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Pulmonary arterial hypertension (PAH) is characterized by pulmonary vascular remodeling. Recent evidence
supports that inflammation plays a key role in triggering and maintaining pulmonary vascular remodeling. Recent
studies have shown that garlic extract has protective effects in PAH, but the precise role of allicin, a compound

derived from garlic, is unknown. Thus, we used allicin to evaluate its effects on inflammation and fibrosis in PAH.

pulmonary arterial hypertension inflammation fibrosis allicin

| 1. Introduction

Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by the progressive loss and
obstructive remodeling of the pulmonary vascular bed. PAH leads to a progressive elevation in pulmonary arterial
pressure (PAP) and pulmonary vascular resistance (PVR), resulting in functional decline and right heart failure 11,
The poor clinical outcome in patients with PAH is determined by the adaptation of right ventricle (RV) function to
the increased afterload mediated by the increased contractility with preserved dimensions and stroke volume 2,
Currently, the pathogenesis of PAH remains unclear and involves numerous factors, including endothelial
dysfunction, oxidative stress, and the exaggerated infiltration of inflammatory cells, as well as alterations in

signaling pathways to maintain cellular identity and functionality as the morphogenetic protein receptor (BMPR2) &)
4,

In clinical practice, PAH treatments are limited to the production of vasoactive substances such as nitric oxide (NO)
and prostacyclin Bl. However, numerous studies have demonstrated that inflammation is associated with the
development of experimental and human PAH [E. The inflammatory process leads to endothelial cell injury and
stimulates pulmonary arterial smooth muscle cell (PASMC) proliferation, playing a key role in triggering and
maintaining pulmonary vascular remodeling &, In fact, in experimental models, increased levels of interleukin-1p
(IL-1B), IL-6, tumor necrosis factor-a (TNF-a), and nuclear factor-kB (NFkB) were observed . On the other hand,
TNF-a inhibition showed a favorable effect on hemodynamics and pulmonary vascular remodeling in experimental
PAH 19, Thus, this evidence supports the role of inflammation in the pathogenesis and progression of PAH. On the
other hand, an increased transforming growth factor beta (TGF-3) protein expression can result in anti-apoptotic
responses in pulmonary artery endothelial cells (PAEC) and PASMC 1 and can be a hallmark of endothelial cell
(EC) dysfunction 12, |n addition, TGF-B can increase the presence of inflammatory markers 13l Evidence
suggests that cytokines and growth factors play a crucial role in hypertrophy and cardiac fibrosis 14!,
Understanding the mechanisms promoting this pathologic process is essential to develop new therapeutic options

to reduce RV failure and mortality in PAH patients.
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Several studies have reported that medicinal plants, nutraceuticals, and phytochemicals exert significant benefits
for PAH 22 These natural compounds have anti-inflammatory, antiproliferative, and anti-vascular remodeling

properties 161,

Garlic (Allium sativum L.) and its derived products have been widely used for culinary and medicinal purposes in
many cultures and civilizations 7. Garlic extract has protective effects in PAH, but its molecular mechanism is
unknown 18, The compounds present in garlic include protein, carbohydrates, vitamins, and minerals. Garlic is

also especially rich in sulfur compounds, such as alliin, ajoenes, sulfides, and disulfides 22,

Allicin is a natural compound produced from the stable precursor S-allyl cysteine-sulfoxide (alliin) by the action of
the enzyme allinase when garlic cloves are crushed or macerated 29 This compound has shown various

beneficial effects, such as antioxidant and anti-inflammatory effects in cardiovascular diseases [21122],

Allicin exerts its anti-inflammatory effects through several mechanisms. However, in PAH, these mechanisms
remain poorly studied or unknown. Thus, the present study aimed to assess if allicin may exert beneficial effects in
the progression of experimental PAH. Our results showed that allicin administration had a protective effect in the
MCT model through the prevention of RV hypertrophy and increased pulmonary arterial medial wall thickness. In
addition, through the modulation of TNF-a, IL-6, IL-13, TGF-B, and a-SMA, allicin prevented inflammation and
fibrosis in lung tissue. The increases in TNF-qa, IL-6, and TGF- in RV tissue were prevented by the allicin
treatment. Therefore, these results suggest that allicin protects the RV, which is one of the heart chambers closely

related to the severity and progression of PAH.

| 2. Discussion

In this study, we found that the oral administration of allicin induced a protective effect in MCT-induced PAH by
preventing increased pulmonary arterial medial wall thickness and RV hypertrophy. In addition, we found that allicin
treatment had anti-inflammatory and anti-fibrotic effects in PAH. In lung tissue, allicin induced low expressions of
Cd68, TNF-q, IL-1p3, IL-6, TGF-B, and a-SMA. In addition, allicin prevented increases in TNF-q, IL-6, and TGF-f3 in
RV tissue, which is one of the heart's four chambers and a determining organ related to the progression and

severity of PAH.

