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Abstract Tilia americana and Annona diversifolia are

plants widely distributed in Mexico and sold in markets for

their medicinal properties on the central nervous system

(CNS) including possible neuroprotection. Pharmacologi-

cal studies have corroborated CNS activities due to flavo-

noid constituents, but evidence of their neuroprotector

effects are lacking. This study was conducted to test

aqueous and organic extracts of these two plants for neu-

roprotective effects in a novel experimental model of

intestinal ischemia in situ. T. americana and A. diversifolia

aqueous and organic extracts were administrated to guinea

pigs at an oral dose of 100 and 300 mg/kg for 15 days.

Twenty four hours after the last administration, the animals

were anesthetized and intestinal ischemia in situ was

induced by clamping for 80 min selected branches of the

superior mesenteric artery. Ischemic segments placed in an

in vitro organ bath were stimulated electrically (0.3 Hz

frequency, 3.0 ms duration, 14 V intensity) and chemically

(ACh; 1 9 10-9 to 1910-5 M). Neuroprotection was

considered present when the depressed contractile response

of the ischemic tissue to electrical stimulation was nor-

malized in the treated animals. Results showed that pre-

treatment with the T. americana hexane and aqueous

extracts, but not with those from A. diversifolia, signifi-

cantly improved responses of the ischemic tissue. These

results suggest that T. americana possesses neuroprotective

effects against neuronal damage induced by ischemia, and

that flavonoids as well as non-polar constituents are

involved. Our study supports the use of this plant in folk

medicine and suggests its possible effectiveness for stroke

prevention.

Keywords A. diversifolia � Guinea-pig ileum �
Intestinal ischemia � Neuroprotection � T. americana

Introduction

Stroke or cerebrovascular accident is a medical emergency

and one of the leading causes of the death and disability

worldwide. It consists of a critical reduction in blood flow

caused by a sudden obstruction of an artery in an area of

the brain [1]. Its pathophysiology is complex and it

involves excitotoxicity mechanisms, inflammatory path-

ways, oxidative damage, ionic imbalances, apoptosis,

angiogenesis, but also neuroprotection [2]. A large number

of neuroprotective agents have been reported to be highly

effective in reducing ischemic lesion in animal brains by

interrupting this cascade, but none reduce mortality and/or

attenuate disability in stroke patients [3, 4]. The only drug

approved in the United States by the Food and Drug

Administration (FDA) for treatment of acute ischemic

stroke is the recombinant tissue plasminogen activator

(rtPA), a thrombolytic agent. Its use, however, is limited by
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its narrow therapeutic window [2]. The search for agents

offering a therapeutic alternative for the management of

acute ischemic stroke, whatever their origin or mechanism

of action should therefore be continued.

In Mexico as in the rest of the world, medicinal plants

are popularly considered as an alternative for the treatment

of central nervous diseases [5]. Unfortunately, only a small

percentage of medicinal plants with neuroprotective prop-

erties have been investigated in experimental models of

global or focal ischemia in search of evidence of this CNS

activity. This is the case of Ginkgo biloba extract EGb 761

[6], Camellia sinensis infusion (Green Tea [7]), an etha-

nolic extract of Crataegus oxyacantha [8], the organic

extracts from Allium cepa, Artemisia absinthium [9, 10],

Ocimum basilicum [11], Mimusops elengi [12] and those

from olive leaf enriched in oleuropein [13]. Moreover, the

neuroprotective effects of Vitis amurensis and Ilex latifolia

have been investigated in in vitro studies on the glutamate-

induced excitotoxicity in rat cortical neurons in culture [14,

15].

Annona diversifolia Saff. (Annonaceae) (A. diversifolia)

is a tree indigenous to Mexico commonly known as ‘‘ilama’’,

‘‘ilama zapote’’, ‘‘ilamazapotl’’ and ‘‘zapote de vieja’’ [16].

