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Abstract

In pre-hypertension, moderate control of blood pressure (BP) can be obtained by a nutri-

tional approach. The effects of a diet enriched with defatted larvae of the mealworm Teneb-

rio molitor (Coleoptera: Tenebrionidae) (TM) endowed with ACE inhibitory activity was

studied in both spontaneously hypertensive rats (SHR) and in the age-matched normoten-

sive Wistar Kyoto strain. These were fed for 4 weeks with standard laboratory rodent chow

supplemented with or without TM or captopril. In SHR, the TM diet caused a significant

reduction in BP, heart rate and coronary perfusion pressure, as well as an increase in red

blood cell glutathione/glutathione disulphide ratio. Rat brain slices of SHR were more resis-

tant to oxidative stress and contained lower levels of inflammatory cytokines, while vascular

and liver enzyme-activities were not affected. These results suggest that TM can be consid-

ered a new functional food that can lower BP in vivo and thus control cardiovascular-associ-

ated risk factors such as hypertension.

Introduction

Hypertension is the main risk factor for diseases such as coronary artery disease, stroke, heart

failure, atrial fibrillation and dementia. The incidence of cardiovascular diseases and related

deaths is expected to rise worldwide. The Seventh Joint National Committee (JNC7) report

recently proposed the concept of prehypertension (systolic blood pressure 120–139 mmHg

and/or diastolic blood pressure 80–89 mmHg), which can progress to hypertension, impairing

cognitive function, increasing left ventricular mass and causing end-stage renal disease and
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arteriosclerosis [1]. Instead of drug therapy, dietary approaches to stop hypertension (DASH)

and the Mediterranean diet associated with appropriate lifestyle could be ideal measures to

implement in cases of prehypertension [2], particularly in patients with concomitant cardio-

vascular risk factors. Since diet plays a crucial role in maintaining healthy blood pressure,

health-conscious consumers seek functional foods to reduce cardiovascular risk factors and

improve vascular health.

Edible insects were recently proposed as novel functional food by virtue of their antitumor,

antiobesity, antimicrobial, antioxidant and antihypertensive properties [3]. For example, the

protein fraction from gastrointestinal [4] or alcalase enzyme hydrolysis [5] of larvae of Teneb-
rio molitor (Coleoptera Tenebrionidae) (TM) shows ACE inhibitory activity. Considering the

ease of breeding TM larvae, they may be used as a functional ingredient in fortified food and/

or as a dietary supplement to lower blood pressure for cardiovascular prevention in pre-hyper-

tensive patients. The aim of the present study was to investigate the effects of the protein

obtained from the larval stage of TM, in vivo and ex-vivo, in spontaneously hypertensive rats

(SHRs) and in age-matched rats of the normotensive Wistar Kyoto strain (WKY). The ACE

inhibitor captopril was used in parallel as a positive control. The diet supplemented with TM

was found to limit blood pressure increase and to protect the brain against oxidative stress,

thus indicating TM as a possible functional food.

Materials and methods

T. molitor larva meal

Larvae of TM were obtained by mass rearing at CREA-DC (Italy), as previously described [4].

Specimens were kept in plastic boxes in a climatic room (24˚C ±2 and 70%±5 relative humid-

ity) in the dark. The breeding diet was composed of yeast (5%), wheat flour (47.5%) and oat

flour (47.5%) plus carrot pieces as source of water. The larvae were not starved before being

killed. They were dried at 50˚C under vacuum and ground using a food processor before fat

extraction with ethanol (99.5%) [6]. The solvent was then removed under vacuum at 25˚C for

24 h and the larva meal used for feed preparation. The nutritional value and other details of

defatted TM are reported in S1 File. Mucedola Srl (Italy) prepared the standard diet (4RF25,

for composition see www.mucedola.it) supplemented with larva protein or with captopril (see

S1 Table).

Animals and ethical statement

The procedures used complied with European legislation on the use and care of laboratory ani-

mals (EU Directive 2010/63) and National Institutes of Health guidelines, and were approved

by the Italian Ministry for Health (185/2015PR).

Nine-week old male spontaneously hypertensive rats (SHRs, n = 24) and age-matched

WKY rats as controls (n = 18) were purchased from Charles River (Italy, www.criver.com).

Two to four rats per cage were housed in a room maintained at constant temperature (23–

24˚C) and humidity (50–60%), on a 12 h light/dark cycle, with free access to food and water.

Experimental design

At ten weeks of age, when hypertension develops [7], hypertensive and WKY rats were ran-

domly divided into three groups, and fed different diets for four weeks as indicated in Fig 1.

At the end of this period, micturition frequency was assessed: all rats were then anaesthetized

(for details, see S2 File), blood samples were collected and heart, aorta, liver, kidney and brain

were quickly explanted.
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Doses

Since the diets were supplemented with 4.5% larva protein or 100 mg/kg captopril, and on the

basis of rat body weight (see S2 Table) and on average daily food intake (18.7 g, see S3 Table),

a daily dose of ~2.9 g/kg of larva protein and ~8 mg/kg body weight captopril was estimated.

Captopril reduces blood pressure [8, 9] and inhibits plasma ACE activity [10] in SHRs. It is

used to treat mild to moderate hypertension in humans [11].

Blood pressure and heart rate measurement

Systolic blood pressure was measured weekly by the non-invasive “tail-cuff” method [12].

After warming the body of the rat to 37˚C for 5 min, the average of three consecutive blood

pressure readings, taken between 9am and 12am, was considered. In parallel, heart rate, i.e.

heart beats per minute, was also recorded.

Plasma and brain ACE and inhibitory activity

ACE was detected in plasma and brain homogenates by measuring the amount of hyppuric

acid cleaved by ACE from the substrate N-hyppuryl-L-histidyl-L-leucine. ACE inhibitory

activity was assessed according to a previous protocol [13], based on quantification of the hyp-

puric acid released in samples by addition of a known amount of ACE. Finally, hyppuric acid

was determined by RP-HPLC according to Wang et al. [13]. Details are reported in S3 File.

RBCs and plasma thiols

Blood (~0.5 ml) was collected in tubes containing 50 μl N-ethylmaleimide solution, 310 mM.

After 1 min, blood was centrifuged at 10,000xg for 20s and plasma was collected. The pellet

was washed twice with saline and the purified RBCs were deproteinized by addition of 1

Fig 1. Overview of experimental design. After a one-week housing period, both Wistar Kyoto (WKY) and spontaneously hypertensive rats (SHRs) were

randomly assigned to standard diet (SD), SD supplemented with Tenebrio molitor or captopril. Both strains were fed for 4 weeks, when body weight (BW),

blood pressure (BP) and heart rate (HR) were measured on a weekly basis. After four weeks, the rats were sacrificed and their blood, heart, aorta, liver and

brain harvested.

https://doi.org/10.1371/journal.pone.0233788.g001
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volume 15% (w/v) trichloroacetic acid. Glutathione (GSH) and glutathione disulphide (GSSG)

were measured in the supernatant by UV-Vis HPLC and the GSH recycling method, respec-

tively, while hemoglobin concentration was measured spectrophotometrically (Jasco V-530

instrument, Jasco Europe Srl, Italy) [14].

Total thiols were measured in plasma samples by HPLC (Agilent series 1100 instrument,

Agilent Technologies, Italy) by labelling SH groups with the fluorescent probe monobromobi-

mane (Calbiochem) after reduction of disulphide bridges with dithiothreitol [14].

Liver cytochrome P450 and b5 content, NADPH-cytochrome P450

reductase activity

Liver microsomes were prepared according to [15] (details in S4 File). Cytochrome P450

(CYP) and cytochrome b5 contents were measured from the CO-difference spectra of the

microsomes at ΔA 450–490 nm (ε: 91 mM) and ΔA 424–490 nm (ε: 112 mM), respectively

[15]. NADPH-cytochrome P450 reductase activity was measured by following cytochrome c

reduction at 550 nm [15].

Brain IL-6, IL-1β and TNF-α
IL-6 (Millipore1), IL-1β (Thermo Fisher Scientific) and TNF-α (Boster PicoKineTM ELISA)

were measured according to the manufacturer’s instructions in brain homogenates prepared

as detailed in S5 File. Values were normalized to the protein content of the sample.