Several mechanisms are involved in PAH progression, but the role of inflammation in triggering and maintaining
pulmonary vascular remodeling has recently gained relevance 23, However, therapies are aimed at stimulating
vasodilation [24], In the context of inflammation, several cytokines, such as TNF-a and IL-1B, are increased in PAH
patients’ serum, which is related to low survival 2326 |n addition, previous studies have reported that the
expressions of TNF-a, IL-1B3, and IL-6 are significantly increased in patients and experimental models of MCT-
induced PAH 22 |n transgenic mice, the overexpression of TNF-a leads to the development of PAH while rats
and dogs with MCT-induced PAH have elevated levels of TNF-a in the lung [ZZ[281129)30] | addition, mice with an

overexpression of IL-6 develop PAH, while knock-out mice for IL-6 do not develop the disease 21132],
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In the present study, the PAH model showed the characteristic damages of a previously reported model [23134135],
Thus, MCT induced RV hypertrophy and increased the arteriolar medial wall thickness. In this field, evidence
suggests that pyrrolic derivatives of MCT that are metabolized in the liver induce pulmonary arterial endothelial cell
(PAEC) damage through the activation of extracellular calcium-sensing receptors of PAECs, particularly its

extracellular domain, which has the potential basic structure for MCT binding 28],

On the other hand, previous studies have demonstrated that allicin induces an anti-inflammatory effect BZI381 |t
has been reported that allicin exerts an immune modulatory effect on intestinal epithelial cells through TNF-a
inhibition 22, In addition, allicin ameliorates the progression of osteoarthritis by decreasing TNF-a, IL-6, and IL-1p
in chondrocytes B9, In PAH, TNF-q, IL-6, and IL-1B lead to pulmonary arterial remodeling as they can cause
damage in pulmonary endothelial cells, promoting abnormal PASMCs migration and proliferation ¥4l Evidence
also shows that the main feature of MCT-induced PAH is the infiltration of inflammatory cells and the secretion of

inflammatory cytokines 42,

In this study, MCT administration increased the TNF-q, IL-6, and IL-1[3 levels in the lungs of rats with MCT-induced
PAH. Furthermore, we found that MCT increased the expression of Cd68, an important macrophage marker 23!,
Studies have shown that CD68* levels are increased in experimental and clinical PAH, indicating cellular
inflammation, which implies an increase in the number of perivascular macrophage infiltrations 24! In addition, a
recent study found that CD68* macrophages are associated with the development of PAH 1. Interestingly, allicin
treatment prevented increases in the expressions of TNF-a, IL-6, IL-1B, and Cd68* in the MCT model. These
findings suggest that allicin reduces macrophage infiltration in the lung of rats with MCT-induced PAH and,
consequently, ameliorates vascular remodeling. This could be supported by the immunohistochemistry analysis of

TNF-a, which showed a low production of this cytokine in the MCT group treated with allicin.

To elucidate the possible anti-inflammatory mechanism of allicin on PAH, we studied the expression of NFkB, a
transcription factor that has a key role in the expression of multiple genes associated with inflammation,
proliferation, and apoptosis €. The activation of NFKB in cytoplasm is a consequence of IkB inhibitory protein
phosphorylation and subsequent degradation by the proteasome. NFkB can migrate to the nucleus to induce the
expression of cytokines (TNF-a, IL-6, and IL-1B), as well as proteins associated with cell proliferation and
apoptosis, resulting in the development of PAH. Thus, to determine the mechanism through which allicin prevents
increases in TNF-a, IL-6, IL-13, and CD68*, we assessed the expression of NFkB in lung tissue. The result
indicated that the protein expression levels of NFKB were lower in the allicin group than in the MCT group not
treated with allicin. Other studies have demonstrated that, in MCT-induced PAH, the inhibition of NFkB improved
the disease by decreasing macrophage infiltration 4. Unexpectedly, we found that the Ikp inhibitory protein was
low in the MCT model with allicin treatment in comparison with the MCT model without allicin treatment. This could
be possible because the phosphorylated form was not measured in this study. Thus, the results suggest that allicin
may be considered a therapeutic alternative for inflammation in PAH through the modulation of proinflammatory

