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Abstract

Introduction: Symphytum officinale L. (comfrey, Boraginaceae) is a cultivated or spon-
taneously growing medicinal plant that is traditionally used for the treatment of bone
fractures, hematomas, muscle pains and joint pains. A wide range of topical prepara-
tions and dried roots for ex tempore applications are marketed in European drug
stores or pharmacies.

Objective: The aim of this study was to perform the qualitative and quantitative anal-
ysis of pyrrolizidine alkaloids (PAs) and phenolic compounds in the hydroethanolic
extracts of 16 commercial comfrey root batches purchased from 12 different
European countries.

Methods: Liquid chromatography hyphenated with high-resolution tandem mass
spectrometry (LC-HRMS/MS) was used for the profiling of PAs and phenolic com-
pounds, whereas LC-MS/MS and liquid chromatography with diode array detection
(LC-DAD) were used for their quantification.

Results: 20 PAs (i.e. intermedine, lycopsamine, acetylintermedine, acetyllycopsamine,
symphytine, symphytine-N-oxide), 17 phenolic compounds (i.e. caffeic and rosmarinic
acids, rabdosiin, globoidnan A, globoidnan B) and 9 nonphenolic compounds (sugars,
organic and fatty acids) were fully or partly annotated in the analysed samples. In
addition, the quantitative analyses revealed that globoidnan B, rabdosiin and glob-
oidnan A are new phenolic markers that can be used together with rosmarinic acid
and PAs for the quality control of commercial comfrey root batches.

Conclusions: This study brings new insights into the phytochemical complexity of
S. officinale, revealing not only numerous toxic PAs, but also a significant number of
valuable phenolic compounds that could contribute to the bioactivities of comfrey-

based preparations.
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1 | INTRODUCTION

Symphytum L. (comfrey, Boraginaceae) comprises more than 35
species encountered in the spontaneous flora of Eurasia and North
America or cultivated within these territories. Among them,
S. officinale L., S. x uplandicum Nyman, S. asperum Lepech,
S. tuberosum L. and S. caucasicum Bieb are commonly used for their
medicinal valences.? Ethnopharmacological studies have shown that
different formulations are recommended in swellings, phlebitis, contu-
sions, gastro-duodenal ulcers, respiratory diseases and metrorrhagia,
either externally (compresses, ointments) or internally (decocts,
tinctures).? Currently, comfrey root preparations are topically used to
treat bone fractures, hematomas, muscle pains and joint pains.®
Conventionally, comfrey root is acknowledged to contain polysaccha-
rides (<30%), allantoin (<4.7%), glycopeptides and amino acids, mono-
and bidesmosidic triterpene saponin glycosides and phenolic acids,
such as rosmarinic (<0.2%), caffeic, chlorogenic and lithospermic
acids.?* Allantoin, rosmarinic acid and polysaccharides are considered
to be the main bioactive components, although their molecular
mechanisms of action are not fully elucidated.> Moreover, comfrey
root is also reported to contain pyrrolizidine alkaloids (PAs) with
1,2-unsaturated necine ring structures (heliotridine- or retronecine-
type), usually esterified at C-7 and/or C-9 with necic acids (sarracinic,
trachelantic, viridifloric, tiglic, angelic acids). In plant material, they can
occur either as free bases or as mixtures of free bases and their
N-oxidized forms.?¢ The most common PAs in comfrey root are inter-
medine, 7-acetylintermedine, 7-acetyllycopsamine and lycopsamine
and their N-oxides.” Numerous PAs have been shown to exhibit
hepato-, pneumo-, cyto- and genotoxic effects.® Due to their high
toxicity, the Committee on Herbal Medicinal Products (HMPC) of the
European Medicines Agency (EMA) restricted the PA dose to <
1 pg/day for maximum three years, after which the intake should be
decreased to < 0.35 pg/day. To avoid these issues, many European
manufacturers either formulate comfrey root preparations from
genetically altered crops that do not biosynthesize PAs or subject
them to PA-depleting processes.>” However, conventional dried roots
for ex tempore applications and nondepleted products can still be
acquired from drug stores or pharmacies.?

A wide variety of analytical procedures regarding the analysis of
PA-containing plant sources such as thin-layer chromatography, gas
chromatography or capillary electrophoresis were employed.
Currently, liquid chromatography (LC) methods coupled with mass
spectrometry (MS) or, more recently, tandem mass spectrometry
(MS/MS) detectors are among the most prevailing technologies.”
Furthermore, different LC-MS methods were investigated, such as
2D-HPLC-diode array detector (DAD) coupled with LC-multiple-
mode (MMI-TOF)-MS,

ionization-time-of-flight ultrapressure

LC-quadrupole-TOF (UPLC-QTOF)-MS, LC-MS/MS combined with
multiple-reaction mode (MRM) or hydrophilic interaction LC (HILIC)
(ESI)-QTOF-MS
detection system.c"'12 According to the EMA, the most common

hyphenated with an electrospray ionization
technique for PA analysis is solid-phase extraction (SPE) coupled
with LC-MS.8