Ex-vivo functional studies

Aorta ring mechanical activity. Rings were prepared as previously described [16]. Relax-

ation of phenylephrine-contracted rings to either acetylcholine or sodium nitroprusside was

taken as an index of endothelial function and muscle sensitivity to NO, respectively (more

details in S6 File).

Isolated heart preparation and perfusion. Spontaneously beating hearts were rapidly

explanted and mounted on a Langendorff apparatus for retrograde perfusion with physiologi-

cal salt solution via the aorta at a constant flow rate of 10 ml/min, as described elsewhere [17]

(S7 File).

Heart contractility was measured as left ventricle developed pressure (LVDP = left ventricu-

lar systolic pressure minus left ventricular diastolic pressure) by means of a latex balloon,

inserted into the left ventricle via the mitral valve and connected to a pressure transducer

(BLPR, WPI, Berlin, Germany). Coronary perfusion pressure was recorded by a pressure

transducer in the inflow line. Heart rate was calculated from LVDP. LVDP and coronary per-

fusion pressure were recorded with a digital PowerLab data acquisition system (PowerLab 8/

30; ADInstruments, Australia) and analysed with Chart Pro for Windows software (PowerLab;

ADInstruments, Australia).

Brain susceptibility to oxidative stress-mediated injury. Brain cortical slices were pre-

pared according to [18] (see also S8 File). Briefly, the two brain hemispheres were divided: one

was homogenised and used for cytokine assessment (S5 File); the other was cut into 400-μm

slices. These were exposed (OS) or not exposed (basal) to 10 mM H2O2 for 1 h. Then the color-

imetric MTT assay was performed to assess tissue viability [19]. Slice tissue edema, an addi-

tional index of tissue viability [20], was calculated using the formula [18]:

tissue edema ¼ ðwet weight � dry weightÞðdry weightÞ� 1
:
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Statistical analysis

Results are reported as mean ± SEM. Statistical significance was assessed by ANOVA and Bon-

ferroni post-test, Student t test or one-sample t test, as appropriate (GraphPad Prism version

5.04, GraphPad Software Inc., San Diego, CA). In all comparisons, statistical significance (P)

was set at 0.05.

Results

Effect of TM on body weight and food intake

No changes in skin, fur, eyes, mucous membranes or salivation were observed in any of the

treated groups, nor were there tremors or death. The TM and captopril diets did not affect

growth rate, which was comparable to that of rats fed the standard diet (final weight gain

about 43 g, see S2 Table). Similar results were obtained for food intake, which ranged from

17.7±0.1 to 19.6±0.6 g/rat/day (see S3 Table).

Effects of TM on cardiovascular mechanics

Basal blood pressure was much higher in hypertensive than in WKY rats (Fig 2, panel a). After

four weeks, only the former showed a significant increase, which was reduced by TM and cap-

topril supplementation. No effect was observed in WKY rats. Noticeably, in SHRs, captopril

maintained BP around basal values (150.0±2.8 mmHg) already from the first week of treat-

ment, while TM took 4 weeks to regain the basal values of 146.2±6.5 mmHg. Similar results

were observed for heart rate (Fig 2, panel b).

Vascular endothelial function and smooth muscle sensitivity to α1 adrenergic agonists as

well as to NO were also assessed. Aorta rings from hypertensive and WKY rats showed similar

responses to phenylephrine (S1 Fig). Captopril did not modify this response. On the contrary,

TM supplementation generally increased the sensitivity of the preparations to phenylephrine,

reaching significance in SHR rats. Rings from untreated SHRs stimulated by phenylephrine

showed lower endothelium-dependent vasodilator responses to ACh than matched WKY rats

(Emax = 61.2±4.0%, vs. 86.1±2%, respectively; P<0.05) (Fig 2, panel c). This difference disap-

peared when rings were pre-incubated with 5 μM indomethacin. Captopril (Emax 74.7±5.0%,

P>0.05 vs. WKY), but not TM (Emax 53.2±5.5%, P<0.05 vs. WKY), produced a significant

increase in ACh-induced relaxation of SHR rings. The response to SNP was similar in WKY

rats and untreated SHRs, as well as in SHRs treated with captopril or TM (S1 Fig) Finally, nei-

ther captopril nor TM modified the response of WKY rings to ACh or SNP (S1 Fig).

Regarding heart function, no type of diet fed to WKY or SHRs affected LVDP or heart rate

as evaluated by the Langendorff perfused heart model (S2 Fig). SHRs fed the standard diet

showed higher coronary perfusion pressure than did the matched normotensive strain, with

both captopril- and TM -supplemented diets bringing this parameter back to control values

(Fig 2, panel d).

Effects of TM on red blood cells and on plasma thiol and disulfide levels

Red blood cell glutathione (GSH) levels were similar in normotensive and hypertensive rats

and were not affected by TM or captopril diets (Fig 3, panel a). TM supplementation signifi-

cantly increased the GSH/GSSG ratio in SHRs (Fig 3, panel b), suggesting that in this group

the diet may have been responsible for a decrease in oxidative stress. In standard diet-fed rats,

plasma total homocysteine (tHcys) was significantly lower in hypertensive than in matched

normotensive rats (Fig 3, panel c). This difference was partially reduced by TM and completely

reversed by the captopril diet. Finally, in SHRs, TM caused a significant increase in the total
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level of other physiological plasma thiols (i.e. cysteine, cysteinylglycine, γ-glutamylcysteine

and GSH) compared to matched normotensive rats (see S4 Table).

Effect of TM on liver CYP450, cytochrome b5 levels and NADPH-

cytochrome P450 reductase activity

Liver CYP450 and cytochrome b5 content, as well as NADPH-cytochrome P450 reductase

activity were unaffected by TM and captopril treatment (see S5 Table). Likewise, liver weight

gain did not change significantly after 4 weeks on standard diet or diets supplemented with

TM or captopril, averaging the value of 10.4 g (lower 95% conf. limit 9.7 g; upper 95% conf.

limit 11.2 g).

Fig 2. Effects of feeding hypertensive and WKY rats for 4 weeks with standard laboratory rodent chow (SD) or SD supplemented with Tenebrio molitor
(TM) or captopril (C) on cardiovascular systems. Panel a and b: systolic blood pressure and heart rate in hypertensive and WKY rats. Basal: values recorded

at the beginning of the 4 weeks of treatment. Data is reported as mean±SEM. ��P<0.01 vs SHR basal; §P<0.05, §§P<0.01 vs SHR SD (ANOVA followed by

Bonferroni post test); ˚˚˚P<0.01 vs WKY, same diet (Student t test, unpaired samples). Panel c: vascular endothelial function, concentration-response curve to

acetylcholine (ACh) of endothelium-intact rat aorta rings pre-contracted with 0.3 μM phenylephrine. On the ordinate scale, response is reported as percentage

of contraction with respect to that induced by phenylephrine (phe, 100%). Values are reported as mean±SEM. �P<0.05 SHR SD vs WKY SD (Student’s t test,

unpaired samples). Panel d: coronary perfusion pressure (CPP) on isolated heart. Data reported as mean±SEM. §P<0.05, §§P<0.01 vs SHR SD (ANOVA

followed by Bonferroni post test); ˚P<0.05 vs WKY same diet (Student t test, unpaired samples).

https://doi.org/10.1371/journal.pone.0233788.g002

PLOS ONE Antihypertensive, cardio- and neuro-protective effects of T. molitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0233788 May 29, 2020 6 / 18

https://doi.org/10.1371/journal.pone.0233788.g002
https://doi.org/10.1371/journal.pone.0233788


Effect of TM on plasma and brain ACE content and inhibitory activity

As shown in Fig 4, panel a, plasma ACE levels were comparable in all experimental groups,

while in brain its content was about 30 fold higher than in plasma (Fig 4 panel c). Furthermore,

both TM—and captopril-fed SHRs showed higher brain tissue ACE levels than rats fed the

standard diet, though this difference did not reach statistical significance. Brain enzyme inhibi-

tory activity was not affected by the different diets (Fig 4, panel d); on the contrary, in plasma

it was significantly higher in SHRs fed with TM and captopril than in rats fed the standard diet

(Fig 4, panel b).

Brain IL-1, IL-6 and TNF-α content

Diet supplementation had no effect on brain cytokine levels in WKY rats, whereas SHRs fed

the standard diet showed significantly higher brain IL-1ß and TNF-α, but not IL-6 content,

than the matched normotensive strain (Fig 5 panel a and b and S3 Fig). This effect was

reversed by TM supplementation, while captopril only reduced IL-1ß. Finally, IL-6 was not

affected by diet in SHRs (S3 Fig).