cytokines and inhibition of inflammatory cell recruitment.
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Remodeling of the pulmonary vasculature and fibrosis play key roles in the development and progression of PAH.
In this context, TGF-B, a-SMA, fibronectin, and collagen are involved in the remodeling and fibrotic process [48](49]
Moreover, in PAH, the increase in TGF-f3 signaling results in the proliferation and antiapoptotic response of PAECs
and PASMCs and in the increase in inflammatory cytokines (22!, Therefore, we assessed the expressions of TGF-f
and a-SMA in MCT-induced PAH. Our results showed that MCT administration increased TGF-3 and a-SMA in the
lung tissue. Likewise, these data are in line with the analysis of fibrosis in lung tissue. Our results are in line with
those previously reported B, Similar to inflammation, in PAH, there are no drugs that target fibrosis-related
signaling pathways. Thus, we assessed the effects of allicin on fibrosis. A recent study reported that allicin
decreased the TGF-B expression in the serum and renal cortex of rats with diabetic nephropathy B, In this work,
we showed that allicin prevented increases in the expressions of TGF-f3 and a-SMA. Therefore, the results suggest
that TGF-3 and a-SMA contribute to fibrosis in the vascular wall. In addition to its role as a profibrotic protein, a-
SMA is the first marker of differentiation of smooth muscle cells during the remodeling of the vascular wall in PAH
B2 Thus, the upregulation of a-SMA could contribute to the muscularization of the vascular wall, the degree of
vascular occlusion, and pulmonary artery medial wall thickness B2l To the best of our knowledge, this is the first
study to report the antifibrotic effect of allicin on PAH through the modulation of TGF-f3 and a-SMA. To support this
result, we detected TGF-3 using immunohistochemistry and found a lower production of this protein in the MCT
group treated with allicin. Thus, the results suggest that allicin may be considered a therapeutic alternative for
fibrosis in PAH.

On the other hand, miR-21-5p plays a role in the development of PAH because it regulates the expressions of
BMPR2 and TGF-B B4, BMP signaling regulates cell proliferation, differentiation, and apoptosis B2, and it is
decreased in patients with PAH, as well as in MCT models 561571 |n this field, a decrease in BMP induces
activation of the TGF-B signaling pathway 58|, Parikh et al. reported that miR-21-5p is upregulated in the lungs of
rats with MCT-induced PAH B2, In agreement with these results, we found that miR-21-5p was upregulated, while
the expression of Bmpr2 was downregulated. The allicin treatment did not modify the expressions of miR-21-5p
and Bmpr2, and did not change Smad5, a transcription factor of BMP. These results suggest that allicin did not

affect the Bmpr2/smad5 signaling pathway via miR-21-5p in our experimental PAH model.

Besides the increases in inflammatory and fibrotic markers in the lung tissue, the PAH MCT model developed RV
hypertrophy, which is also present in many PAH patients B4, RV hypertrophy is a determining factor in the
symptoms and survival of patients with PAH and is determined via the adaptation of RV function to the increased
afterload (14!, Therefore, we assessed the expressions of inflammatory markers and fibrotic proteins in the RV.
TNF-q, IL-6, and TGF-3 were increased in the MCT group, and were prevented by the allicin treatment. Thus, the

protective role of allicin appears to be significant and extended during the development of RV hypertrophy.

On the other hand, it is well known that the primary effects of allicin may be antioxidant and that the multiple
cardioprotective effects attributed to the molecule could be due to an indirect effect. Allicin can react directly with
reactive oxygen species (ROS) or free radicals or can act as a substrate for glutathione synthesis. This is
supported by in vivo studies, which have reported that allicin reacts with glutathione to produce S-allyl-mercapto

glutathione or with L-cysteine to produce S-allyl-mercapto cysteine 9. Moreover, allicin prevents the formation of
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free radicals and lipid peroxidation through hydroxyl and peroxyl radicals scavenging by transferring its allylic
hydrogen to the oxidized substrate 81, Indirectly, through regulation of the Nrf2/keapl pathway and its target
genes, allicin increases the presence of endogenous antioxidants, such as catalase, superoxide dismutase, heme-
oxygenase, and glutathione peroxidase. At the same time, allicin regulates the secretion of proinflammatory
cytokines by modulating NfkB/IkB pathway signaling [2163I[64165] Therefore, it is possible that the anti-inflammatory
and antifibrotic effects observed in PAH could be associated with the antioxidant effects of allicin via modulation of

the Nrf2/keapl pathway. This issue could be addressed in another study.

Our study has some limitations, as follows. First, the allicin treatment started immediately after a single injection of
MCT. Therefore, the effects of allicin on MCT-induced PAH could be preventive rather than curative. Second, we
used an allicin dose that showed antidiabetic effects in other studies. Thus, it is possible that the effects of allicin in
PAH could be dose-dependent. Third, another limitation of our study is the lack of a pulmonary hemodynamics
parameter (RVSP, PVR, or PAP). However, the gold standard in MCT-induced PAH is the Fulton Index (RV/LV + S),
which was assessed in our experimental model of PAH and was increased in the MCT group when compared with
the control group. This index was in line with the histopathology analysis. Therefore, we conclude that the model
was successfully induced. Our PAH validation results are in line with other reports in the literature B3I3435] Finally,
this study is the first to explore the anti-inflammatory and antifibrotic effects of allicin (the major active component
of garlic) in MCT-induced PAH.