Previous pharmacological studies have reported its anxio-

lytic, antinociceptive and anticonvulsant activities attrib-

uted to a non-polar active metabolite identified as

palmitone [17–20]. On the other hand, the Tilia genus

belongs to Tiliaceae family, which consists of 24 species,

mainly distributed in Europe and Asia, and a few in North

America [21]. In Mexico, Tilia americana var. mexicana

(Schltdl.) Hardin (T. americana), is a medicinal species

distributed from Northern Chihuahua to Southern Oaxaca

commonly known as linden flower and leaf, ‘‘tilia’’, or

‘‘tilo de hoja’’ [22]. Throughout the world, Tilia species

have been used in traditional medicine for their tranquil-

izing properties. Infusions of the inflorescences are widely

used in Latin America as sedatives and tranquilizers

[23, 24], as well as anti-inflammatory agents and in

arthritic pain [25, 26]. Previous studies have shown the

CNS activities of T. americana and the presence of active

metabolites such as glycosides of quercetin and kaemph-

erol and a terpenoid-like beta-sitosterol [27–30].

These two plants are widely distributed in Mexico and

are sold in local markets for their purported medicinal CNS

properties including a possible neuroprotector effect; they

are prepared as aqueous or organic extracts. Although it is

well known that these two species have CNS activity and

contain active metabolites such as flavonoids and terpe-

noids, there is no evidence that they are capable of eliciting

neuroprotection against ischemia. The present study was

therefore designed to investigate the possible neuropro-

tective effect of A. diversifolia and T. americana aqueous

and organic extracts on the neuronal damage induced by

intestinal ischemia in situ in guinea pig ileum subjected to

chemical and electrical stimulation in a previously descri-

bed novel model [31, 32].

Materials and Methods

Animals

Adult male guinea pigs, weighing 600–900 g and obtained

from our breeding facilities were used. Animals were

housed one per cage in a temperature-controlled room

(22 ± 2 �C) with an automatically timed cycle of 12 h

light/dark (lights on 08:00–20:00 hours). Food (Purina

Chow, St. Louis, MO, USA) and water were available

ad libitum. Twenty-four hours before experiments, food

was withheld and free access to water was maintained.

Surgery and experiments were performed between 07:00

and 14:00 hours. This study was carried out under the

provisions of the Declaration of Helsinki, and adhered to

the National Health Ministry guidelines for the use of

laboratory animals, as well as by the Official Mexican

Norm for animal care and management (NOM-062-ZOO-

1999) [33]. It was approved by the corresponding local

ethics committees and registered as projects Nos. 022-2012

(Facultad de Medicina, UNAM) and NC093280 (Instituto

Nacional de Psiquiatrı́a).

Plant Material

Annona diversifolia Saff. (Annonaceae) (A. diversifolia)

leaves were collected in Tejupilco, Guerrero in September

2010, and a voucher specimen of the plant (AN9702) was

deposited at the ‘‘Herbarium of useful plants Efraim Her-

nandez X’’ of the Autonomous University of Chapingo,

State of Mexico. Tilia americana var. mexicana (Schltdl.)

Hardin (Tiliaceae) (T. americana) inflorescences were

collected in Tenango de Doria, Hidalgo in June 2007 and a

voucher specimen of the plant (IMSS M-15070) was

deposited at the Instituto Mexicano del Seguro Social in

Mexico City.

Preparation of the Extracts

The aqueous extract of A. diversifolia was obtained by

using 50 g of dried and powdered leaves in a process of

infusion in 500 ml of boiling water. The extract was sep-

arated from residues by gravity filtration; samples were

then frozen in liquid nitrogen and later lyophilized during

12 h using a Heto FD3 Lab lyophilizer to yield 1.11 g

(2.22 %). In the case of the organic extracts of A. diver-

sifolia, the dried and powdered leaves (1.5 kg) were

exhaustively extracted with hexane (28 L 9 3) and ethanol
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(28 L 9 3) through maceration at room temperature

(22 �C) and subsequent evaporation in vacuum to give

42 g (2.8 %) and 89 g (5.9 %) of semisolid and syrupy

hexane and ethanol crude extracts, respectively.

Preliminary phytochemical studies of this species have

demonstrated the presence of palmitone (16-hentriaconta-

none), oleic acid, stearic acid and palmitic acid [18, 34], as

well as acetogenins such as laherradurin and cherimolin-2

[35] in the hexane extract; whereas the alkaloid liriodenine

was identified in the methanol extract [36].