Effects of TM on brain cortical slice susceptibility to oxidative stress-

mediated injury

Hydrogen peroxide challenge caused a significant loss in brain tissue viability in both groups

of rats fed the standard diet (Fig 5, panel c). Interestingly, TM treatment protected the viability

of slices from this injury in both rat strains. Captopril was effective in SHRs, but not in WKY

rats. Tissue edema, taken as an additional index of viability, mostly mirrored the results of the

MTT assay (Fig 5, panel d). Indeed, oxidative stress induced a significant increase in tissue

water gain in both groups of rats. Brain cortical slices of both groups of rats fed with TM had a

significantly lower water content than the same strain fed the standard diet. In addition, capto-

pril reduced tissue edema, although it was only effective in WKY rats.

Discussion

The present results highlight interesting in vivo antihypertensive, cardio- and neuro-protective

effects of protein hydrolysates derived from the larval stage of TM that could be useful for

treating borderline blood pressure values in humans. Dietary supplementation with TM

appeared to be safe, as no significant effects on food intake, weight gain or physical attributes

of the animals were recorded, as already reported by [21]. Similar effects were obtained with

Fig 3. Effects of feeding hypertensive and WKY rats for 4 weeks with standard laboratory rodent chow (SD) or SD supplemented with Tenebrio molitor (TM)

or captopril (C) on red blood cell GSH levels (panel a), GSH/GSSG ratio (panel b) and plasma total homocysteine (tHcys, panel c). Data reported as mean

±SEM. ��P<0.01 vs SHR SD; ˚P<0.05, ˚˚˚P<0.001 vs WKY, same diet (ANOVA followed by Bonferroni post test).

https://doi.org/10.1371/journal.pone.0233788.g003
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captopril, although this drug did not counteract oxidative stress in brain slices. More impor-

tantly, TM did not affect liver microsomal CYP content or the activity of the enzymes respon-

sible for their kinetics, suggesting that TM intake is without drug-interaction effects.

Modulation of CYP-dependent enzyme activities by nutraceuticals could in fact alter the phar-

macokinetic properties and/or toxicity of a concomitantly administered drug [22]. The fact

that TM did not inhibit and/or induce CYPs linked to drug metabolism sustains the possibility

of co-therapies without risk of an increase in drug-related adverse reactions.

A feature of particular relevance shown by TM was its ability to prevent the marked

decrease in blood pressure and heart rate observed in SHRs, known to be associated with vas-

cular and heart protection [23]. The negative chronotropic effect was not, however, observed

in ex vivo Langendorff isolated hearts. Absence of the physiological humoral background

could explain the discrepancy existing between in vivo and ex vivo chronotropic effects of the

TM-enriched diet. Hypertensive rats fed the standard diet showed higher coronary perfusion

Fig 4. Effects of feeding hypertensive and WKY rats for 4 weeks with standard laboratory rodent chow (SD) or SD supplemented with Tenebrio molitor
(TM) or captopril (C) on plasma and brain ACE content and inhibitory activity. Values are reported as mean ± SEM. §P<0.05, §§ P<0.01 vs SHR SD

(ANOVA and Bonferroni post test); ˚ P<0.05 vs WKY same diet (Student t test, unpaired samples).

https://doi.org/10.1371/journal.pone.0233788.g004
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pressure than the normotensive strain, as previously described [24]. Interestingly, the TM-

enriched diet reduced coronary perfusion pressure to the same extent as captopril in WKY

rats, bringing its value back to control level without changing heart function. Finally, the ACE

inhibitory activity recorded in plasma of SHRs (standard diet, TM and captopril) was signifi-

cantly correlated with the decrease in blood pressure recorded at the end of the 4 weeks (r2 =

0.9975). This suggests that the mechanism of action underlying the antihypertensive effect of

TM in lowering blood pressure can be ascribed to TM-induced inhibition of ACE.

As weight gain in the TM diet group of SHRs seemed less than that of the SHR control

group, it can be postulated that a slight reduction in fat mass could contribute to the hypoten-

sive effect exerted by TM. Indeed, Seo and colleagues reported an antiobesity effect of TM sup-

plementation in mice fed a high fat diet [25]. Although the increase in blood pressure in the

SHR group is mostly genetically driven, we cannot exclude that a slight reduction in body fat

Fig 5. Effects of feeding hypertensive and WKY rats for 4 weeks with standard laboratory rodent chow (SD) or SD supplemented with Tenebrio molitor (TM)

or captopril (C) on IL-1 ß (panel a) and TNF-α (panel b) brain content and on susceptibility of brain cortical slices to hydrogen peroxide-induced injury (10

mM for 1 h, oxidative stress OS) assessed as tissue viability (panel c) and edema (panel d). Values are reported as mean ± SEM. Brain cytokines: §P<0.05 vs

SHR SD (ANOVA and Bonferroni post test); ˚P<0.05, ˚˚P<0.01 vs WKY same diet (Student t test, unpaired samples). Brain slices: �P<0.05, ��P< 0.01,
���P< 0.001 vs basal; §P<0.05, §§P< 0.01, vs OS+SD (ANOVA and Bonferroni post test).

https://doi.org/10.1371/journal.pone.0233788.g005
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might be involved. If so, TM supplements for treating pre-hypertension are even more inter-

esting and warrant further investigation.

In hypertension, oxidative stress plays a critical role in the molecular mechanisms associ-

ated with cardiovascular and renal injury. Hypertension itself can contribute to oxidative stress

[26]. The GSH/GSSG ratio in red blood cells is a biomarker of oxidative stress. Neither GSH

nor GSH/GSSG values changed in SHRs, in line with a previous report [27], indicating a good

blood antioxidant barrier against the burst of radicals associated with hypertension. Although

the captopril diet lowered blood pressure, it did not modify GSH-GSSG balance, as already

reported in humans [28]. In contrast, the TM diet increased the GSH/GSSG ratio, suggesting

that its antihypertensive effect could be linked to the reduction in GSSG in red blood cells or

vice versa.

A close relation exists between intracellular and extracellular thiol pools [29]. The low

molecular mass Hcys in plasma is also considered an independent risk factor in cardiovascular

disease as it causes endothelial dysfunction [30]. However according to other reports, SHRs

have lower Hcys levels than WKY rats [31], suggesting that Hcys per se is not linked to the

development of hypertension in this strain. Paradoxically, the TM diet partially, and the capto-

pril diet completely restored Hcys levels to control values, once more demonstrating their

potential to restore physiological balance in hypertensive animals.

Regression of structural and/or functional alterations of the vascular endothelium occur-

ring in hypertension is an important target of antihypertensive therapy. In this study, impaired

relaxation of aorta rings of SHRs was observed in response to ACh, in line with reports in the

literature [32]. Among other things, this may result from impaired NO synthesis [33] and/or

an increase in superoxide anions, as well as various contracting factors released by a dysfunc-

tional endothelium. Partial recovery of response to ACh was recorded in SHRs treated with

captopril, but not in those treated with TM. This can be ascribed to a protective effect of the

drug towards endothelial function, rather than to improved sensitivity of vascular smooth

muscle to NO. Indeed, no differences in the vasodilator capacity of the NO donor SNP were

detected in endothelium-denuded rings of the different groups, indicating that TM did not

improve vascular function, at least in ex vitro assays. Furthermore, while captopril did not

affect the sensitivity of SHRs vascular smooth muscle to phenylephrine-induced stimulation,

TM increased it, thus ruling out a possible involvement of the sympathetic system in its sys-

temic, beneficial activity. In fact, TM significantly lowered blood pressure after 3–4 weeks of

treatment, as did captopril after only one week: therefore, it would be worth investigating

whether vascular function might also be improved by extending TM treatment.

A hyperactive brain renin-angiotensin system, oxidative stress and neuroinflammation in

brainstem cardiovascular centres and other brain regions increase sympathetic activity in

hypertension [34]. The pro-inflammatory cytokines TNF-α, IL-1β and IL-6 act as neuromodu-

lators in the paraventricular nucleus (PVN) of the hypothalamus by stimulating production of

cytotoxic reactive oxygen species that further propagate the sympatho-excitatory effect [35].

