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Abstract

Background: The Cree of Eeyou Istchee (James Bay area of northern Quebec) suffer from a high rate of diabetes
and its complications partly due to the introduction of the western lifestyle within their culture.

As part of a search for alternative medicine based on traditional practice, this project evaluates the biological activity of
Picea mariana (Mill.) Britton, Sterns & Poggenb. needle, bark, and cone, in preventing glucose toxicity to PC12-AC cells
in vitro (a diabetic neurophathy model) and whether habitat and growth environment influence this activity.

Methods: Three different organs (needle, bark, and cone) of P. mariana were collected at different geographical
locations and ecological conditions and their 80% ethanolic extracts were prepared. Extracts were then tested for their
ability to protect PC12-AC cells from hyperglycaemic challenge at physiologically relevant concentrations of 0.25, 0.5,
1.0 and 2.0 ug/mL. Folin-Ciocalteu method was used to determine the total phenolic content of P. mariana extracts.

Results: All extracts were well-tolerated in vitro exhibiting LDsy of 25 ug/mL or higher. Extracts from all tested organs
showed a cytoprotective concentration-dependent response. Furthermore, the cytoprotective activity was habitat- and
growth environment-dependent with plants grown in bog or forest habitats in coastal or inland environments
exhibiting different cytoprotective efficacies. These differences in activity correlated with total phenolic content but not
with antioxidant activity. In addition, this paper provides the first complete Ultra-Performance Liquid Chromatography-
quadrupole time-of-flight (UPLC-QTOF) mass spectrometry analysis of Picea mariana's bark, needles and cones.

Conclusions: Together, these results provide further understanding of the cytoprotective activity of Canadian boreal
forest plants identified by the Cree healers of Eeyou Istchee in a cell model of diabetic neuropathy. Their activity is
relevant to diabetic peripheral neuropathic complications and shows that their properties can be optimized by
harvesting in optimal growth environments.
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Background

In recent years, there has been increasing recognition of
the deteriorating health status of Canadian First Nation
peoples with respect to chronic diseases [1, 2]. Among the
chronic diseases afflicting these populations, diabetes has
stood out as a literal epidemic [3—5]. Low levels of compli-
ance due to treatment incompatibility have led to high
levels of severe complications in these populations [3, 6-8].

Picea mariana (Mill.) Britton, Sterns & Poggenb., com-
monly known as black spruce or Inaatuk in Cree has been
used as a folk remedy for skin and soft tissues conditions
and as analgesic [9-11]. Poultice of inner bark has been
applied for infected inflammations [10]. Infusion of bark
has been used for pain relief [9] and the gum soaked in hot
water has been used in burn dressing or smeared on pain-
ful areas of the body [11]. Decoction of needles has been
applied to cure skin sores and to speed wound healing [12].

The proposed solution to the rejection of western medi-
cation, as part of the CIHR Team in Aboriginal Antidia-
betic Medicines (TAAM), is to make traditional treatment
options readily available alongside conventional treatment
[7, 13]. To accomplish this goal, semi-structured ethno-
botanical surveys have been conducted in Misstisini, Whap-
magoostui [14, 15], Waskaganish and Nemaska [16]. Using
the Syndromic Importance Value (SIV) calculation, P mari-
ana emerged in ethnobotanical surveys as a top ranking
plant [15]. Specifically, it is mentioned as a possible treat-
ment for symptoms related to diabetic neuropathy (pain,
loss of sensation which increases risk of wounds to the ex-
tremities, slow-healing wounds and greater risk of wound
infections due to weakened immune response) [14, 15].

To date, only antidiabetic activities of a cone extract
have been investigated. The extract showed high antioxi-
dant activity, insulin sensitizing and glitazone-like effects.
It also conferred protection to PC12 cells, a model of per-
ipheral neuronal precursors from high glucose insult [14,
17, 18]. Given these data and that extracts from needles of
Picea glauca (Moench) Voss (a closely related species) also
protect PC12 cells from hyperglycemic challenge [19], we
compared the cytoprotective efficacy of extracts prepared
from three different organs (needle, bark and cone) of P.
mariana collected at different geographical locations and
ecological conditions. Our primary goal was to establish
whether cytoprotective activity was dependent upon habi-
tat and growth environment and to elucidate what the
ideal collection conditions might be for this plant. Here we
describe how cytoprotective and mitogenic activities differ
between extracts sampled from coastal and inland popula-
tions (Waskaganish to Mistissini) in areas where bog (low
land) meets forest (high land). Six of nine Eeyou Istchee
communities across a varied northern Quebec landscape
have already participated in ethnobotanical studies that
may lead to the incorporation of traditional pharmacopeia
into clinics. Communities are situated inland (Mistissini,
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Nemaska, Oujé-Bougoumou) or on the coast of James or
Hudson Bay (Waskaganish, Wemindji, and Whapmagoos-
tui). The evaluation of local harvesting is essential to deter-
mine whether plant organs will yield similar benefits
under different growing conditions, knowing especially
that this region is vast. The development of this research
question has come directly from the elders of Eeyou
Istchee who emphasized the importance of plant selection
and regional variation.

