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Abstract: The aim of this study was to examine the hepatoprotective activity of multicomponent
mixtures of natural origin in the BALB/C mouse model (59 female mice), with non-alcoholic fatty
liver disease (NAFLD) induced by the administration of streptozotocin (STZ) in combination with a
high-fat, high-fructose diet. The hepatoprotective activity of activated hydrolytic lignin (BP-Cx-1),
metanolic fraction of BP-Cx-1 (BP-Cx-M) and isoflavones from kudzu Pueraria lobata roots (IFL) was
evaluated using mass spectrometry (MS)-based omics technologies. Untargeted label-free DIA
quantitation resulted in 8088 protein groups identification (FDR 1%) in 40 liver tissue extracts. All
treatment NAFLD groups were closer to the control samples on the liver proteomic landscape with
the best results shown for BP-Cx-1-m and ISF groups. This corroborated well with metabolomic
fingerprinting by FTICR MS. In order to identify differences between specific groups, we applied the
post-hoc Dunn’s Test and used Hedges' g as the Effect Size metric and 64 proteins that tended to
return to their normal level after treatment were revealed. Pathophysiologically specific proteomics
changes occurring during NAFLD were mostly associated with metabolism of the proteins (PSMD?7,
HCEFC1) and deubiquitination pathways (UCHL3). It is worth noting that BP-Cx-1 isolated methanol
fraction (Bp-Cx-m) demonstrated the pronounced increased hepatoprotective activity due to the
enrichment with active components such as polyphenols. Additionally, it was shown that treatments
with Bp-Cx-M and IFL significantly reduced DNA damage by 50% compared to the NAFLD
untreated group. Finally, MS-based multiomics approach demonstrated its power as an advanced
screening method for the assessment of the hepatoprotective activity and molecular mechanisms of
action of complex multicomponent mixtures of natural origin.

Keywords: polyphenols; hepatoprotection; mass spectrometry; biomarkers; mice

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), also defined as metabolic dysfunction-associated
steatotic liver disease (MASLD), is a hepatic manifestation of a systemic metabolic disorder that is
closely associated with obesity, insulin resistance and dyslipidemia [1-5], and is the most common
cause of chronic liver disease worldwide affecting 17%—-46% of Western populations and about 30%
of Chinese population [5-10] with a trend towards a significant increase in the number of people at
risk [10,11]. NAFLD encompasses a spectrum of conditions associated with different prognoses that
can be classified into two histological forms: non-alcoholic fatty liver (NAFL) and non-alcoholic
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steatohepatitis (NASH) [12,13]. The latter form is characterized by twice as rapid progression of
fibrosis and covers a spectrum of liver diseases of varying severity: from inflammation and fibrosis
to cirrhosis and hepatocellular carcinoma (HCC); although NASH is less common than NAFLD in
general, affecting 1.5-6.5% of adults worldwide [13,14].

The pathophysiology of NAFLD involves a complex synergistic interaction of multiple factors
involving cross-talk between adipose tissue, liver, pancreas and gut [13-15]. In this context, insulin
resistance (IR) plays a key role in inducing hepatic de novo lipogenesis, which ultimately leads to
hepatic fat deposition, increased lipotoxicity, mitochondrial dysfunction, oxidative stress, increased
bowel permeability, increased free fatty acids (FFAs) circulation levels, stimulation of
proinflammatory cytokine production, the formation of chronic inflammation, activation of hepatic
stellate cells and deposition of a fibrous matrix [15-17]. In addition, abnormal ectopic fat deposition
in organs other than the liver is associated with an increased risk of cardiovascular disease (CVD),
type-II diabetes, and kidney disease, which in turn may increase the severity of NAFLD and the
progression of NASH. It is noteworthy that CVD is the most common cause of death in NAFLD
[13,18]. Therefore, NAFLD studies are of the same importance as CVD studies, and the high research
activity in different aspects of NAFLD is highly relevant.