Standard-diet-fed SHRs showed significantly higher IL-1ß and TNF-α brain content than the

matched normotensive group, as previously described [36]. IL-6, on the contrary, was similar in

hypertensive and WKY rats, in contrast with what was previously observed at PVN level [37].

When considering the present results, however, it cannot be ruled out that IL-6 is indeed

increased in discrete areas such as the PNV, but this could not be detected measuring whole-

brain cytokine content. Interestingly, the TM-enriched diet restored cytokine content to basal

values, unlike captopril which was effective only towards IL-1ß. This observation indicates that

the antihypertensive activity of TM can at least partly be ascribed to its anti-inflammatory effect.

Both peripheral and brain renin-angiotensin systems play a fundamental role in hyperten-

sion, hence ACE inhibitors are currently used to treat it. Brain ACE content was unchanged in
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WKY rats, while it seemed elevated in SHRs on the TM and captopril diets, although the

increase did not reach statistical significance. However, chronic administration of captopril at

high doses increases ACE in some brain area of SHRs, owing to suppression of inhibitory feed-

back of angiotensin II on ACE synthesis [38]. The apparent lack of activity of TM and captopril

on brain ACE content may be explained by the low dose of captopril, which may only partly

affect ACE levels. Moreover, since the enzyme was measured in whole brain, the possibility

that ACE might reach higher values in specific areas cannot be ruled out.

Chronic hypertension is accompanied by brain damage caused by a hypoxic/ischemic

mechanisms, in which oxidative stress plays a pivotal role [39]. High blood pressure is also

related to milder, subtle and chronic forms of brain damage, especially those concerning cog-

nitive function. This is why we assessed the susceptibility of the brains of rats fed with TM or

captopril to oxidative-stress-mediated injury. Tissue viability was sharply improved in SHRs

fed with TM and captopril diets. Among possible mechanisms of neuroprotection, ACE inhi-

bition leading to an increase in brain bradykinin, which in turn reduces formation of reactive

oxygen species [40], can be hypothesized. Neuroprotection against oxidative stress can also be

ascribed to an increased GSH/GSSG ratio and a decrease in pro-inflammatory cytokines,

which were more pronounced in TM- than in captopril-treated rats, the former being more

resistant than the latter, even in the WKY strain. The observation that acute injection of capto-

pril up to 50 mg/kg does not reduce brain infarct area in rats subjected to middle cerebral

artery occlusion [41] supports this hypothesis.

In conclusion, a diet enriched with protein derived from the larval stage of the mealworm

Tenebrio molitor exerts antihypertensive, cardio- and neuro-protective effects. Since TM

inhibits intrinsic blood coagulation pathways [42] and has antiobesity properties [25], it can be

considered a multi-target functional food. TM larvae are already produced on a commercial

scale, are inexpensive, nutritious [43] and devoid of toxicity [21], as well as being easy to raise

and having less environmental impact than other solutions [44]. Taken together, all these char-

acteristics make TM an optimal candidate for the development of a multi-target functional

food for non-pharmacological treatment of prehypertension or mild hypertension in the

framework of life-style advice. Since some of its effects are not shared by captopril, TM may

also have added value in preventing hypertension and mitigating other severe cardiovascular

risk factors. These are good prerequisites for a pharmacological characterization of the bioac-

tive peptide components of TM with a view to treating pre-hypertension, a disease with high

social impact.

Supporting information

S1 File. Defatting of T. molitor larvae. Defatted larvae used in the paper were obtained

extracting twice with ethanol (99.5%) for 1 h as reported by Zhao et al. [45]. The extraction

was accomplished using a solvent to material ratio of 5 mL/g, at 40˚C for 1 h. For the dry mat-

ter determination 3 g exactly weighed ground larvae were dried overnight at 104˚C [46]. Fat

content was determined by Soxhlet extraction method using petroleum spirit for six hours

starting from 5 g of sample. The solvent was removed at 40˚ under rotary evaporator and

extracted fat weighted after the flask reaching constant weigh after heating at 104˚C. Crude

protein were determined with the Kjeldahl method using a protein-to-nitrogen conversion

factor of 6.25 [2]. Ash were determined by weighting after incineration of 2 g of sample at

550˚C for 3 h and cooling in a desiccator [2]. Each assay was run at least in triplicate. The anal-

ysis gave in the starting material dry matter (95.8±0.08%), fat content (32.7±0.84%), crude pro-

teins (50.8±0.72%) and ash (4.8±0.09%), extracted fat (33.8±0.92%) and crude protein content

in the final product (77.5±0.59%). These values were superimposable to those of Zhao et al.
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[45]. Nutritional value of TM protein as well as the in vitro digestibility was already accom-

plished [47]. Proteins extracted as water-soluble fraction (supernatant) or as water-insoluble

fraction (pellet) were characterized by SD-PAGE and LC-MS/MS [48]. The most abundant

in the supernatant were hemolymph protein (~12 kDa), alpha-amylase (~50 kDa, a putative

allergen), and muscle proteins (e.g. actin 30–50 kDa) in the pellet fraction. Also the amino acid

pattern and the essential amino acid index were already described [49] and [doi 10.3844/

ajabssp.2009.319.331], showing that TM contain all the essential amino acid in the amount

necessary to human [50]. The sum of total amount of amino acids (TAA) per g crude protein

of TM was 910 mg/g, while the calculated essential amino acid index (EAAI) was slightly

higher than that of soybean, but lower than that of casein. Moreover, the protein digestibility-

corrected amino acid score (PDCAAS) of defatted TM was 0.80, further confirming that it

has the ability to meet human dietary requirements for specific amino acids (0.79–0.82 for

PDCAAS) [doi.org/10.3920/JIFF2018.0048]. Toxicological aspects such as subchronic toxicity

of TM diet, including potential hypersensitivity, after orally administration at dose up to 3000

mg/kg/day for 90 days, was already assessed in both sexes of Sprague-Dawley rats [21]. TM

was also proven to be non-genotoxic ([51], erratum in [52]).

(DOCX)

S2 File. Details of animal anaesthesia. SHR and WKY rats were fully anaesthetized by intra-

peritoneal injection of 15 mg/kg Zoletil 1001 (Virbac Srl, Milano, Italy) and 4 mg/kg Xylor1

(Bio 98, San Lazzaro, Italy). Zoletil 1001 is a 1:1 mixture of tiletamine (dissociative anaesthetic

acting as NMDA receptor antagonist) and zolazepam (benzodiazepine). Xylor1 is composed

by the α2 adrenergic receptor agonist xylazine endowed with sedation and muscle relaxation

activities.

(DOCX)

S3 File. RP-HPLC determination of plasma and brain ACE and its inhibitory activity.

(DOCX)

S4 File. Liver cytochrome P450- and b5-content, NADPH-cytochrome P450 reductase

activity: preparation of liver microsomes. After the sacrifice the livers were perfused in situ
through the vena cava with ice-cold physiological saline solution, excised and weighed,

chopped, suspended in 4 volumes of 0.25 M sucrose and homogenized in a Potter-Elvejhem

homogeniser fitted with a teflon pestle. Homogenates were then centrifuged (10,000 g for 20

min) and the resulting supernatants were further centrifuged at 105,000 g for 1 h. The resulting

microsomal pellets were suspended in 0.01 M Tris-HCl buffer, pH 7.6, containing 151 mM

KCl, 1 mM EDTA and 20% glycerol, and stored in liquid nitrogen until use.

(DOCX)

S5 File. Brain homogenate preparation for cytokine assay. Half brain hemispheres were

quickly frozen in liquid nitrogen and stored at -80˚C until analysis. The day of the assay, brains

were thawed, homogenated in cold phosphate buffer 0.1 M pH 7.4 (tissue weigh: buffer vol-

ume = 1:10) and centrifuged at 10,000 g x 10 min at 4˚C. Afterward the supernatant was col-

lected and used for the ELISA assay, whose sensitivity and assay range were as follows: TNF-α
sensitivity < 1 pg/ml, assay range: 7.8–500 pg/ml; IL-6: sensitivity 5.3 pg/ml, assay range 18.8–

1200 pg/ml; IL-1ß sensitivity < 12 pg/ml, assay range: 25.6–2500 pg/ml.

