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Abstract

Background

Acetylcholinesterase (AChE) and toll-like receptor 4 (TLR4) inhibitions are used in neurodegenerative disorder treatment
strategies, including Alzheimer’s disease (AD), a major cause of mortality and morbidity worldwide. Pulmonaria officinalis (PO;
lungwort) has in vitro antioxidant, anti-inflammatory, and AChE inhibition. Their biological property is lacking in vivo literature.”

Methods

This study aimed to characterize the metabolomic profile and antioxidant activities of different PO fractions, specifically butanol
(BuOH) and ethyl acetate (EtOAc), using colorimetric, spectrophotometric, and chromatographic methods. In addition, studying
their neuroprotective effect in lipopolysaccharide (LPS)-triggered Alzheimer’s in mice. The qualitative phytochemical analysis
revealed that the fractions of PO contain alkaloids, glycosides, phenols, flavonoids, terpenoids, and tannins.

Results

The lungwort plant was identified 36 active compounds in the two fractions. Extractions of EtOAc and BuOH lungworts were rich
in polyphenolic compounds identified by HPLC and HPLC-mass spectrometry (HPLC-MS) analysis. In regard to phenolic, tannin,
and flavonoid content, PO showed that the EtOAc and BuOH fractions were more significant than the other fractions. Moreover,
this fraction exhibited more potent antioxidant activity than other fractions in DPPH+~ and ABTS+*assays. In the in vivo
experiment, mice were randomly divided into four groups, each comprising eight animals. Group | was designated as the normal
control, whereas Group Il was administered lipopolysaccharide (LPS; 250 pg/kg, intraperitoneally).Groups Ill and IV were
administered PO butanol and ethyl acetate fractions (400 mg/kg, orally) for seven consecutive days along with LPS treatment. PO
fractions ameliorated cognitive dysfunction elevated the memory via suppressing AChE and amyloid beta, inhibited
neuroinflammatory cytokines Interleukin 1 beta (IL-1B) and TLR4, and alleviated neurodegeneration.

Conclusions

P, officinalis, for the first time, was studied in vivo and was proved to have a neuroprotective effect against AD through the
presence of catechin, methyl gallate, astragalin, nicotiflorin, quercetin 3-O-B-glucoside, cinnamic acid, catechin, daidzein,
kaempferol 3-0-(6-malonyl-glucoside) and epigallocatechin. PO holds potential for future pharmacological research and is a
promising candidate for therapeutic applications in treating various chronic and infectious diseases.

Background

AD is a decline in memory and cognitive and physical abilities, along with symptoms including depression, delusions, and
hallucinations, which result in significant reliance and incapacity [1, 2]. Approximately 70% of cases of dementia in the elderly are
caused by AD. Aging is the biggest risk factor for AD, and its prevalence is growing exponentially worldwide [3]. The pathological
process of AD is multifaceted, involving B-amyloid peptide and tau protein aggregation, which results in intraneuronal
neurofibrillary tangles formation [4].

Patients with AD suffer a progressive reduction in their acetylcholine levels, which is caused by cholinergic neuron loss in their
hippocampal and cerebral cortex [5]. Declining plagues and neurofibrillary tangles are two more abnormalities that develop.
Consequently, blocking AChE enhances the amount of acetylcholine that builds at the synapses and will focus on the cholinergic
deficiency, which is a therapeutic target for AD medications. AChE inhibitors, such as glutamine, donepezil, and rivastigmine, are
drugs used to treat AD. Synthetic drugs have unsatisfactory response rates and undesirable, severe adverse effects. The
challenge of treating AD remains since their primary impact is on mitigating its symptoms rather than slowing down the disease's
advancement [6]. Consequently, there is currently a need for safe, new and efficient medications from medicinal herbs. It has
been demonstrated that medicinal plant products are an effective source of AChE inhibitors. Additionally, for AD, AChE inhibition
is regarded to be a promising treatment for myasthenia gravis, Parkinson’s disease, glaucoma, and other forms of dementia [7].
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Toll-like receptors (TLRs), innate immune receptors, recognize different ligands related to tissue injury and pathogen-derived
substances. TLR4-mediated signaling plays a role in the progression of age-related neurodegenerative disorders. It is believed
that oxidative stress contributes to the neurodegeneration associated with AD because it can be triggered by the development of
B-amyloid plaques. That's why it's so interesting to discover treatments that can lower oxidative stress and B-amyloid peptide
synthesis and inhibit AChE [4].

There are currently only five drugs approved to treat AD, which highlights the requirement for alternative therapies that may
alleviate symptoms but neither cure illness progression nor provide a remedy [8]. Prior research has indicated that oxidative
damage is the primary cause of many neurological illnesses, such as AD disease, vascular dementia, stroke, and others [9]. Since
scientists have searched for natural sources of antioxidants to incorporate into various cosmetic, medicinal, and food
compositions, plant extracts possess important properties, one of which is their antioxidant activity. [10]. Antioxidants can be
found in large amounts in the human diet, which has drawn attention as a potential treatment for AD. A number of natural
substances have had encouraging outcomes in in vivo preclinical investigations, and some are currently being investigated in
clinical trials. The genus Pulmonaria, commonly referred to as lungwort, is a member of the family Boraginaceae and comprises
about eighteen species of annual flowering plants, predominantly found in Europe, Russia, and Western Asia [11]. Historically, due
to the Doctrine of Signatures, PO has been used medicinally, as its appearance was thought to resemble diseased lungs [12].
Today, various commercial products containing lungwort are available, including mother tinctures, dried leaves and aerial parts
(marketed as Pulmonaria herb), teas, cosmetics, and supplement ingredients [10].

