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ABSTRACT

Pulmonary fibrosis develops both spontaneously and as a result of lung damage by radiotherapy and chemotherapy, infectious
diseases, and inhalation of harmful substances and particulate matter. In this case, normal tissue repair is disturbed: instead
of regeneration of normal lung cells, the damaged tissue is replaced by fibrotic one consisting of dense collagen fibers. This
leads to loss of lung tissue elasticity and impairment of its function, which significantly reduces the quality of patients’ lives.
The search for drugs for interstitial fibrotic lung diseases remains an urgent task, since the existing antifibrotic drugs only
slow down disease progression and have side effects that significantly reduce the patients’ quality of life. It is believed that
natural polyphenolic substances, in particular flavonoids, can be used for the treatment of pulmonary fibrosis. Flavonoids
present in various fruits, vegetables, tea and wine show a wide range of biological activities. They have antioxidant, anti-in-
flammatory and immunomodulatory properties, making them promising for the treatment of various diseases, including
pulmonary fibrosis. Some studies have shown that flavonoids can inhibit myofibroblast activation and collagen production,
which is directly related to the fibrotic process. Flavonoids are safe and can influence the hallmarks of fibrosis: oxidative stress,
inflammation, cell proliferation and differentiation. To date, a large amount of experimental data confirming the antifibrotic
effect of flavonoids has been accumulated. In recent years, clinical studies have been conducted to investigate the efficacy
and safety of flavonoids in patients with pulmonary fibrosis. For example, quercetin and curcumin are being explored and
have shown encouraging results in reducing markers of inflammation and fibrosis in the lung. However, the main obstacle
to the widespread introduction of flavonoid substances into clinical practice remains their low oral bioavailability and rapid
metabolism. The experimental data on the effect of flavonoids on the development of pulmonary fibrosis is analyzed in this
review. The perspectives for improving their bioavailability using modern delivery systems (nanoparticles, liposomes, etc.),
as well as dosage forms for topical application, are discussed in this paperwork.
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Oepepauny, r. CankT-TeTepbypr, Poccuiickas Gegepauus
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PE3IOME