(DOCX)

S6 File. Vascular functionality of aorta rings. Vascular reactivity was evaluated on aortic

rings by acetylcholine and sodium nitroprusside relaxations. Briefly, the thoracic aorta was

cleaned of adherent fat and rings 2.5 mm long were cut and placed between stainless-steel
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hooks for isometric tension recording in organ chambers. Contractile tension was recorded

with a digital PowerLab data acquisition system (PowerLab 8/30; ADInstruments, Castle Hill,

Australia) and analysed by using LabChart 7.3.7 Pro (Power Lab; ADInstruments). Rings were

stretched to 1 g of tension and equilibrated for 1 h. After pre-contraction with phenylephrine

(0.3 μM) the presence of endothelium was verified by the ability of acetylcholine (ACh, 10 μM)

to induce relaxation. Concentration-response curves of aortic rings with endothelium to ACh

(100 pM–10 μM) and sodium nitroprusside (SNP, 100 pM–100 μM) were performed with and

without indomethacin (5 μM; 30 min). In these experiments, the vasodilator responses to ACh

and SNP were expressed as percentages of phenylephrine contraction.

(DOCX)

S7 File. Isolated heart preparation and perfusion. Spontaneously beating hearts were rapidly

explanted and mounted on a Langendorff apparatus for retrograde perfusion via the aorta at a

constant flow rate of 10 ml/min with a physiological salt solution (PSS) of the following com-

position (mM): NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, glucose

11.5, Na pyruvate 2, and EDTA 0.5, continuously bubbled with a 95% O2−5% CO2 gas mixture

(pH 7.4), and kept at 37˚C [53–55]. The presence of the Ca2+ buffer EDTA (0.5 mM) in PSS

assures a constant and controlled free Ca2+ concentration of 2 mM (EQCAL for Windows soft-

ware, Biosoft, Cambridge, UK) throughout the experimental session.

(DOCX)

S8 File. Preparation of brain cortical slices. The preparation of cortical slices were performed

according to standard experimental protocols already reported [18–20]. In particular, the

brain was quickly washed in artificial cerebrospinal fluid (ACSF) (composition in mM: 120

NaCl; 2 KCl; 1 CaCl2; 1 MgSO4; 25 HEPES; 1 KH2PO4; 10 glucose, pH 7.4 and previously bub-

bled with a 95% O2−5% CO2 gas mixture for 20–30 min) and divided into the two hemi-

spheres. One was used for cytokine assessment, while the other was dissected and cut into 400

μm-thickness cortex slices by using a manual chopper (Stoelting Co., Wood Dale, IL). Slices

were transferred into sterile 24-well culture plates containing 0.5 ml ACSF/well previously fil-

tered by passage through a 0.2 μm sterile filter and left at room temperature (25˚C) for 60 min

to recover from slicing trauma (equilibration phase). During this period, the medium was

removed and replaced with fresh, oxygenated filtered ACSF every 15 min (equilibration

phase). After the equilibration phase, oxidative stress was induced by treating the tissue with

10 mM H2O2 for 1 h [56]. At the end of the treatment, the colorimetric MTT method was used

to assess tissue viability as already reported [19]. Slice viability was expressed as a percentage of

untreated slices (Basal). Tissue water gain, taken as an index of tissue edema was also assessed

and it was calculated by using the formula TE = (wet weight–dry weight)(dry weight)−1 and

given as g H2O (g dw)−1 [20].

(DOCX)

S1 Table. Diets composition and ingredients used in the present study.

(DOCX)

S2 Table. Effects of the feeding with standard laboratory rodent chow (SD), or SD supple-

mented with either TM or captopril (C) for 4 weeks on body weight.

(DOCX)

S3 Table. Effects of the feeding with standard laboratory rodent chow (SD), or SD supple-

mented with either TM or captopril (C) for 4 weeks on food intake.

(DOCX)
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S4 Table. Effects of the feeding for 4 weeks with standard laboratory rodent chow (SD) or

SD supplemented with either Tenebrio molitor (TM) or captopril (C) on plasma total low

molecular mass thiols (sum of thiol and disulphide forms) in WKY e SHR rats.

(DOCX)

S5 Table. Effects of the feeding for 4 weeks with standard laboratory rodent chow (SD) or

SD supplemented with either Tenebrio molitor(TM) or captopril (C) on liver cytochrome

P450- and b5-content and NADPH-cytochrome P450 reductase activity in WKY e SHR

rats.

(DOCX)

S1 Fig. Effects of the feeding for 4 weeks with standard laboratory rodent chow (SD) or SD

supplemented with either Tenebrio molitor (TM) or captopril (C) on vascular function.

Panel a: 0.3 μM phenylephrine-induced contraction in rat aorta rings. Panel b-d: smooth mus-

cle sensitivity to (b,c) exogenous and (d) endogenous NO: concentration-response curve to (b,

c) sodium nitroprusside (SNP) of endothelium-denuded, rat aorta rings or to (d) acetylcholine

(ACh) of endothelium-intact rat aorta rings pre-contracted with 0.3 μM phenylephrine. On

the ordinate scale, response is reported as mg (panel a) or as percentage of the contraction

induced by phenylephrine (phe), taken as 100% (panel b-d). Values are reported as mean ±
SEM. �P<0.05 vs SHR SD (ANOVA followed by Dunnett post test).

(TIF)

S2 Fig. Effects of the feeding for 4 weeks with standard laboratory rodent chow (SD) or SD

supplemented with either Tenebrio molitor (TM) or captopril (C) on left ventricular pres-

sure (LVDP, panel a) and heart rate (panel b) on isolated heart. Data are reported as mean

±SEM.

(TIF)

S3 Fig. Effects of the feeding for 4 weeks with standard laboratory rodent chow (SD) or SD

supplemented with either Tenebrio molitor (TM) or captopril (C) IL-6 contents. Values

are reported as mean ± SEM.

(TIF)

Acknowledgments

The authors wish to thank Jessica Pinassi, Dr. Ettore Vanni and Dr. Ilenia Gaudiosi for the

assistance with some of the experiments.

Author Contributions

Conceptualization: Federica Pessina, Maria Frosini, Paola Marcolongo, Fabio Fusi, Simona

Saponara, Alessandra Gamberucci, Valeria Francardi, Elena Dreassi.

Data curation: Federica Pessina, Maria Frosini, Paola Marcolongo, Fabio Fusi, Simona Sapo-

nara, Alessandra Gamberucci, Massimo Valoti, Valeria Francardi, Elena Dreassi.

Formal analysis: Federica Pessina, Fabio Fusi, Elena Dreassi.

Funding acquisition: Elena Dreassi.

Investigation: Maria Frosini, Paola Marcolongo, Fabio Fusi, Massimo Valoti, Daniela Giustar-

ini, Valeria Francardi.

Methodology: Federica Pessina, Maria Frosini, Simona Saponara, Alessandra Gamberucci,

Massimo Valoti, Daniela Giustarini, Paolo Fiorenzani, Beatrice Gorelli, Valeria Francardi.

PLOS ONE Antihypertensive, cardio- and neuro-protective effects of T. molitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0233788 May 29, 2020 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233788.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233788.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233788.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233788.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233788.s016
https://doi.org/10.1371/journal.pone.0233788


Project administration: Elena Dreassi.

Resources: Maurizio Botta, Elena Dreassi.

Software: Maria Frosini.

Supervision: Maria Frosini, Simona Saponara, Massimo Valoti, Elena Dreassi.

Validation: Maria Frosini, Elena Dreassi.

Writing – original draft: Maria Frosini, Fabio Fusi.

Writing – review & editing: Federica Pessina, Maria Frosini, Paola Marcolongo, Fabio Fusi,

Simona Saponara, Alessandra Gamberucci, Massimo Valoti, Daniela Giustarini, Valeria

Francardi, Elena Dreassi.

References
1. Materson BJ, Garcia-Estrada M, Degraff SB, Preston RA. Prehypertension is real and can be associ-

ated with target organ damage. J Am Soc Hypertens. 2017; 11(11):704–8. https://doi.org/10.1016/j.

jash.2017.09.005 PMID: 28965768.

2. Dos Reis Padilha G, Sanches Machado d’Almeida K, Ronchi Spillere S, Correa Souza G. Dietary Pat-

terns in Secondary Prevention of Heart Failure: A Systematic Review. Nutrients. 2018; 10(7). https://

doi.org/10.3390/nu10070828 PMID: 29949894; PubMed Central PMCID: PMC6073256.