Lungwort is used in ethnomedicine for emollient, expectorant, antitussive, antibacterial, diuretic, depurative, antilithiatic, and anti-
inflammatory purposes in addition to respiratory and urinary diseases. [13]. Lungwort has been studied for its possible biological
characteristics including its anti-inflammatory, anticoagulant, anti-anemic, wound-healing, skin-whitening, anticonvulsant, and
anti-neurodegenerative effects. [14]. The diverse array of phytochemicals present in different plant components, such as lignans,
hydroxycinnamic acid, alkaloids, anthocyanins, flavanone, flavones, flavonols, polyphenols, and polyphenolic acids, could perhaps
account for the biological properties of lungwort [15]. Although ethanolic lungwort extracts exhibit a stronger inhibitory effect on
AChE in vitro research compared to aqueous extracts, PO has to undergo safety and clinical trials to demonstrate the majority of
its potential biological attributes. Comparably, there are insufficient in vivo investigations on their ability to treat
neurodegenerative diseases or inflammation. Additional in vivo studies are required to enhance our understanding of their
anticoagulant, antioxidant, and anticonvulsant characteristics [15]. A few researches have been done on PO to determine whether
its medicinal qualities can be used to treat diseases or to augment current therapies. So, the aim of the current work is to
characterize the phytochemical, analyze the antioxidant of the lungwort plant fractions using HPLC and HPLC-mass spectrometry
(HPLC-MS) analysis and study their neuroprotective potential in LPS- triggered Alzheimer in mice.

Methods

Phytochemical section
2.1. Plant material, chemicals, and reagents

All procedures related to plant collection and experimental use complied with institutional, national, and international regulations.
Dried leaves of PO(Boraginaceae) were obtained from a local herbal market in March 2023 and identified by Engineer Terese
Labib, Advisor at EI-Orman Botanical Garden and the National Gene Bank, Ministry of Agriculture, EQypt. To guarantee public
access to the material, a voucher specimen (M251) was placed in the National Research Center's herbarium. Following
authentication, the plant samples were prepared for extraction. DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)), Dragendorff's reagent, ferric chloride (FeCl;), sodium hydroxide (NaOH), hydrochloric acid
(HCI), Folin—Ciocalteu reagent, tannic acid, quercetin, gallic acid, butylated hydroxytoluene (BHT), and all organic solvents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2, Preparation and Extraction of four PO fractions.

The dried leaves (2 kg) were finely powdered and passed through a 60-mesh sieve, then extracted successively with methanol of
different concentrations (100%, 80%, and 50%; 10 L each) for 48 hours at room temperature. The pooled methanolic extracts were
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evaporated to dryness under reduced pressure at 45°C using a rotary evaporator (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany). The concentrated residue was suspended in 1 L of water for 24 hours and then fractionated sequentially.
First, partitioning with petroleum ether produced a petroleum ether fraction and an aqueous layer. The aqueous portion was
subsequently extracted with EtOAc, followed by BuOH, giving EtOAc and BuOH fractions along with the remaining aqueous
fraction. Each solvent extraction step was repeated three times, yielding fractions of distinct compositions according to the
polarity of the solvents used [16].

2.3. Screening for phytochemicals in a qualitative methodology

The following standard techniques were used for the phytochemical screening of the petroleum ether, EtOAc, BuOH, and water
fractions of PO:

2.3.1. Alkaloids test: Each sample's 300 mg of plant fraction was mixed, and two minutes were spent with 2% H,SO,. The
mixture was carefully filtered, followed by the addition of three drops of Dragendorff's reagent. The formation of a dark orange to
reddish precipitate confirmed the presence of alkaloids [17].

2.3.2. Saponins test: approximately over 300 mg of the plant fraction's extract were placed in test tubes. After adding and 15
milliliters of distilled water for over three minutes, the froth remained apparent, indicating the presence of saponin [17].

2.3.3. Phenols & tannins test: combined with distilled water, a tiny amount of fraction. After obtaining the filtrate, a small
amount of ferric chloride was mixed with it. The occurrence of a greenish-black color indicated the presence of tannin [18].

2.3.4. Flavonoids test: after dissolving 400 mg of each fraction in NaOH, HCI| was added. The presence of flavonoids was
confirmed when the solution turned colorless from yellow [19].

2.3.5. Terpenoids test: An amount of 300 mg from each extract fraction was combined with 2 mL of chloroform and layered
with 4 mL of H,SO, conc. The appearance of a reddish-brown coloration at the interface was considered a positive test for
terpenoids [20].

2.3.6. Glycosides test: after adding NaOH solution to neutralize the fraction, HCl was used to hydrolyze it. Fehling solution's
solutions A and B were added to it. Red precipitates have appeared as a result, indicating the presence of glycosides [21].

2.3.7. Reducing sugars test: after mixing each sample's fraction with distilled water, it was filtered. After the filtrate and
Fehling’s, solutions A and B were sufficiently combined. An orange-red precipitate was observed, demonstrating the reduction of
the presence of sugars [22].

2.3.8. Estimation total phenolic content (TPC): The Folin—Ciocalteu method was utilized to quantify PO fractions, with gallic
acid serving as a reference standard. A calibration curve was made using gallic acid after absorbance at 760 nm was measured
using a spectrophotometer. The results were expressed in milligrams of gallic acid equivalents (GAE) per gram of extract [23].

2.3.9. Estimation total flavonoid content (TFC): Spectrophotometric determination of the flavonoid concentration was based on
the formation of a flavonoid—aluminum complex, which exhibits maximum absorbance at 510 nm. The results were measured in
milligrams of quercetin equivalents (QE) per gram of extract [24].

2.3.10. Estimation of total tannin content (TTC): Tannin levels were evaluated using tannic acid as a standard and the Folin-
Ciocalteu assay, with absorbance recorded at 775 nm. Following the method described by Tempel, the results were expressed as
milligrams of tannic acid equivalents (TAE) per gram of dry extract [25].