In contrast to PAs that were previously subjected to detailed
phytochemical evaluations, the analysis of other categories of
specialized metabolites (especially phenolic compounds) in comfrey
species was less explored. Conventionally, the identification of such
constituents in comfrey is performed by LC-DAD. However, the
annotation of non-UV-active constituents as well as that of minor
compounds is practically impossible; furthermore, a very large
dataset of commercial standards is required in order to perform a
proper identification. These reasons might explain why most
chromatographically based phytochemical studies usually reported
ubiquitous metabolites, such as caffeic, rosmarinic, p-hydroxybenzoic
or chlorogenic acids.>*>** Similar outcomes were obtained with
variations of either detector (HPLC coupled with electrochemical
detection)’® or separation technique (high-performance capillary
electrophoresis).’® Clearly, one of the biggest breakthroughs in
natural product annotation was represented by the hyphenation
of LC with MS and, especially, high-resolution accurate-mass
tandem mass spectrometry (HRMS/MS) which enabled mapping
convoluted plant matrices at a remarkable speed and accuracy.'”
State-of-the-art HRMS/MS setups include quadrupole-orbitrap-MS
(Q-orbi-MS), ion trap (IT)-QTOF-MS and QTOF-MS.2® Up to date,
the use of the above advanced techniques in annotating compounds
(other than PAs) in comfrey root is still very scarce. For instance,
D'Ursa et al.!® analyzed by LC-ESI-Orbitrap-MS"™ a number of
20 constituents, such as allantoin, 5-hydroxymethyl-2-furfural, three
fatty acids and 14 phenolic compounds, in the hydroalcoholic
extract of comfrey root. Nastic et al.2° annotated by HPLC-ESI-
QTOF-MS 44 metabolites in various extracts of S. officinale root
processed by maceration, accelerated solvent extraction and
supercritical fluid extraction. Interestingly, more than 50% of these
compounds corresponded to fatty acids, with a reduced number of
phenolic acids, such as hydroxybenzoic, caffeic and sagerinic acids,
as well as salvianolic acids H/I or B.2°

By using a state-of-the-art LC-HRMS/MS setup, the aim of this
study was to perform the simultaneous analysis of PAs and phenolic
compounds in the hydroethanolic extracts of 16 commercial batches
of comfrey root. In addition to the well-known phytochemical markers
(such as PAs and rosmarinic acid), three caffeic acid oligomers with
lignan skeleton (globoidnan B, rabdosiin and globoidnan A) were
proposed as new phenolic markers for the quality control and

intersample variability assessment.
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2 | MATERIALS AND METHODS

21 | Chemicals

Acetonitrile (LC grade) was purchased from J.T. Baker (Deventers, the
Netherlands), while formic acid was bought from VWR International
GmbH (Darmstadt, Germany). Ethanol, caffeic acid and rosmarinic
acid were acquired from Sigma-Aldrich (Steinheim, Germany),
whereas globoidnan A, globoidnan B and rabdosiin (HPLC-DAD purity
>95%) were previously purified from S. officinale.?* Lycopsamine,
intermedine, lycopsamine N-oxide, intermedine N-oxide,
acetyllycopsamine, acetylintermedine, acetyllycopsamine N-oxide,
acetylintermedine N-oxide and echimidine-N-oxide were from

Phytoplan (Heidelberg, Germany).

2.2 | Plant material and extraction

A number of 16 commercial batches of comfrey root were acquired
from pharmacies or local drug stores across 12 different European
countries (Table S1). All samples were authenticated by one of the
authors (A.T.). Voucher specimens (Table S1) were stored in the
Department of Pharmacognosy, Grigore T. Popa University of
Medicine and Pharmacy (lasi, Romania). Dried powdered comfrey
roots (2.5 g) were processed by ultrasound-assisted extraction (three
cycles of 30 min each) with 65% ethanol (3 x 25 mL) at 60°C. The
filtered and pooled extracts were concentrated under reduced
pressure at 40°C, frozen and then lyophilized. The yields obtained for

each sample are provided in Table S1.

2.3 | Qualitative LC-HRMS/MS analysis

Qualitative LC-HRMS/MS analysis was carried out on an Agilent
1200 HPLC system (Agilent Technologies, Palo Alto, CA, USA)
equipped with a G1312C mobile phase delivery module, G1316A col-
umn oven, G1329B auto-sampler and a G6530B accurate-mass
QTOF-MS.222% A Phenomenex Gemini C18 (2 x 100 mm, 3 pm)
column and a mobile phase obtained from water (A) and acetonitrile
(B), both containing 0.1% formic acid and 10mM ammonium formate,
were used to perform the separation. The elution gradient was:
0-45 min - 10-60% B and 46-50 min - 90-90% B; flow-rate
0.2 mL/min; injection 10 pL. MS spectra were recorded as follows:
dual-spray jet stream ESI source; full-scan high-resolution accurate-
mass acquisition mode; negative and positive ion modes; range
100-1000 m/z; gas (N,) flow rate 12 L/min, vaporizer temperature
350°C, nebulizer pressure 40 psi, capillary voltage 4000 V, skimmer
65 V, fragmentor 140 V, octopole radio frequency (RF) peak 750 V,
collision-induced dissociation (CID) 40 V. Data acquisition was
achieved with MassHunter Workstation Data Acquisition 8.0
(Agilent), whilst data analysis was performed with MassHunter
Qualitative Navigator 8.0 (Agilent).