The use of a high-fat diet (HFD) in rodents is a popular tool for modeling obesity and metabolic
disorders in NAFLD [19-21]. Inbred mouse strains provide an opportunity to both study the genetic
drivers of NAFLD and identify tissue-specific signatures [22,23]. In particular, the mouse studies
clarified the essential role of the gut microbiota [24-27] and its influence on the development of
NAFLD independently of obesity [20]. Hepatic steatosis and its molecular signatures were studied in
over 100 different inbred mouse strains of the Hybrid Mouse Diversity Panel (HMDP) fed the HFD
to promote hepatic triglyceride accumulation, a hallmark of NAFLD [22]. The resulted rich multi-
omics data resource, including strains with varying degrees of NAFLD, was further used in a multi-
tissue integrative study and identified tissue-specific and common processes between adipose and
liver tissues, and showed that knockdown of Fasn, Thrsp, Pklr, and Chchd6 genes in vivo improved
both steatosis and insulin resistance, specifically highlighting mitochondrial dysfunction as a key
driver of NAFLD [23]. Nicotine treatment particularly resulted in exacerbation of hepatic steatosis
due to decreased expression of CDGSH iron sulfur domain 3 (CISD3), mitochondrial dysfunction and
impaired [3-oxidation; Cisd3-knockout increased lipid accumulation, aggravating oxidative stress
and apoptosis [28]. Additionally, chronic NAFLD was shown to induce pronounced pathological
features of Alzheimer's disease in both wild-type and APP transgenic mice, which were associated
with neuronal apoptosis and decreased brain expression of low-density lipoprotein receptor-related
protein-1 (LRP-1), indicating a link between chronic inflammation outside the brain and the induction
of neurodegeneration even in the absence of genetic predisposition [29]. Also, due to the increased
expression of adipocyte-specific genes detected in hepatocytes in NAFLD, as well as the disruption
of the secretory function of hepatocytes, it was suggested that adipogenic changes in hepatocytes are
involved in the pathogenesis of NAFLD [30].

In addition to elucidating pathophysiological mechanisms, mouse models are widely used to
search for potential agents for the treatment of NAFLD. Due to the important role of the gut and
microbiota in NAFLD, many studies have looked at various ways to reduce intestinal mucosal
inflammation by influencing the microbiome [24,26,27]. In addition, treatment options for NAFLD
have been proposed using pharmaceuticals based on bile acids, as well as a cholesterol absorption
inhibitor and phytosterols that reduce the level of low-density lipoproteins in the blood plasma
[31,32]. Recently, there has been increased attention to the possible therapeutic effects of plant-based
ingredients. In particular, Oxymatrine (OMT), an alkaloid from Sophora flavescens, effectively
improved liver dysfunction in diabetic mice by suppressing oxidative stress, inflammation, and
fibrosis. OMT markedly increased the activity of key antioxidant enzymes and led to improvements
in liver histopathology, significantly reducing the expression of NOD-like receptor protein 3
(NLRP3), interleukin-13 (IL-1f), transforming growth factor-f1 (TGF-f1), and collagen I [33].
Ganjianglingzhu decoction, a representative traditional Chinese medicine, protected against the
development of lean NAFLD by regulating glucose and lipid metabolism, inhibiting the levels of sn-
3-O-(geranylgeranyl) glycerol 1-phosphate and lysoPC(P-18:0/0:0) in glycerophospholipid
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metabolism [34]. A polysaccharide isolated from the aqueous extract of Panacis Japonici rhizome
significantly reduced liver fat accumulation and blood lipid elevation by influencing the gut
microbiota: its consumption decreased the abundance of Turicibacter, Dubosiella and Staphylococcus
and increased the abundance of Bacteroides, Blautia and Lactobacillus [35]. In addition, a positive
effect on the gut microbiome has been shown for bound polyphenols from foxtail millet [36].

Our recent study provided strong indications of the high hepatoprotective activity of
multicomponent mixtures of natural origin containing polyphenols in the BALB/C mice model with
SALF induced by the toxin carbon tetrachloride (CCls) [37]. Here, using mass spectrometry based
omics technologies, we studied the effects of activated hydrolytic lignin (BP-Cx-1), humic acid peloids
(HA) and isoflavones from kudzu Pueraria lobata (IFL) roots in mouse model of NAFLD induced by
HEFD.

2. Results
2.1. Hepatoprotective Effect In Vivo

Hepatoprotective activity of multicomponent mixtures of natural origin were tested on non-
alcoholic fatty liver disease (NAFLD) BALB/C mice in vivo models. During the experiment, severe
metabolic disorders developed due to pancreatic dysfunction following the administration of
streptozotocin (STZ) in combination with a high-fat, high-fructose diet. The number of deaths
recorded among the test subjects was as follows: NAFLD group —5 mice, NAFLD + BP-Cx-1 — 3 mice,
NAFLD + BP-Cx-M -4 mice, and NAFLD + IFL — 6 mice (Table S1).

From the first week until the end of the experiment, significant weight loss was observed in all
groups that underwent NAFLD induction compared to the control group (Table S1). The peak weight
loss occurred during the second week for all groups, after which a trend toward weight restoration
was noted, particularly in the BP-Cx-M and IFL groups. However, significant differences in body
weight between the NAFLD control group and the groups receiving hepatoprotection were not
observed. In summary, BP-Cx-1 and BP-Cx-M were found to somewhat improve the survival of
animals with induced NAFLD but did not impact the dynamics of weight loss.