3. Cito A, Botta M, Francardi V, Dreassi E. Insects as source of angiotensin converting enzyme inhibitory

peptides. Journal of Insects as Food and Feed. 2017; 3(4):231–40. https://doi.org/10.3920/jiff2017.

0017

4. Cito A, Dreassi E, Frosinini R, Zanfini A, Pianigiani C, Botta M, et al. The potential beneficial effects of

Tenebrio molitor (Coleoptera Tenebrionidae) and Galleria mellonella (Lepidoptera Pyralidae) on human

health2017. 125–33 p.

5. Dai C, Ma H, Luo L, Yin X. Angiotensin I-converting enzyme (ACE) inhibitory peptide derived from

Tenebrio molitor (L.) larva protein hydrolysate. European Food Research and Technology. 2013; 236

(4):681–9. https://doi.org/10.1007/s00217-013-1923-z

6. Zhao X, Vázquez-Gutiérrez JL, Johansson DP, Landberg R, Langton M. Yellow Mealworm Protein for

Food Purposes—Extraction and Functional Properties. PLOS ONE. 2016; 11(2):e0147791. https://doi.

org/10.1371/journal.pone.0147791 PMID: 26840533

7. Gomez-Roso M, Montero MJ, Carron R, Sevilla MA. Cardiovascular changes in spontaneously hyper-

tensive rats are improved by chronic treatment with zofenopril. Br J Pharmacol. 2009; 158(8):1911–21.

https://doi.org/10.1111/j.1476-5381.2009.00491.x PMID: 19917062; PubMed Central PMCID:

PMC2807653.

8. Eikenburg DC. Effects of captopril on vascular noradrenergic transmission in SHR. Hypertension. 1984;

6(5):660–5. https://doi.org/10.1161/01.hyp.6.5.660 PMID: 6094342.

9. Koike H, Ito K, Miyamoto M, Nishino H. Effects of long-term blockade of angiotensin converting enzyme

with captopril (SQ14,225) on hemodynamics and circulating blood volume in SHR. Hypertension. 1980;

2(3):299–303. https://doi.org/10.1161/01.hyp.2.3.299 PMID: 6248462.

10. Levens NR, Peach MJ, Vaughan ED, Jr., Weed WC, Carey RM. Responses of blood pressure and

angiotensin-converting enzyme activity to acute captopril administration in normotensive and hyperten-

sive rats. Endocrinology. 1981; 108(2):536–44. https://doi.org/10.1210/endo-108-2-536 PMID:

6256155.

11. Low-dose captopril for the treatment of mild to moderate hypertension. I. Results of a 14-week trial. Vet-

erans Administration Cooperative Study Group on Antihypertensive Agents. Arch Intern Med. 1984;

144(10):1947–53. https://doi.org/10.1001/archinte.144.10.1947 PMID: 6237623.

12. Gangwar A, Kumar P, Rawat A, Tiwari S. Noninvasive measurement of systolic blood pressure in rats:

a novel technique. Indian J Pharmacol. 2014; 46(3):351–2. https://doi.org/10.4103/0253-7613.132207

PMID: 24987191; PubMed Central PMCID: PMC4071721.

13. Wang Z-l, Zhang S-s, Wang W, Feng F-q, Shan W-g. A Novel Angiotensin I Converting Enzyme Inhibi-

tory Peptide from the Milk Casein: Virtual Screening and Docking Studies. Agricultural Sciences in

China. 2011; 10(3):463–7. https://doi.org/10.1016/S1671-2927(11)60026-6.

PLOS ONE Antihypertensive, cardio- and neuro-protective effects of T. molitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0233788 May 29, 2020 15 / 18

https://doi.org/10.1016/j.jash.2017.09.005
https://doi.org/10.1016/j.jash.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28965768
https://doi.org/10.3390/nu10070828
https://doi.org/10.3390/nu10070828
http://www.ncbi.nlm.nih.gov/pubmed/29949894
https://doi.org/10.3920/jiff2017.0017
https://doi.org/10.3920/jiff2017.0017
https://doi.org/10.1007/s00217-013-1923-z
https://doi.org/10.1371/journal.pone.0147791
https://doi.org/10.1371/journal.pone.0147791
http://www.ncbi.nlm.nih.gov/pubmed/26840533
https://doi.org/10.1111/j.1476-5381.2009.00491.x
http://www.ncbi.nlm.nih.gov/pubmed/19917062
https://doi.org/10.1161/01.hyp.6.5.660
http://www.ncbi.nlm.nih.gov/pubmed/6094342
https://doi.org/10.1161/01.hyp.2.3.299
http://www.ncbi.nlm.nih.gov/pubmed/6248462
https://doi.org/10.1210/endo-108-2-536
http://www.ncbi.nlm.nih.gov/pubmed/6256155
https://doi.org/10.1001/archinte.144.10.1947
http://www.ncbi.nlm.nih.gov/pubmed/6237623
https://doi.org/10.4103/0253-7613.132207
http://www.ncbi.nlm.nih.gov/pubmed/24987191
https://doi.org/10.1016/S1671-2927(11)60026-6
https://doi.org/10.1371/journal.pone.0233788


14. Giustarini D, Galvagni F, Orlandini M, Fanti P, Rossi R. Immediate stabilization of human blood for

delayed quantification of endogenous thiols and disulfides. J Chromatogr B Analyt Technol Biomed Life

Sci. 2016; 1019:51–8. https://doi.org/10.1016/j.jchromb.2016.02.009 PMID: 26896310; PubMed Cen-

tral PMCID: PMC4829439.

15. Dragoni S, Materozzi G, Pessina F, Frosini M, Marco JL, Unzeta M, et al. CYP-dependent metabolism

of PF9601N, a new monoamine oxidase-B inhibitor, by C57BL/6 mouse and human liver microsomes. J

Pharm Pharm Sci. 2007; 10(4):473–85. https://doi.org/10.18433/j37p4j PMID: 18261369.

16. Saponara S, Durante M, Spiga O, Mugnai P, Sgaragli G, Huong TT, et al. Functional, electrophysiologi-

cal and molecular docking analysis of the modulation of Cav 1.2 channels in rat vascular myocytes by

murrayafoline A. Br J Pharmacol. 2016; 173(2):292–304. https://doi.org/10.1111/bph.13369 PMID:

26493241; PubMed Central PMCID: PMC5341225.

17. Pessina F, Gamberucci A, Chen J, Liu B, Vangheluwe P, Gorelli B, et al. Negative chronotropism, posi-

tive inotropism and lusitropism of 3,5-di-t-butyl-4-hydroxyanisole (DTBHA) on rat heart preparations

occur through reduction of RyR2 Ca(2+) leak. Biochem Pharmacol. 2018; 155:434–43. https://doi.org/

10.1016/j.bcp.2018.07.026 PMID: 30036502.

18. Contartese A, Valoti M, Corelli F, Pasquini S, Mugnaini C, Pessina F, et al. A novel CB2 agonist,

COR167, potently protects rat brain cortical slices against OGD and reperfusion injury. Pharmacol Res.

2012; 66(6):555–63. https://doi.org/10.1016/j.phrs.2012.08.003 PMID: 23036353.

19. Santulli C, Brizi C, Micucci M, Del Genio A, De Cristofaro A, Bracco F, et al. Castanea sativa Mill. Bark

Extract Protects U-373 MG Cells and Rat Brain Slices Against Ischemia and Reperfusion Injury. J Cell

Biochem. 2017; 118(4):839–50. https://doi.org/10.1002/jcb.25760 PMID: 27739104.

20. Ricci L, Valoti M, Sgaragli G, Frosini M. Protection by taurine of rat brain cortical slices against oxygen

glucose deprivation- and reoxygenation-induced damage. Eur J Pharmacol. 2009; 621(1–3):26–32.

https://doi.org/10.1016/j.ejphar.2009.08.017 PMID: 19695242.

21. Han SR, Lee BS, Jung KJ, Yu HJ, Yun EY, Hwang JS, et al. Safety assessment of freeze-dried pow-

dered Tenebrio molitor larvae (yellow mealworm) as novel food source: Evaluation of 90-day toxicity in

Sprague-Dawley rats. Regul Toxicol Pharmacol. 2016; 77:206–12. https://doi.org/10.1016/j.yrtph.2016.