Analysis

2.4 | Quantitative LC-MS/MS analysis

Quantitative LC-MS/MS analysis was performed on an Agilent 1260
Infinity HPLC system (Agilent Technologies, Palo Alto, CA, USA) and
coupled with a QTRAP4500 MS (AB Sciex Instruments, Framingham,
MA, USA) by using a previously reported method.” The quantification
of intermedine, lycopsamine, intermedine N-oxide, lycopsamine
N-oxide, acetylintermedine, acetyllycopsamine, acetylintermedine
N-oxide and acetyllycopsamine N-oxide in the hydroethanolic root
extracts was performed on the basis of six-point (0.2-20 ng/mL)
standard calibration curves. The experiments were performed in
triplicate for each standard and sample. The results were expressed as
mg/g dry weight (d.w.) comfrey root. Data acquisition and analysis

were achieved with Analyst 1.6.2 software (AB Sciex).

2.5 | Quantitative LC-DAD analysis

Quantitative LC-DAD analysis was performed using a Prominence
HPLC system from Shimadzu (Tokyo, Japan) equipped with an
LC-20AB mobile phase delivery module, DGU-20A3 degasser,
SIL-20A auto-sampler and a SPD-M20A DAD. A Dionex Acclaim 120
C18 (4.6 x 250 mm, 5 um) column and a mobile phase obtained from
0.1% formic acid in water (A) and acetonitrile (B) were used to carry
out the separations. The elution gradient was: 0-5 min - 10-30% B,
15-16 min - 35-95% B, 17-17.5 min - 95-10% B; post run 10 min;
flow rate 1 mL/min; injection 5 uL; detection wavelength 280 nm. The
quantification of globoidnan B, rabdosiin, rosmarinic acid and
globoidnan A in the hydroethanolic root extracts was performed on
the basis of nine-point (2-100 pg/mL) standard calibration curves.
Triplicate injections were performed for each standard and sample.
The results were expressed as mg/g d.w. comfrey root. Data acquisi-

tion and analysis were achieved with LabSolutions 5.82 (Shimadzu).

2.6 | Statistical analysis

All experiments were performed in triplicate, and the results were
expressed as mean +* standard deviation (SD). Statistical analysis was
performed using one-way ANOVA with Tukey's post-hoc test;
p < 0.05 was considered statistically significant.

3 | RESULTS AND DISCUSSION

In this work, 16 commercially available comfrey (S. officinale) root
batches collected from 12 different European countries were
investigated in terms of their phytochemical composition by using
state-of-the-art analytical setups. The first part (Section 3.1) focusses
on the LC-HRMS/MS profiling of PAs (positive ion mode) and of other
categories of specialized metabolites, mainly phenolic compounds

(negative ion mode). Finally, to examine the intersample variability of
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the main PAs and phenolic markers present in comfrey root,
quantitative LC-MS/MS and LC-DAD analyses were performed
(Section 3.2). To be able to compare the outcomes, each sample was
processed under the same extraction conditions: ultrasound-assisted
extraction, 3 cycles of 30 min each, sample to solvent ratio 10:1 (v/w).
The extraction solvent (ethanol 65%) was selected following the
recommendations of the HMPC available in the Assessment Report on

Symphytum Officinale L., Radix.*

3.1 | LC-HRMS/MS profiling of PAs and phenolic
markers
3.11 | LC-HRMS/MS profiling of PAs

Comfrey toxicity is closely related to PAs which exist either as free
bases or as their N-oxide derivatives (PANOs), with the latter being
the most predominant forms; thus, intermedine, lycopsamine,
acetylintermedine, acetyllycopsamine, symphytine and symlandine,
alongside their corresponding N-oxides, were commonly identified in
the roots of Symphytum species.”>*~2% The qualitative profile of the
PAs present in the commercial comfrey root batches from several
European countries was performed by LC-HRMS/MS analysis in posi-
tive ion mode. All investigated hydroethanolic extract samples showed
similar elution and ionization profiles, with typical base peak chro-
matogram (BPC) and extracted ion chromatograms (EICs) provided in
Figure 1. The full or partial identification of this category of metabo-
lites was achieved by comparing individual retention times, molecular
formulas, pseudo-molecular and fragment ions with those of refer-

ence standards and/or literature reports, as summarized in Table 2.

Regarding the chromatographic behaviour of PAs on the C18
reversed-phase column, some general elution patterns were observed:
(i) the retention of PANOs was usually slightly higher than that of their
corresponding bases (similar behaviour was also observed by Mroczek
et al.?? and Avula et al.2%); (i) the monoester PAs were less retained
compared with diester PAs. Concerning the MS behaviour of PAs,
their protonated [M + H]" ions allowed the assignation of the molecu-
lar formulas with a good accuracy (mass error A < 5.90 ppm), whereas
in the case of PANOs, diagnostic dimeric [2 M + H]" ions were invari-
ably noticed. Furthermore, the MS/MS fragmentation patterns of PAs
from comfrey samples indicated their retronecine type, regardless of
their oxidation and esterification status, with the presence of typical
ion fragments at m/z 138.0960 and 120.0867. Numerous previous
studies dealt with dereplication strategies for identifying PAs in
Symphtyum species using LC-MS/MS platforms.1124252% Therefore,
for the 20 PAs observed in the current comfrey root batches (Table 1),
a brief discussion regarding their annotation is presented below. Due
to several common structural and spectral features, PAs were further
considered with respect to their oxidation status and the number of
the ester groups attached to the retronecine skeleton.