Methods

Plant material

P. mariana organs (needle, bark and cone) were harvested
in proximity to the Cree communities of Waskaganish,
Nemaska and Mistissini located within the 50° and 51° N
latitudes (Quebec, Canada). Twenty-one populations were
selected (Fig. 1). Plants were harvested at the boundaries
of high land (forest) and low land (bog) to enable collec-
tion from two distinct habitats (bog or forest) within the
same geographical growth environment (measured as
proximity to the James Bay coast). Growth environment
was considered coastal if it was <50km from the coast
and inland if further. To ensure that habitats were distinct,
bog stands were defined as trees growing in > 30 cm sphag-
num moss. Forests were defined as having trees growing in
organic soil with <20 cm sphagnum moss ground cover.
Separate populations had to be at least 5km apart and in
most cases were much further in order to sample across all
three communities. Needles and bark were harvested from
10 trees within a 50 m radius for each habitat. Cones were
collected from the same trees when available however, they
were often unreachable or not present. All bulk materials
were air dried upon collection and dried to completion in
a plant drier at 40 °C prior to shipment. All samples were
collected and dried within a few weeks. The dried samples
were extracted at the University of Ottawa. Voucher speci-
mens were deposited at the Marie-Victorin Herbarium
(MT) located at the Jardin botanique de Montréal (PM001
to PM040).

Extract preparation

Twenty populations of needles were extracted. Pooled
samples were made by weighing out 2 g of material from
each tree (10x) resulting in a total of 2 g per location. The
2 g sample was placed in a magic bullet blender (Home-
land Housewares) along with 20 mL of 80% ethanol (10
mL/g material) and collected in 50 mL Fisher falcon tubes.
After blending, the sample was sonicated for 20 min and
the first extraction mixture was stored at 4 °C for 1 week.
The ethanol extract was centrifuged for 15min at 1811¢g
and the liquid supernatant was removed by pipette and
stored at 4 °C. Ten mL of fresh 80% ethanol was added to
the pellet, sonicated and stored at 4 °C. The second super-
natant was then removed and added in the same fashion
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Fig. 1 Map representing plant sampling locations (white number in black circle). The markers represent both the high and low land locations
since they were next to each other. For example the circle labelled “3" represents bog and forest populations. At this location materials for B3N, B3B,
B3C, F3N, F3B and F3C were collected. Cree communities are represented by a A symbol. This map was simplified using photoshop, from “The Far

North Nunavik and James Bay” tourist map which was sourced from the Base de données géographiques et administratives du Québec (BDGA)

as the first. Alcohol was then removed from the pooled
supernatant using a Labconco Centrivap (Fisher Scientific,
Ottawa, Canada) at 40 °C for 72 h. The alcohol-free extract
was lyophilized using a freeze dryer (Edwards Pirani 501,
Fisher Scientific, Ottawa, Canada) for 72 h. The result was
a dry stable extract that was homogenized and stored in a
freezer at —20°C. Nine of the 20 populations were in-
cluded for the analysis of bark extracts. It was necessary in
the case of bark and cone to grind samples in a Wiley mill
(2 mm mesh) tree by tree before evenly pooling the popula-
tions. As before 2 g of the pooled sample was processed
using the same protocol as for the needles. In the case of
cones, however, only five extracts were prepared by pooling
4 trees per population due to a lack of material. A total of
64 different extracts were prepared (20 needle bog, 20 nee-
dle forest, 9 bark bog, 9 bark forest and 6 cone bog = 64).

Cell culture and bioactivity assays

PC12-AC cells of the clonal derivate of the rat pheo-
chromocytoma cell line (American Type Culture Collec-
tion (ATCC), Manassas, VA, USA) [20] were maintained
in 10 cm dishes with 10 mL complete media (RPMI, 10%
horse serum, 5% new born calf serum) at 37 °C with 5%

atmospheric CO,. Complete media provided a normo-
glucose environment (11 mM glucose). Bioactivity was
assessed as previously described [19, 21]. To elicit glu-
cose toxicity (hyperglycemia), complete medium was re-
placed with this same serum-free media supplemented
with 150 mM glucose and 0.025% Bovine Serum Albu-
min (BSA). Following 96 h (hyperglycemia assays) of
treatment, the cell proliferation reagent WST-1 (Roche
Diagnostics, Laval, Quebec, Canada) was added to each
well and incubated for 60 min before spectrophotometric
analysis at 420 nm (formazan) and 620 nm [22]. Cultures
were compared to cell-free treatment media incubated
for the same period. Cell number per well was calculated
from standard curves derived from wells containing
known cell densities. Standardization allowed data to be
compared across replicates. For LD5, assessments, each
extract was tested at eight different concentrations in
quintuplicate over two separate experiments (n =15 per
concentration). For hyperglycemia assays, maximal test
concentrations were at least one log concentration below
their LD5o in normoglucose media. Each extract was
tested at four different concentrations in a minimum of
triplicate measures (# = 3—6). Data from control cultures
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were combined across plates (n=54). Percent viability
was calculated as follows: % viability = cell number (yeat-
ment well) / mean cell number oniron. Assigned bioactiv-
ities (cytotoxic, cytoprotective, or mitogenic) based on
this screen were validated by direct assessment of viable
cell number using Trypan Blue hemocytometer counts.

DPPH antioxidant assay

Extracts were tested for their radical scavenging activity
using the 1,1-diphenyl-2-picryl-hydrazyle radical (DPPH)
test as in [23]. Ascorbic acid (AA) was used as a control
to generate a standard curve for the calculation of its
ICs¢: the concentration where 50% of the DPPH radical
is quenched by AA. The following Least squares regres-

Z {(xi=%0) i=30)}
> (wxo)’ i

2

-x9)] in order to determine the line of best fit for the
ICs5¢ calculation where y =absorbance at 517 nm and
x = concentration in ppm. This method is employed over
the traditional method of discerning the linear portion
of the line visually and is a more accurate method of
extrapolation. Pure catechin and epicatechin compound
was used as positive controls for comparison to crude
plant extract samples. Extracts identified as having bio-
activity in both screening paradigms and following direct
validation were tested to determine whether antioxidant
activity correlated with cytoprotection or mitogenicity in
hyperglycemic media. Three independent assays were
run with samples tested in duplicate.