03.006 PMID: 26993751.

22. Hodges RE, Minich DM. Modulation of Metabolic Detoxification Pathways Using Foods and Food-

Derived Components: A Scientific Review with Clinical Application. J Nutr Metab. 2015; 2015:760689.

https://doi.org/10.1155/2015/760689 PMID: 26167297; PubMed Central PMCID: PMC4488002.

23. Reule S, Drawz PE. Heart rate and blood pressure: any possible implications for management of hyper-

tension? Curr Hypertens Rep. 2012; 14(6):478–84. https://doi.org/10.1007/s11906-012-0306-3 PMID:

22972532; PubMed Central PMCID: PMC3491126.

24. Kolwicz SC, Kubo H, MacDonnell SM, Houser SR, Libonati JR. Effects of forskolin on inotropic perfor-

mance and phospholamban phosphorylation in exercise-trained hypertensive myocardium. J Appl Phy-

siol (1985). 2007; 102(2):628–33. https://doi.org/10.1152/japplphysiol.00449.2006 PMID: 17082376.

25. Seo M, Goo TW, Chung MY, Baek M, Hwang JS, Kim MA, et al. Tenebrio molitor Larvae Inhibit Adipo-

genesis through AMPK and MAPKs Signaling in 3T3-L1 Adipocytes and Obesity in High-Fat Diet-

Induced Obese Mice. Int J Mol Sci. 2017; 18(3). https://doi.org/10.3390/ijms18030518 PMID:

28264489; PubMed Central PMCID: PMC5372534.

26. Touyz RM, Briones AM. Reactive oxygen species and vascular biology: implications in human hyper-

tension. Hypertens Res. 2011; 34(1):5–14. https://doi.org/10.1038/hr.2010.201 PMID: 20981034.

27. Yuan YV, Kitts DD, Godin DV. Variations in dietary fat and cholesterol intakes modify antioxidant status

of SHR and WKY rats. J Nutr. 1998; 128(10):1620–30. https://doi.org/10.1093/jn/128.10.1620 PMID:

9772127.

28. Golik A, Weissgarten J, Evans S, Cohen N, Zaidenstein R, Modai D, et al. Changes in red blood cell glu-

tathione and glutathione-dependent enzymes on long-term treatment with captopril and enalapril. Clin

Chim Acta. 1995; 240(1):89–94. https://doi.org/10.1016/0009-8981(95)06121-3 PMID: 8582063.

29. Moriarty-Craige SE, Jones DP. Extracellular thiols and thiol/disulfide redox in metabolism. Annu Rev

Nutr. 2004; 24:481–509. https://doi.org/10.1146/annurev.nutr.24.012003.132208 PMID: 15189129.

30. Maron BA, Loscalzo J. The treatment of hyperhomocysteinemia. Annu Rev Med. 2009; 60:39–54.

https://doi.org/10.1146/annurev.med.60.041807.123308 PMID: 18729731; PubMed Central PMCID:

PMC2716415.

31. Kondziella D, Zetterberg H, Haugen E, Fu M. Hypertension in spontaneously hypertensive rats occurs

despite low plasma levels of homocysteine. Physiol Res. 2008; 57(3):487–90. PMID: 17298201.

32. Luscher TF, Vanhoutte PM. Endothelium-dependent contractions to acetylcholine in the aorta of the

spontaneously hypertensive rat. Hypertension. 1986; 8(4):344–8. https://doi.org/10.1161/01.hyp.8.4.

344 PMID: 2870025.

PLOS ONE Antihypertensive, cardio- and neuro-protective effects of T. molitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0233788 May 29, 2020 16 / 18

https://doi.org/10.1016/j.jchromb.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26896310
https://doi.org/10.18433/j37p4j
http://www.ncbi.nlm.nih.gov/pubmed/18261369
https://doi.org/10.1111/bph.13369
http://www.ncbi.nlm.nih.gov/pubmed/26493241
https://doi.org/10.1016/j.bcp.2018.07.026
https://doi.org/10.1016/j.bcp.2018.07.026
http://www.ncbi.nlm.nih.gov/pubmed/30036502
https://doi.org/10.1016/j.phrs.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23036353
https://doi.org/10.1002/jcb.25760
http://www.ncbi.nlm.nih.gov/pubmed/27739104
https://doi.org/10.1016/j.ejphar.2009.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19695242
https://doi.org/10.1016/j.yrtph.2016.03.006
https://doi.org/10.1016/j.yrtph.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/26993751
https://doi.org/10.1155/2015/760689
http://www.ncbi.nlm.nih.gov/pubmed/26167297
https://doi.org/10.1007/s11906-012-0306-3
http://www.ncbi.nlm.nih.gov/pubmed/22972532
https://doi.org/10.1152/japplphysiol.00449.2006
http://www.ncbi.nlm.nih.gov/pubmed/17082376
https://doi.org/10.3390/ijms18030518
http://www.ncbi.nlm.nih.gov/pubmed/28264489
https://doi.org/10.1038/hr.2010.201
http://www.ncbi.nlm.nih.gov/pubmed/20981034
https://doi.org/10.1093/jn/128.10.1620
http://www.ncbi.nlm.nih.gov/pubmed/9772127
https://doi.org/10.1016/0009-8981(95)06121-3
http://www.ncbi.nlm.nih.gov/pubmed/8582063
https://doi.org/10.1146/annurev.nutr.24.012003.132208
http://www.ncbi.nlm.nih.gov/pubmed/15189129
https://doi.org/10.1146/annurev.med.60.041807.123308
http://www.ncbi.nlm.nih.gov/pubmed/18729731
http://www.ncbi.nlm.nih.gov/pubmed/17298201
https://doi.org/10.1161/01.hyp.8.4.344
https://doi.org/10.1161/01.hyp.8.4.344
http://www.ncbi.nlm.nih.gov/pubmed/2870025
https://doi.org/10.1371/journal.pone.0233788


33. Panza JA, Garcia CE, Kilcoyne CM, Quyyumi AA, Cannon RO, 3rd. Impaired endothelium-dependent

vasodilation in patients with essential hypertension. Evidence that nitric oxide abnormality is not local-

ized to a single signal transduction pathway. Circulation. 1995; 91(6):1732–8. https://doi.org/10.1161/

01.cir.91.6.1732 PMID: 7882481.

34. Haspula D, Clark MA. Neuroinflammation and sympathetic overactivity: Mechanisms and implications

in hypertension. Auton Neurosci. 2018; 210:10–7. https://doi.org/10.1016/j.autneu.2018.01.002 PMID:

29361405.

35. Su Q, Liu J-J, Cui W, Shi X-L, Guo J, Li H-B, et al. Alpha lipoic acid supplementation attenuates reactive

oxygen species in hypothalamic paraventricular nucleus and sympathoexcitation in high salt-induced

hypertension. Toxicology Letters. 2016; 241:152–8. https://doi.org/10.1016/j.toxlet.2015.10.019.

36. Sun L, Gao YH, Tian DK, Zheng JP, Zhu CY, Ke Y, et al. Inflammation of different tissues in spontane-

ously hypertensive rats. Sheng Li Xue Bao. 2006; 58(4):318–23. PMID: 16906331.

37. Masson GS, Costa TS, Yshii L, Fernandes DC, Soares PP, Laurindo FR, et al. Time-dependent effects

of training on cardiovascular control in spontaneously hypertensive rats: role for brain oxidative stress

and inflammation and baroreflex sensitivity. PLoS One. 2014; 9(5):e94927. https://doi.org/10.1371/

journal.pone.0094927 PMID: 24788542; PubMed Central PMCID: PMC4006803.

38. Di Nicolantonio R, Mendelsohn FA, Hutchinson JS, Doyle AE. Effect of captopril on brain converting

enzyme in the spontaneously hypertensive rat. Clin Exp Pharmacol Physiol. 1984; 11(3):237–44.

https://doi.org/10.1111/j.1440-1681.1984.tb00261.x PMID: 6086193.

39. Iadecola C, Davisson RL. Hypertension and cerebrovascular dysfunction. Cell Metab. 2008; 7(6):476–

84. https://doi.org/10.1016/j.cmet.2008.03.010 PMID: 18522829; PubMed Central PMCID:

PMC2475602.

40. Ji B, Cheng B, Pan Y, Wang C, Chen J, Bai B. Neuroprotection of bradykinin/bradykinin B2 receptor

system in cerebral ischemia. Biomed Pharmacother. 2017; 94:1057–63. https://doi.org/10.1016/j.

biopha.2017.08.042 PMID: 28810528.