Regarding the monoesteric PAs, peaks 2 and 3 ([M + H]* ions at
m/z 300.1789 and 300.1788, C,5H,5NOs) were assigned to inter-
medine and lycopsamine, respectively (Figure S1A). This assumption
was also validated by using reference standards. The fragment ion at
m/z 156.0970 was due to the cleavage of the ester bond with the loss
of a trachelanthyl/viridifloryl group (C;H1,03, 144 Da), followed by
the consecutive loss of two water molecules with the resulting
fragments at m/z 138.0959 and m/z 120.0867.

The main monoesteric PANOs identified in comfrey samples were
intermedine-N-oxide (4) and lycopsamine-N-oxide (5) with [M + H]*

19)20
A% EIC m/z 382.2322
L EIC m/z 440.2267
116
15 N |
1004 [ EIC m/z 398.2166
14
EIC m/z 400.2351
1112
13
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> e
D EIC m/z 358.1854
£ - = FIGURE 1  Base peak
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ions at m/z 316.1753 and 316.1767, respectively (Table 1,
Figure S1B); their presence was also confirmed by standard injection.
Both compounds gave similar MS/MS ion fragments, with a promi-
nent ion at m/z 172.0929, typical for the retronecine-N-oxide that
resulted from the cleavage of the monoester bond with the loss of
trachelanthyl and viridifloryl moieties, respectively. Further, peak 6,
with [M + H]* at m/z 318.1895 was tentatively annotated as
dihydrointermedine-N-oxide (Figure S1C) by comparison with
Mroczek et al.2? This peak presented a similar fragmentation pattern
to intermedine-N-oxide but yielded fragment ions at m/z values of
2 Da higher; thus, the loss of a trachelanthyl/viridifloryl moiety
(144 Da) gave the main fragment ion at m/z 174.1021, which subse-
quently underwent consecutive losses of two water molecules, gener-
ating the ions at m/z 156.0931 and 138.0850.

Four diesteric PAs were annotated in the investigated samples.
Peaks 7 and 8 showing [M + H]" ions at m/z 342.1921 and m/z
342.1910, respectively, were assigned to 7-acetylintermedine and
7-acetyllycopsamine (Figure S1D) by comparison with authentic stan-
dards. Furthermore, these two peaks exhibited specific fragment ions
at m/z 198.1120 (loss of trachelanthyl and viridifloryl groups, respec-
tively) and m/z 138.0870 [loss of acetic acid (Co,H40,, 60 Da)]. Peaks
19 and 20 were tentatively identified as symphytine and symlandine
(Figure S1J) by comparison of their chromatographic and mass spec-
tral data with those reported by Kim et al.?> Both compounds showed
similar [M + H]" ions at m/z 382.2232 and m/z 382.2197, respectively,
and their MS/MS spectra displayed typical fragment ions at m/z
238.1401 and m/z 156.1035, resulting from the consecutive loss of
viridifloryl and tiglyl/angelyl moieties (CsH¢O, 82 Da).?

Diesteric PANOs were the most predominant PAs found in the
comfrey root samples. All of them shared a retronecine-N-oxide core,
consistent with the presence in the MS/MS spectra of a characteristic
ion at m/z 172.0933, alongside its derived fragment ions at m/z
154.0913, 138.0835/136.0636 and 120.0766/118.0614. Thus, by
analysing their MS/MS spectra and comparing them with those of
commercial standards, peaks 9 and 10 were annotated as
7-acetylintermedine-N-oxide and
(Figure S1E), respectively. Peaks 15 and 16 shared similar [M + H]*
ions at m/z 398.2187 and 398.2170, respectively, which were 16 Da
greater than those of symphytine and symlandine. Both gave MS/MS
fragments at m/z 254.1336 [M-viridifloryl+H]* and 172.0796 [M-viri-
difloryl-tiglyl/angelyl+H]*. Taking into the account the MS data and

7-acetyllycopsamine-N-oxide

literature reports,?> compounds 15 and 16 were tentatively assigned
to symphytine-N-oxide and symlandine-N-oxide, respectively
(Figure S1H). Peaks 11 ([M + H]* at m/z 414.2132), 12 (M + H]* at
m/z 414.2140) and 13 (M + H]* at m/z 414.2133) shared the same
molecular formula (CooH31NOg) but yielded different fragment ions in
the MS/MS spectra (Table 1). Compounds 11 and 12 displayed similar
fragmentation pathways, with a fragment ion at m/z 270.1361, consis-
tent with the loss of trachelanthyl/viridifloryl moiety (144 Da),
followed by the loss of a sarracinyl group (CsHgO,, 98 Da), thus yield-
ing the fragment ion at m/z 172.0893. Therefore, by compiling the
MS/MS data and comparing them with those from Mroczek et al.,?’