sion equation was used [y;,-y, =

Total phenolics test

The Folin-Ciocalteu method was used as previously
described [24], and later modified by Harris et al. (2008). A
standard curve was constructed using dilutions of quer-
cetin (Sigma Aldrich Co) at concentrations of 1.0, 0.75, 0.5,
0.25, 0.10, and 0.05 mg/mL. Eight hundred micro liters of
Folin reagent was added to 160 uL of sample with 540 uL
7.5% NaHCOj3 and stored in the dark for 2 h. Absorbance
was recorded at 725 nm using a spectrophotometer (Mo-
lecular Devices SpectraMax 5, Molecular Devices, Sunny-
vale, CA, USA). Fifteen milligrams of crude extract was re-
solubilized in 80% ethanol at 10 mg/mL inside 1.5 mL cen-
trifuge tubes. The samples were then vortexed until totally
dissolved and sonicated for 15min. These extracts were
dyed using the same procedure and the concentration
determined using the standard curve.

Ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-Q-TOF)

Samples were prepared by dissolving 40 mg of crude
extract in 1 mL of methanol (Sigma Aldrich, St Louis,
MO, USA). A standard of 600 uL of resveratrol (1 mg/
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mL) (Sigma) was added to 500 4L of extract to make a
total volume of 1100xL. The mixture was filtered
through a 0.2 um PTFE nylon membrane filter (Chroma-
tographic Specialties Inc., Brockville, ON, Canada) and
sonicated for 5 min before injection.

Analyses were undertaken on an Acquity UPLC
coupled with XevoG2 QTOF system (Waters Inc., Mil-
ford, MT, USA). UPLC analyses were performed on a
Waters Acquity system. Separations were performed on
a BEH C18 1.7um, 21x100mm column (part
#186002352; serial #02113226415705, LANSET# Gen-
eral Purpose 2.1 x 100 BEH) connected with a VanGuard
pre-column 2.1 x 5 mm. Mobile phases: A, water+ 0.1%
formic acid, and B-acetonitrile + 0.1% formic acid (Fisher
Optima LC-MS). Flow rate 0.8 ml/min (back pressure at
starting conditions = 10,000 PSI). Column temperature,
65 °C, sample temperature 4 °C. Mobile phase compos-
ition of B, 0—2 min 2% B isocratic, 2—5 min linear gradi-
ent 2-100% B, 5-6 min 100% B isocratic, 6—-8 min return
to initial mobile phase composition of 2% B isocratic. A
5uL injection was performed through a 10pL loop
followed by strong wash 200 uL (50% acetonitrile+ 50%
water) and weak wash 600 uL (10% acetonitrile +90%
water). Q-TOF was operated in positive and negative elec-
trospray ionization modes. MassLynx software (Version
4.1) was used to acquire high and low energy spectra in
MS® ESI+ and MS® ESI- modes within the mass range of
100-1500 Da. Lock mass was set with Leucine Enkephalin
C'" at 556.2615Da [M+H]"" and 554261 Da [M-H] ',
source and desolvation temperatures were 150°C and
500 °C respectively. Cone gas and desolvation gas (nitro-
gen) were set at 50 and 1200 L/hr). The identification of
the compounds is based on matching the molecular ion
acquired in low fragmentation setting and the major frag-
ments acquired in high fragmentation setting within the
mass accuracy of 5 PPM.

Results

Percentage yield

Upon extraction, 18, 25 and 30% of dried needles, bark
and cone were sequestered.

Bioactivity

LDs, values for all extracts were 25 pg/mL or higher. Con-
sequently, each extract was screened at 0.25, 0.5, 1 and
2 ug/mL for capacity to alter glucotoxicity in vitro (Ta-
bles 1, 2, 3, Figs. 2, 3, Additional files 1-3: Figures S1-S3).
Maximal concentrations of extracts were at least one log
concentration below their LD5o in normoglucose media.
Glucotoxicity (high glucose, HG) reduced the number of
viable cells to 56.8% that of normoglucose controls (C)
(Figs. 2 and 3). Samples were stated as biologically active if
at least two or more concentrations elicited a statistically
significant change in viable cell number. Compounds that
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Table 1 Bioactivity of Picea mariana needle extracts in PC12-AC
grown in hyperglycemic media

Extract ID? Bioactivity in hyperglycemic media®
1FN Cytoprotective
1BN None

2FN None

2BN None

3FN None

3BN None

4FN None

4BN None

5FN None

5BN None

6FN Cytoprotective
6BN Cytoprotective
7FN None

7BN Cytoprotective
8FN Mitogenic
8BN Mitogenic
9FN None

9BN Cytoprotective
10FN Cytoprotective
10BN None

11FN None

11BN None

13FN None

13BN None

14FN None

14BN None

15FN None

15BN None

16FN Cytoprotective
16BN None

17FN Cytoprotective
17BN Cytoprotective
18FN Cytoprotective
18BN Cytoprotective
19FN None

19BN Cytoprotective
20FN None

20BN None

21FN Cytoprotective
21BN None

“The extract ID code defines the growth environment (Area#1-21, Fig. 1),
habitat (B Bog or F forest) and organ (N needle). For example, 1FN is an
extract prepared from needles collected in a forest habitat at location #1.
Populations are listed in ascending order from coastal west (1) to inland east