24. Quantitative and qualitative estimation of EtOAc/BuOH Lungworts extracts by HPLC and HPLC-MS technique.

Chromatographic and mass analyses were performed using HPLC and LC-MS/MS. HPLC was conducted on an HP 1100 system
(Agilent, CA, USA) with a G1329B auto-sampler and DAD; data were processed via ChemStation [26]. Separation used a ZORBAX
Eclipse XDB C-18 column (150 x 4.6 mm, 5 pm) [27]. LC-MS/MS was carried out on an Exion LCAC system coupled to a SCIEX

Triple Quad 5500 with an ESI source. Chromatographic separation was achieved on an Ascentis® C18 column (150 x 4.6 mm, 3
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pm) with MP: 0.1% formic acid in H,0 (A) and ACN (B). Gradient: 10% B (0—1 min) — 90% B (1-33 min), held 90% B (33-37 min),
back to 10% B (37.1 min). IV: 10 uL; FR: 0.7 mL/min. MS/MS operated in negative ion mode, scanning m/z 100-1000 (MS1) and
m/z 50-800 (MS2). Data acquisition/annotation was performed with MS-DIAL v4.70 [28, 29].

Pharmacology section
2.5. Estimation of the antioxidant study (DPPH:"and ABTS*")

Antioxidant activity was assessed via DPPH+" and ABTS™* assays. In the DPPH+" assay, absorbance reduction was measured at
517 nm. DPPH- alone served as negative control; a standard antioxidant was the positive control. All tests were triplicated, and
inhibition (%) was calculated: Inhibition (%) = [(Abs €M — Abs SamPle)/Aps control] x 100, The ICx, value (radical scavenging, 50%)

was determined from the activity curve [30]. Similarly, ABTS™ assay assessed extract capacity to neutralize ABTS™ radicals,
generated by Re et al. [31]. Absorbance was recorded at 734 nm, with Trolox as reference. Inhibition (%) was calculated by the
same formula, and results expressed as ICsy (pg/mL).

2.5.  Invivo study
2.5.1. Chemicals and kits

Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The levels of TLR4, AChE, and IL-1B were
quantified using ELISA kits supplied by SunLong Biotech Co., Ltd. (Hangzhou, China).

2.5.2. Animals

Male Swiss mice (20-35 g) were housed under controlled laboratory conditions in plastic cages with filter tops (12 h light/dark
cycle, 50% relative humidity, 28 + 2°C). Animals had free access to water and a standard pellet diet. All procedures adhered to
ARRIVE guidelines and the NIH Guide for the Care and Use of Laboratory Animals (Pub. No. 8023, rev. 1978). Ethical approval was
obtained from the Medical Research Ethics Committee (MREC), NRC, Cairo, Egypt (Approval No. 01410324).

2.5.3. Acute toxicity

This toxicity study was performed to assess the safety profile of PO leaf fractions. Sixty mice were randomly allocated into six
groups. Groups | and Il (controls) comprised male and female animals (n = 10 per group) administered saline orally. Groups Ill-VI
consisted of male and female mice (n = 10 per group) that received a single oral dose (5 g/kg) of either the n-butanol (BuOH) or
ethyl acetate (EtOAc) fractions. All animals were monitored over a 14-day period for clinical signs of toxicity, including alterations
in skin and coat condition, cardiovascular functions and respiratory, autonomic, and central nervous system responses, motor
activity, and general behavior [32]. Then the effective dose used in the main experiment was 1/20 of the acute toxicity dose (250
mg/kg).

2.5.4. Experimental design

Mice were divided into four groups (n = 8). Group | (control) received daily i.p. saline for seven days. Group Il (LPS control) was
administered lipopolysaccharide (LPS, 250 pg/kg, i.p.) for the same duration. Groups Il and IV received oral doses of PO fractions
(BuOH), and (EtOAc), respectively, at 250 mg/kg (1/10 of the acute toxicity dose), in combination with LPS treatment for seven
consecutive days.

2.5.5. Measurement of Behavioral Activity with the Y-Maze

The Hidaka et al. [33] method was followed when conducting the Y-maze test. Three identical arms, designated A, B, and C, made
up the apparatus. For eight minutes during the training session, each mouse was free to roam around the maze. After 24 hours, a
retention trial was conducted in which the animals were again placed in the maze for 8 minutes, and their activity was recorded.
Spontaneous alternation behavior was calculated as the quantity of consecutive entries in overlapping triplet sequences into
three distinct arms (e.g., ABCBACA = 3 alternations), while the total arm entries were also noted (e.g., ABCBACA = 7 entries). The
formula was used to determine the % of alternation [34]:
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The % alternation = *100
2.5.6. Biochemical assays

Following decapitation, brains were excised, rinsed (PBS), weighed, and homogenized (20% w/v, MPW-120, MPW Med. Inst.,
Warsaw, Poland). Homogenates were centrifuged (5000 x g, 5 min, 4 °C; Sigma 2k15, Sigma Laborzentrifugen GmbH, Osterode
am Harz, Germany) [36]. Supernatants were analyzed via ELISA kits (SunLong Biotech, Hangzhou, China) for AChE, amyloid-B,
TLR4, and IL-1B [35].

2.5.7. Statistical analysis

Data expressed as mean + SD (triplicates). TFC, TTC, and TPC contents were compared by Student'’s t-test. Group differences
were analyzed by one-way ANOVA with Fisher's LSD or Tukey’s post hoc. In vivo results are presented as mean * SD. GraphPad
Prism v5 (GraphPad Software, USA) was used. Significance set at P < 0.05.