Several studies have reported the beneficial effects of garlic in different presentations, such as extracts,
lyophilization, and pills. Allicin has demonstrated a plethora of beneficial effects BEI67I68] byt the dose used in
experimental models, as well as in patients, is between 10 and 40 mg/day, and no secondary effects have been
described. However, the use of allicin in patients is limited and focused on triglycerides and cholesterol alterations.
Therefore, it is recommended to carry out controlled studies in patients in order to document scientific evidence to

support the use of allicin in PAH.

In brief, this study showed evidence that allicin has a protective effect on pulmonary arterial medial wall thickness
and RV hypertrophy in MCT-induced PAH. In addition, allicin prevented increases in inflammatory and fibrotic
markers, which extended to the RV. Therefore, the nutraceutical allicin can be considered a potential therapeutic
option, offering simultaneous and diverse benefits. Finally, further studies are required to show alternative

mechanisms that help delay the progression of the disease.

| 3. Conclusions

The results showed that allicin prevented the increase in pulmonary arterial medial wall thickness and RV
hypertrophy in MCT-induced PAH, which was possibly mediated by its effects on inflammatory and fibrosis markers
in the lung and heart tissues. Therefore, allicin is a nutraceutical offering diverse benefits and should be considered
as a potential therapeutic option to delay pulmonary function decline and right ventricle hypertrophy in the

progression of PAH.

https://encyclopedia.pub/entry/13237 5/11



Allicin and Pulmonary Arterial Hypertension | Encyclopedia.pub

References

1.

10.

11.

Humbert, M.; Guignabert, C.; Bonnet, S.; Dorfmdller, P.; Klinger, J.R.; Nicolls, M.R.; Olschewski,
A.J.; Pullamsetti, S.S.; Schermuly, R.T.; Stenmark, K.R.; et al. Pathology and pathobiology of
pulmonary hypertension: State of the art and research perspectives. Eur. Respir. J. 2019, 53,
1801887.

. Vonk Noordegraaf, A.; Westerhof, B.E.; Westerhof, N. The Relationship Between the Right

Ventricle and its Load in Pulmonary Hypertension. J. Am. Coll. Cardiol. 2017, 69, 236—-243.

. Ahmed, L.A.; Obaid, A.A.Z.; Zaki, H.F.; Agha, A.M. Role of oxidative stress, inflammation, nitric

oxide and transforming growth factor-beta in the protective effect of diosgenin in monocrotaline-
induced pulmonary hypertension in rats. Eur. J. Pharmacol. 2014, 740, 379-387.

. Hiepen, C.; Jatzlau, J.; Hildebrandt, S.; Kampfrath, B.; Goktas, M.; Murgai, A.; Cuellar Camacho,

J.L.; Haag, R.; Ruppert, C.; Sengle, G.; et al. BMPR2 acts as a gatekeeper to protect endothelial
cells from increased TGF[3 responses and altered cell mechanics. PLoS Biol. 2019, 17,
e3000557.

. Gali, N.; Hoeper, M.M.; Humbert, M.; Torbicki, A.; Vachiery, J.L.; Barbera, J.A.; Beghetti, M.;

Corris, P.; Gaine, S.; Gibbs, J.S.; et al. Guidelines for the diagnosis and treatment of pulmonary
hypertension. Eur. Heart J. 2009, 30, 2493-2537.

. Itoh, A.; Nishihira, J.; Makita, H.; Miyamoto, K.; Yamaguchi, E.; Nishimura, M. Effects of IL-1J3,

TNF-a and macrophage migration inhibitory factor on prostacyclin synthesis in rat pulmonary
artery smooth muscle cells. Respirology 2003, 8, 467-472.

. Sutendra, G.; Dromparis, P.; Bonnet, S.; Haromy, A.; McMurtry, M.S.; Bleackley, R.C.; Michelakis,

E.D. Pyruvate dehydrogenase inhibition by the inflammatory cytokine TNFa contributes to the
pathogenesis of pulmonary arterial hypertension. J. Mol. Med. 2011, 89, 771-783.

. Marsh, L.M.; Jandl, K.; Grinig, G.; Foris, V.; Bashir, M.; Ghanim, B.; Klepetko, W.; Olschewski, H.;

Olschewski, A.; Kwapiszewska, G. The inflammatory cell landscape in the lungs of patients with
idiopathic pulmonary arterial hypertension. Eur. Respir. J. 2018, 51, 1701214,

. Li, Y.; Wang, Y.; Li, Y.; Qian, Z.; Zhu, L.; Yang, D. Osthole attenuates pulmonary arterial

hypertension in monocrotaline-treated rats. Mol. Med. Rep. 2017, 16, 2823—-2829.

Wang, Q.; Zuo, X.R.; Wang, Y.Y.; Xie, W.P.; Wang, H.; Zhang, M. Monocrotaline-induced
pulmonary arterial hypertension is attenuated by TNF-a antagonists via the suppression of TNF-a
expression and NF-kB pathway in rats. Vascul. Pharmacol. 2013, 58, 71-77.

