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Abstract: Scrophularia lanceolata Pursh and Scrophularia marilandica L. are two common species within
the Scrophulariaceae family that are endemic to North America. Historically, these species were used
by indigenous peoples and colonialists to treat sunburn, sunstroke, frostbite, edema, as well as for
blood purification, and in women’s health. Several iridoid and phenylethanoid/phenylpropanoid
glycosides detected in these species, such as harpagoside and verbascoside, possess anti-inflammatory
and anti-nociceptive properties. Due to the presence of anti-inflammatory metabolites and the
historical uses of these species, we performed a two-year field study to determine the optimal
production of these important compounds. We subjected the plants to shade treatment and analyzed
differences in the metabolite composition between the two species and each of their leaves, stems, and
roots at various times throughout the growing seasons. We determined that S. lanceolata plants grown
in full sun produced 0.63% harpagoside per dried weight in their leaves compared to shade-grown
plants (0.43%). Furthermore, S. lanceolata accumulated more harpagoside than S. marilandica (0.24%).
We also found that verbascoside accumulated in the leaves of S. lanceolata and S. marilandica as the
growing season progressed, while the production of this metabolite remained mostly seasonally
unchanged in the roots of both species.

Keywords: abiotic stress; antioxidant; harpagide; harpagoside; Scrophularia; verbascoside

1. Introduction

Scrophularia L. (Scrophulariaceae family) comprises about 200 species found primarily
in the Northern Hemisphere, with some as far south as the Tropic of Cancer [1]. Many
species in this genus are used in traditional, complementary, and alternative medicines to
treat pain and inflammation [2–4]. Of the perennial North American Scrophularia species,
S. lanceolata Pursh, one of the most common, is native to the northern two thirds of the
United States into southern Canada, whereas S. marilandica L. is native to eastern North
America. They are typically associated with damp, partly shaded areas near the edge of
woodlands, stream banks, and bottomland forests, but are also found growing in full sun.
S. lanceolata is tolerant of considerable habitat disturbance and can be considered “weedy”
(personal communication with weed identification specialist, Richard Old). These species
have a history of medicinal use by indigenous peoples and colonialists [5–7]. They are also
easily cultivated [8].

Harpagophytum procumbens DC. ex Meisn., a plant in the Pedaliaceae family, is an
important traditional medicine plant of sub-Saharan Africa used by the San, Khoi, and
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Bantu peoples [9]. It is a slow-growing, desert-adapted, perennial tuberous plant with
fruits that have numerous long hooked spines, giving rise to the colloquial name, devil’s
claw. Secondary tubers are ground or processed into extracts used throughout Africa,
Europe, and the Americas for treatment of musculoskeletal, inflammatory, and other health
problems that cause pain, loss of function, and disability [10–13]. While some efforts have
been made to domesticate H. procumbens (e.g., Schneider, et al. [14]), it remains undeveloped
as a cultivated crop and is challenging to grow. Because of the high value and enormous
popularity of this species as a dietary supplement, natural populations are being over-
harvested and even decimated [9]. Discovering alternative, easily cultivated species that
produce significant amounts of similar anti-inflammatory metabolites may benefit many
with such conditions and help protect H. procumbens from overexploitation.

As with H. procumbens, metabolite analysis of several endemic North American
Scrophularia species suggests the traditional use of these plants for pain and inflamma-
tion may be due to their iridoid and phenylethanoid/phenylpropanoid glycoside con-
tent [15]. This includes the metabolite harpagoside (found in H. procumbens, as well as both
S. lanceolata and S. marilandica), which has been shown to possess anti-inflammatory and
anti-nociceptive properties [2–4,16–20]. While harpagoside is thought to be primarily
responsible for the bioactivity of H. procumbens, two other anti-inflammatory metabolites,
verbascoside (synonyms: acteoside and kusaginin) and harpagide, have been detected in
this species (reviewed in Mncwangi, et al. [11]). These metabolites have also been identified
in S. lanceolata and S. marilandica [15].

For these Scrophularia species to be cultivated as economic alternatives to H. procumbens,
it is essential to understand the optimal production of harpagoside and metabolites with
similar bioactivity under various field conditions. Other than harpagoside [21–28], little
is known about how phenylethanoid/phenylpropanoid and other iridoid glycosides are
affected by environmental inputs. To provide insights into the seasonal variation of
other iridoid glycosides, Brownstein, et al. [8] analyzed the metabolite composition of
field-cultivated S. lanceolata and S. marilandica in southwest Missouri. That study found
harpagoside accumulated more abundantly in S. lanceolata leaves. Brownstein, et al. [8]
also found that harpagide accumulated in the stems of S. lanceolata and S. marilandica, and
these results were comparable to growth chamber plants [15]. Here, we present additional
findings on S. lanceolata and S. marilandica plants grown in the field from 2014 to 2015.