(2019) 19:137

Page 5 of 14

(21) with forest (F) and bog (B) populations next to one another

for comparison

PBioactivity was classified comparing a 96 h treatment in hyperglycemic (150
mM) serum-free media. Viable cell number following extract treatment was
established using the WST-1 assay compared to standard curves of known cell
number. Vehicle control was 0.1% DMSO. Extracts that at two or more
concentrations increased viable cell number to values significantly higher than
the normoglucose controls (> 100%) were classified as mitogenic, those which
significantly protected cells from high glucose toxicity without apparent
mitogenic activity were classified as cytoprotective, and those which enhanced
glucotoxicity were classified as cytotoxic. Statistics were ANOVA, post-hoc
Tukey tested vs. vehicle-treated cultures in normo- or high glucose media. All
concentration-response data and statistical analyses are presented in
Additional file 1: Figure S1

increased viable cell number to values significantly higher
than the normoglucose controls (> 100%) were considered
mitogenic. Compounds that significantly protected cells
from high glucose toxicity (56.8%) without exceeding nor-
moglucose viability values were considered cytoprotective;
compounds that enhanced glucotoxicity at any concentra-
tion were considered cytotoxic (Tables 1, 2, 3).

We found that 50% of all organ extracts improved viabil-
ity of PCI12 cultures under hyperglycemic conditions
(Tables 1, 2, 3, Additional files 1-3: Figures S1-S3). More-
over, all extracts were well-tolerated in that none of them
enhanced glucose cytotoxicity. We identified 24 cytopro-
tective (38% of total) and seven mitogenic (9% of total) ex-
tracts. Two extracts (3% of total) exhibited both
concentration-dependent cytoprotective and mitogenic ac-
tivities. When comparing the overall bioactivity of extracts
prepared from needle, bark and cone collected in all re-
gions and habitats, we found that protective effects were
maximal at the lowest tested concentrations in all cases
and were not organ-specific with the exception of bark
and cone which were more effective mitogens in high glu-
cose media than needle extracts (Tables 1, 2, 3, Additional
files 1-3: Figures S1-S3, Fig. 2).

Regional variation

A primary concern of the TAAM team is to provide la-
boratory data assessing the importance of plant selection
and regional variation emphasized by the elders and healer
of the Eeyou Istchee in their traditional preparations.
Their insights are crucial to ensuring that plant usage will
yield similar benefits in all communities. We found that
50 % of P. mariana needle, bark, and cone extracts (32
extracts) did not exhibit significant biological activity in
our screening paradigm. To test whether extract efficacy
depended upon the growth habitat where the plant had
been harvested, we compared efficacy of needle and bark
extracts collected in bog and forest habitats. Cone extracts
were not included in this analysis as we were only able to
collect cones from bog sites.

We did not detect any statistically significant differ-
ences between the bioactivities of needle and bark ex-
tracts grown in different habitats (data not shown). To
test whether growth environment and habitat interacted



Downing et al. BMC Complementary and Alternative Medicine

Table 2 Bioactivity of Picea mariana bark extracts in PC12-AC
grown in hyperglycemic media

Extract ID® Bioactivity in hyperglycemic media®
1FB Mitogenic

1BB Mitogenic

2FB Cytoprotective

2BB Cytoprotective

3FB Cytoprotective

3BB Cytoprotective

4FB Cytoprotective

4BB Cytoprotective

5FB None

5BB None

6FB Cytoprotective/Mitogenic
6BB Cytoprotective/Mitogenic
7FB Cytoprotective

7BB Cytoprotective

11FB None

11BB Cytoprotective

14FB None

1488 None

*The extract ID code defines the growth environment (Area#1-21, Fig. 1),
habitat (B Bog or F forest) and organ (B bark). For example, 1FB is an extract
prepared from bark collected in a forest habitat at location #1

PBioactivity was classified using a 96 h treatment in hyperglycemic (150 mM)
serum-free media. Viable PC12-AC cell number following extract treatment
was established using the WST-1 assay compared to standard curves of known
cell number. Vehicle control was 0.1% DMSO. Extracts that at two or more
concentrations increased viable cell number to values significantly higher than
the normoglucose controls (> 100%) were classified as mitogenic, those which
significantly protected cells from high glucose toxicity without apparent
mitogenic activity were classified as cytoprotective, and those which enhanced
glucotoxicity were classified as cytotoxic. Samples classified with dual
bioactivities (ie. Cytoprotective/Mitogenic) are possible when two
concentrations satisfy our definition of one bioactivity (ie. Cytoprotective) and
two other concentrations from the same sample are in another category (ie.
Mitogenic). Statistics were ANOVA, post-hoc Tukey tested vs. vehicle-treated
cultures in normo- or high glucose media. All concentration-response data and
statistical analyses are presented in Additional file 2: Figure S2

to produce organs with different bioactivities, samples
collected in different growth habitats were grouped into
coastal or inland environments (Fig. 1). This analysis
revealed a statistically significant interaction among
growth environment, habitat, and organ bioactivity (Fig. 3)
. Extracts prepared from bark collected in coastal environ-
ments showed cytoprotection where needles extracts did
not (Fig. 3a and b). Moreover, in coastal-derived extracts,
activity was maximal (and concentration-dependent) at
low concentrations in extracts prepared from bark col-
lected in a forest habitat (Fig. 3a) and at high concentra-
tions in extracts prepared from bark collected in a bog
habitat (Fig. 3b). At their highest percent of cell viability,
extracts were even mitogenic. This interaction was organ-
specific. Neither growth environment nor habitat altered
the cytoprotective efficacy of needle extracts (Fig. 3a-d).
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Table 3 Bioactivity of Picea mariana cone extracts in PC12-AC
grown in hyperglycemic media