Nasim, M.T.; Ogo, T.; Chowdhury, H.M.; Zhao, L.; Chen, C.N.; Rhodes, C.; Trembath, R.C.
BMPR-II deficiency elicits pro-proliferative and anti-apoptotic responses through the activation of
TGFB-TAK1-MAPK pathways in PAH. Hum. Mol. Genet. 2012, 21, 2548-2558.

https://encyclopedia.pub/entry/13237 6/11



Allicin and Pulmonary Arterial Hypertension | Encyclopedia.pub

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Pardali, E.; Sanchez-Duffhues, G.; Gomez-Puerto, M.C.; Ten Dijke, P. TGF-B-induced endothelial-
mesenchymal transition in fibrotic diseases. Int. J. Mol. Sci. 2017, 18, 2157.

Upton, P.D.; Morrell, N.W. The transforming growth factor-f3-bone morphogenetic protein type
signalling pathway in pulmonary vascular homeostasis and disease. Exp. Physiol. 2013, 98,
1262-1266.

Dewachter, L.; Dewachter, C. Inflammation in right ventricular failure: Does it matter? Front.
Physiol. 2018, 9, 1056.

Xiang, L.; Li, Y.; Deng, X.; Kosanovic, D.; Schermuly, R.T.; Li, X. Natural plant products in
treatment of pulmonary arterial hypertension. Pulm. Circ. 2018, 8, 2045894018784033.

Jasemi, S.V.; Khazaei, H.; Aneva, |.Y.; Farzaei, M.H.; Echeverria, J. Medicinal Plants and
Phytochemicals for the Treatment of Pulmonary Hypertension. Front. Pharmacol. 2020, 11, 145.

Rybak, M.E.; Calvey, E.M.; Harnly, J.M. Quantitative Determination of Allicin in Garlic:
Supercritical Fluid Extraction and Standard Addition of Alliin. J. Agric. Food Chem. 2004, 52, 682—
687.

Park, B.M.; Chun, H.; Chae, S.W.; Kim, S.H. Fermented garlic extract ameliorates monocrotaline-
induced pulmonary hypertension in rats. J. Funct. Foods 2017, 30, 247-253.

Suleria, H.A.R.; Butt, M.S.; Khalid, N.; Sultan, S.; Raza, A.; Aleem, M.; Abbas, M. Garlic (Allium
sativum): Diet based therapy of 21st century-a review. Asian Pacific J. Trop. Dis. 2015, 5, 271—
278.

Elkayam, A.; Peleg, E.; Grossman, E.; Shabtay, Z.; Sharabi, Y. Effects of allicin on cardiovascular
risk factors in spontaneously hypertensive rats. Isr. Med. Assoc. J. 2013, 15, 170-173.

Chan, J.Y.Y.; Yuen, A.C.Y.; Chan, R.Y.K.; Chan, S.W. A review of the cardiovascular benefits and
antioxidant properties of allicin. Phyther. Res. 2013, 27, 637-646.

Lang, A.; Lahav, M.; Sakhnini, E.; Barshack, I.; Fidder, H.H.; Avidan, B.; Bardan, E.; Hershkoviz,
R.; Bar-Meir, S.; Chowers, Y. Allicin inhibits spontaneous and TNF-a induced secretion of
proinflammatory cytokines and chemokines from intestinal epithelial cells. Clin. Nutr. 2004, 23,
1199-1208.

Daley, E.; Emson, C.; Guignabert, C.; De Waal Malefyt, R.; Louten, J.; Kurup, V.P.; Hogaboam,
C.; Taraseviciene-Stewart, L.; Voelkel, N.F.; Rabinovitch, M.; et al. Pulmonary arterial remodeling
induced by a Th2 immune response. J. Exp. Med. 2008, 205, 361-372.

Sanchez-Gloria, J.L.; Osorio-Alonso, H.; Arellano-Buendia, A.S.; Carbé, R.; Hernandez-
Diazcouder, A.; Guzman-Martin, C.A.; Rubio-Gayosso, |.; SAnchez-Mufioz, F. Nutraceuticals in
the treatment of pulmonary arterial hypertension. Int. J. Mol. Sci. 2020, 21, 4827.

https://encyclopedia.pub/entry/13237 7/11



Allicin and Pulmonary Arterial Hypertension | Encyclopedia.pub

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Itoh, T.; Nagaya, N.; Ishibashi-Ueda, H.; Kyotani, S.; Oya, H.; Sakamaki, F.; Kimura, H.;
Nakanishi, N. Increased plasma monocyte chemoattractant protein-1 level in idiopathic pulmonary
arterial hypertension. Respirology 2006, 11, 158-163.