Dr6p0o3 Nerkoro pasBMBaeTCA Kak CNOHTaHHO, TaK M BCNEACTBUE BO3LENCTBUS NMOBpexAatoLLmx GaKTopoB, BKIOYas Ny4eByto
U XMMUOTEPaNuIo, MHPeKLMOHHbIE 3a60N1eBaHNs, BAblIXaHNe BPeAHbIX BELLECTB 1 TBEpAbIX YacTul,. MNpy 3TOM Nponucxoaut
HapyLLeHWe HopMarnbHOI penapaumu TKaHek: BMECTO pereHepaLym HopMarsbHbIX KNIETOK Nerkoro NpoUCXoauT 3amelLleHne
NoBpeXAeHHON TKaHU GUBPO3HOW, COCTOSILLEN U3 MNOTHBIX KOMINareHoBbIX BOSIOKOH. ITOT NpoLecc BeAET K yTpaTe ana-
CTUYHOCTU NEroYHOMN TKaHU U HapyLeHUto ee bYHKLMK, YTO CYLLLECTBEHHO CHUXAET KayecTBO XW3HU nauueHToB. Mouck
CPeACTB ANS JIeYeHUss MHTEPCTULMaNbHbIX GUOPO3MPYIOLLMX 3a6oneBaHuii Nerkoro OCcTaeTcs akTyasbHOWM 3afayei, T.K.
CyLLecTBYHOLME aHTUHUOPOTUYECKME NpenapaThl MLb 3aMefNAoT UX NPOrpeccupoBaHne U 061afatoT NO60YHbIMU 3d-
(hekTamu, CyLLECTBEHHO CHUXKAIOLLMMM KaYeCTBO XMU3HW NaLMeHToB. CUMTaeTcs, YTO NPUPOAHbIE BeLLecTBa NoNMpeHOIbHON
NpUpOoAbI, B 4YacTHOCTW, hnaBoHOUbI, MOTYT MPUMEHATLCS ANs nevyeHns pubposa nerkoro. GnaBoHoMAbI, NPUCYTCTBYOLLME
B pasnuyHbIx GpyKTax, OBOLLAX, Yae U BUHE, AEMOHCTPUPYIOT LUMPOKUIA CNIEKTP BUONOFMYECKMX akTUBHOCTeW. OHM o6nagaroT
QHTUOKCUAAHTHBIMWY, MPOTUBOBOCNANUTENBHBIMU Y UMMYHOMOAYIMPYHOLLMMU CBOUCTBAMMU, YTO AENAET UX NEPCMNEKTUBHBIMU
LN NIeYeHns pas3ninyHbIx 3aboneBaHuit, Bkovasa Gprubépos nerkoro. Hekotopble nccnefoBaHWs nokasanu, 4To hiaBoHOUAbI
MOTYT MHIMOMPOBaTb aKTUBaLMIO MMOGUOPO6IACTOB M NPOAYKLIMIO KOareHa, Yto HENoCpeACTBEHHO CBA3AHO C NPOLLeccoM
bunbposmpoBaHms. GnaBoHOUbI HETOKCUYHBI U CMOCOGHBI PErynnpoBaTh NpoLecchl, CBsi3aHHble ¢ pa3BuTeM tubposa:
OKWUCNUTENbHbIN CTpecc, BocnaneHue, nponvdepaumio n anddepeHUMPOBKY KNeToK. Ha CerogHsWHMA AeHb HAKOMNEHO
60sIbLLIOE KONMMYECTBO IKCMEPUMEHTANbHbIX AaHHbIX, MOATBEPXAAOLWMNX aHTUDUBPOTUYECKOoe feiCcTBUE GNaBOHOMAOB.
B nocnefHve roabl NPOBOAATCA KIIMHUYECKME UCCNIEA0BaHWS, HanpaBneHHble Ha u3yyeHune adheKTMBHOCTU M 6€30MacHOCTH
(hnaBoHOMAOB Y NauneHToB ¢ GpMBPo30M nerkoro. Hanpumep, nccnenytotca KBepLETUH U KYPKYMUH, KOTOpble nokasanu
06HafexvBatoLLMe pe3ynbTaTbl B CHUKEHUM MapKepoB BocnaneHust u puoposa B nerkux. 04HaKo OCHOBHbIM NPensTCTBUEM
NS LUMPOKOro BHeApeHNs (hnaBOHOMAHbIX BELLECTB B KIMHUYECKYHO NMPaKTUKY OCTaeTcs UX HU3Kasi GUOAOCTYNHOCTb Npu
nepopasibHOM NMPUMEHEHUU U BbICTPbI MeTab6onMaM. B faHHO pa6oTe npoaHanM3npoBaHbl JaHHble NUTepaTypbl O BAK-
AHUKM hNaBoHOMAOB Ha pa3BuTHe HUBPO3a NErKoro B 9KCNEPUMEHTAX U B KIIMHUYECKUX UCCef0BaHUAX, 06CyXAatoTCst
NepcneKTUBbI YNyYLLUeHUst UX 6UOJOCTYMHOCTH C MOMOLLBIO COBPEMEHHbIX CUCTEM JOCTaBKM (HAHOYACTULbI, IMMOCOMbI
¥ p.), MU NCMONb30BaHWs NIeKapCTBEeHHbIX GOPM ANt MECTHOTO MPUMEHEHUSI.
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INTRODUCTION

The spectrum of interstitial fibrotic lung diseas-
es is quite wide, but all of them lead to a gradual
decrease in respiratory function, a significant de-
crease in the quality of patients’ life and prema-
ture death [1]. Life expectancy after diagnosis in
idiopathic pulmonary fibrosis (IPF) is on average
3-5 years [2], and the average five-year survival rate
for this disease is 45.6 % [3]. Existing treatment
methods and registered antifibrotic drugs some-
what slow down the progression of the disease and
reduce the mortality rate, but have contraindications
and side effects, so their long-term use is not al-
ways possible [4, 5]. Since the disease can occur
for several years, finding drugs that can slow down
or stop the progression of pulmonary fibrosis (PF)
and are safe with long-term use, is an urgent task.
In recent years, much attention has been paid in this
regard to natural substances of polyphenolic nature,
in particular, flavonoids.