Micro/macrovesicular steatosis was observed in liver sections across all experimental groups
(Table S1, Figure 1). The average steatosis index in the Negative Control group was 0.22 + 0.15, while
in the Control NAFLD group, it increased significantly to 2.43 + 0.30 points (p < 0.0001). Intake of
multicomponent mixtures of natural origin resulted in a reduction of the steatosis index: a 39%
decrease in the IFL group (to 1.50 + 0.22 points, p = 0.0681 vs. Control), a 41% decrease in the Bp-Cx-
1 group (to 1.44 + 0.18 points, p = 0.0409), and a 43% decrease in the Br-Cx-m group (to 1.16 + 0.18
points, p = 0.0147).

@3 1. Control

[ 2. Control NAFLD
3 3. NAFLD + Bp-Cx-1
[ 4. NAFLD + Bp-Cx-m
71 5. NAFLD + IFL

Liver steatosis score

Figure 1. Hepatoprotective activity of naturally derived compounds in the NAFLD model in BALB/C mice. (A)
Results of scoring liver steatosis on histological sections (Boxplot 95%CI, Kruskal-Wallis test with Dunn's
correction, differences are statistically significant: *-p<0.05, ****- p<0.0001). Microphotographs of liver sections
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(magnification x200, stained with hematoxylin and eosin): (B) Control group: 0 points; (C) NAFLD control group:
3 points; (D) NAFLD + BP-Cx-1 group: 2 points.

A significant decrease in serum albumin and globulin levels was observed in all experimental
groups compared to the negative control (Table 52). The levels of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) increased significantly —by 1.5 times—in the NAFLD compared
to the negative control. In contrast, the intake of multicomponent mixtures of natural origin resulted
in the normalization of these indicators. A similar trend was noted for both total and conjugated
bilirubin levels.

A tendency for the calcium to magnesium ratio to increase was observed in the NAFLD group.
In contrast, the intake of BP-Cx-M led to a significant decrease in this ratio. Additionally, the
creatinine level was significantly reduced in the NAFLD, while the alkaline phosphatase content was
significantly higher compared to the controls across all experimental groups.

2.2. Proteomic Analysis

Untargeted label-free quantitation (LFQ) was used to evaluate the changes in proteomic
composition of liver tissue samples collected on the 35th day. As the result of proteomic analysis of
40 liver extracts 8088 protein groups were identified (FDR 1%) using DIA NN software. Initially, only
those features present in 80% of the samples were selected for further analysis, resulting in 7214
features (89.19%) (Table S3). To assess the changes in the proteome composition between different
treatment groups, Kruskal-Wallis test with FDR correction (FDR < 0.05) were used at a statistical
significance level of g-value < 0.05, as the result 473 proteins were identified (Figure 2C). The T-SNE
dimensionality reduction method shows the distribution of samples into major clusters (BP-Cx-M,
BP-Cx-1 and other groups) (Figure 2A). Annotation of 473 significantly changed proteins using GO
database revealed their participation in immune system pathways (68 proteins), in particular in
innate immune system pathways (43 proteins) such as neutrophils degranulation (26 proteins).
Several proteins were also participated in apoptosis (Bcap31, Dynll2, Fas, Gsn, Omal, Hmgbl,
Ppp3r1, Gas2, Ptk2) and response to stress (29 proteins) and chemical stress (17 proteins). Notably,
some of significantly changed proteins were involved in antioxidant activity (Sod2, Ccs, Ptgsl, Fabp1,
Alox5ap, Gpx1, Gpx3, Selenot, Prdx6b, Txnrd2, Gstt2) as well as oxidative stress response (Sod2,
Gpx1, Gpx3, Txn2, Txnrd2, Gstt2) and redox pathway participation (Sod2, Cybb, Gclm, Txn1, Ptgs1,
Gpx1, Gpx3, Prdx6b, Txnrd2, Gstt2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Liver proteomic landscape changes for Control, NAFLD and NAFLD mice groups with three types of
treatment (BPCX1, BPCXM, IFL): (A) Clusterization by t-SNE of liver proteomic data for all 40 samples. Colored
dots depict the liver samples: Control—red; NAFLD —blue; BPCX1-yellow; BPCXM—orange; IFL —violet. (B)
Volcano plot, representing proteins significantly upregulated or downregulated in NAFLD group (-value <0.05;
Hedges' g effect size >0.8). (C) Heat map of the significantly changed liver proteins (FDR < 0.05) based on the
z-scores of the normalized LFQ values. The strength of the colors indicates the relative abundance of the protein
in different groups.