41. Connell BJ, Khan BV, Rajagopal D, Saleh TM. Novel Neurovascular Protective Agents: Effects of INV-

155, INV-157, INV-159, and INV-161 versus Lipoic Acid and Captopril in a Rat Stroke Model. Cardiol

Res Pract. 2012; 2012:319230. https://doi.org/10.1155/2012/319230 PMID: 22263115; PubMed Cen-

tral PMCID: PMC3259480.

42. Lee W, Kim MA, Park I, Hwang JS, Na M, Bae JS. Novel direct factor Xa inhibitory compounds from

Tenebrio molitor with anti-platelet aggregation activity. Food Chem Toxicol. 2017; 109(Pt 1):19–27.

https://doi.org/10.1016/j.fct.2017.08.026 PMID: 28844963.

43. Rumpold BA, Schluter OK. Nutritional composition and safety aspects of edible insects. Mol Nutr Food

Res. 2013; 57(5):802–23. https://doi.org/10.1002/mnfr.201200735 PMID: 23471778.

44. Selaledi L, Mbajiorgu CA, Mabelebele M. The use of yellow mealworm (T. molitor) as alternative source

of protein in poultry diets: a review. Trop Anim Health Prod. 2019. https://doi.org/10.1007/s11250-019-

02033-7 PMID: 31392553.

45. Zhao X, Vazquez-Gutierrez JL, Johansson DP, Landberg R, Langton M. Yellow Mealworm Protein for

Food Purposes—Extraction and Functional Properties. PLoS One. 2016; 11(2):e0147791. https://doi.

org/10.1371/journal.pone.0147791 PMID: 26840533; PubMed Central PMCID: PMC4739691.

46. AOAC International. Official methods of analysis of AOAC International. Arlington, Va.: AOAC Interna-

tional; 1995. p. volumes (loose-leaf).

47. Finke MD. Complete nutrient content of four species of commercially available feeder insects fed

enhanced diets during growth. Zoo Biol. 2015; 34(6):554–64. https://doi.org/10.1002/zoo.21246 PMID:

26366856.

48. Yi L, Van Boekel MAJS, Boeren S, Lakemond CMM. Protein identification and in vitro digestion of frac-

tions from Tenebrio molitor. European Food Research and Technology. 2016; 242(8):1285–97. https://

doi.org/10.1007/s00217-015-2632-6

49. Yi L, Lakemond CM, Sagis LM, Eisner-Schadler V, van Huis A, van Boekel MA. Extraction and charac-

terisation of protein fractions from five insect species. Food Chem. 2013; 141(4):3341–8. https://doi.

org/10.1016/j.foodchem.2013.05.115 PMID: 23993491.

50. Energy and protein requirements. Report of a joint FAO/WHO/UNU Expert Consultation. World Health

Organ Tech Rep Ser. 1985; 724:1–206. PMID: 3937340.

51. Han SR, Yun EY, Kim JY, Hwang JS, Jeong EJ, Moon KS. Evaluation of Genotoxicity and 28-day Oral

Dose Toxicity on Freeze-dried Powder of Tenebrio molitor Larvae (Yellow Mealworm). Toxicol Res.

2014; 30(2):121–30. https://doi.org/10.5487/TR.2014.30.2.121 PMID: 25071922; PubMed Central

PMCID: PMC4112063.

52. Han SR, Yun EY, Kim JY, Hwang JS, Jeong EJ, Moon KS. Erratum to "Evaluation of Genotoxicity and

28-day Oral Dose Toxicity on Freeze-dried Powder of Tenebrio molitor Larvae (Yellow Mealworm)"

PLOS ONE Antihypertensive, cardio- and neuro-protective effects of T. molitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0233788 May 29, 2020 17 / 18

https://doi.org/10.1161/01.cir.91.6.1732
https://doi.org/10.1161/01.cir.91.6.1732
http://www.ncbi.nlm.nih.gov/pubmed/7882481
https://doi.org/10.1016/j.autneu.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29361405
https://doi.org/10.1016/j.toxlet.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/16906331
https://doi.org/10.1371/journal.pone.0094927
https://doi.org/10.1371/journal.pone.0094927
http://www.ncbi.nlm.nih.gov/pubmed/24788542
https://doi.org/10.1111/j.1440-1681.1984.tb00261.x
http://www.ncbi.nlm.nih.gov/pubmed/6086193
https://doi.org/10.1016/j.cmet.2008.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18522829
https://doi.org/10.1016/j.biopha.2017.08.042
https://doi.org/10.1016/j.biopha.2017.08.042
http://www.ncbi.nlm.nih.gov/pubmed/28810528
https://doi.org/10.1155/2012/319230
http://www.ncbi.nlm.nih.gov/pubmed/22263115
https://doi.org/10.1016/j.fct.2017.08.026
http://www.ncbi.nlm.nih.gov/pubmed/28844963
https://doi.org/10.1002/mnfr.201200735
http://www.ncbi.nlm.nih.gov/pubmed/23471778
https://doi.org/10.1007/s11250-019-02033-7
https://doi.org/10.1007/s11250-019-02033-7
http://www.ncbi.nlm.nih.gov/pubmed/31392553
https://doi.org/10.1371/journal.pone.0147791
https://doi.org/10.1371/journal.pone.0147791
http://www.ncbi.nlm.nih.gov/pubmed/26840533
https://doi.org/10.1002/zoo.21246
http://www.ncbi.nlm.nih.gov/pubmed/26366856
https://doi.org/10.1007/s00217-015-2632-6
https://doi.org/10.1007/s00217-015-2632-6
https://doi.org/10.1016/j.foodchem.2013.05.115
https://doi.org/10.1016/j.foodchem.2013.05.115
http://www.ncbi.nlm.nih.gov/pubmed/23993491
http://www.ncbi.nlm.nih.gov/pubmed/3937340
https://doi.org/10.5487/TR.2014.30.2.121
http://www.ncbi.nlm.nih.gov/pubmed/25071922
https://doi.org/10.1371/journal.pone.0233788


[Toxicol. Res. 30 (2014) 121–130]. Toxicol Res. 2016; 32(2):175. https://doi.org/10.5487/TR.2016.32.

2.175 PMID: 27123168; PubMed Central PMCID: PMC4843975.

53. Saponara S, Ferrara A, Gorelli B, Shah A, Kawase M, Motohashi N, et al. 3,5-dibenzoyl-4-(3-phenoxy-

phenyl)-1,4-dihydro-2,6-dimethylpyridine (DP7): a new multidrug resistance inhibitor devoid of effects

on Langendorff-perfused rat heart. Eur J Pharmacol. 2007; 563(1–3):160–3. https://doi.org/10.1016/j.

ejphar.2007.02.001 PMID: 17349992.

54. Skrzypiec-Spring M, Grotthus B, Szelag A, Schulz R. Isolated heart perfusion according to Langendorff

—still viable in the new millennium. J Pharmacol Toxicol Methods. 2007; 55(2):113–26. https://doi.org/

10.1016/j.vascn.2006.05.006 PMID: 16844390.

55. Doring HJ and Dehnert H. The isolated perfused heart according to Langendorff. BVM-Biomesstechnik

Verlag (1987).

56. Brizi C, Santulli C, Micucci M, Budriesi R, Chiarini A, Aldinucci C, et al. Neuroprotective Effects of Casta-

nea sativa Mill. Bark Extract in Human Neuroblastoma Cells Subjected to Oxidative Stress. J Cell Bio-

chem. 2016; 117(2):510–20. https://doi.org/10.1002/jcb.25302 PMID: 26240013.

PLOS ONE Antihypertensive, cardio- and neuro-protective effects of T. molitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0233788 May 29, 2020 18 / 18

https://doi.org/10.5487/TR.2016.32.2.175
https://doi.org/10.5487/TR.2016.32.2.175
http://www.ncbi.nlm.nih.gov/pubmed/27123168
https://doi.org/10.1016/j.ejphar.2007.02.001
https://doi.org/10.1016/j.ejphar.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17349992
https://doi.org/10.1016/j.vascn.2006.05.006
https://doi.org/10.1016/j.vascn.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16844390
https://doi.org/10.1002/jcb.25302
http://www.ncbi.nlm.nih.gov/pubmed/26240013
https://doi.org/10.1371/journal.pone.0233788