2. Results and Discussion

The plants established and grew well, with approximately 85% survival and most
plants maturing and flowering the year after establishment. Periodic short-term summer
droughts were mitigated by irrigation as needed so that drought stress should not have been
a factor in the study. Temperatures during the study were typical of Southwest Missouri
(hot summers and cold winters) with only one period of heat (23–25 August 2014; 38.1 ◦C)
that would be classified as “extreme” [29]. Growing Degree Day data indicated that the
2014 and 2015 growing seasons were 0.7% and 3.4% warmer than the 30-year average,
respectively (Table S1). Morphological and phenological differences between the two
species described in Brownstein, et al. [8] remained consistent during the subsequent
years of this study, with S. marilandica growing significantly taller (1.91 m) compared to
S. lanceolata (1.18 m; p ≤ 0.0001), but inflorescence height and stem number were not statis-
tically different. As shown in Figure 1, S. lanceolata also flowered earlier than S. marilandica,
concurrent with Brownstein, et al. [8]. Samples of roots harvested and dried at the con-
clusion of the 2014 growing season (October 2014) indicated that newly dormant roots
of S. lanceolata and S. marilandica contained approximately 60.0% and 68.8% water, re-
spectively (data not shown). As revealed in Figure 2, shading did not significantly affect
the overall metabolite composition of either species. Although the shade and no shade
plants clustered in the PCAs, significant differences between the metabolite profiles of
May 2015 and July 2015 plants can be observed in Figure 2. The leaves of S. lanceolata
plants grown without shade and harvested both in May 2015 and July 2015 had higher
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levels of harpagoside in comparison to shade-grown plants; however, these differences
were only statistically different (p ≤ 0.05) for the July 2015 harvest (Figure 3). Contrar-
ily, the leaves of S. marilandica harvested at the same times showed no differences in
harpagoside content due to shading. S. lanceolata leaves not grown under shade and
harvested in May 2015 produced 0.63 ± 0.08% harpagoside compared to shade-grown
(0.43 ± 0.05%) plants (Figure 3). This species also produced more harpagoside in its leaves
compared to S. marilandica (0.24 ± 0.04%) harvested at the same time. Yang, et al. [28]
reported that ambient temperature positively correlated with harpagoside accumulation in
Scrophularia ningpoensis Hemsl., roots, in which plants harvested in the summer contained
the highest amount of harpagoside. Wang, et al. [26] found that this metabolite may protect
S. ningpoensis roots from reactive oxygen species (ROS) during drought stress. In bioassays,
harpagoside has antioxidant properties [30,31]. Apart from the decline in October 2014 and
October 2015, harpagoside content in the roots of S. lanceolata and S. marilandica remained
unchanged throughout the 2014 and 2015 growing seasons (Figures 4 and 5). Because the
plants in our study were irrigated, we can hypothesize (as with Wang, et al. [26]) that an
increase in the production of harpagoside was not needed to mitigate the effects of drought.
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Yang, et al. [28] found that environmental factors and seasonal variation did not signif-
icantly affect verbascoside content in S. ningpoensis roots. Alternatively, Scrophularia striata
Boiss. plants subjected to drought stress have been reported to accumulate verbascoside
in their roots [32]. The present study revealed that, after initially increasing in late spring
(May 2014 and May 2015), verbascoside concentrations in S. lanceolata and S. marilandica
roots were mostly unchanged (except for the October 2014 decline in S. marilandica roots)
across the growing seasons (Figures 4 and 5). Assuming that S. lanceolata and S. marilandica
respond similarly to drought stress, these results reaffirm that the study plants were not
under drought stress. The leaves and stems of both species accumulated verbascoside
over the summer (Figures 4 and 5). These results imply that seasonal variation or other
environmental factors may influence the accumulation of verbascoside in the aerial tissues
of S. lanceolata and S. marilandica.

Since S. lanceolata is most often found growing in semi-shaded areas in nature, it
may be sensitive to ultraviolet-B (UV-B) radiation; possibly explaining why harpagoside
content was higher in the no shade leaves (Figure 3). Plants exposed to UV-B can form
ROS that damage carbohydrates, lipids, nucleic acids, and proteins. Increased production
of antioxidant metabolites quenches ROS produced by UV-B damage [33]. In fact, in vitro
Scrophularia takesimensis Nakai plants accumulated more harpagoside when grown under
blue LED compared to white fluorescent light or red LED [22]. Those authors concluded
that light quality significantly impacted harpagoside production.