Extract ID? Bioactivity in hyperglycemic media®
3BC Cytoprotective

7BC Cytoprotective

11BC Mitogenic

12BC Mitogenic

14BC None

15BC None

®The extract ID code defines the growth environment (Area#1-21, Fig. 1),
habitat (B Bog or F forest) and organ (C cone). For example, 1BC is an extract
prepared from cones collected in a bog habitat at location #1

PBioactivity was classified comparing a 96 h treatment in hyperglycemic (150
mM) serum-free media. Viable cell number following extract treatment was
established using the WST-1 assay compared to standard curves of known cell
number. Vehicle control was 0.1% DMSO. Extracts that at two or more
concentrations increased viable cell number to values significantly higher than
the normoglucose controls (> 100%) were classified as mitogenic, those which
significantly protected cells from high glucose toxicity without apparent
mitogenic activity were classified as cytoprotective, and those which enhanced
glucotoxicity were classified as cytotoxic. Statistics were ANOVA, post-hoc
Tukey tested vs. vehicle-treated cultures in normo- or high glucose media. All
concentration-response data and statistical analyses are presented in
Additional file 3: Figure S3

Total phenolics and antioxidant activity

These data suggest that the amounts of biologically active
compounds are responsible for organ-specific, habitat-
dependent cytoprotective bioactivities of the extracts. It has
previously been suggested [17] that antioxidant activity is
responsible for antidiabetic activities in P. mariana cone
extracts. To further explore this hypothesis, we measured
total phenolic content in the needle, bark and cone extracts
(Fig. 4) and correlated this content with the antioxidant
activity of selected extracts using the Folin-Ciocalteu total
phenolics method and DPPH antioxidant tests employed in
previous TAAM studies [17].

We found that the combined phenolic content was
highest in cone extracts and lowest in needle. For each
milligram of extract, 146.5+4.2 ug (needles), 270.3 +
13.9 pug (bark) and 398.7 + 48.8 1 ug (cone) were phenolic
compounds (Fig. 4).

PH antioxidant assays were completed on 14 selected
extracts and plotted with respect to phenolic content
(Fig. 5). A significant correlation between antioxidant ac-
tivity and total phenolic content was detected (+* = 0.63,
p<0.05, Fig. 5).

Total phenolic content positively correlated with
bioactivity (+*=0.30, p =0.05, Fig. 6, Tables 1, 2, 3).
Antioxidant activity, however, was not correlated with
bioactivity (r*=0.046, p=0.460, Fig. 7). Taken to-
gether, these results suggest that, while the phenolic
content of organ extracts prepared from plants har-
vested in different habitats and growth environments
likely underlies bioactivity, the oxyradical scavenging
capacity of these phenolics is not the primary mecha-
nisms of action.
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Fig. 2 Comparison of cytoprotective and mitogenic activities of P. mariana needle (o), bark (m) and cone (A) extracts in PC12-AC grown in
hyperglycemic media. MANOVA analysis was used to average all extracts based on their organ type and concentration. Significant cytoprotection
(x) or mitogenic activity (#) was afforded when Dunnett post hoc tests were p < 0.05 as compared to the normoglucose (C) and high glucose
(HG) controls. All organs showed significant protection at all concentrations except cone at 2 pg/mL (needle n =120, bark n =60, cone n=18)

UPLC-QTOF analyses

Analyses of the methanol extracts of needle, bark and
cone extracts were completed by Dr. Ammar Saleem at
the LANSET core facility, University of Ottawa and
yielded the identification of two classes of compounds —
phenolics (Additional file 4: Figure S4-a) and terpenes
(Additional file 4: Figure S4-b). Using the natural prod-
ucts data base that we have created, a total of 32 phen-
olic and terpene compounds were detected in P
mariana needle, bark and cone extracts (Table 4, Add-
itional file 5: Figure S5a-c). All plant parts contained
proanthocyanidins b6 and b3, as well as abietic acid,
dehyroabietic acid and oxodehydroabietic acid. Eleven
compounds were confirmed as present in needles, with
an additional 10 tentatively compounds and four in trace
quantities. Kaemferol-7-O- glucoside was unique to the
needles. The bark contained 8 confirmed compounds
and 6 tentatively present and 2 in trace quantities with
picealactone b as a unique component. The cones have
not been previously analysed and revealed 10 confirmed
compounds, 7 tentatively present and 5 trace com-
pounds. Two significant compounds here are resveratrol,
with antioxidant, antidiabetic and other biological activ-
ities [25], as well as taxifolin, also an antioxidant but
structurally related to quercetin, which has previously

been reported to protect against oxidative stress induced
apoptosis [26]. Additional information on the new
UNIFI based identification system used here and based
on diagnostic low and high energy spectra will be pub-
lished elsewhere.

Bioactivity of taxifolin

To investigate whether taxifolin elicits cytoprotective effects
and may contribute to the observed activity of cone ex-
tracts, a pure taxifolin standard (Sigma Aldrich, Oakville,
ON) was administered at increasing non-toxic concentra-
tions (0.8, 1.6 and 3.2 pM) to PC12 cells exposed to gluco-
toxicity (Additional file 6: Figure S6). Cytoprotection was
significant at 1.6 uM with nearly identical concentration-
dependent response as seen for quercetin [22].