In order to identify differences between specific groups, we applied the post-hoc Dunn’s Test
(Table S4) and used Hedges' g as the Effect Size metric (p-value < 0.05; Hedges' g effect size > 0.8).
Specifically, this approach allowed us to identify 83 proteins that were significantly different between
the negative and positive control groups (Figure 2B). Levels of 64 of these proteins tended to return
to normal with the treatments used (Figure 3). To demonstrate the strength of the treatment effect,
we constructed a graph illustrating the change in the relative concentration of proteins under the
treatment (Figure 3). Those proteins participate in protein metabolism (16 proteins) specifically in
post-translational protein modification (13 proteins). In total, 238 proteins identified in the treatment
groups were significantly different to untreated NAFLD. They include proteins participating in
cellular response to stress (Atp6v1b2, Sod2, Dnajb6, Cybb, Surfl, Dynll2, Cox14, Dctn2, Txnl, Dctn3,
Hspb8, Psmd8, Gpx1, Gpx3, Txn2, Lamtor3), response to chemical stress (Sod2, Cybb, Surfl, Cox14,
Txnl, Psmd8, Gpx1, Gpx3, Txn2), in detoxification of reactive oxygen species (Sod2, Cybb, Txnl,
Gpx1, Gpx3, Txn2) as well as Hydrogen peroxide metabolic process (Sod2, Cybb, Hbby, Gpx1, Gpx3,
Prdx6b) and cell redox homeostasis (Txn1, Erollb, Gpx1, Txn2, Prdx6b). For an even greater number
of proteins, significant differences were found relative to the both control groups in any treatment,
although the control groups themselves did not differ in these proteins. Changes in levels of 106
proteins were reproducible across the different treatments used, with 65 significantly increased and
41 decreased proteins relative to the both control groups. These proteins are essentially involved in
cytoplasmic ribosomal process, glutathione peroxidase activity, mitochondrial respiratory chain
complex IV assembly and proton-transporting ATP synthesis, glucocorticoid biosynthesis, etc.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. The effect of treatment assessment via analysis of relative concentration for differentially expressed
liver tissue proteins for NAFLD mice groups in comparison to the Control group. The relative concentrations
for up and down regulated proteins were calculated as described in Methods part (4.3.3 Data analysis).

2.3. Results of Molecular Fingerprinting by FT-ICR MS

While proteomic analysis enabled reliable identification of proteins connected to the oxidative
stress, non-targeted metabolomic fingerprinting allows to superficially examine the effect of
therapeutic agents. We applied a FTICR MS approach similar to the previously published work [37].
Numbers of molecular formulae (MF) found in at least 80% of the samples in each group were 440,
664, 689, 868 and 671 for control, NAFLD, BP-Cx-1, BP-Cx-1-M and IFL treatment, respectively. It was
previously shown that BP-Cx-1 components can penetrate liver tissue therefore, it was expected to
observe a significant number of unique MF in the case of these mixtures. Without metabolite
identification, statistical analysis revealed a positive action of therapeutic agents used in the study.
PLS-DA biplot shows a clear separation of experimental groups (Figure 4A). All treatment groups
were closer to the control samples with the best results shown for BP-Cx-1-M and ISF groups. This
corroborated well with the proteomic analysis.
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Figure 4. Results of PLS-DA analysis of FTICR MS data for PPL-extracted liver metabolites for Control, NAFLD
and NAFLD mice groups with three types of treatment (BPCX1, BPCXM, IFL): A) Molecular formulae (MF)
abundances, B) Normalized formulae-difference frequencies (FDS).

Previously we have shown that while direct infusion FTICR MS analysis is sensitive to carbon
concentrations and to small isolation errors, the formulae-difference statistics (FDS) is more robust
facilitating better inter-sample and interlaboratory comparison [38]. Application of FDS supports the
results of MF-based PLS-DA analysis and indicates pronounced differences between NAFLD and
control groups with positive impact of polyphenolic agents (Figure 4B). While MF-based analysis
directs toward normalization of major metabolite production, FDs provides additional insights on
the biochemical processes. From Figure 4B it is seen that while the relative abundance of metabolites
was closer to control in ISF and especially in BP-Cx-1-m groups, BP-Cx-1 likely facilitates
normalization of the whole metabolic process. It was shown recently that direct attribution of FDS to
chemical reactions can be misleading [39]. Therefore, more detailed structural information on
metabolites is required for in-depth annotation of FDS. Consequently, both MF and FDS analysis
support the proteomic analysis but how metabolic pathways change upon administration of
polyphenols remain unknown.

2.4.  Evaluation of potential antigenotoxic action of nature-derived polyphenols in vivo study

Additionally, a study of the potential antigentoxic action of multicomponent mixtures of natural
origin was performed for the NAFLD model. The studies were performed using an alkaline version
of the DNA comet assay (for the detection of single-strand breaks and alkali-labile sites or double-
strand breaks).