These substances are found in various parts of
plants and are an important component of tradition-
al medicine and functional nutrition [6]. Flavonoids
are nontoxic and are able to regulate the processes
involved in the development of fibrosis: oxidative
stress, inflammation, cell proliferation and differen-
tiation (in particular, epithelial-mesenchymal tran-
sition), intercellular interactions [7, 8]. To the date,
a substantial experimental evidence base has been
accumulated justifying the use of flavonoids as anti-
fibrotic agents. In addition, several pilot clinical trials
have been conducted on patients with IPF [9, 10].
However, their low bioavailability prevents the wide-
spread introduction of flavonoid substances into clin-
ical practice. In this regard, the prospects of using
dosage forms for topical use are being considered.

The purpose of the study was to analyze the liter-
ature data on the effect of flavonoid substances on
the development of lung fibrosis in experiments with
laboratory animals and in clinical studies, to identify
prospects for increasing their bioavailability using
modern delivery systems.

Pulmonary fibrosis: risk factors, occurrence,

main mechanisms of pathogenesis

PF can occur as a manifestation of certain sys-
temic diseases (systemic sclerosis, rheumatoid ar-
thritis, etc.), interstitial lung diseases (nonspecific

48

interstitial pneumonia, chronic pneumonitis on the
background of hypersensitivity), because of viral and
bacterial infections. These diseases are designat-
ed as chronic interstitial fibrotic lung diseases with
a progressive course [11]. IPF, interstitial pneumonia,
is isolated as a separate disease without clarified
etiological factors [1]. Risk factors for the develop-
ment of IPF include smoking, inhalation of particu-
late substances, viral infections, gastroesophageal
reflux syndrome, genetic predisposition, the use of
certain medications, ionizing radiation [2, 12].

In this paperwork, we will use the term "pulmonary
fibrosis" in relation to all progressive fibrotic intersti-
tial lung diseases, with clarifications if necessary.

The incidence of diseases in which PF occurs
is relatively low. According to a 2021 study, the in-
cidence of IPF (per 100,000 population per year)
ranged from 3.5 to 13 in the Asia-Pacific region, from
0.9 to 4.9 in Europe and from 7.5 to 9.3 in North
America [11]. In Russia, during 2018, an average of
7 new cases of IPF per 100,000 people per year were
registered in women and 11 in men [2].

The incidence of other fibrosing interstitial lung
diseases in the United States is about 52 patients
per 100,000 people per year, of which 33 cases are
with a progressive phenotype [14]. It is assumed that
after the SARS-CoV19 epidemic, these figures may
increase: after the coronavirus infection is cured,
some patients experience a decrease in respirato-
ry function and changes in the X-ray picture of the
lungs, similar to that of PF [15].

Normally, epithelial damage is repaired by type
Il alveolocytes, capable of proliferating and dif-
ferentiating into type | alveolocytes, which line
most of the surface of the alveoli and carry out
gas exchange. At the same time, in the places of
damage, epithelial cells secrete profibrotic factors
that cause the activation of resident fibroblasts
and their differentiation into myofibroblasts [16].
Myofibroblasts are also formed from circulating
bone marrow precursors, epithelial and endothe-
lial cells [17]. The main function of these cells is
the synthesis of the intercellular matrix, which is
necessary for tissue repair at the site of injury, af-
ter which they normally undergo apoptosis, and
the excess extracellular matrix is cleaved [18]. The
literature describes several mechanisms that can
interfere with the normal resolution of the repara-
tive process.
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Many authors consider excessive activation of the
immune system and chronic inflammation to be the
main factors in the development of PF [2, 19]. It has
been shown that various cells of the immune system,
e.g. neutrophils, macrophages, lymphocytes, contrib-
ute to the development of PF due to the activation
of oxidative stress and the production of profibrotic
growth factors, cytokines and chemokines [2, 20]. It
is assumed that activation of the immune response
makes a significant contribution to the development
of PF associated with COVID-19 [15].

The mechanism of PF development is also de-
scribed, in which the main role is given to the chronic
epithelial damage, leading to an increase in the level
of reactive oxygen species, apoptosis, activation of
cellular aging, depletion of the stem cell pool and the
so-called "phenotypic reprogramming" of the type
Il alveolocytes [16, 21], i.e. aberrant activation of
normal repair pathways and the release of mediators
activating fibroblasts [22, 23].