Discussion

There is a paucity of strategies effective in managing
chronic pain, infection, paralysis, and loss of sensation in
association with peripheral diabetic neuropathy [8, 27].
Based on our ethnobotanical studies, we have observed
that preparations from various organs of P. mariana are
used to treat slow healing infections, sores and numb-
ness (particularly of the extremities), all symptoms re-
lated to diabetic neuropathy. We demonstrate for the
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Fig. 3 Comparison of cytoprotective and mitogenic activities of P. mariana extracts on PC12-AC by growth environment. MANOVA
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analysis was used to determine the mean viability with respect to habitat (forest/ bog), growth environment (coastal/inland), organ type
(Needle = o, Bark=m) and concentration (0.25, 0.50, 1.00, 2.00 ug/mL) interactions. Significant protection () or mitogenic activity (#) was
identified by Dunnett post hoc tests (p <0.05) by comparison to the (C) normoglucose or (HG) high glucose controls respectively. The
same p value was used to denote a significant difference between needle and bark (+) at specified concentrations. a Comparison of bark
and needle extract protection in coastal forest environments (bark n=12, needle n=12). b Comparison of bark and needle extract
protection in coastal bog environments (bark n=12, needle n=12). ¢ Comparison of bark and needle extract protection in inland forest
environments (bark n=18, needle n=51). d Comparison of bark and needle extract protection in inland bog environments (bark n=18,
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first time that P. mariana needles and bark are effective
protectors of peripheral neuronal precursor survival when
exposed to hyperglycemic conditions. We confirm the
protection of cones, which was first demonstrated by our
team [17]. We have also shown that harvest location can
impact the cytoprotective activities of P. mariana, particu-
larly for bark extracts, which tended to be more effective
when obtained from inland forest populations than from
coastal and inland bog populations. In a similar fashion,
[28, 29] showed a latitudinal trend in key phenolic

concentration but failed to find a correlation with bio-
activity. In general, the strength of the observed activity of
needle, bark and cone is correlated with the total phenolic
concentration of the extracts. The one notable exception
was a cone extract that was suspected to have caused oxi-
dation, a negative response, in PC12-AC cells. The pres-
ence of too many antioxidants can actually be harmful,
resulting in oxidation and therefore a decrease in cell sur-
vival. This situation was observed in preliminary DPPH
tests at higher extract concentrations [30].
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These in vitro findings validate the importance of P.
mariana’s role as part of the Cree pharmacopoeia and
underline the importance of plant selection and extract
strength. In a review of Canadian aboriginal plant use,
[31], it has been reported that this plant is used by the
Cree to treat many ailments including heart problems,
high blood pressure as well as many infectious and inflam-
matory conditions. To TAAM’s ethnobotanical and in
vitro findings [14, 15, 17, 32], we have contributed add-
itional positive evidence that boreal plants from the Cree
pharmacopoeia are capable of treating diabetes neur-
opathy symptoms. Specifically, we have shown at the cel-
lular level, that this traditional medicine may be effective
in the treatment of this “new” disease afflicting First Na-
tion peoples, namely the potential to manage diabetic per-
ipheral symptoms by protecting peripheral neurons and
their precursors from hyperglycemic insult.

These results are similar to those found in Harris et al.
(2008) for P. glauca, except that all P. mariana organs
showed protection. In contrast to Harris et al. (2008) find-
ings, P. mariana needles were generally the lowest
protector against diabetic insult. One factor that should
be re-examined in the case of P. glauca is concentration
range. It may be necessary to test bark and cone at much
lower concentrations than 10 pg/mL. This is recom-
mended because our graphs often showed a decreasing
dose response from the lowest concentration to the

highest (Fig. 3). Conversely, given strong correlations in
both studies with total phenolic content, these data could
also suggest species differences in the phenolic constitu-
ents of the different organs that underlie the cytoprotec-
tive and mitogenic bioactivities. This is a good argument
for the comprehensive fractionation-based assays of or-
gans collected at different locations and under different
growth habitats in order to identify active components.
We further show that extract efficacy depends upon
careful selection of plant organs depending upon growth
environment and habitat as indicated by the Cree elders
and healers of Eeyou Istchee. This is an important find-
ing as it supports the efforts of traditional practitioners
in ensuring equivalent benefits across communities.
Variation in activity by growth environment was observ-
able mainly for bark. In this case, we recommend inland
populations or, if harvesting in proximity to the coast, to
choose forest sites instead of bog sites. Conveniently,
this is easier ground to navigate and a less fragile habitat.
However, if a bog is the only site available for harvesting,
it may be possible to achieve the same level of protec-
tion in coastal sites, for example, by simply using more
plant material per treatment preparation. In the case of
needles, neither growth environment nor habitat altered
the cytoprotective efficacy of extracts, so no special rec-
ommendations are warranted. A lack of specificity
should allow collectors to avoid overharvesting in one
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area and, therefore, decreases the possibility of harmful
environmental impacts.

Using UPLC-QTOF method, a total of 14 phenolics and
18 terpenes were detected or tentatively identified in nee-
dle, bark and cones extracts. Among these phenolics,
piceatannol was detected in cone and needle extracts, yet
absent from bark extract. On the other hand, the identities
of resveratrol and isorhapontigenin were only confirmed in
the cone extract. These three compounds belong to a
group of compounds called stilbenes and have shown a
wide range of biological activities such as antidiabetic, anti-
oxidant, anti-aging, anti-cancer and anti-inflammatory ac-
tivities [33—-36]. Of note, resveratrol, is the most studied
stilbene and is a known cytoprotector found in red wine
[37] while isorhapontigenin is a novel stilbene that was
recently identified in red wine. Stilbenes were previously
detected in a number of unrelated gymnosperm and angio-
sperm species such as Abies, Picea, Pinus, Juniperus,
Rheum and Morus species [38]. Besides the properties or
activities listed above, stilbenes have been shown to
improve blood circulation and have antimicrobial activities
[38, 39]. Another interesting phenolic group is the
proanthocyanidins; they constitute a subclass of flavonoids
that has attracted growing attention due to their potential

health promoting effects [40]. Procyanidin B3 and Procya-
nidin B6 are detected in needle, bark and needle extracts.
On the other hand, the flavanonols dihydroquercetin or
taxifolin was only confirmed in the cone extract but may
nonetheless contribute to cytoprotective effects elicited by
these extracts (Additional file 5: Figure S5). Concerning
terpenes, the conifer biomarkers abietic and dehydroabietic
acids as well as 7-Oxodehydroabietic acid were detected in
the extracts of the three plant parts while sandaracopimaric
acid was only identified in the needle extract. Importantly,
abietic acid and dehydroabietic acid were reported to ex-
hibit a potent inflammatory activity and have antioxidant
as well as antiobesity and regulation of glucose metabolism
[41]. While still preliminary, this approach can identify the
bioactive compounds that underlie species differences as
well as reflect the observed growth environment and habi-
tat impact upon extract efficiency.