2.5.8. Histopathology assays

Brains were fixed (10% formalin saline, 24 h), rinsed, and dehydrated (graded ethanol). Samples were cleared (xylene), embedded
(paraffin, 56 °C, 24 h), and sectioned (4 um, LEITZ rotary microtome). Slides were deparaffinized, H&E-stained, and examined
microscopically [37].

Results

Phytochemical section
4.1. Phytochemical screening study

Utilizing phytochemical screening, the constituents of the plant extracts are evaluated, and their dominance, as well as the search
for bioactive components that could be helpful in the production of pharmaceuticals [38]. As shown in Table 1, the qualitative
phytochemical analysis of PO petroleum ether, EtOAc, BuOH, and water fractions is conducted in the current study. Phenols,
flavonoids, tannins, and Alkaloids, were detected in all fractions. These phytochemicals may be the reason for PO therapeutic
potential. Our result is supported by Chauhan et al. [15]who found that PO have been shown to contain around 90 phytochemicals
from pharmacologically active phytochemical classes, which, along with micronutrients, can be regarded as one of the major
contributors to the biological characteristics. Natural polyphenols, in addition to being potent antioxidants, have been shown to
modulate the AB production pathway in AD, hence having neuroprotective benefits [39]. It is well known that flavonoids have
antioxidant properties and can promote or prevent the growth and development of malignancies. Tannins possess antibacterial,
antiviral, and antitumor activity [38]. Alkaloids derived from the beta-carboline group exhibit potent antibacterial, anti-parasitic,
and anti-HIV properties [40]. The preliminary phytochemical screening of the EtOAc/BuOH fraction of Lungwort extracts is
presented in Table 1.

Table 1. Phytochemical screening of PO fractions
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Phytochemical compounds PF EF BF WF
Alkaloids + ++ ++ ++
Saponins - + +H+
Phenols + +++
Tannins + +H+
Flavonoids + +HH+  H+ ++
Terpenoids +++ ++ ++ +
Glycosides - ++ ++ +++
Reducing sugar - - - -

# (+++), (++), (+), and (=) indicate high, moderate, low, and absent amounts, respectively.
# PF= Pet. Ether fraction, EF= ethyl acetate fraction, BF= butanol fraction, WE= Water fraction.
4.2. Total phenolic, tannin and flavonoid content

Given their crucial roles in general physiological processes, the phenolic, tannin, and flavonoid contents of natural products are
significant factors in the quantitative and biological evaluation of the extract [41, 42]. In order to highlight the various kinds of
compounds, the POextract was separated into four fractions in this investigation using organic reagents. Spectrophotometric
evaluations were used to determine the TPC, TTC, and TFC of four different POfractions.

As shown in Table 2, the TPC was quantified as gallic acid equivalents, whereas the TTC and (TFC) were expressed in terms of
tannic acid and quercetin equivalents, respectively. A significant difference of less than 0.05 was observed in the TPC, TTC, and
TFC across the four fractions. The highest TPC values were found in the BF fraction at 241.86 + 0.78 mg GAE/g extract and the EF
fraction at 221.96 + 0.90 mg GAE/g fractions. In contrast, the PF fraction exhibited the lowest TPC value of 93.57 + 0.40 mg
GAE/g fractions, indicating that the TPC in BF and EF was around two times more than PF. Similarly, the analysis of the TTC
showed that BF contained the highest TTC at 199.45 + 0.95, followed by the EF at 186.81 +0.55 mg of QE/g, WF at 122.89 +0.84
mg of QE/g and PF at 85.53+0. 63, based on these findings, the TTC of BF and EF was around two times more than PF. BF had the
highest TFC content, followed by EF, WF, and PF, in line with the general pattern of TPC and TTC of the four fractions. Furthermore,
EF's TFC was almost four times greater than PF's.

Table 2. Levels of total phenolics, tannins, and flavonoids in various fractions of PO.

Fractions TPC TTC TFC
(mg GAE/g extract)  (mg TAE)/g extract)  (mg QE/g extract)
PF 93.57+ 0.40¢ 85.53+ 0. 639 92.59+ 0.64 9
EF 221.96 +0.90° 186.81 +0.55P 326.67 +1.11°
BF 241.86 + 0.78° 199.45 + 0.952 346.56 +0.192
WF 189.07 +0.66° 122.89 +0.84 ¢ 139.96 +0.68

The data shown here reflects the meant standard deviation of three separate studies. Significant differences (p < 0.05) are shown
by means with different letters in the same column.

4.3. Quantitative polyphenolic estimation of EtOAc/BuOH Lungworts extracts by HPLC technique.
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The polyphenol compounds in PO were identified using HPLC analysis by comparing them with standard reference substances.
Nineteen polyphenol standards were used in the HPLC study, including chlorogenic acid, syringic acid, gallic acid, methyl gallate,

catechin, caffeic acid, rutin, ellagic acid, vanillin, p-coumaric acid, naringenin, daidzein, rosmarinic acid, quercetin, cinnamic
acid, ferulic acid, kaempferol, and hesperetin. The EtOAc and BuOH extracts were found to have a five-fold higher content of
polyphenol compounds: chlorogenic acid, methyl gallate, caffeine, ferulic acid, and rosmarinic acid; in the ethyl acetate fraction,
they were found as 4037.90, 2132.90, 2888.07, 7737.06, and 1011.41 pg/g, respectively. When compared to other butanol
fractions, there are the same compounds with different concentrations plus other higher compounds as follows: Gallic acid,
chlorogenic acid, caffeic acid, syringic acid, ferulic acid, and rosmarinic acid (2497.01, 6426.69, 2419.04, 1371.62, 3633.03, and
3148.22 ug/g) (Table 1 and Figure 1), illustrating that the butanol fraction was richer in polyphenolic compounds than ethyl
acetate.