In the case of the aqueous extract of T. Americana, the

air-dried powdered inflorescences (24 g) were extracted by

infusion in boiling water (500 ml) for 1 h. The resulting

extract was separated from its residue by gravity filtration;

samples were frozen in liquid nitrogen and freeze-dried for

12 h in the lyophilizer mentioned above. The final crude

aqueous extract consisted of 1.3 g of a yellow powder or

5.3 % from dry weight. For the preparation of the organic

extracts of T. americana, the air-dried powdered ground

leaves (1.86 kg) were successively extracted with hexane

(4 L 9 3), and methanol (4 L 9 3) by maceration at room

temperature (22 �C). The solvents were separated from the

residues by gravity filtration and then evaporated in vac-

uum. The final crude extracts were obtained in percentage

from dry weight (% d.w.) as follows: 25.8 g of a yellow

greasy hexane extract (1.38 % d.w.), and 134.4 g of a dark

brown syrupy methanol extract (7.2 % d.w.).

In phytochemical studies from this species have been

identified beta-sitosterol in the hexane crude extracts [27];

whereas glycosides of quercetin and kaempherol have been

characterized in the methanol crude extract, such as ka-

empferol-3,7-O-dirhamnoside (kaempferitrin), quercetin-3-

O-glucoside (isoquercitrin), kaempferol-3-O-glucoside

(astragalin), kaempferol-3-O-rhamnoside, kaempferol-3-O-

(6-p-coumaroyl)-glucoside (tiliroside), quercetin-3,7-O-

dirhamnoside, quercetin-3-pentoside and quercetin-mal-

onylhexoside [24, 29, 37].

Reagents and Drugs

Potassium chloride (KCl), calcium chloride (CaCl2),

sodium chloride (NaCl), magnesium chloride (MgCl2),

barium chloride (BaCl2), sodium bicarbonate (NaHCO3),

sodium phosphate monobasic monohydrate (NaH2-

PO4 � H2O), dextrose, were purchased from J. T. Baker.

Tween� 80, xylazine hydrochloride, acetylcholine chloride

(ACh) and choline chloride were purchased from Sigma

Aldrich Mexico and ketamine was purchased from Revet-

mex�. Vehicle consisted of 0.5 % Tween�80 in saline

solution (s.s., 0.9 % NaCl), the Krebs–bicarbonate with

glucose (K–B) solution contained (mM): NaCl 118, KCl,

4.7; CaCl2 2.5, MgCl2 1.2, NaH2PO4, 1.2; NaHCO3, 25;

dextrose, 11, and choline chloride, 0.3 [31, 32, 38].

Intestinal Ischemia In Situ

As previously was described by Rodriguez et al. [31] and

Santiago-Mejia et al. [32], guinea pigs were anaesthetized

with an intramuscular injection of a mixture of ketamine

(AnesketTM, 100 mg/kg) and xylazine (20 mg/kg).

Through a 1.5 cm laparotomy the distal part of the ileum

was exposed without considering the 10 cm of the tissue

nearest to the cecum. The blood supply to a selected por-

tion of the ileum (15 cm) was interrupted by clamping the

corresponding ileal branches of the superior mesenteric

artery (SMA). The intestine was returned to the abdominal

cavity, which was then closed with silk suture. Animals

were kept under anesthesia for the rest of experiment. After

80 min of ischemia, the ischemic portion was removed and

placed in a Petri dish with K–B solution maintained at

37 �C and bubbled with 95 % O2/5 % CO2. Six ischemic

ileum segments 1.5 cm in length were cut and placed in a

20 ml organ bath containing K–B solution at 37 �C and

gassed with 95 % O2/5 % CO2. All segments were run

simultaneously. The upper end of the ileum was attached to

a Grass FT-03C force displacement transducer connected

to a Grass 7B polygraph to record isometric contractions.

The resting tension was fixed at 1 g. Preparations were

allowed to equilibrate for 60 min under continuous super-

fusion (10 ml/min) of warm K–B solution, and then stim-

ulated with ACh (1 9 10-5 M) to ascertain their viability.

The mechanical ileum responses were analyzed with a

computerized data acquisition system (PolyView System,

version 2.5, Grass instruments).