Another mechanism of tissue fibrotization is be-
ing considered due to positive feedback from the
extracellular matrix [24]. It has been shown that
with excessive deposition of the matrix, its densi-
fication occurs, which leads to tissue hypoxia and
epithelial damage; the compacted matrix creates
a profibrotic environment and promotes cellular
aging [25, 26]. Thus, a so-called "fibrogenic niche"
is created, and the fibrotic process is self-sus-
taining [24]. Shochet et al. [27] showed that while
culturing normal fibroblasts on a "fibrotic" matrix
obtained after culturing fibroblasts of patients with
IPF (IPF), the expression of genes associated with
the HIF1 signaling pathway is activated, which con-
tributes to the differentiation of myofibroblasts and
the progression of fibrosis.

Pulmonary fibrosis treatment

Medicinal and non-medicinal methods are used to
treat PF. The latest ones include lung transplantation
and the use of palliative methods (oxygen therapy,
physical exercises, etc.) [28].

Initially, anti-inflammatory drugs, corticosteroids
and immunosuppressive drugs were used to treat
IPF, based on the hypothesis that chronic inflam-
mation is the main mechanism of development of
this disease. These drugs did not improve surviv-
al and pulmonary function, and combined therapy
with prednisone, azathioprine and N-acetylcysteine

increased mortality and hospitalization rates [4].
Two drugs have been registered for the treatment
of IPF — nintedanib, an oral inhibitor of intracellu-
lar tyrosine kinases, and pirfenidone, a pyridone
compound with anti-inflammatory, antifibrotic and
antioxidant properties [4]. Both drugs reduce the
risk of mortality by almost 2 times, and quintedanib
also significantly reduces the risk of acute compli-
cations compared with patients who do not take
drugs [29]. Nintedanib and pirfenidone have been
recognized as effective for other fibrotizing lung
diseases [1, 11]. Nevertheless, the long-term use of
these drugs often becomes impossible due to the
refusal of treatment due to the lack of effect and/
or side effects [4, 5, 28].

To date, antibodies to the connective tissue
growth factor (CTGF), pentraxin-2, an endothelin
receptor antagonist, new small molecules (inhibi-
tors of autotaxin phosphodiesterase, integrins, etc.),
and others are being studied as potential antifibrotic
drugs (check reviews [4, 30] for details).

The prospects for the use of substances of natural
origin, in particular, flavonoids, are discussed, since
such compounds have anti-inflammatory, antiprolif-
erative and immunomodulatory effects, as well as
low toxicity and can be used long-term. In addition,
flavonoids (and polyphenols in general) reduce the
toxicity of cytostatics, for example, cyclophospha-
mide, which is used in patients with PF as an immu-
nosuppressant.

In a pilot study carried out on patients with IPF,
it was shown that after 14 days of EGCG
(epigallocatechin gallate, the most common catechin
found in tea), the content of two biomarkers pro-
duced by fibroblasts, cartilage oligomeric matrixpro-
tein (COMP) and periostin, was reduced in serum, as
well as collagen | in lung biopsies, SNAI1, phosphory-
lated SMAD3 [9]. The same team of authors showed
that in ex vivo lung tissue obtained from patients
undergoing lung transplantation, EGCG suppresses
the TGF-B1 signaling cascade and collagen accu-
mulation, as well as activates its MMP-dependent
decay [31].

In pilot trials on patients with IPF, it was shown
that physical performance improved in the group
of people taking a combination of dasatinib and
quercitin. In addition, a decrease in the level of
some markers of cellular aging in the blood was
noted [10].
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The use of flavonoids in experiments on

laboratory animals

To study PF using laboratory animals, a wide
range of models are used that reproduce the ef-
fect of the main etiological factors of disease de-
velopment, i.e. genetic predisposition, drug use,
radiation, inhalation of solid particles [19, 32]. If
experiments with genetically modified or immuno-
deficient mice help to better understand the molec-
ular genetic mechanisms of PF development, then
cheaper and more convenient models of fibrosis
induction using tissue-damaging light chemical
agents, solid particles or irradiation are most of-
ten chosen for screening potential antifibrotic
drugs [32]. The most commonly used well-char-
acterized PF model using bleomycin, systemic ad-
ministration of which leads to damage to the lung
endothelium, inflammation, apoptosis of epithelial
cells and the launch of reparative processes, and
local — directly into the respiratory tract causes
direct damage to the alveolar and bronchial epi-
thelium, followed by pronounced inflammation and
tissue fibrosing [33].