4.4, HPLC-MS metabolites of EtOAc/BuOH extracts.

The compounds were identified and determined based on precursor ions, fragment ions, the appropriate reference compound,
literature [14, 15, 43, 44], and databases at PeakView, MS-Dial, Metlin, and PubChem. The tentatively identified compounds are
listed in Table 1, with the total ion chromatogram (TIC) shown in Figure 2. Phenolic acids and polyphenols were among the many

phenolic compounds of EtOAc/BuOH; altogether, 36 compounds were identified and provided with basic descriptions, forming all

of the total ion chromatography. Major compounds from 6 to 11 minutes include HP¢ d, HPLe

HPLC

gallic aci methyl gallate, astragalin,
nicotiflorin, quercetin 3-0-B-glucoside,

HPLC

cinnamic acid, monardic acid A, shimobashiric acid C, quercetin 3-O-malonylglucoside,
catechin, "PCdaidzein, kaempferol 3-0-(6-malonyl-glucoside), Yunnaneic acid E, "P-¢Quercetin, Rosmarinic acid methyl ester,
HPLCNaringenin, "P CEllagic acid, "P-Chesperetin, lithospermic acid B as indicated in table (3) and figure (2). These compounds are
implicated in attenuating neuroinflammation, and oxidative stress, key features of lipopolysaccharide (LPS)-induced AD. Key
metabolites such as rosmarinic acid, ferulic acid, caffeic acid, gallic acid, and quercetin derivatives were abundant across both
extracts. These compounds have been reported to exhibit AChE inhibitory activity, thereby enhancing cholinergic
neurotransmission an essential therapeutic target in AD. For example, rosmarinic acid and its methyl ester, along with ferulic acid,
showed particularly high abundance, suggesting a strong role in modulating memory and cognitive functions via AChE inhibition.
Moreover, several identified compounds such as syringic acid, vanillin, p-coumaric acid, and rutin are also known to modulate
TLR4-mediated signaling pathways, which are closely linked to microglial activation and neuroinflammation. Through TLR4
inhibition, these compounds may reduce the pro-inflammatory cascade triggered by LPS, thus offering anti-inflammatory and
neuroprotective effects. The differential distribution of metabolites between EtOAc and BuOH fractions reflects their varying
polarity and pharmacological contributions. While EtOAc fraction was richer in lipophilic neuroprotectants such as monardic acid
A, yunnaneic acids, and pulmitric acids, the BuOH fraction contained more hydrophilic compounds like quercetin glycosides and
catechin, further enhancing the spectrum of neuroprotective mechanisms.

Table 3. LC/MS metabolites of EtOAc/BuOH extracts.

*Supercritical number means HPLC conc. ug/g EtOAc/BuOH extracts
Pharmacology section

4.5. Antioxidant activity

Plant fractions can be evaluated for their antioxidant activity using a method that has been approved: scavenging free
radicals using DPPH. This method is widely applied to evaluate the antioxidant activity of plant extracts due to its rapid and
straightforward analysis. Owing to its ability to donate hydrogen atoms, DPPH is considered a highly effective in vitro antioxidant.
The removal of these free radicals is crucial for mitigating their harmful impact on various diseases, including Alzheimer's
disease (AD) [45]. The antioxidant activity analysis of PF, EF, and PF and WF of PO are displayed in Table 3. The outcomes showed
that BF of POdemonstrated higher antioxidant activity (90.61+0.60), followed by EF 87.29+0.75 at 100 yg/mL. The antioxidant
activity of PO fractions demonstrated that it is dose-dependent supplied (Table 4). In comparison to PO fractions, the standard
(BHT) demonstrated significantly greater DPPH radical scavenging abilities. The lowest antioxidant activity (54.64+0.36 & 64.60 +
0.45) was shown by PF and WF, respectively, at 100 pg/mL. This study also determined the concentrations of the plant fractions
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No

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

RT
(min)

3.83

3.42

3.55

3.92

410

5.10
5.26
6.67
7.44
7.63
7.64

7.70

7.82
8.15

8.69

8.80

9.02
9.69

9.77

9.80
9.82

10.94

11.25
11.52

11.31

Metabolites
Identified

Danshensu

HPLCEgrulic acid

HPLCCaffeic acid

HPLCRosmarinic
acid

HPLCh_Coumaric
acid

HPLCyanillin
HPLCgyringic acid
HPLCGallic acid
HPLCMethyl gallate
Astragalin
Nicotiflorin

Quercetin 3-0-B-
glucoside

HPLCGinnamic acid

Monardic acid A

Shimobashiric
acidC

Quercetin 3-0-
malonylglucoside

HPLCGatechin

HPLChajdzein

Kaempferol 3-0-
(6-malonyl-
glucoside)

Yunnaneic acid E

HPLCQuercetin

Rosmarinic acid
methyl ester

HPLCNaringenin
HPLCE|jagic acid

HPLCHesperetin

Molecular

Formula

C9H1005

C1oH1004

CoHgO
C1gH160g
CoHgO3

CgHgO3
CoH1o05
C7HeO0s
CgHgOs
C21H20011
C27H30015

CZ1 H2001 2

CoHgO,
Ca7H2201,

C36H3201 6

Co4Hg00157
C15H1406
Cq5H1004

C24H22014

Co7H24014
Cq5H1007
C19H1g0g
Cq5H1205
C14Hg0g

C16H1406

HPLC/MS

m/z  Mass fragments
M-

HI

197  179/135/123

193 108

179  161/135/107
359  193/165/149/107
163  115/107

151 108

197 151

169  141/115

183  167/115

447  284/255

593  284/255

463  300/271/255

147  147/105

537  491/463/300/161
719  671/359/161

547  503/311/191/149
289  181/165

253  189/121

533  401/284/137

571 525/437/257

301 285/151/132
373 285/173/147/135
271 153

301 285

301 285/195
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m/z

M-
HI*

199
195

181

361

165

153
199
171

185

291

573
303

375

273
303

303

Mass
fragments

179/154/
123

108

135/121/
105

163

119/103

107
154
125/107

167/121

121/115

161/107

437/303
151

339/151/135

133
287

287/195

EtOAc
Fraction

(EF)