Plants of both species grown without shade accumulated harpagide across the grow-
ing seasons (Figures 4 and 5). In both May 2015 and July 2015, there were no differences
in verbascoside content between the no shade and shade-grown plants of either species
(Figures 4 and 5); thus, verbascoside may not be involved with protecting the aerial tissues
from UV-B damage. Londono, et al. [34] found similar results in Primula veris L. leaves
and flowers. Different levels of UV radiation had no effect on total antioxidant content;
however, particular antioxidants increased in response to greater UV-B exposure [34]. This
suggests that some metabolites (such as harpagide and harpagoside) might be more impor-
tant than other compounds in protecting against UV-B damage, especially in S. lanceolata.
Verbascoside is a known antioxidant in bioassays [35], but this metabolite, as previously
mentioned, may instead protect the aerial tissues from temperature stress during late
summer growth.

Liang, et al. [24] observed that high temperature affected the iridoid glycoside con-
tent in S. ningpoensis roots during flowering. The plants subjected to high temperatures
(45/38 ◦C [day/night]) accumulated less harpagide and harpagoside compared to con-
trol plants (28/23 ◦C [day/night]), and it was concluded that heat stress might inhibit
the production of iridoid glycosides, especially harpagoside [24]. Across both growing
seasons (2014 and 2015), harpagoside content declined in the leaves, stems, and roots of
S. marilandica (Figure 5). Harpagide content remained unchanged (2014 season) or accumu-
lated (2015 season) in the roots of S. marilandica, while the production of this metabolite
decreased in the stems (except for the 2015 season) and leaves of this species (Figure 5).
Similarly, both Li, et al. [23] and Xie, et al. [27] found that, in S. ningpoensis, harpagide in the
stems and harpagoside in the leaves peaked in the summer and decreased thereafter. They
hypothesized these changes were due to seasonal variation and/or temperature. Besides
the decline in harpagide content in the stems of S. lanceolata plants grown during the 2014
season, this metabolite accumulated in the leaves, stems, and roots of this species through-
out both seasons. The production of harpagoside did decline in the leaves of S. lanceolata in
August 2014 but, in general, this metabolite accumulated in the leaves and stems of this
species (Figure 4). As with both Li, et al. [23] and Xie, et al. [27], our results indicate that
the production of harpagide and harpagoside in S. marilandica (like S. ningpoensis) may be
sensitive to temperature or developmental changes.

The stems of S. lanceolata and S. marilandica species contained the highest percentage
of harpagide [8,15]. According to Georgiev, et al. [18], harpagide may be transported
throughout plants for the biosynthesis of harpagoside and harpagoside-related metabolites.
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The accumulation of harpagide in the stems of S. lanceolata and S. marilandica may also
be involved in plant defense. Gowan, et al. [36] found that the iridoid glycoside, antir-
rhinoside, was transported in the phloem of Maurandya scandens (Cav.) Pers. [synonym:
Asarina scandens (Cav.) Pennell] to potentially deter phloem-feeding pests. Antirrhinoside
has a similar structure to harpagide. Harpagide has been shown to inhibit DNA polymerase
in red flour beetles [37] and, like antirrhinoside, harpagide may protect against generalist
insect herbivores and/or phloem-feeders.

3. Conclusions

This is the first study comparing the metabolite composition of Scrophularia species
cultivated in the field subjected to different light intensities using a shade cloth. The optimal
production of various metabolites that have important pharmacological applications was
determined. The concentration of harpagoside in no shade S. lanceolata plants was greater
than in shade-grown plants (Figure 3). Furthermore, the ability of S. lanceolata to produce
more harpagoside and verbascoside in the field compared to S. marilandica may make
this species a potential alternative to H. procumbens for use in dietary supplements. The
ease of cultivation and harvesting leaves (instead of destructively harvesting roots or
tubers) provides further support for the medicinal use of S. lanceolata. Nonetheless, the
leaves of S. lanceolata have not been tested in bioassays. Studies comparing S. lanceolata leaf
extracts to H. procumbens tuber extracts could determine the relative bioactivity and safety
of this species.