The results of the DNA Comet assay (Figure 5) indicate a four-fold increase in DNA damage in
liver cells from the NAFLD control group compared to the negative control group (8.2+0.77 vs.
2.1+0.27, p<0.0001). The administration of Bp-Cx-1 resulted in a slight reduction in the severity of
STZ-induced damage (5.8+0.61, p=0.0806 compared to group 2). In contrast, the treatments with Bp-
Cx-M and IFL significantly reduced DNA damage by 50% compared to the NAFLD control group,
with values of 4.2+0.59 (p=0.0008) and 4.4+0.86 (p=0.0037), respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Results of DNA Comet Assay in liver cells for Control, NAFLD and NAFLD mice groups with three
types of treatment (Bp-Cx-1, Bp-Cx-m, IFL). (A) Percentage of comet tail DNA in hepatocytes of female BALB/C
mice upon NAFLD induction. Boxplot 95%CI, Kruskal-Wallis test with Dunn's correction, differences are
statistically significant: *-p<0.05, **-p<0.01, ***- p<0.0001. (B) Micrographs of comets (magnification x200, stained
with SYBR green), showing cells with intact (a) and damaged (b, c) DNA.

3. Discussion

The study conducted on a NAFLD model, induced by a combination of streptozotocin along
with a high-fat and high-fructose diet, demonstrated that the examined multicomponent mixtures of
natural origin have a significant hepatoprotective effect. In a previous study on the topic of
hepatoprotective activity of nature-derived polyphenols we suggested that isolation of least polar
fraction from BP-Cx-1 may increase its hepatoprotective activity [37]. Proteomic analysis is
corroborated with molecular fingerprinting and reveals a new insight on the molecular mechanism
of the hepatoprotective activity of multicomponent mixtures of natural origin. PCA analysis
demonstrated a clear cluster of NAFLD and samples after treatment with nature-derived
polyphenols. Changes occurring during NAFLD were mostly associated with metabolism of the
proteins, notably Psmd7, Hcfcl. Uchl3 were involved in significantly changed proteins in
deubiquitination pathways that are involved in the NAFLD pathophysiology [40,41]. Those proteins
belong to ubiquitin C-terminal hydrolases Psmd7 play a role in removing misfolded or damaged
proteins [42] and Uchl3 controls levels of cellular ubiquitin through processing of ubiquitin
precursors and ubiquitinated proteins [43].

The use of BP-Cx-1, particularly the isolated methanol fraction (BP-Cx-M), increased the survival
rate of experimental animals, reduced the degree of liver damage, and helped normalize the levels of
AST, ALT, and bilirubin in the blood serum of the animals. Significantly changed proteins involved
in the oxidant detoxification process and demonstrate a pronounced antioxidant activity (Sod2, Ccs,
Ptgs1, Gpx1, Gpx3, Prdx6b, Gstt2). Superoxide dismutase, mitochondrial (Sod2) responsible for the
regulation of superoxide radical anion by catalyzing the dismutation of superoxide to H20: [44].
Glutathione peroxidase 1 and 3 reduce small soluble hydroperoxides such as H202 and protects cells
and enzymes from oxidative damage [45,46]. The identified changes in the regulation of proteins
involved in the assembly of cytochrome c oxidase (Surfl, Omal, Cox14) and in the proton-
transporting ATP synthase complex activity (Atp5d, Vdacl, Dmac2l) also indicate a significant
restructuring of oxidative phosphorylation processes in mitochondria. This result is in a good
agreement with the fact that mitochondrial dysfunction is a key driver of NAFLD [23], and therefore,
its correction can achieve good therapeutic results. Overall, it should be emphasized that among the
proteins whose regulation changes as a result of treatment, most do not differ between the control
and untreated NAFLD groups. This result suggests the stimulation of compensatory mechanisms,
due to which the observed hepatoprotective effect is achieved. Such changes can be associated with
hepatoprotective activity of BP-Cx compounds. While the isoflavonoids did not impact the survival
of the mice, they exhibited a similar hepatoprotective effect otherwise. Annotation of significantly
changed proteins revealed activation of GPI-anchor biosynthesis (MPDU1, PIGW, UBE3B, PIGQ,
DPM1) which correlates with results that were observed by Sun C. in mice NAFLD model [47].
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Additionally, an antigenotoxic effect was observed in the studied compositions, particularly
pronounced in the methanol fraction of BP-Cx and the isoflavonoids. The use of these components
reduced the level of DNA damage, as indicated by a twofold decrease in the amount of DNA present
in the comet tail of hepatocytes from the experimental animals.

The hepatoprotective effects of multicomponent mixtures, previously identified in an in vivo
model of subacute liver damage induced by carbon tetrachloride (CCls), were confirmed in a model
of NAFLD induced by a combination of STZ and HFFD [37]. However, the NAFLD model resulted
in significant complications, including observed animal mortality and an increase in the steatosis
index from 1.93 + 0.22 (with CCls) to 2.43 + 0.30 points. Additionally, both microvesicular and
macrovesicular steatosis developed, whereas only microvesicular steatosis was previously recorded
with CCls. In the CCls model, a statistically significant decrease in liver damage was observed with
the use of BP-Cx-1, while complete normalization of the indicator value was achieved with IFL. In
the more severe NAFLD model, the significant reduction of steatosis (43%) index was observed in
BP-Cx-M group.