Electrical and Chemical Stimulation

Preparations were electrically stimulated through two sil-

ver electrodes that were positioned parallel to the seg-

ments. The anode was placed intraluminally. Maximal

contractions of the segments were elicited by transmural

nerve stimulation using rectangular current pulses (0.3 Hz

of frequency, 3.0 ms of duration and 14 V intensity)

delivered by a Grass S88 stimulator and a Med-Lab Stimu-

Splitter II. Voltage was progressively increased from 1 to

14 V and superfusion was not interrupted during electrical

stimulation. In all the cases, when a maximal contractile

effect was obtained, the preparations were washed with

30–60 ml of warm K–B and were chemically stimulated.

Chemical stimulations for each tissue, consisted of ACh

from 1 9 10-9 to 1 9 10-5 M; KCl, 32 mM; and BaCl2
10 mM [31, 32]. When a maximal contractile effect with

each concentration of drug was obtained, the preparations

were washed with 30–60 ml of warm K–B solution. Con-

centrations are expressed as final drug concentrations

actually in contact with preparations.
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Experimental Design

Sham Tissue

Segments of ileum obtained from animals with laparatomy

but without the occlusion of SMA. Animals included in

this group received vehicle at an oral way for 15 days.

Ischemic Tissue

Segments of ileum obtained from animals with intestinal

ischemia by SMA occlusion.

Treated Tissue

Segments of ileum obtained from animals with intestinal

ischemia pretreated with the T. americana and A. diversi-

folia aqueous and organic extracts at an oral dose of 100

and 300 mg/kg for 15 days. One animal was used for each

extract and each dose. The ischemia in situ was performed

24 h after the last administration of each extract.

Verapamil Tissue

Segments of ileum obtained from animals with intestinal

ischemia pretreated with 0.3 mg/kg of verapamil (a calcium

channel blocker), as positive control of neuroprotection,

administered intravenously 15 min before ischemia.

Statistical Analysis

Data are expressed as the mean ± SEM with six replicates.

Contractile responses were expressed as grams of tension

or as the area under the curve (AUC) in units of area (ua).

This parameter was calculated from the concentration–

response curves to ACh (1 9 10-9 to 1 9 10-5 M). Sig-

nificant differences between the contractile response in the

ischemic and sham groups were determined by Student’s

t test. Significant differences among contractile response of

the ischemic segments exposed to electrical and chemical

stimulation and other treatment groups were determined

using one-way ANOVA followed by Dunnett’s test. Sta-

tistical analysis and graphics were performed using the

Graph-Pad Prism (version 5.0) software. At least 6 repe-

titions were performed for each treatment. Significance was

considered present at a P \ 0.05.

Results

As observed in a typical recording (Fig. 1), the maximal

contractile response in the sham guinea pig ileum was

2.55 ± 0.11 g after electrical (14 V, 0.3 Hz, 3.0 ms,

5 min) stimulation and 4.72 ± 0.09 g after chemical (ACh,

1 9 10-5 M) stimulation. These responses were signifi-

cantly (P \ 0.05) diminished by 75 % (0.63 ± 0.16 g) and

62 % (1.81 ± 0.25 g), respectively, in the ischemic guinea

pig ileum (Fig. 1a, b). Oral administration of vehicle

(0.5 % Tween 80 in s.s.) during 15 days before intestinal

ischemia did not modify the contractile response after

electrical stimulation of the ischemic tissue without vehicle

(0.75 ± 0.12 g) (Fig. 2a, b).

Response of Tissues to Electrical Stimulation

Pretreatment with verapamil (positive neuroprotector) sig-

nificantly increased responses to electrical stimulation by

84 ± 12 % (1.38 ± 0.09 g) in comparison to the ischemic

tissue receiving vehicle (Fig. 2a, b). Pretreatment with the

hexane or aqueous extracts of T. americana at 100 mg/kg

did not change the reactivity of ischemic tissues to elec-

trical stimulation (Fig. 2a), but 300 mg/kg of these extracts

did significantly increase reactivity by 95.5 ± 22.2 and

Fig. 1 Typical trace of the

contractile response of sham

and ischemic tissues after

electric stimulation at supra-

maximal voltage (14 V, 0.3 Hz,

3.0 ms) (a) and chemical

stimulation with ACh at

1 9 10-5 M (b). Arrows

indicate the time of ACh

administration
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88.8 ± 39 % (1.47 ± 0.17 and 1.42 ± 0.29 g), respec-

tively, resembling the response obtained with verapamil

(Fig. 2a). The methanol extract did not influence contrac-

tile responses of the ischemic tissue at the dosages tested

(Fig. 2a). In no case did the active treatments completely

restored responses to the levels observed in of the sham

group (Fig. 2a). None of the extracts of A. diversifolia at

the doses tested influenced ischemic tissue reactivity

(Fig. 2b).