The relevance of these models is being discussed,
however, they reproduce the main aspects of fibrotiz-
ing lung diseases in humans at the tissue (excessive
deposition of extracellular matrix, decrease in respi-
ratory volume), cellular (epithelial damage, fibroblast
proliferation, epithelial-mesenchymal transition) and
molecular (oxidative stress, secretion of profibrotic
factors) levels.

Table 1 shows studies over the past 5 years that
studied the effect of individual flavonoid compounds
on the development of experimental lung fibrosis in
mice and rats. In almost all the analyzed studies, it
was shown that the use of flavonoid-type substanc-
es reduces the severity of PF at the morphological
level; in two studies, no statistically significant de-
crease in the histopathological index [34] and rel-
ative lung mass [35] was revealed when quercetin
was used, however, the drug influenced other stud-
ied indicators.

Compared with untreated animals, the use of
flavonoids in the lungs reduces the synthesis of
extracellular matrix proteins such as collagen and
fibronectin [34, 36—38], the content of the myofibro-
blast marker a-SMA and markers of the epithelial-
mesenchymal transition [37, 39, 40]. It was also re-
vealed in experiments that flavonoid preparations
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contribute to a decrease in the production of profi-
brotic cytokines in the lung: TGF-B [41-43] and proin-
flammatory cytokines [35, 39, 42, 44]. The positive
effect of the studied substances on the activity of
enzymes of the antioxidant defense system and a de-
crease in markers of oxidative stress were found [35,
36, 43, 44]. Despite the fact that the antifibrotic effect
of flavonoids has been studied in several experimen-
tal models, and the range of techniques used and the
estimated indicators differed, the results of these
studies show that flavonoids are able to affect the
main mechanisms/aspects of fibrogenesis in vivo.
The results of animal experiments are supported
by data obtained in experiments using flavonoids
in vitro. Thus, baicalin has been shown to reduce the
proliferation of rat pulmonary fibroblasts induced by
bleomycin [45].

Flavonoids also have a protective effect on mod-
els of chronic obstructive pulmonary disease in-
duced by cigarette smoke or its components. The
observed effects of flavonoids are consistent with
the results obtained in lung fibrosis models: these
substances reduce inflammation, activate antioxi-
dant defense mechanisms, and prevent cellular aging
and cell death of the alveolar epithelium [46].

Nevertheless, such experimental studies have
been conducted for more than 10 years, and clinical
studies remain isolated.

Thus, there is a significant gap between the stages
of preclinical development and clinical trials for this
class of compounds.

Prospects for the use of flavonoids for the

treatment of lung fibrosis

The probable reason for the slow introduction of
flavonoid preparations into clinical practice, in addi-
tion to the difficulties of standardization and com-
mercial component, may be the limited bioavailability
of flavonoids.

Unlike other molecules included in the compo-
sition of drugs, flavonoids in unchanged form do
not reach target organs when administered orally.
When ingested in the form of aglycones, flavonoids
undergo metabolic transformation in the intestine
(including with the participation of microorgan-
isms) and the liver; the initial forms are practically
not detected in blood plasma [54]. The antioxidant
activity of conjugated products entering the sys-
temic circulation after methylation, sulfation and
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Table 1. Flavonoid-type substances with proven in vivo antifibrotic activity