4. Materials and Methods

Significant details on site (climate, location, site preparation, and soil) and plants
used (seed source, germination protocol, greenhouse production, and transplanting) for
this study are provided in Brownstein, et al. [8]. Briefly, the site in southwest Missouri
was established on 25 June 2013 by transplanting 900 seedlings (450 of each Scrophularia
species) into a pre-prepared site (approximately 40 × 4 m) that incorporated drip irrigation
and a woven weed barrier fabric for weed control. Ten field plots (≈3.4 × 3.0 m) were
established in a side-by-side, east–west orientation. Each plot included four east–west
data rows of eight plants each. Each data row was flanked on both sides by border rows
of similar plants with row ends also buttressed by border plants so that all study plants
were grown in near-identical conditions, even as some plants were harvested. Thus, each
plot contained nine rows of ten plants each (90 plants per plot). The two Scrophularia
species were each randomly assigned to two of the four data rows in each plot. Five
of the plots remained open to full sun, while five were randomly assigned shade as a
treatment. Individual wooden shade structures (approximately 3.5 m high) were built
over designated plots onto which black, woven polypropylene shade cloth that excluded
40% of sunlight (PAK Global, Cornelia, GA, USA) was attached on 16 May 2014 for the
duration of the study. Because the plots were located in an east–west orientation, the
shade cloth covered the top and south facing side of each structure. In southwest Missouri,
east–west plots are ideal because north–south rows lead to uneven shading. All plots were
irrigated simultaneously to provide about 2.5 cm of water per week when rainfall was
lacking during the growing seasons.

After the Brownstein, et al. [8] study (concluded May 2014) and after shade treatments
were imposed, we harvested seven sample sets over two growing seasons. In 2014, plants
were harvested during active spring growth and anthesis (May and June), at completion
of active seasonal growth with full fruit ripeness (August), and at autumn dormancy
(October). In 2015, plants were surveyed while in active spring growth and anthesis
(May), full plant maturity with fruit ripening (July), and autumn dormancy (October).
For each harvest, one randomly selected plant per species from each of the ten plots was
excavated and plant morphology (plant height, inflorescence height, and stem number)
was determined. Specimens were then washed of all soil, after which leaves, stems, and
roots were separated. For the October 2014 and October 2015 harvests, the plants had
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mostly senesced for the season; therefore, only the roots were collected. After harvesting,
the samples were immediately dried for 2 days at ≈40 ◦C in a ventilated propane-fired
dryer, after which they were ground and stored at −20 ◦C pending laboratory analysis.

In 2016, 40 mg of leaf, stem, and root samples were extracted with 1.0 mL of cold
methanol (4 ◦C). The samples were sonicated continuously in a cold-water bath (4 ◦C)
for 2 h and then centrifuged at 5000× g for 10 min at 4 ◦C. The supernatant (0.10 mL)
was transferred to a new microtube and diluted with 0.40 mL of cold water-acetonitrile
[1:1]/0.10% formic acid (4 ◦C). This solution was filtered through a 0.20 µm filter into a
sample vial and analyzed on a Waters Acquity ultra-performance liquid chromatography
(UPLC) system with a photodiode array (PDA) detector coupled to a Waters Synapt G2-S
(Waters Corporation, Milford, MA, USA) mass spectrometry (MS) instrument following
the UPLC-MS parameters described in Brownstein, et al. [15].

Verbascoside and harpagide were purchased from PhytoLab GmbH & Company KG
(Vestenbergsgreuth, Germany), and harpagoside was purchased from ChromaDex Corporation
(Los Angeles, CA, USA). Under the present UPLC-MS conditions, harpagide (363.13 [M-H]− m/z),
harpagoside (493.17 [M-H]− m/z), and verbascoside (623.19 [M-H]− m/z) eluted at 1.26, 5.61,
and 3.67 min, respectively. From the PDA raw data, a 7-point standard curve was developed for
harpagoside at 280 nm. The peak areas of harpagoside were processed in TargetLynx (Waters
Corporation, Milford, MA, USA). For principal component analysis (PCA), the datasets
were processed in Progenesis QI (Nonlinear Dynamics, Newcastle upon Tyne, UK) using
the following parameters: the automatic sensitivity method value was set at 1 (fewer);
peak widths at and less than 0.19 min were ignored; ions after 12 min were ignored; and
the samples were normalized to all compounds. With these parameters, about 1500 mass
spectral features were detected. Statistical significance (p ≤ 0.05) was determined by
independent/unpaired two-sample t-test or Wilcoxon test using R programming language.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11070464/s1, Figure S1: Relative abundances (low [0.00] to high [1.00] of harpagide
(A,D,G,J), harpagoside (B,E,H,K), and verbascoside (C,F,I,L) in leaves (A–C), stems (D–F), and roots
(G–I) of S. lanceolate plants over the growing season (A–I) and under shade and no shade treatments
(J–L)), Figure S2: Relative abundances (low [0.00] to high [1.00] of harpagide (A,D,G,J), harpagoside
(B,E,H,K), and verbascoside (C,F,I,L) in leaves (A–C), stems (D–F), and roots (G–I) of S. marilandica
plants over the growing season (A–I) and under shade and no shade treatments (J–L)), Table S1:
Maximum (Max) and minimum (Min) ambient temperatures, total annual precipitation, and growing
degree days (base 50 ◦F) recorded at or near the Scrophularia study, 2014–2015, Mt. Vernon, MO.
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