In the subacute model using CCls, no significant changes in protein metabolism parameters were
observed. However, there was an increase in the enzyme content, particularly for ALT. In the NAFLD
model, the levels of the main protein fractions changed, and increases were noted in both ALT and
AST, as well as in total and direct bilirubin. This indicated that the studied multicomponent mixtures
had a normalizing effect on these parameters.

4. Materials and Methods
4.1. Chemicals

1. BP-Cx-1 — Water-soluble lignin derivative BP-Cx-1 [38] (Nobel Ltd, Saint Petersburg) - a
sterile 0.42% ammonia solution (batch X0621D33). In the in vitro studies BP-Cx-1 was tested at a
concentration of 0.0042% (V/V), for the in vivo studies - at a concentration of 0.42% (V/V).

2. BP-Cx-m — Methanol fraction of BP-Cx-1 (Nobel Ltd, Saint Petersburg) — 1 g of BP-Cx-1
extracted by 100 ml of MeOH for 3 hours via soxhlet extractor.

3. IFL — NADES isoflavones extract from kudzu root (Pueraria montana var. lobata) (Shaanxi
Sheng, Xi’an, China) [48] [39]. Sample weight 0.82 g. An alcohol extract was prepared by adding ethyl
alcohol in a weight ratio of 1:2, the solution was treated with ultrasound and centrifuged at 13,000
rpm to remove the sediment. The solution was evaporated and redissolved.

4.2. Animal Studies

All animal studies were carried out at the center for preclinical research of the Federal State
Institution “National Medical Research Center of Oncology named after N.N. Petrov” of the Ministry
of Health of the Russian Federation in accordance with the Study Protocol and standard operating
procedures.

The study cohort comprised 59 female BALB/C mice obtained from the Stolbovaya branch of the
FSBSI “Scientific Center for Biomedical Technologies of the Federal Medical and Biological Agency”
of Russia. Before the start of the experiment, animals underwent quarantine and adaptation for 17
days. Mice were housed at a room temperature of 20-23 °C, a relative air humidity of 54-58%, and
an air exchange rate of 8 volumes per hour. All animals received standard complete briquetted chow
(Laboratorkorm, Moscow, Russia) and filtered water ad libitum. Mice were examined daily by the
veterinarian.

Approval from the ethics committee of the Federal State Institution “National Medical Research
Center of Oncology named after N.N. Petrov” of the Ministry of Health of the Russian Federation
(protocol No 3 from 18 March 2024) was obtained prior to all animal-related studies. All in vivo
experiments were carried out in accordance with international regulations (Directive 2010/63/EU of
the European Parliament and of the Council of 22 September 2010 on the protection of animals used
for scientific purposes).

4.2.1. Experimental Design

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Mice were randomized by weight into the Negative control group (n=9) and Experimental (n=50)
cohort.

In vivo model of Non-Alcoholic Fatty Liver Disease (NAFLD) in mice of experimental cohort
was induced by single intraperitoneal injection of Streptozotocin (STZ) (75% a-anomer, 98% HPLC,
CarboSynth, USA) at a dose of 100 mg/kg followed by high-fat and high-fructose diet (HFFD, pork
fat added to a standard chow and 30% fructose solution instead of drinking water in free access)
throughout the study. In 3 days after STZ injection blood samples from the tail vein were collected
for glucose level measurement by a blood glucose meter (Accucheck Active, Germany) and mice were
randomized by results into following groups:

1. Control—negative control —intragastric administration of placebo (drinking water) (0.2
mL/mouse) daily for 24 days (n=9).
2. Control NAFLD—positive control —intragastric administration of placebo (0.2

mL/mouse) daily for 24 days (n=12).

3. NAFLD + Bp-Cx-1—intragastric administration of Bp-Cx-1 at a dose of 80 mg/kg (0.2
mL/mouse) daily for 24 days (n=13).

4. NAFLD + Bp-Cx-M —intragastric administration of Bp-Cx-methanol at a dose of 80 mg/kg
(0.2 mL/mouse) daily for 24 days (n=13).

5. NAFLD + IFL— intragastric administration of NADES isoflavones extract from kudzu
root at a dose of 80 mg/kg (0.2 mL/mouse) daily for 24 days (n=12).

Body weighing was carried out once a week during experiments and prior to euthanasia.