*7737.06

x2888.07

x1011.41

x389.28

*261.36
%626.70
*349.06

*2132.90

%x67.19

x363.39

%49.13

x260.57
*29.53

*372.22

BuOH
Fraction

(BF)

*3633.03

x2419.04

x3148.22

x243.60

%479.10
%1371.62
%2497.01

*9.94

*

x369.12

x147.53

%30.08

x536.92
x65.66

*271.46



26 11.77 Lithospermicacid  CggH300+¢ 717 519/321 - - *

B
27 13.84 Pulmonarioside A  C,;7H5,0,,4 999  501/485 - - *
28 1390  HPLCohlorogenic Cq6H1809 353  309/191/150 355  201/151 *
acid
29 1557  HPLCkaempferol Cq5H1006 285  151/107 - - %431.60 %302.49
30  15.71 gggtochlorogenic C1eH1509 353  309/191/173 355 151 *
31  16.34 \1(unnaneic acidE-  Cy4H,,044 509  284/135 511 301/139 *
32 20.217  Pulmitric acid B Cy7H90015 535  461/443/161 - - * -
33 2286 3-0-(E)-caffeoyl- Cq,H1205 267  179/161/135/108 - - *
glyceric acid
34 2291 HPLCRutin Cy7H30016 609 300 611 303 %135.60 %410.38
35 23.47  Actinidioionoside = C;9H3,0q 405  387/151 407 151 *
36 2830 Pulmitric acid A CogH24015 551  395/275/211/133 553 287 *

required to scavenge 50% of DPPH radicals (ICsp). The IC5q values for the BF, EF, and WF, and fractions were 38.82+0.35 ug/mL,
43.79+0.66 pug/mL, 67.50+0.50 pg/mL, and 84.60+1.18 pg/mL, respectively. In comparison, the IC5, value of the standard (BHT)
was 35.69+0.84 pug/mL.

Table 4. DPPH and ABTS* activity of various fractions of PO.
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Sample Conc. pppH- ABTS*

(ng/ml) % Conc.  ICg % Conc.  ICg

BHT 12.5 36.31£0.26 359y 084> 41.934031  5563,037°
25 48.63:0.36 52.88+0.10
50 61.68+0.62 63.75:0.16
100 93.53+0.26 87.89£0.21

PF 12.5 15124062  gae0+118 . 27128062 go8as020°
25 27.2340.61 35.40£0.30
50 39.430.50 44.79+0.34
100 54.64+0.36 62.63+0.30

EF 125 28126027  43705066° 3849037 20 6450.33"
25 39.92+0.95 49.09:0.40
50 52.84+0.26 61.3740.42
100 87.29%0.75 92.04 +0.43

BF 125 31.67t043 388510350 34048030 37 46.038°
25 42.84+0.36 44.67+0.32
50 55.840.52 55.58+0.44
100 90.61+0.60 89.09+0.24

WF 125 2016:0.77 75050500 41932031 571540370
25 30.3640.69 52.88+0.10
50 44.39+0.52 63.75£0.16
100 64.60% 0.45 87.89+0.21

Note: Significant differences (p < 0.05) exist between values in the same column that are denoted by different superscript letters.
Three separate experiments' worth of data are shown as mean = SD.

Acute toxicity

Oral dosing of both fractions at 5 g/kg did not result in mortality within 24 hours. Since this dose level was not lethal, further
determination of the LD5, value was deemed unnecessary [46]. Consequently, the selected experimental doses were set at 1/20

of 5 g/kg for each fraction, which corresponds to 250 mg/kg.
4.6. Effects of PO on Behavioral Activity, AChE Levels, and beta Amyloid.

LPS-induced AD is characterized by memory impairment [47] accompanied by elevated AChE release [48, 49]. In our study, LPS
administration reduced Y-maze alternation performance by 55% compared with the normal control group. Treatment with the
BuOH and EtOAc fractions of PO improved behavioral activity by 77% and 54%, respectively, relative to the LPS group. Moreover,
LPS injection led to a 9-fold increase in AChE levels and a 3-fold rise in amyloid beta in the brain compared with normal mice.
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Treatment with BuOH and EtOAc fractions, however, decreased AChE by 73% and 72% and reduced amyloid beta by 37% and 56%,
respectively, compared with LPS-treated mice (Figure 3).

Polyphenols such as ferulic acid and rosmarinic acid are well-documented inhibitors of B-secretase (BACE1), the key enzyme
involved in AB generation, and may therefore contribute to lowering AB production [50]. Additionally, their anti-inflammatory and
antioxidant properties likely reduce oxidative stress and neuro-inflammation, which are known to accelerate AB aggregation and
deposition [51]. Taken together, these findings highlight that PO extracts not only enhance cholinergic neurotransmission but also
mitigate amyloid pathology, offering a multifaceted neuroprotective strategy against AD.

Figure 3: Effects of PO on Behavioral Activity, AChE, and beta amyloid

Data are presented as mean + SD. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s post hoc
test. Values sharing the same letter are not significantly different, whereas different letters indicate significance at p < 0.05.