Response of Tissues to Chemical Stimulation

After chemical stimulation with ACh (1 9 10-5 M), the

maximal contractile response of the ischemic tissues from

animals pretreated with 100 mg/kg of T. americana hexane

or aqueous extracts significantly increased by 132 ±

14.90 % (3.02 ± 0.19 g) or 85.89 ± 24.60 % (2.42 ± 0.32 g),

respectively; whereas an increase of 142.30 ± 23.89 %

(3.15 ± 0.31 g) or 92.30 ± 27.01 % (2.50 ± 0.35 g), cor-

respondingly, was observed at 300 mg/kg (Fig. 3a). These

responses were equivalent to that obtained with verapamil

(116.60 ± 28.40 %, 2.82 ± 0.37 g) (Fig. 3a). The AUC of

concentration–response curves to ACh in the ischemic

tissues receiving vehicle was significantly increased by

verapamil or the hexane and aqueous extracts of T. amer-

icana (Table 1). No differences were seen when the

verapamil response was compared to those observed with

the extracts (Table 1). The increased contractile responses

did not reach the maximal response observed in sham tis-

sues (Table 1). As in the case of responses to electrical

stimulation, reactivity to ACh was not modified by extracts

of A. diversifolia (Table 1; Fig. 3b).

Responses to chemical stimulation with KCl (32 mM),

in ischemic tissues were significantly increased by pre-

treatment with 0.3 mg/kg of verapamil, both doses of the

hexane extract or 100 mg/kg of the aqueous extract of

T. americana (Table 1). Responses to BaCl2 (10 mM) were

not different in tissues from the sham and ischemic ani-

mals. Moreover, pretreatment with T. americana or A. di-

versifolia extracts did not modify the reactivity of these

tissues, except in those obtained from animals pretreated

with 300 mg/kg of the methanol extract of T. americana,

which showed a significant decrease (Table 1).

Discussion

The ischemic model used in this study constitutes a phar-

macological tool in which neuronal damage to myenteric

neurons is related to a reduction in the contractile response

after electrical and chemical stimulation in the guinea pig

ileum [31, 32, 38]. The reduced response in ischemic tis-

sues can be prevented with pretreatment with certain

agents, such as antioxidants or calcium channels block-

ers, as verapamil, considered as neuroprotective drugs

[39]. In the present study, pretreatment with hexane or

aqueous extracts of the T. americana inflorescences, but

not those obtained from A. diversifolia, prevented the

dysfunctional response (reduced contractile activity) of the

ischemic tissue in a significant manner. It is known that

electrical stimulation of the ileum preparations induces the

release of various neurotransmitters from functional syn-

apses, mainly ACh [40, 41]. The ACh-induced contraction

is produced by an increase in the frequency of the action

potentials and the depolarization of the smooth muscle

cells, which results in smooth muscle contraction [42]. A

diminution of the electrically induced contraction in

ischemic tissues might be due to reduction of either neu-

rotransmitter release, or the ability of smooth muscle to

contract in response to the released neurotransmitters such

as ACh. To confirm neuronal damage in this model, the

contractile response induced chemically with KCl was also

investigated. The KCl-induced contraction is due to

depolarization of the cells caused by the increase of K?,

Fig. 2 Contractile response induced by electrical field stimulation

(14 V, 0.3 Hz, 3.0 ms) in ischemic tissue from animals pretreated

with hexane (HEX), methanol (MeOH) or aqueous (AQUO) extracts

of T. americana (a) or hexane (HEX), ethanol (EtOH) and aqueous

(AQUO) extracts of A. diversifolia (b). Verapamil is a positive

control. Contractions are expressed in grams of tension. *P \ 0.05

versus sham group, Student’s t test. #P \ 0.05 versus ischemic group,

one way ANOVA followed by Dunnett’s test. Each bar represents the

mean ± SEM of 6 repetitions
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which leads to the opening of L-type Ca2? voltage-