Blood sampling was performed prior euthanasia from the tail vein: whole blood samples were
collected in 2 ml Eppendorf tubes, centrifuged (10 min, 12000g) and serum samples were immediately
frozen in liquid nitrogen (-196 C) and stored at -80°C. Biochemical parameters in blood serum (ALT,
AST, bilirubin, creatinine, urea, total protein, albumin, globulin) were evaluated with Konelab 20
biochemical analyzer (Thermo Fisher Scientific, USA) using commercial KliniTest kits (ROO
“SPbOE”, Russia).

Euthanasia by CO2 was carried out on the 27th day after STZ administration. All animals were
autopsied. Liver was excised and weighted, mass index (percentage ratio of liver mass to body
weight) was calculated. Two liver samples from each animal were isolated: one sample was
immediately used for DNA-Comet assay, another was transferred in Eppendorf tube, frozen in liquid
nitrogen and kept frozen at-80 for further analysis. The rest was histologically examined after routine
histological preparation (dehydration, impregnation with paraffin, cutting into sections, staining
with hematoxylin and eosin). Evaluation of liver steatosis was carried out microscopically in 10 fields
(x200) per slide by a semi-quantitative method (in points): 0 —no changes, 1 —up to 30% of hepatocytes
contain lipid vacuoles in the cytoplasm, 2 — 30-60% of cells are changed, 3 — more than 60% of cells
are changed. Mean steatosis index was calculated per animal and onward per group.

4.2.2. DNA Comet Assay

Liver sample (50-200 mg) was isolated during autopsy, washed from blood cells, grinded, and
a cell suspension was prepared in 1.5 ml of cooled buffer (20 mM EDTA-Na2, 10% DMSO, pH 7.5). A
cell suspension in agarose (1:10) was immediately prepared and applied to pre-prepared gel slides
with an agarose backing. Routine processing was then performed [49], including lysis, alkaline
denaturation, electrophoresis, fixation, staining (with SYBR Green dye), and microscopic analysis
using a microscope with a BLB-L fluorescent module (LOMO-MA LLC, Russia). Images were
digitized using an MS-20 camera (LOMO-MA LLC, Russia) and processed using Image ] (Open
Comet plugin). At least 100 comets were evaluated on each slide at x200 magnification, and the
average % DNA in the comet tail was calculated.

4.3. Proteomic Analysis
4.3.1. Liver Samples Preparation

Liver tissue (10-20 mg) was ground into a fine powder in liquid nitrogen. Cell lysis was
conducted by adding 50 mM Tris-HCl pH 8.0.150 m M NaCl, 0.1% SDS, 0.5% Na deoxycholate, 1%
NP-40 lysis buffer containing a cocktail of protease inhibitors (Roche). Tissues were incubated for 30
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minutes and sonicated in an ultrasonic bath twice for 3 minutes. Samples were centrifuged at 40C at
10000 g for 10 min, the supernatant was collected, and the sediment was re-extracted with denaturing
buffer (8 M urea, 2 M thiourea, 50 mM Tris-HCI pH8.0, 0.5% NP-40). The supernatant was collected
and pooled after the centrifugation at 40C at 10000g for 10 minutes. Protein concentration was
measured by the Bradford method. 100 pg of protein was taken and precipitated with ice-cold
acetone. Samples were denatured and reduced by incubation with 8 M urea, 0.1 M dithiothreitol and
100 mM Tris x HCI (pH 8.0, +37 °C, 30 min). Next, the proteins were alkylated by a 30-min incubation
in the dark with 20 mM iodoacetamide. For trypsinolysis, the samples were diluted with 100 mM Tris
x HCI (pH 8.0) until <1 M urea; L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated
trypsin (Worthington) was added at a 25:1 (protein:enzyme, w/w) ratio; and the samples were
incubated for 16 h at 37 °C. The reaction was quenched by acidifying the samples with formic acid
(FA) to a final concentration of 1.0% (pH < 2). The resulting peptides were purified by solid-phase
extraction on C18 cartridges (Oasis, Waters, USA), then lyophilized and dissolved for analysis in 0.1%
formic acid.

4.3.2. LC-MS/MS Analysis

Tissue tryptic peptide LC separations were performed at a flow of 400 nL/min using a 90 min
linear gradient from 2% to 37% solvent B, followed by an LC column wash step (10 min isocratic with
90% solvent B) and equilibration (15 min, isocratic, with 2% solvent B) in three technical replicates.
The MS data were acquired using the diaPASEF method. Electrospray source (ESI) settings were as
follows: capillary voltage 1400 V, dry gas flow - 3.0 L/min at a temperature of 180°C. The MS and
MS/MS spectra were acquired from 100 to 1700 m, an ion mobility range of 0.6-1.6 1/K0 (V s/cm2).
The ion mobility was scanned from 0.6 to 1.6 Vs/cm2. The ramp time was set to 100 ms. The collision
energy was ramped linearly as a function of the mobility from 59 eV at 1/K0=1.6 Vs/cm2 to 20 eV at
1/K0=0.6 Vs/cm?2.