Soon, E.; Holmes, A.M.; Treacy, C.M.; Doughty, N.J.; Southgate, L.; MacHado, R.D.; Trembath,
R.C.; Jennings, S.; Barker, L.; Nicklin, P.; et al. Elevated levels of inflammatory cytokines predict
survival in idiopathic and familial pulmonary arterial hypertension. Circulation 2010, 122, 920-927.

Fujita, M.; Shannon, J.M.; Irvin, C.G.; Fagan, K.A.; Cool, C.; Augustin, A.; Mason, R.J.
Overexpression of tumor necrosis factor-a produces an increase in lung volumes and pulmonary
hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 2001, 280, L39-L49.

Li, X.; Wang, H.; Yang, C.; Zhang, X.; Han, D.; Wang, H. Fluoxetine inhibited extracellular matrix
of pulmonary artery and inflammation of lungs in monocrotaline-treated rats. Acta Pharmacol. Sin.
2011, 32, 217-222.

Chen, D.; Zhou, D.; Qian, J.; Chen, F.; Guan, L.; Dong, L.; Ge, J. Atorvastatin prevents
dehydromonocrotaline-induced pulmonary hypertension in beagles. Exp. Lung Res. 2012, 38,
333-343.

Luan, Y.; Zhang, X.; Kong, F.; Cheng, G.H.; Qi, T.G.; Zhang, Z.H. Mesenchymal stem cell
prevention of vascular remodeling in high flow-induced pulmonary hypertension through a
paracrine mechanism. Int. Immunopharmacol. 2012, 14, 432—-437.

Savale, L.; Tu, L.; Rideau, D.; Izziki, M.; Maitre, B.; Adnot, S.; Eddahibi, S. Impact of interleukin-6
on hypoxia-induced pulmonary hypertension and lung inflammation in mice. Respir. Res. 2009,
10, 1-13.

Steiner, M.K.; Syrkina, O.L.; Kolliputi, N.; Mark, E.J.; Hales, C.A.; Waxman, A.B. Interleukin-6
overexpression induces pulmonary hypertension. Circ. Res. 2009, 104, 236—-244.

Gomez-Arroyo, J.G.; Farkas, L.; Alhussaini, A.A.; Farkas, D.; Kraskauskas, D.; Voelkel, N.F.;
Bogaard, H.J. The monocrotaline model of pulmonary hypertension in perspective. Am. J. Physiol.
Lung Cell. Mol. Physiol. 2012, 302, 363—369.

Nogueira-Ferreira, R.; Vitorino, R.; Ferreira, R.; Henriques-Coelho, T. Exploring the monocrotaline
animal model for the study of pulmonary arterial hypertension: A network approach. Pulm.
Pharmacol. Ther. 2015, 35, 8-16.

Sztuka, K.; Jasinska-Stroschein, M. Animal models of pulmonary arterial hypertension: A
systematic review and meta-analysis of data from 6126 animals. Pharmacol. Res. 2017, 125,
201-214.

Xiao, R.; Su, Y.; Feng, T.; Sun, M.; Liu, B.; Zhang, J.; Lu, Y.; Li, J.; Wang, T.; Zhu, L.; et al.
Monocrotaline induces endothelial injury and pulmonary hypertension by targeting the
extracellular calcium-sensing receptor. J. Am. Heart Assoc. 2017, 6, e004865.

https://encyclopedia.pub/entry/13237 8/11



Allicin and Pulmonary Arterial Hypertension | Encyclopedia.pub

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Haase, H.; Hieke, N.; Plum, L.M.; Gruhlke, M.C.H.; Slusarenko, A.J.; Rink, L. Impact of allicin on
macrophage activity. Food Chem. 2012, 134, 141-148.

Chen, W.; Qi, J.; Feng, F.; Wang, M.D.; Bao, G.; Wang, T.; Xiang, M.; Xie, W.F. Neuroprotective
effect of allicin against traumatic brain injury via Akt/endothelial nitric oxide synthase pathway-
mediated anti-inflammatory and anti-oxidative activities. Neurochem. Int. 2014, 68, 28-37.

Qian, Y.Q.; Feng, Z.H.; Li, X.B.; Hu, Z.C.; Xuan, J.W.; Wang, X.Y.; Xu, H.C.; Chen, J.X.
Downregulating PISK/Akt/NF-kB signaling with allicin for ameliorating the progression of
osteoarthritis: In vitro and vivo studies. Food Funct. 2018, 9, 4865—-4875.

Rabinovitch, M.; Guignabert, C.; Humbert, M.; Nicolls, M.R. Inflammation and immunity in the
pathogenesis of pulmonary arterial hypertension. Circ. Res. 2014, 115, 165-175.

Hassoun, P.M.; Mouthon, L.; Barbera, J.A.; Eddahibi, S.; Flores, S.C.; Grimminger, F.; Jones, P.L.;
Maitland, M.L.; Michelakis, E.D.; Morrell, N.W.; et al. Inflammation, Growth Factors, and
Pulmonary Vascular Remodeling. J. Am. Coll. Cardiol. 2009, 54, S10-S19.