dependent channels, increased intracellular Ca2? concen-

tration and contraction [43]. The KCl-stimulated ischemic

tissue showed a reduced contractile response that was

prevented with hexane and aqueous extracts of T. ameri-

cana, as was also observed in the chemical stimulation

with ACh. A partial prevention of the neuronal damage

observed in the presence of T. americana hexane and

aqueous extracts suggest that non-polar and polar constit-

uents are involved in its effect. On the other hand, the

integrity of smooth muscle cells was examined in the

BaCl2 experiments, since it is known that this agent enters

the intracellular space and stimulates smooth muscle

directly [44]. Results of these experiments discard a role of

smooth muscle damage in the reduced contractile response

to electrical stimulation after ischemia. The reduction in

reactivity to BaCl2 observed by pretreatment with 300 mg/

kg of the methanol extract of T. americana may be

attributed to a toxic effect, since an LD50 of 375 mg/kg, i.p.

has been reported for this material in mice [27, 28].

The precise mechanism of action and metabolites

involved in the effect of the T. americana extracts are

unknown; several constituents might be acting at the same

time through several pathways. It is known that in ischemia

reactive oxygen species are generated; drugs acting as

scavengers of these species inhibit apoptosis or excitatory

neurotransmitters thus reducing neuronal damage [39].

Furthermore, treatments with extracts that contain high

concentrations of flavonoids minimize neuronal damage

induced by ischemia [14, 45]. Previous studies with

T. americana have reported abundant presence of beta-

sitosterol (0.06 % yield from hexane extract) and some

fatty acids [27], as well as of flavonoids of quercetin

(16.84 ± 2.80 mg/g) and kaempherol (2.20 ± 0.18 mg/g)

such as kaempheritrin, isoquercitrin, rutin, astragalin,

quercitrin and tiliroside [24, 27–30, 37]. The presence of

these metabolites could explain reports on the neuropro-

tective effect of polar extracts of medicinal plants, attrib-

uted to the presence of quercetin, kaempherol, myricetin

and catechin [6, 8, 37, 46, 47]. Individual administration of

Fig. 3 Concentration-response

curves to ACh in the ischemic

tissues from animals pretreated

with hexane (HEX), methanol

(MeOH) or aqueous (AQUO)

extracts of T. americana (a);

hexane (HEX), ethanol (EtOH)

and aqueous (AQUO) extracts

of A. diversifolia (b). Verapamil

group is a positive control.

Contractions are expressed as

grams of tension. Each point

represents the mean ± SEM of

6 repetitions
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epicatechin and hesperidin has shown protection against

neuronal damage [48], while narigenin and quercetin

inhibited the inflammatory process that is known to lead to

neuronal injury [48–50]. It is possible that these active

metabolites of T. americana are involved in the protection

observed in the present experiments. It should be inter-

esting to in the future to explore their individual effects and

mechanisms of action by using this novel model of

ischemia.

In conclusion, these results give evidences that non-

polar and polar extracts of T. americana but not from

A. diversifolia, prevented neuronal damage induced by

ischemia in situ. Our study reinforces the use of T. amer-

icana in folk medicine and suggests its utility for stroke

prevention. However, additional studies in an in vivo

model of cerebral ischemia should be carried out to confirm

the neuroprotective activity of T. americana var. mexicana.
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23. Coleta M, Campos MG, Cotrim MD, Cunha AP (2001) Com-

parative evaluation of Melissa officinalis L., Tilia europea L.,

Passiflora edulis Sims. and Hypericum perforatum L. in the ele-

vated plus maze anxiety test. Pharmacopsychiatry 34:520–521
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36. De la Cruz Chacón I, González-Esquinca AR (2012) Liriodenine

alkaloid in Annona diversifolia during early development. Nat

Prod Res 26:42–49

37. Aguirre-Hernández E, González-Trujano ME, Martı́nez AL,
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