Conclusion

P. mariana is an effective protector of peripheral neur-
onal precursor survival when cells are subjected to high
glucose conditions. All organs tested in this diabetic
neuropathy model (needles, bark and cone) proved to be
efficacious. As all organ parts are protective and the
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Table 4 List of compounds in P. mariana needle, bark and cone extracts identified by ESI-QTOF positive electrospray ionization. C
(Retention time match +0.02 min, low and high energy spectra match within +5 ppm mass accuracy); P (low and high energy
spectra match within 5 ppm mass accuracy); T (signal intensity of quasi molecular ion below 1500 counts); A (absent)

# Compound Molecular formula  Accurate mass ~ [M+H]*' Rt. (min)  Needle  Bark  Cone
Phenolics

1 3'4"-Dihydroxyacetophenone C8H803 152.0473 153.0553 271 C C A
2 4-Hydroxybenzoic acid C7H603 138.0317 139.0396 266 C T T
3 4-Methylcatechol C7H802 1240524 1250604 298 T T T
4 Coumarin C9H602 146.0368 147.0447 295 C C A
5 Dihydroquercetin C15H1207 304.0583 305.0662 3.00 A T C
6 Isorhapontigenin C15H1404 258.0892 259.0971 3.11 T A C
7 Isorhapontigenin 3-O-beta-D-glucopyranoside C21H2409 420.1420 421.1500 312 A A P
8 Kaempferol C15H1006 286.0477 287.0557 3.08 A A C
9 Kaempferol 3-(3"-p-coumaryl-6"-ferulylglucoside) ~ C40H34016 770.1847 7711926 374 P A A
10 Kaempferol-7-O-glucoside C21H20011 448.1006 449.1085 294 @ A A
" Piceatannol C14H1204 244.0736 245.0815 291 C A C
12 Procyanidin B3 C30H26012 578.1424 579.1504 392 C C C
13 Procyanidin B6 C30H26012 578.1424 579.1504 265 C C C
14 Resveratrol C14H1203 228.0786 229.0866 3.04 T A C
Terpenes

15 Picealactone C C20H2204 326.1518 3271597 358 A P A
16 Isolariciresinol C20H2406 360.1573 361.1652 3.70 P A A
17 Picealactone A C20H2203 310.1569 311.1648 448 A p T
18 Dehydroabietic acid C20H2802 300.2089 3012169 391 C C C
19 12-Hydroxydehydroabietic acid C20H2803 316.2038 3172118 437 P p p
20 Abieta-8,11,13-trien-7-one C20H280 284.2140 2852219 419 A p p
21 7-Oxodehydroabietic acid C20H2603 314.1882 315.1961 442 @ C @
22 Abietic acid C20H3002 302.2246 303.2325 497 C C C
23 Sandaracopimaric acid C20H3002 302.2246 303.2325 452 C C A
24 Typhasterol C28H4804 4483553 4493632 520 P A A
25 (+)-Picealactone B C20H2204 3261518 327.1597 3.15 P A A
26 (+)-Lariciresinol C20H2406 360.1573 361.1652 373 P A A
27 Gibberellin A1 C19H2406 348.1573 349.1652 463 P A T
28 Gibberellin A15 C20H2604 330.1831 331.1910 383 P p p
29 Gibberellin A51 C19H2405 3321624 333.1703 4.01 P p p
30 Gibberellin A29 C19H2406 348.1573 349.1652 466 P A T
31 Gibberellin A7 C19H2205 330.1467 331.1546 310 T A P
32 Neocembrene C20H32 2722504 2732583 5.12 A A p

boreal forest of Canada is highly populated by this tree
species, we believe P. mariana is an excellent candidate
for a renewable source of medicine. Further in vitro in-
vestigations are necessary to elucidate the underlying
mechanisms of action and phenolic variation. In vivo
tests using diabetes specific animal models are also
needed to confirm that bioactivity remains upon inges-
tion. Of course, the successful application of this study’s
findings will also depend on the continuation of an

already interdependent relationship developed by the
TAAM team, health care professionals and the Eeyou
Istchee communities. As the bonds we have built are
strong, we are confident that not only P. mariana but
many of the plants from the Cree pharmacopeia will be-
come part of a new holistic form of diabetes treatment,
culturally acceptable to the Cree of Eeyou Istchee and
supported by traditional practice and evidence-based
inquiry.
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Additional file 1: Figure S1. (A-T). Comparison of cytoprotective,
mitogenic and cytotoxic activities of P. mariana pooled needle extracts
from forest and bog populations in a PC12-AC model of high glucose
stress. Populations are listed in ascending order from coastal west [1] to
inland east [21] with forest (F) and bog (B) populations next to one an-
other for comparison. Organ type is specified as the last number in the
code; needle (N). Therefore, each graph has a code identifying population
number, habitat type and organ type above it in that order. Bioactivity
was assessed using the formazan dye WST which measures mitochondrial
dehydrogenase activity. Treatment wells containing extract were stan-
dardized to the normoglucose control (C) and compared to this and the
high glucose control (HG) for the determination of protective, mitogenic
or toxic effects. A students t-test was used in order to determine the sig-
nificant difference between the normoglucose control (100%) and the
high glucose control (56.799%, n = 54 wells/condition, bar graph, p <
0.05). Anova analysis was employed in order to compare the % viability
for each concentration 0.25, 0.50, 1.00 and 2.00 ug/mL to the normoglu-
cose and high glucose controls. Differences were deemed significant
(*cytoprotection, #mitogenic) when p <0.05 (n = 3 treatment wells/con-
centration). (PDF 973 kb)