4.7.  Effects of EtOAc/BuOH PO on TLR4 and IL-1B

LPS activates glial cells through TLR4, leading to the production of pro-inflammatory cytokines such as IL-1p [52]. In the present
study, LPS administration increased TLR4 expression by 2.6-fold compared with normal mice, whereas PO butanol and ethyl
acetate fractions reduced it by 63% and 52%, respectively, relative to the LPS group. Similarly, LPS elevated IL-1p levels by 2.7-fold
compared to normal mice; however, treatment with the butanol and ethyl acetate fractions decreased IL-1B by 64% and 53%,
respectively, compared with LPS-treated mice (Figure 4). This result suggests that CXB-BLs reduced gliosis and proinflammatory
cytokine release mediated by LPS via inhibiting IL-1B production in the brain. These effects may be due to its content as ferulic
acid, chlorogenic acid and rosmarinic acid. Ferulic acid treat AD as it reduced decreased IL-1B in mouse brain cortex [53],
Moreover, chlorogenic acid has neuroprotective effects through inhibition of neuroinflammation, suppression of neuronal
apoptosis [54], and reduction of TLR4 in LPS-treated RAW264.7 hepatic cells [55]. Furthermore, rosmarinic acid reduced TLR4, NF-
kB, and NLRP3 inflammasome activation [56]. Clinical studies used coffee extract (Chlorogenic acid, the main component) and
considered it as good therapeutic agent in AD and Parkinson'’s disease [57]. To date, in vivo experiments exploring the anti-
neurodegenerative activity of P. officinalis are still lacking [15]. Therefore, further animal studies are warranted to investigate its
antioxidant, anticonvulsant, anticoagulant, and wound-healing potentials.

Figure 4: Effects of PO on TLR4 and IL-1

Data are expressed as mean + SD. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple
comparison tests. Values with different letters denote significant differences at p < 0.05, whereas identical letters indicate no
significant difference.

4.8. Histopathological Observations.

Histological examination revealed no abnormalities in the control group, with normal cerebral cortex, hippocampal regions
(subiculum, fascia dentata, hilus), and striatum (Figure 5a-d). In contrast, LPS-treated rats exhibited pronounced pathology,
including extensive neuronal nuclear pyknosis and degeneration in the cerebral cortex and hippocampus, as well as nuclear
pyknosis, neuronal degeneration, and diffuse gliosis in the striatum (Figure 5e-h). BuOH treatment partially mitigated these
changes; although most cortical and striatal neurons showed nuclear pyknosis and degeneration with glial proliferation, some
neurons remained intact. The hippocampal subiculum appeared normal, while the fascia dentata and hilus exhibited degenerative
alterations (Figure 5i-l). Similarly, the EtOAc fraction preserved some cortical neurons but induced nuclear pyknosis and
degeneration in the majority, with degenerative changes in the fascia dentata and hilus, a normal subiculum, and striatal
pathology characterized by neuronal damage and glial proliferation (Figure 5m-p).

Representative histological sections of the cerebral cortex, hippocampus, and striatum: (a-d) normal control; (e-h) LPS group; (i-)
BuOH fraction; (m-p) EtOAc fraction.

Discussion
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The phytochemical screening of PO revealed the presence of flavonoids, tannins, glycosides, alkaloids, triterpenoids, steroids, and
saponins, whereas volatile oils were absent. These findings align with Chauhan et al. [15], who also reported saponins, tannins,
alkaloids, and fatty acids among the major constituents. Such metabolites are well documented for their antioxidant, anti-
inflammatory, and neuroprotective potential, thereby forming the chemical basis for the observed biological effects. This research
corresponds with the investigation conducted by Ivanova et al., [58]. The content of total phenolic, tannin, and flavonoid was more
in BF and EF as compared to other fractions of PO. The results showed that when it came to the extraction of phenols, tannins,
and flavonoids, BF and EF were more significant than the other two fractions. Similar outcomes were observed by Shahzad et

al., [59] and Jing et al., [60]. Phenolics have been demonstrated in numerous research studies to have anti-Alzheimer [61],
hypolipidemic functions [62], anti-tumor [63], and hypoglycemic [64] functions, and they possess potent antioxidant properties as
well, which could act as the pharmacological basis for further biological effects [65].

Polyphenols are also crucial in regulating amyloid processing. Several studies have shown that these compounds influence AB
production either by stimulating a-secretase activity or suppressing BACE activity. Compounds such as methyl gallate, astragalin,
nicotiflorin, quercetin 3-0-B-glucoside, cinnamic acid, catechin, daidzein, kaempferol 3-0-(6-malonyl-glucoside), and
epigallocatechin have been identified as potent inhibitors of amyloidogenic processing. In vitro experiments using neuronal cell
lines expressing human Amyloid precursor protein (APP) revealed that epigallocatechin treatment markedly decreased AR
production [66]. These results were corroborated by in vivo studies, where intraperitoneal administration of PO BuOH and EtOAc
fractions in an Alzheimer’s disease model lowered AR levels and promoted the non-amyloidogenic pathway via a-secretase, with
polyphenolic compounds detected in both fractions. Furthermore, ursolic acid and rosmarinic acid enhanced a-secretase activity
[67]. Both BUOH and EtOAc fractions suppressed BACE activity, with BuOH completely abolishing it in vivo. Co-administration of
BuOH with ferulic acid, a known BACE regulator, potentiated the effect of epigallocatechin-3-gallate, further reducing BACE
activity, limiting amyloidosis, and improving cognitive function. Flavones such as apigenin and nobiletin significantly reduced both
soluble and insoluble AB species, as well as AB plaque deposition in AD models [67]. Chronic baicalein administration also
lowered AB production, while quercetin, a widely distributed dietary flavonol, was shown to modulate soluble and insoluble AR
levels in the brain. Collectively, these findings suggest that specific polyphenols regulate a-secretase and BACE activity, thereby
attenuating AB production in both in vitro and in vivo models. Nonetheless, further investigations are warranted to clarify the
precise mechanisms through which distinct polyphenols influence amyloidogenic and non-amyloidogenic APP processing [68].