Tang, C.; Luo, Y,; Li, S.; Huang, B.; Xu, S.; Li, L. Characteristics of inflammation process in
monocrotaline-induced pulmonary arterial hypertension in rats. Biomed. Pharmacother. 2021,
133, 111081.

Yin, J.; You, S.; Liu, H.; Chen, L.; Zhang, C.; Hu, H.; Xue, M.; Cheng, W.; Wang, Y.; Li, X.; et al.
Role of P2X7R in the development and progression of pulmonary hypertension. Respir. Res.
2017, 18, 127.

Varshney, R.; Ali, Q.; Wu, C.; Sun, Z. Monocrotaline-induced pulmonary hypertension involves
downregulation of antiaging protein klotho and eNOS activity. Hypertension 2016, 68, 1255-1263.

Zawia, A.; Arnold, N.D.; West, L.; Pickworth, J.A.; Turton, H.; Iremonger, J.; Braithwaite, A.T.;
Carfiedo, J.; Johnston, S.A.; Thompson, A.A.R.; et al. Altered Macrophage Polarization Induces
Experimental Pulmonary Hypertension and Is Observed in Patients with Pulmonary Arterial
Hypertension. Arterioscler. Thromb. Vasc. Biol. 2020, 41, 430—-445.

Sen, R.; Baltimore, D. Inducibility of Kk immunoglobulin enhancer-binding protein NF-kB by a
posttranslational mechanism. Cell 1986, 47, 921-928.

Kimura, H.; Okada, O.; Tanabe, N.; Tanaka, Y.; Terai, M.; Takiguchi, Y.; Masuda, M.; Nakajima, N.;
Hiroshima, K.; Inadera, H.; et al. Plasma monocyte chemoattractant protein-1 and pulmonary
vascular resistance in chronic thromboembolic pulmonary hypertension. Am. J. Respir. Crit. Care
Med. 2001, 164, 319-324.

Shinde, A.V.; Humeres, C.; Frangogiannis, N.G. The role of a-smooth muscle actin in fibroblast-
mediated matrix contraction and remodeling. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863,
298-3009.

https://encyclopedia.pub/entry/13237 9/11



Allicin and Pulmonary Arterial Hypertension | Encyclopedia.pub

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Guignabert, C.; Humbert, M. Targeting transforming growth factor-f3 receptors in pulmonary
hypertension. Eur. Respir. J. 2021, 57, 2002341.

Zaiman, A.L.; Podowski, M.; Medicherla, S.; Gordy, K.; Xu, F.; Zhen, L.; Shimoda, L.A.; Neptune,
E.; Higgins, L.; Murphy, A.; et al. Role of the TGF-/AIK5 signaling pathway in monocrotaline-
induced pulmonary hypertension. Am. J. Respir. Crit. Care Med. 2008, 177, 896—-905.

Buendia, A.S.A.; Gonzéalez, M.T.; Reyes, O.S.; Arroyo, F.E.G.; Garcia, R.A.; Tapia, E.; Lozada,
L.G.S.; Alonso, H.O. Immunomodulatory effects of the nutraceutical garlic derivative allicin in the
progression of diabetic nephropathy. Int. J. Mol. Sci. 2018, 19, 3107.

Jones, R.; Jacobson, M.; Steudel, W. alpha-smooth-muscle actin and microvascular precursor
smooth-muscle cells in pulmonary hypertension. Am. J. Respir. Cell Mol. Biol. 1999, 20, 582-594.

Boleto, G.; Guignabert, C.; Pezet, S.; Cauvet, A.; Sadoine, J.; Tu, L.; Nicco, C.; Gobeaux, C.;
Batteux, F.; Allanore, Y.; et al. T-cell costimulation blockade is effective in experimental digestive
and lung tissue fibrosis. Arthritis Res. Ther. 2018, 20, 1-12.

Hurst, L.A.; Dunmore, B.J.; Long, L.; Croshy, A.; Al-Lamki, R.; Deighton, J.; Southwood, M.; Yang,
X.; Nikolic, M.Z.; Herrera, B.; et al. TNFa drives pulmonary arterial hypertension by suppressing
the BMP type-Il receptor and altering NOTCH signalling. Nat. Commun. 2017, 8, 14079.

Zhang, Z.; Zhang, L.; Sun, C.; Kong, F.; Wang, J.; Xin, Q.; Jiang, W.; Li, K.; Chen, O.; Luan, Y.
Baicalin attenuates monocrotaline-induced pulmonary hypertension through bone morphogenetic
protein signaling pathway. Oncotarget 2017, 8, 63430-63441.