Additional file 2: Figure S2. (A-). Comparison of cytoprotective,
mitogenic and cytotoxic activities of P. mariana pooled bark extracts
from forest and bog populations in a PC12-AC model of high glucose
stress. Populations are listed in ascending order from coastal west [1] to
inland east [14] with forest (F) and bog (B) populations next to one an-
other for comparison. Organ type is specified as the last number in the
code; bark (B). Therefore each graph has a code identifying population
number, habitat type and organ type above it in that order. Bioactivity
was assessed using the formazan dye WST which measures mitochondrial
dehydrogenase activity. Treatment wells containing extract were stan-
dardized to the normoglucose control (C) and compared to this and the
high glucose control (HG) for the determination of protective, mitogenic
or toxic effects. A students t-test was used in order to determine the sig-
nificant difference between the normoglucose control (100%) and the
high glucose control (56.799%, n = 54 wells/condition, bar graph, p <
0.05). Anova analysis was employed in order to compare the % viability
for each concentration 0.25, 0.50, 1.00 and 2.00 pg/mL to the normoglu-
cose and high glucose controls. Differences were deemed significant
(*cytoprotection, #mitogenic) when p <£0.05 (n = 3 treatment wells/con-
centration). (PDF 476 kb)

Additional file 3: Figure S3. (A-F). Comparison of cytoprotective,
mitogenic and cytotoxic activities of P. mariana pooled cone extracts
from bog populations in a PC12-AC model of high glucose stress. Popula-
tions are listed in ascending order from coastal west [3] to inland east
[15] Habitat is the second letter in the code (bog = B) while Organ type is
specified as the last number in the code (cone = C). Therefore each graph
has a code identifying population number, habitat type and organ type
above it in that order. Bioactivity was assessed using the formazan dye
WST which measures mitochondrial dehydrogenase activity. Treatment
wells containing extract were standardized to the normoglucose control
(C) and compared to this and the high glucose control (HG) for the de-
termination of protective, mitogenic or toxic effects. A students t-test was
used in order to determine the significant difference between the nor-
moglucose control (100%) and the high glucose control (56.799%, n = 54
wells/condition, bar graph, p < 0.05). Anova analysis was employed in
order to compare the % viability for each concentration 0.25, 0.50, 1.00
and 2.00 pg/mL to the normoglucose and high glucose controls. Differ-
ences were deemed significant (*cytoprotection, #mitogenic) when p <
0.05 (n = 3 treatment wells/concentration). (PDF 171 kb)

Additional file 4: Figure S4. (A-B). Chemical structures of compounds
in P. mariana needles, bark and cone extracts identified by ESI-QTOF posi-
tive electrospray ionization. (A) Phenolics, (B) Terpenes. 1: 3'4™-Dihydroxya-
cetophenone, 2: 4-Hydroxybenzoic acid, 3: 4-Methylcatechol, 4: Coumarin,
5: Dihydroquercetin, 6: Isorhapontigenin, 7: Isorhapontigenin 3-O-beta-D-
glucopyranoside, 8: Kaempferol, 9: Kaempferol 3-(3"-p-coumaryl-6"-ferulyl-
glucoside), 10: Kaempferol-7-O-glucoside, 11: Piceatannol, 12: Procyanidin
B, 13: Procyanidin B6, 14: Resveratrol, 15: Picealactone C, 16:
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Isolariciresinol, 17: Picealactone A, 18: Dehydroabietic acid, 19: 12-
Hydroxydehydroabietic acid, 20: Abieta-8,11,13-trien-7-one, 21: 7-
Oxodehydroabietic acid, 22: Abietic acid, 23: Sandaracopimaric acid, 24:
Typhasterol, 25: (+)-Picealactone B, 26: (+)-Lariciresinol, 27: Gibberellin AT,
28: Gibberellin A15, 29: Gibberellin A51, 30: Gibberellin A29, 31: Gibberel-
lin A7, 32: Neocembrene. (PDF 131 kb)

Additional file 5: Figure S5. Total ion chromatograms obtained from
(A) needles, (B) bark and (C) cones by ESI-QTOF positive electrospray
jonization. (PDF 1006 kb)

Additional file 6: Figure S6. Taxifolin protects PC12 cells from high
glucose-mediated death. Exposure to glucose toxicity produced a signifi-
cant loss in cell viability compared to normal glucose conditions as
assessed by mitochondrial dehydrogenase activity measured by cleavage
of the formazan dye WST [left panel, ** denotes a significant difference
(p < 0.01) relative to normal glucose control, Student’s t-test, n = 16].
Three concentrations of taxifolin (0.8, 1.6 and 3.2 uM) were administered
to high glucose-treated cells. Cytoprotective activity was assessed as de-
scribed in methods section. *denote significant differences (p < 0.05) be-
tween high glucose and taxifolin sample (ANOVA, post-hoc Dunnett’s t-
test, n = 10-15). Data are reported as the mean + SEM. (PDF 618 kb)
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