Concerning the results in Table 4, the ABTS radical scavenging of the EF of POhas the highest ABTS radical scavenging activity
at all the investigated concentrations; it records 92.04 + 0.43ug/mL followed by BF 89.09 + 0.24 at 100ug/mL. In comparison to
POfractions, the standard (Trolox) demonstrated significantly greater ABTS radical scavenging abilities. On the other hand, the PF
and WF were noticed to have the lowest ABTS radical scavenging activity 62.63 + 0.30 & 65.89 + 0.32, respectively. The results
showed that the EF of PO had the highest with an IC5 of 29.64+0.33 pg/ mL; conversely, the PF had the lowest capacity, with an
IC5p 65.8410.20 pg/ mL. In contrast, the standard (Trolox) has an ICs, value of 22.93+0.31ug/mL. The antioxidant activity of the
PO fractions may be attributed to phenols, tannins, and flavonoids, respectively (Tables 2 and 3). The phytochemical content of
lungwort has antioxidant properties that improve cellular health overall and fight oxidative stress. Significant variations in the
amounts of phenolics, tannins and flavonoids present in the various fractions of POcould account for the differences in their
efficacy as antioxidants. Additionally, the extract's ability to scavenge free radicals is influenced by the solvent used during
extraction. Our results are supported by Neagu et al. [69], who evaluated the antioxidant potential of ethanolic and aqueous
extracts from POby DPPH radical scavenging activity. Ivanova et al. [58] showed that POhad a high polyphenol content and
stronger antioxidant activity. However, Malinowska et al., [10] demonstrated that a noteworthy antioxidant activity value was
discovered during the preliminary screening of POextracts used in the cosmetics industry that could be associated with high
content of the flavonoids. Additionally, in a previous study on a number of Bulgarian medicinal plants, the antioxidant capacity of
a leaf extract obtained from PO was investigated by Ivanova et al [36]. Moreover, Dyshlyuk et al. [70] found that the root culture
extract of POexhibited a rich output of flavonoids, proanthocyanidins, and other polyphenolic components.

These findings suggest that PO enhances memory and provides neuroprotective effects against AD through its AChE inhibitory
activity. This effect may be attributed to its content of ferulic acid, chlorogenic acid, caffeic acid, methyl gallate, and rosmarinic
acid. Notably, chlorogenic acid has demonstrated a beneficial effect on cognitive impairment by decreasing AChE activity in
mouse brains [71]. In addition, ferulic acid blocked AChE activity and reduced amyloid beta plaque formation [72], and rosmarinic
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acid alleviated cognition defects and promoted neurogenesis [73]. Previous research examined the inhibitory effect
ofPOethanolic extracts’ potential on AChE and reported that a higher concentration of polyphenol in the ethanolic extract may be
the reason for this higher activity in vitro study [69]. Another study exhibited the greater ability of the phenolic compound hydroxyl
groups to bind AChE, inhibiting it [74]. Amyloid beta accumulation is a hallmark of AD pathology and is strongly associated with
synaptic loss, neurotoxicity, and impaired cognitive function [75]. In our study, LPS exposure significantly elevated AB levels,
supporting evidence that systemic inflammation exacerbates amyloidogenic pathways [76]. Remarkably, treatment with
POfractions attenuated AB burden in the brain, suggesting a dual mechanism of action both by reducing AChE activity and by
interfering with amyloidogenic processes.

Overall, the results of this study reinforce the pharmacological potential of POas a multitarget agent in Alzheimer’s disease. Its
bioactive fractions combine antioxidant, anti-amyloidogenic, and AChE-inhibitory activities, thereby addressing multiple
pathogenic mechanisms simultaneously. Future studies should aim to isolate and characterize the key active compounds,
validate their mechanisms of action, and evaluate their efficacy in clinical settings. This positions POas a promising candidate for
further pharmacological development in the prevention and treatment of neurodegenerative diseases.

Conclusion

The BF and EF of POcontain major metabolites, including catechin, methyl gallate, astragalin, nicotine, quercetin 3-0-B-glucoside,
cinnamic acid, daidzein, kaempferol 3-0-(6-malonyl-glucoside), and epigallocatechin. These bioactive compounds improved
memory by suppressing AChE, amyloid-B, and TLR4 activity, while inhibiting the proinflammatory cytokine IL-1pB. Collectively, PO
demonstrated neuroprotective effects against AD, highlighting its potential as a therapeutic or supplemental candidate for clinical
application in brain disorders. However, this study was limited by its reliance on an animal model and the absence of
pharmacokinetic and long-term safety evaluations, which should be addressed in future investigations.

Abbreviations

ABTS
2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
AChE
Acetylcholinesterase
AD
Alzheimer disease.
APP
Amyloid precursor protein
BACE
The enzymatic activities of B-secretase
BF
n-butanol fraction
BHT
Butylated Hydroxytoluene
BuOH
n-Butanol
DPPH
2,2-diphenylpicrylhydrazyl
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Ethyl acetate fraction
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Electrospray ionization
EtOAc
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HPLC
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HPLC-MS

Performance liquid chromatography-mass spectrometry
IL-18

Interleukin 1 beta

MREC

Medical Research Ethics Committee
NRC

National Research centre
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petroleum ether fraction
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Figure 1

HPLC EtOAc/BuOH Lungworts extracts of polyphenolic metabolites.
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Total A) List of major structure metabolites and B) lon Chromatogram of EtOAc/BuOH Lungworts extracts
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Figure 3

Effects of PO on Behavioral Activity, AChE, and beta amyloid
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Effects of POon TLR4 and IL-1B
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Figure 5

Effects of TP and TL on brain histopathology.

Page 23/23