peaks 11 and 12 were putatively identified as 7-sarracinyl-

9-trachelanthylretronecine-N-oxide and 7-sarracinyl-
9-viridiflorylretronecine-N-oxide, respectively (Figure S1F). Showing a
different fragmentation pattern, compound 13 was annotated as
echimidine-N-oxide (Figure S1G) by comparison with the reference
standard. Its MS/MS spectra showed fragment ions at m/z 254.1422
and 172.0914 corresponding to the consecutive loss of echimidinyl
(CsH1504, 160 Da) and angelyl (82 Da) moieties from the protonated
ion. The mass spectra of peaks 17 ([M + H]" at m/z 440.2256) and 18
(IM + HI* at m/440.2267) indicated the same molecular formula
(CooH33NOg). Their main MS/MS  fragment ions were at m/z
398.2017 (loss of acetyl, 42 Da), 254.1148 (further loss of viridifloryl,
144 Da) and 172.0878 (further loss of tiglyl/angelyl, 82 Da). As com-
pared with the MS data of symphytine/symlandine-N-oxides, an addi-
tional acetyl group was implied, which may be located on the
viridifloryl/trachelanthyl ester side chain; therefore, compounds 17
and 18 were tentatively assigned to 3'-acetylsymphytine-N-oxide and
3'-acetylsymlandine-N-oxide, respectively (Figure S11).> Two peaks
remained unsolved, namely peak 1 with [M + H]* at m/z 302.1953]
(C15sH27NOs) and peak 14 with [M + H]* at m/z 400.2351
(C20H33NO5). Their MS/MS fragment ions were similar to the above
PAs (Table 1); moreover, the presence of fragment ions at m/z
172.0932 and 138.0969 is indicative of a retronecine-N-oxide core
structure.

As expected, the LC-HRMS/MS profiling of the hydroethanolic
comfrey root extracts obtained from batches sold on the European
market revealed a significant number of PAs, with most of them, such
as intermedine (2), lycopsamine (3), intermedine-N-oxide (4),
lycopsamine-N-oxide (5), 7-acetylintermedine (7), 7-acetyllycopsamine
(8), 7-acetylintermedine-N-oxide (9) and 7-acetyllycopsamine-N-oxide
(10), being previously reported in S. officinale.® However, it is
worth mentioning that four derivatives, namely 7-sarracinyl-
9-trachelanthylretronecine-N-oxide (12), 7-sarracinyl-
9-viridiflorylretronecine-N-oxide (12), 3'-acetylsymphytine-N-oxide
(17) and 3’-acetylsymlandine-N-oxide (18), were proposed as PAs with
new putative structures. In addition to their uncontested recognition
as toxicity markers, PAs can also serve as chemical markers for the
quality control of comfrey roots, their presence certifying sample
authenticity.

3.1.2 | LC-HRMS/MS profiling of phenolic markers
Since many of the biological activities of S. officinale preparations are
linked to the presence of phenolic compounds, the phytochemical
analysis of the European-marketed comfrey root batches was dubbed
by the LC-HRMS/MS metabolite profiling in negative ion mode. The
untargeted qualitative profile of the analysed hydroethanolic extracts
is provided in Figure 2, all samples having similar elution/ionization
profiles. A number of 31 peaks were annotated, with their retention
times, molecular formulas, pseudo-molecular and fragment ions given
in Table 2. Of these, five peaks were unidentified, whereas nine peaks
were assigned to nonphenolic compounds. For instance, two sugars,
sucrose (1) and gluconic acid (2), were tentatively identified by
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FIGURE 2 Representative base peak 100
chromatogram (BPC) of compounds tentatively

identified by liquid chromatography hyphenated

with high-resolution tandem mass spectrometry 804
(LC-HRMS/MS) (negative ion mode) in the
hydroethanolic extracts obtained from commercial
samples of comfrey (Symphytum officinale L.) root
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comparing their chromatographic and spectral data with those

reported by Ammar et al.?”

Comfrey roots are acknowledged as a rich
source of monosaccharides, oligosaccharides and, especially, polysac-
charides, with the latter category reported as possessing important
antioxidant, immune-modulatory, antidiabetic or antilipidemic activi-
ties.®1 It is most likely that sucrose and gluconic acid were directly
extracted from the plant material, but they could have also emerged
through hydrolysis from higher-molecular-weight sugars during the
extraction step. The negative ion mode LC-HRMS/MS profiling fur-
ther revealed the presence of several organic acids, potentially
belonging to citric acid (3), viridifloric acid (7), sarracinic acid (8) and
trachelanthic acid (9). Based on their deprotonated ions [M-H]~ (m/z
161.0827 and 161.0824), the same molecular formula (C;H,40,4) was
suggested for peaks 7 and 9, respectively. The fragment ions at m/z
135.0578 [M-CO-H]™ and 117.055 [M-CO,-H]™ indicated the pres-
ence of a carboxylic group in their structure. Their tentative labelling
was based on the fact that intermedine and lycopsamine are structur-
ally retronecine esters of trachelanthic and viridifloric acids, respec-
tively.?? A similar approach was proposed for annotating sarracinic
acid (8, [M-H]~ at m/z 115.0397), a necic acid included in the struc-
ture of several PAs, such as 7-sarracinyl-9-viridiflorylretronecine.?’
Viridifloric, trachelanthic and sarracinic acids are reported for the first
time in comfrey root; their presence as free acids could be partly
explained via de-esterification from the corresponding PAs during
storage or extraction steps. Roseoside (15, [M-H]~ at m/z 385.1872),
a cyclohexenone hexoside, was putatively identified by comparing its
fragment ions (at m/z 223.1533 [M-glucosyl-H]~, 179.0559 [glucose-
H]~ and 161.0420 [glucosyl-H]") with those reported by Sun et al.*°
Finally, two fatty acids were found in the nonpolar region of the chro-
matogram, namely compounds 30 ([M-H]~ at m/z 329.2330) and 31
([M-H]~ at m/z 313.2380). By comparing their mass spectral data with
those reported by Nastic et al.,?° they were tentatively assigned as
trihydroxy-octadecenoic and