4.3.3. Data Analysis

The obtained LC-MS/MS raw data were analyzed using DIA NN (Data-Independent Acquisition
by Neural Networks) software (version 1.8.1) [50] in library free mode using the following
parameters: mass accuracy — 20 ppm; MS1 accuracy — 20 ppm; peptides length range 7 — 30 amino
acids long was conducted across SwissProt Human database with carbamidomethylation (C),
oxidation (M) as possible modifications. FDR thresholds were set to 0.1%.

The statistical analysis and data visualization were performed by Python (3.7.3) with the
following packages: SciPy [51], Seaborn [52], Matplotlib [53] and Pandas [54]. A Shapiro-Wilk
normality test was used for each protein and each group separately. The Benjamini-Hochberg
procedure was used to control the false discovery rate (FDR). As a result, we confirmed that the
assumption of data normality could be accepted at the significance level g-value < 0.05. Kruskal-
Wallis test with FDR correction was used to identify potential markers between groups as well as the
post-hoc Dunn’s Test. To increase the test’s power and control the Type I error rate, we considered
results statistically significant when p-value < 0.05 and |Effect Size| > 0.8. Given the small sample
size and the normal distribution of the data, we used Hedges' g as the Effect Size metric. Missing
values were imputed using the k-nearest neighbors method from the Fancylmpute library [55],
applied separately to each feature and group.

To calculate the relative concentration for Figure 3, we used the following formula: RC_{T} =
(C_{T} - min(C_{C}, C_D})) / (1C_{C} - C_{D}!), where: C_{T} - mean of the protein concentration in
the treatment group T; C_{C} - mean of the protein concentration in the control group; C_{D} - mean
of the protein concentration in the NADFL group.

4.4. Molecular Fingerprinting by FTICR
4.4.1. Extraction of Metabolites

For metabolites analysis a chloroform-methanol extraction method was used [56]. Samples were
mixed with chloroform-methanol (1:2) mixture and incubated for 30 minutes with constant stirring,
after that samples were sonicated twice in an ultrasonic bath. Next, water and chloroform were added
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up to ratio 1/2/0.8 and centrifuged at 3000 rpm. Upper water-methanol phase was evaporated via
centrifugal vacuum evaporator and purified using PPL cartridges. Metabolites were eluted with 1.5
mL of MeOH.

4.4.2. FTICR MS Analysis

Mass spectrometric analysis of metabolites was carried out using a FT-ICR MS Apex Ultra device
(Bruker Daltonics), with harmonized cell equipped with a 7 T superconducting magnet and
electrospray (ESI) ionization source. All mass spectra were acquired in negative ionization mode by
direct infusion at flow rate 90 mL/h. The electrospray source (ESI) settings were as follows: capillary
voltage - 3500 V, dry gas flow -3 (N2) I/min at a temperature of 200° C. Measurements were carried
out in the mass/charge (m/z) range from 200 to 1000. Spectra were acquired at 400,000 resolutions (at
m/z 400), with 250 scans accumulated for each spectrum.

4.4.3. Data Analysis

Raw FTICR MS data were treated using open-source software and lab-written Python scripts.
Visualization of data has been performed with Python library Matplotlib [53]. Statistical analysis has
been performed with Python libraries NumPy, Pandas and Seaborn. All *.raw files were converted
to *mzML format using msconvert with continuous wavelet transform algorithm to extract peaks
with S/N >3 [57]. Peak lists were extracted using Python script based on pyteomics library [58].
Formulae assignment for all samples was conducted with python script based on open-source
NOMspectra python library [59] with a denoising step adapted from Zielinski et al [60] using the
following constraints: O/C ratio <1, 0.3 < H/C ratio < 2.5; element counts [1 <C <60, 2< H<100,0<O
<60, N <3,S<1]; z=-1 and mass accuracy window <1 ppm after build-in internal calibration based
on the construction of the probability density of assignments [61]. Only molecular assignments which
presented in at least 80% of samples in each group were retained for statistical analysis. This step
aimed to decrease the uncertainty of qualitative comparison raised from the unknown mass balance.
High-resolution mass spectrometry data classification based on the differences in the number of
elements between each pair of molecular formulae within the formulae list was conducted using open
source software nommass.com [38] followed by normalization of formulae-difference frequencies
(FDS) using routine python script.

5. Conclusions

Bp-Cx-M demonstrated the pronounced increased hepatoprotective activity due to the
enrichment with active components such as polyphenols. Additionally, it was shown that treatments
with Bp-Cx-M and IFL significantly reduced DNA damage by 50% compared to the NAFLD
untreated group. Finally, MS-based multiomics approach demonstrated its power as an advanced
screening method for the assessment of the hepatoprotective activity and molecular mechanisms of
action of complex multicomponent mixtures of natural origin.
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