Substance formula Substance Model Reference
C57BL/6 mice; IT bleomycin [34]
Quercetin Mice, SiO, [47]
Wistar rats; IT bleomycin [35]
Hom] ~ Dihydroquercetin C57BL/6 rats; ITSIO, [48]
Cyanidine C57BL/6 mice; IT SiO, [49]
}
‘ [ O . Calicosin C57BL/6 mice, IT bleomycin [36]
I ;
“” Hesperidin Sprague-Dawley Rats; IP bleomycin [42]
"o O o O Hesperidin Wistar rats; IT SiO, [44]
"o O 0 O Epicatechin NMRI mice; IT bleomycin [43]
I C57BL/6 mice; [50]
\ N » solid particles intranasally
O ’ Epigallocatechin gallate
O . Wistar rats; IT SiO, [51]
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Table 1. Flavonoid-type substances with proven in vivo antifibrotic activity

Substance formula Substance Model Reference
Isoramnetin C57BL/6 mice; IP bleomycin [37]
Baikal Wistar rats; IT bleomycin [45]
Yuglanin C57BL/6 mice; IT bleomycin [40]
Galangin C57BL/6 mice; IT bleomycin [52]
Dihydromyricetin C57BL/6 mice; IT bleomycin [39]
“o : ‘ } Naringenin Balb/c mice; Mycoplasma infection [53]
"o g o~
O Biochanin A Wistar rats; IT bleomycin [38]

Notes: IT stands for intratracheal, IP stands for intraperitoneal
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glucuronidation is significantly reduced compared
to that of the corresponding aglycones [7]; metab-
olites are rapidly excreted from the body. It is more
likely that flavonoids, more precisely, the products
of their metabolism, are able to activate the anti-
oxidant defense system through the KEAP1-NRF2
pathway, which regulates the adaptive response to
cellular stress [8].

Obviously, in order to increase the activity of fla-
vonoids, it is necessary to provide ways and forms
of administration that will avoid or minimize meta-
bolic transformation in the intestine and liver. For the
treatment of PF, these may be options for inhalation
use or taking flavonoids in complexes with carriers.
Such delivery systems include phytosomes (com-
plexes of plant substances with phospholipids), lipid
nanoparticles, polymer nanoparticles, and inorganic
nanoparticles [7].

In particular, after administration of quercetin
to mice as part of cationic lipid carriers, its higher
content was observed in the lung, liver and kidneys
compared with the control group that received free
quercetin [55]. It was shown that apigenin more ef-
fectively inhibited the development of bleomycin-
induced lung fibrosis in rats when it was adminis-
tered to animals as part of polymer nanoparticles,
compared with the substance in free form [56]

The use of dosage forms for inhalation has a num-
ber of advantages, such as the delivery of active sub-
stances directly to the lung, a relatively low content
of substances in the systemic circulation, and ease
of use [57]. In rats with induced PF, inhalation of pir-
fenidone or quintedanib gave the same therapeutic
effect as oral administration, while the dose with
topical application and, accordingly, the manifesta-
tions of side effects were significantly lower Rasooli
et al. 2018; Surber et al. 2020, cit. according to [57]).

The bioavailability of naringenin complexes with
hydroxypropyl-B-cyclodextrin was studied in vivo. It
was found that the solubility of the flavonoid in the
complex increases, and with intratracheal applica-
tion, naringenin accumulates mainly in the lung [58].
It has also been shown that the bioavailability of
naringenin in solid lipid particles is 2.5 times higher
than in free form when administered intratrache-
al [59]. The effectiveness of naringenin-loaded phyto-
ses based on the surfactant component dipalmitoyl
phosphatidylcholine was demonstrated in a model
of acute lung injury in rats [60].

Thus, the use of flavonoids in the composition of
nanoparticles, liposomes and other carriers, includ-
ing in the form of inhaled dosage forms, makes it
possible to improve their bioavailability, as well as
ensure the delivery of starting substances to the
lung, rather than products of their metabolism.

CONCLUSION

Treatment of PF remains an urgent problem,
because existing drugs only slow down the pro-
gression of this deadly disease, and their long-term
use is often associated with serious side effects.
In recent years, natural substances, in particular,
flavonoids, have been studied as an alternative or
accompanying therapy. Numerous animal and in
vitro studies prove that flavonoids have antifibrotic
properties. At the same time, due to the peculiari-
ties of the metabolism of these substances in the
mammalian body, with oral administration of flavo-
noids, they enter the lung only in small amounts in
the form of secondary metabolites. The solution
to this problem may be the development of deliv-
ery systems such as liposomes, as well as dosage
forms for topical use.
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