dihydroxy-octadecenoic acids,

Time/ min

respectively. These polyunsaturated fatty acids were previously
reported to be present in comfrey root extracts.'?2°

Eventually, a number of 17 phenolic compounds were fully or
partly annotated. Interestingly, all of them contained one or more
carboxylic functions; in terms of their MS/MS analysis, this
feature is recognized by the invariable neutral loss of CO, (44 Da)
groups. Thus, danshensu (6), vanillic (5), hydroxybenzoic (10), caffeic
(16) and rosmarinic (22) acids were easily annotated by comparing
their chromatographic and spectral data with those reported in the
literature.2%2728  Furthermore, the presence of caffeic and ros-
marinic acids, which are already very well-known constituents of
comfrey root,” was confirmed by standard injection. Three hexoside
derivatives of hydroxybenzoic (4), caffeic (14) and rosmarinic (19)
acids were also tentatively identified (Figure S2A-D). In addition to
the decarboxylated fragment ions derived from the corresponding
free acids, the loss of glucosyl (162 Da) group was specifically
observed in the MS/MS spectra of these three derivatives
(Table 2).

Next, a series of caffeic acid oligomers with lignan skeleton were
unequivocally identified as globoidnan B (18), rabdosiin (21) and glob-
oidnan A (27) by comparing their chromatographic and spectral data
with those obtained after standard injections and with available litera-
ture reports.1??832 These derivatives showed similar fragmentation
patterns, summarized as follows: after the neutral losses of caffeic
acid (180 Da) or danshensu (198 Da), the lignan-based fragment ions
underwent sequential elimination of the corresponding number of
carboxyl groups present in their structures. For instance, globoidnan B
(18, [M-H]~ at m/z 537.1018, C,7H,,04,) afforded fragment ions at
m/z 493.1152 [M-CO,-H]~, 357.0512 [M-CyHgO4-H]~, 339.0492
[M-CyH1005-H]7,  313.0703  [M-CyHgO4-CO,-H]~,  295.0547
[M-C9H1005-CO,-H]™ and 269.0791 [M-CyHgO4-2 x CO,-H]™
(Figure S2F). As compared with globoidnan B, the [M-H]~ ion at m/z
717.1474 of compound 21 (rabdosiin, C3¢H3001¢) indicated the
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(Continued)

TABLE 2

Ref

MS/MS (=) (m/z)

MF

A (ppm)
0.01
1.05
1.28

[M'H]_ caled (M/z)

417.2130
329.2333
313.2384

[M'H]_ exp (m/z)

417.2130
329.2330
313.2380

R; (min)
33.5

33.8

Proposed identity

No

345.1555, 327.1457, 217.1075
229.1437; 211.1333; 199.1259

201.1187; 127.1105

C20H3409

Unknown

29

20

C18H3405

Trihydroxy-octadecenoic acid

30
31

20

C1gH3204

34.8

Dihydroxy-octadecenoic acid

MF, molecular formula; MS, mass spectra; Ry, retention time; Std., standard; A, mass error.

Analysis

presence of an additional danshensu unit, whereas that at m/z
491.1001 of compound 27 (globoidnan A, Cy¢sH20010) pointed out
the lack of a carboxyl group (Figure S2G). Based on the above obser-
vations, all the remaining phenolic compounds were tentatively anno-
tated as congeners of these lignan derivatives (Figure S2E, G-L). In
comparison with rabdosiin, the molecular formula (C3¢H3,04¢) of peak
25 ([M-H]~ at m/z 719.1619) indicated a lower double-bond equiva-
lent (DBE) value (DBE-1) that could appear after a formal hydrogen
addition, possibly leading to a dihydrorabdosiin-based structure
(Figure S2H). On the contrary, compound 26 ([M-H]~ at m/z
715.1308, CzeH0501¢) with DBE+1 (as compared with rabdosiin)
suggested an additional carbon-carbon double bond in the lignan
structural unit, tentatively labelled as dehydrorabdosiin (Figure S2I).
Similarly, two derivatives of globoidnan A were proposed. Peak 24
(IM-H]~ at m/z 493.1132, C»4H»,04¢) with DBE-1 was annotated as
dihydrogloboidnan A (Figure S2J). Finally, the molecular formula
(Co6H2001¢) of peak 28 ([M-H]™ at m/z 507.0947) indicated the addi-
tional presence of a hydroxyl group attached to the structure of glob-
oidnan A (Figure S2L). Interestingly, the fragment ions observed in
MS/MS spectra of the last four lignan derivatives showed typical frag-
mentation patterns as those described for the three congeners con-
firmed by standards.