Atkinson, C.; Stewart, S.; Upton, P.D.; Machado, R.; Thomson, J.R.; Trembath, R.C.; Morrell,
N.W. Primary Pulmonary Hypertension Is Associated With Reduced Pulmonary Vascular
Expression of Type Il Bone Morphogenetic Protein Receptor. Circulation 2002, 105, 1672-1678.

Huertas, A.; Guignabert, C.; Barbera, J.A.; Bartsch, P.; Bhattacharya, J.; Bhattacharya, S.;
Bonsignore, M.R.; Dewachter, L.; Dinh-Xuan, A.T.; Dorfmuller, P.; et al. Pulmonary vascular
endothelium: The orchestra conductor in respiratory diseases. Eur. Respir. J. 2018, 51, 1700745.

Happé, C.; Kurakula, K.; Sun, X.Q.; da Silva Goncalves Bos, D.; Rol, N.; Guignabert, C.; Tu, L.;
Schalij, I.; Wiesmeijer, K.C.; Tura-Ceide, O.; et al. The BMP Receptor 2 in Pulmonary Arterial
Hypertension: When and Where the Animal Model Matches the Patient. Cells 2020, 9, 1422.

Parikh, V.N.; Jin, R.C.; Rabello, S.; Gulbahce, N.; White, K.; Hale, A.; Cottrill, K.A.; Shaik, R.S.;
Waxman, A.B.; Zhang, Y.-Y.; et al. MicroRNA-21 Integrates Pathogenic Signaling to Control
Pulmonary Hypertension. Circulation 2012, 125, 1520-1532.

Trio, P.; You, S.; He, X.; He, J.; Sakao, K.; Hou, D. Chemopreventive functions and molecular
mechanisms of garlic organosulfur compounds. Food Funct. 2014, 5, 833-844.

https://encyclopedia.pub/entry/13237 10/11



Allicin and Pulmonary Arterial Hypertension | Encyclopedia.pub

61.

62.

63.

64.

65.

66.

67.

68.

Liu, C.; Cao, F,; Tang, Q.-Z.; Yan, L.; Dong, Y.-G.; Zhu, L.-H.; Wang, L.; Bian, Z.-Y.; Li, H. Allicin
protects against cardiac hypertrophy and fibrosis via attenuating reactive oxygen species-
dependent signaling pathways. J. Nutr. Biochem. 2010, 21, 1238-1250.

Horev-Azaria, L.; Eliav, S.; Izigov, N.; Pri-Chen, S.; Mirelman, D.; Miron, T.; Rabinkov, A.; Wilchek,
M.; Jacob-Hirsch, J.; Amariglio, N.; et al. Allicin up-regulates cellular glutathione level in vascular
endothelial cells. Eur. J. Nutr. 2009, 48, 67-74.

Li, X.; Li, C.; Xiang, Z.; Hu, J.; Lu, J.; Tian, R.; Jia, W. Allicin ameliorates cardiac hypertrophy and
fibrosis through enhancing of Nrf2 antioxidant signaling pathways. Cardiovasc. Drugs Ther. 2012,
26, 457-465.

Garcia-Trejo, E.; Arellano-Buendia, A.; Arguello-Garcia, R.; Loredo-Mendoza, M.; Garcia-Arroyo,
F.; Arellano-Mendoza, M.; Castillo-Hernandez, M.; Guevara-Balcazar, G.; Tapia, E.; Sanchez-
Lozada, L.; et al. Effects of Allicin on Hypertension and Cardiac Function in Chronic Kidney
Disease. Oxid. Med. Cell. Longev. 2016, 2016, 3850402.

Arellano-Buendia, A.S.; Castafieda-Lara, L.G.; Loredo-Mendoza, M.L.; Garcia-Arroyo, F.E.;
Rojas-Morales, P.; Arguello-Garcia, R.; Juarez-Rojas, J.G.; Tapia, E.; Pedraza-Chaverri, J.;
Sanchez-Lozada, L.G.; et al. Effects of allicin on pathophysiological mechanisms during the
progression of nephropathy associated to diabetes. Antioxidants 2020, 9, 1134.

Saradeth, T.; Seidl, S.; Resch, K.; Ernst, E. Does garlic alter the lipid pattern in normal
volunteers? Phytomedicine 1994, 1, 183-185.

Liu, D.-S.; Wang, S.-L.; Li, J.-M.; Liang, E.-S.; Yan, M.-Z.; Gao, W. Allicin improves carotid artery
intima-media thickness in coronary artery disease patients with hyperhomocysteinemia. Exp.
Ther. Med. 2017, 14, 1722-1726.

Ashraf, R.; Aamir, K.; Shaikh, A.R.; Ahmed, T. Effects of garlic on dyslipidemia in patients with
type 2 diabetes mellitus. J. Ayub Med. Coll. Abbottabad 2005, 17, 60—64.

Retrieved from https://encyclopedia.pub/entry/history/show/31112

https://encyclopedia.pub/entry/13237 11/11



