cell cycle entry by inhibiting the activity
of CDK3.

In summary, this study is the first to investigate how
derivatization of rosmarinic acid affects both its bioavailability
and biological activity. Of all tested esters, esterification of RA
with a C4-alkyl chain resulted in the highest bioavailable fraction
of RA in vivo and the highest potency against VSMC proliferation
in vitro. Considering the enhanced intracellular bioavailability,
RABU might exhibit an even more potent effect against
neointima formation in a femoral artery cuff model than
previously shown for RAME (Liu et al., 2018). However,
further studies are needed to investigate the safety of long-
term RABU use as well as its effect on the neointima
formation in vivo.
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