However, it is worth mentioning that the molecular formulas and
spectral data of the above caffeic acid oligomers resemble those of
several salvianolic acids. For example, globoidnan B shares the same
mass and MS/MS fragment ion patterns as lithospermic acid A or
salvianolic acids H and [, while rabdosiin is isomer with salvianolic
acid B.2%28 | the absence of appropriate standards, these compounds
can be mislabelled, as the experimental MS conditions do not allow an
efficient dereplication. Nevertheless, despite the above technique-
related limitations, S. officinale can be considered an important source

of phenolic compounds.

3.2 | Quantification of PAs and phenolic markers
3.21 | LC-MS/MS quantification of PAs

To investigate the quantitative profile of the PAs among the 16 com-
frey root samples, LC-MS/MS analyses were next performed. As pres-
ented in Table 3, intermedine, lycopsamine and their N-oxides
alongside acetylintermedine, acetyllycopsamine and their N-oxides
were included as quantitative markers for all comfrey batches. PANOs
were found in a higher amount than their free base forms. Inter-
medine N-oxide and lycopsamine N-oxide showed a similar variability
profile. Thus, SO15 displayed the lowest contents of intermedine N-
oxide (0.200 mg/g d.w. plant material) and lycopsamine N-oxide
(0.241 mg/g); meanwhile, the highest amounts of the two PANOs
were found in SO1 (1.692 mg/g and 1.873 mg/g, respectively).
Acetylintermedine N-oxide and acetyllycopsamine N-oxide (quantified
as sum of the two stereoisomers) ranged between 0.121 mg/g (SO9)
and 1.899 mg/g (SO15). Intermedine and lycopsamine were found in
traces, displaying comparable values; the content of intermedine
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varied between 0.009 mg/g (SO15) and 0.100 mg/g (SO13), whereas
that of lycopsamine ranged from 0.003 mg/g (SO10) to 0.118 mg/g
(50O9). The amounts of acetylintermedine and acetyllycopsamine
(quantified as sum of the two stereoisomers) varied from 0.019 mg/g
(SO9) up to 0.151 mg/g (SO15). Overall, the total PA content
(obtained by adding the values of the individual PAs) showed a great
variability: three samples (SO5, SO6 and SO7) contained below
2.0 mg/g, seven samples (SO3, SO4, SO8-5011 and SO15) between
2.0 and 3.0 mg/g, five samples (SO2, SO12-S014 and SO16)
between 3.0 and 4.0 mg/g and one sample (SO1) had values higher
than 5.0 mg/g.

Our results are in agreement with previous reports on PA con-
tent in S. officinale. By using the same analytical method, we have
recently shown that total PAs accounted for 2.4 mg/g in a Swiss
commercial comfrey root batch, with acetylintermedine (0.954 mg/g)
followed by acetyllycopsamine (0.793 mg/g), acetylintermedine-N-
oxide (0.254 mg/g), acetyllycopsamine-N-oxide (0.271 mg/g),
intermedine (0.037 mg/g), lycopsamine (0.037 mg/g), lycopsamine-N-
oxide (0.008 mg/g) and intermedine-N-oxide (0.007 mg/g).” The
levels of intermedine and lycopsamine in a German root specimen
varied between 0.218 and 0.483 mg/g and 0.096 and 0.249 mg/g,
respectively, depending on the extraction temperature (50-125°C)
and additive (phosphoric acid, ammonia, sulfuric acid, acetic acid,

t.3% The same

formic acid) included in the agueous extraction solven
two PA markers were quantified by Avula et al.,?* with their levels
up to maximum 0.015 mg/g. Liu et al.2® showed that lycopsamine
levels in a Colombian comfrey root specimen were between 0.010
and 0.014 mg/g in a pressurized hot water extract and between
0.029 and 0.032 mg/g in a methanol/water (1/1) extract obtained

under reflux.

Analysis

322 |
markers

LC-DAD quantification of major phenolic

To investigate the variability profile of the phenolic compounds among
the 16 comfrey root samples, quantitative LC-DAD analyses were next
performed. As depicted in Figure 3, all analysed samples were invari-
ably characterized by the presence of globoidnan B (tz = 8.7 min), rab-
dosiin (tg = 9.7 min), rosmarinic acid (tg = 11.2 min) and globoidnan A
(tg = 13.3 min) as the major markers. The amounts of globoidnan B var-
ied from 0.135 mg/g d.w. comfrey root (SO9) to 0.994 mg/g (SO13)
(Table 4). Comparable values ranging from 0.142 mg/g (SO9) to
0.887 mg/g (SO12) were obtained for rabdosiin. Rosmarinic acid and
globoidnan A showed even higher-variability profiles; the lowest con-
centrations of these two markers were observed in SO9, with
0.261 mg/g and 0.129 mg/g, respectively (Table 4). However, ros-
marinic acid reached its highest concentrations in SO12 and SO4, with
1.945 mg/g and 1.944 mg/g, respectively, whereas the highest amount
of globoidnan A was attained in SO2 (1.935 mg/g). After adding the
total amounts of these four major phenolic markers, it was observed
that SO2, SO3, SO4, SO12 and SO13 showed very high values
(>4.4 mg/g), whilst SO7 and SO9 exhibited values below 1.0 mg/g.

The high variability of the concentration of rosmarinic acid in the
analysed samples makes the comparison with previous literature data
quite difficult. Trifan et al.” reported 1.77 mg rosmarinic acid/g in a
comfrey root batch commercialized in Switzerland and extracted with
65% ethanol. Sowa et al.!® showed a higher concentration
(1.85 mg/g) in the roots of specimens collected from a Polish botanical
garden and extracted with 50% ethanol. However, when comfrey
roots obtained from the same botanical garden were extracted with

decreasing concentrations of methanol (100-60%), rosmarinic acid
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TABLE 4 Contents of the four major phenolic markers in commercial samples of comfrey (Symphytum officinale L.) root

Content (mg/g d.w. comfrey root)

Sample Globoidnan B Rabdosiin Rosmarinic acid Globoidnan A T phenolics
so1 0.520 + 0.008° 0.466 +0.008° 1.133 + 0.008? 0.864 + 0.043? 2.983 +0.048°
SO2 0.720 + 0.024° 0.508 + 0.014° 1.599 + 0.058° 1.935 + 0.086° 4.763 +0.164°
SO3 0.599 + 0.064° 0.663 +0.011°¢ 1.650 + 0.041° 1.650 * 0.026° 4.561 + 0.030°
SO4 0.843 +0.051°¢ 0.676 +0.019¢ 1.944 + 0.026° 1.027 + 0.022¢ 4491 +0.019¢
SO5 0.325 +0.020¢ 0.275 + 0.007¢ 0.681 + 0.007¢ 0.691 + 0.040° 1.973 + 0.034¢
S06 0.351 +0.015%f 0.156 + 0.002¢ 0.539 + 0.024° 0.707 + 0.026° 2.139 + 0.019¢
s07 0.180 + 0.014° 0.149 + 0.002¢ 0.393 + 0.010° 0.267 + 0.019f 0.988 + 0.007"
SO8 0.438 + 0.010>f 0.292 + 0.008¢ 0.797 + 0.0318 0.564 + 0.040° 2.091 + 0.0319¢
SO9 0.135 + 0.003¢ 0.142 + 0.007¢ 0.261 +0.017" 0.129 + 0.005f 0.668 +0.0118
S010 0.301 + 0.005¢ 0.239 + 0.006 0.673 + 0.027¢ 0.749 + 0.029>¢ 1.961 + 0.057¢
SO011 0.466 +0.055° 0.291 + 0.002¢ 0.723 + 0.004¢ 0.858 + 0.082%¢ 2.338 +0.025"
S012 0.549 +0.014? 0.887 + 0.0038 1.945 + 0.006° 1.027 + 0.058¢ 4.409 + 0.044°
5013 0.994 + 0.0098 0.551 +0.011" 1.447 + 0.047' 1.457 + 0.0498 4.449 + 0.005¢
SO14 0.505 + 0.013? 0.293 + 0.008¢ 1.001 + 0.004! 0.672 + 0.025¢ 2.417 +0.018"
5015 0.192 + 0.025° 0.255 + 0.006%f 0.750 + 0.003%¢ 0.288 + 0.048f 1.484 + 0.002
S016 0.589 + 0.070? 0.390 + 0.008' 1.059 + 0.030* 0.523 + 0.095° 2.561 + 0.059"

Data are presented as mean + standard deviation (SD) of three determinations; values sharing different superscripts within columns are significantly

different at p < 0.05 (Tukey's test)

was found in even higher amounts (7.10 mg/g).1 A concentration of
74.77 pg/mL (equivalent to 0.37 mg/g plant material) was shown in a
water/glycerol/ethanol 1/1/1 (v/v/v) extract obtained from the
roots of a comfrey specimen collected from the spontaneous flora
of Romania.** Savic et al®* reported 12.80% rosmarinic acid
(corresponding to 8.06 mg/g plant material) in the water extract of
roots provided by a Serbian institute for medicinal plants.

In contrast to rosmarinic acid, which is a well-acknowledged
comfrey root constituent, globoidnan B, rabdosiin and globoidnan A
were scarcely previously reported in S. officinale.*¢?* Since they were
invariably shown in significant amounts in all comfrey root samples
commercialized within several European countries, they are proposed
as new phenolic markers for their quality control. These three caffeic
acid oligomers were found to be endowed with interesting biological
activities. In addition to their recently proven anti-inflammatory
potential,*??%2 rabdosiin, globoidnans A and B were already
claimed as possessing antioxidant,®>®> neuroprotective®®  or
anti-HIV3738 activities. Nevertheless, due to the presence of toxic
PAs, the use of comfrey root for novel bioactivities still remains
questionable. PA-depleted extracts (which might become mandatory
in all European comfrey pharmaceutical/food products) or prepara-
tions containing purified constituents, alone or combined in bioactive
formulas, could represent a starting point for extending the valences
of S. officinale, a traditional anti-inflammatory plant remedy, to new

pharmacological applications.
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