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ABSTRACT

Background: Systemic lupus erythematosus (SLE) is a complex autoimmune disorder involving production of
autoantibodies, chronic inflammation, dysregulated innate immune signaling, oxidative stress, and progressive
renal injury. Combining the effects of several pathogenic mechanisms is a big hurdle for traditional single-target
drugs. Extracellular vesicles (EVs) derived from plants (PDEVs) are a novel nanomedicine platform that could be
used to deliver multiple bioactive compounds. This work attempted to investigate the effectiveness of a multiplex
PDEV formulation comprising morin, quercetin, and luteolin as a multimodal therapeutic approach to
experimental SLE.

Materials and Methods: A controlled experimental design, consisting of six groups of rats (10 rats per group),
was suggested: healthy control, untreated SLE, PDEV-moringin, PDEV-quercetin, PDEV-luteolin, and multiplex
PDEV-treated SLE rats. Main systemic, immune, inflammatory, oxidative, and renal characteristics of SLE were
replicated in a Pristane-induced lupus-like model. Count the number of diseased rats, and treat the rats during the
disease establishment period with the appropriate PDEV formulations. Systemic and renal outcomes were
assessed by measuring proteinuria, anti-dsDNA, ANA, complement C3 and C4, and creatinine and BUN. The
inflammatory and immunological responses were evaluated by measuring concentrations of TNF-a, IL-6, IL-1p,
IL-17A, IFN-a, and BAFF. Molecular analysis involved in the study was TLR7, MyD88, NF-kB p65, NLRP3,
and Nrf2, and the oxidative status was evaluated by measuring MDA, SOD, and GSH. The relationship between
different disease-associated variables was analysed via correlation and multivariable regression analyses, and
overall treatment responses were compared using an integrated PDEV-SLE Precision Therapeutic Index (PDEV-
SLE-PTI).

Results: Untreated SLE Rats showed high levels of proteinuria, anti-dsDNA, ANA, creatinine, BUN, TNF-q, IL-
6, IL-1pB, IL-17A, IFN-0, and BAFF, while their C3 and C4 levels were decreased. Increased levels of TLR7,
MyD88, NF-«B p65, NLRP3, and MDA and decreased levels of Nrf2, SOD, and GSH were also linked to SLE.
Single-phytochemical PDEV formulations were all capable of beneficially affecting multiple disease-associated
parameters, with multiplex PDEV consistently yielding a treatment-associated response. Multiplex PDEV reduced
proteinuria by 74.63%, anti-dsDNA by 69.52%, TNF-a by 61.15%, IFN-a by 69.07%, TLR7 by 64.85%, NF-xB
by 64.69%, NLRP3 by 61.91%, and MDA by 57.33%, while producing 76.46% SOD restoration and 72.11%
reduction in renal injury. PDEV-SLE-PTI exhibited significant progressive increases from PDEV-moringin
through to multiplex PDEV, from 47.22 to 66.90, respectively. The correlation analysis and regression analysis
also showed that there were interconnected relationships between renal injury and autoimmunity, inflammatory
signaling, activation of NLRP3, and oxidative stress.

Conclusion: Multiplex PDEV delivery of moringin, quercetin, and luteolin would be a promising multimodal
nanomedicine approach to target the interconnected inflammatory, autoimmune, and oxidative mechanisms in
SLE. The superior effect of the multiplex formulation over the individual phytochemical PDEVs indicates that
there may be therapeutic advantages of simultaneous modulation of pathways. The current results are preliminary
and suggestive. Before clinical translation, further studies will be needed with validated individual-level datasets,
dose-response and formal synergy analyses, pharmacokinetic/biodistribution studies, renal targeting studies, and
long-term safety evaluation.

KEYWORDS: Systemic lupus erythematosus (SLE); lupus nephritis; plant-derived extracellular vesicles; PDEV;
moringin; quercetin; luteolin; nanomedicine; TLR7; NLRP3; Nrf2; oxidative stress; precision medicine.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex, chronic autoimmune disease that involves loss of
immunological tolerance and the production of pathogenic autoantibodies, immune-complex formation, chronic
inflammation, and progressive tissue injury. SLE can involve almost any organ system, but renal involvement
(lupus nephritis) is one of the most clinically significant features of SLE and is a strong predictor of morbidity
and mortality. SLE pathogenesis includes a complex interplay among genetic susceptibility, aberrant nucleic-acid
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sensing, dysregulated innate and adaptive immunity, hyperactivity of B-cells, dysfunction of T-cells, and
inflammatory cytokine networks [1,2]. Indeed, activation of endosomal Toll-like receptors (TLRs), particularly
TLR7, plays a role in aberrant B-cell activation, autoantibody production, and type I interferon generation,
creating a self-sustaining inflammatory circuit [3]. This importance of TLR7 in SLE has also been confirmed by
genetic and mechanistic evidence that hyperactive TLR7 can contribute to the loss of B-cell tolerance and to an
interferon-driven autoimmune phenotype [4].

Tissue oxidative stress and inflammasome activation are intimately linked to the inflammatory effects of chronic
innate immune activation, which go well beyond cytokine production. Nuclear factor-xB (NF-«kB), NOD-like
receptor family pyrin domain-containing 3 (NLRP3), and related inflammatory signaling pathways play a role in
the production of tumor necrosis factor-o (TNF-a), interleukin (IL)-1B, IL-6, IL-17A, and other mediators
involved in autoimmune tissue injury. Simultaneously, the inadequate antioxidant defense system can exacerbate
inflammatory processes by increasing the production of reactive oxygen species (ROS) and lipid peroxidation.
The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway is a major endogenous defense mechanism against
oxidative and inflammatory stress and is functionally linked with NF-kB and NLRP3 pathway [5,6]. Therefore,
combination therapies that affect both aspects of immune activation and inflammatory signaling and redox
imbalance may present a more holistic therapeutic strategy than targeting a single downstream inflammatory
mediator.

While there have been significant improvements in SLE treatment, there are still key challenges. Therapy
modifying immunologic parameters may allow disease to be controlled but may also involve general
immunosuppression, toxicity, lack of organ protection, and inconsistent response to therapy. Furthermore, the
biological diversity of SLE indicates that drugs which can modulate multiple interconnected pathogenic pathways
might be especially beneficial. This has led to growing interest in precision nanomedicine, which is concerned
with specific packaging and delivery of therapeutic molecules in nanoscale carriers to enhance pharmacokinetics,
cellular uptake, tissue exposure, and therapeutic index. Some nanocarriers that have received significant attention
are extracellular vesicles and exosomes, which have a natural biocompatibility, nanoscale architecture,
membrane-associated targeting properties, and the ability to carry proteins, lipids, nucleic acids, and small
molecules [7,8]. Exosome-based delivery may be used to enhance the stability of the therapeutic cargo, to enable
cellular internalization, and to enable the delivery of multiple therapeutic agents, in addition to providing a
biologically compatible platform. Recent studies have shown the potential of EVs as drug delivery vehicles and
highlighted the need for EV cargo loading, characterization of the vesicles, manufacturing consistency,
biodistribution, and quality control to ensure successful translation [9,10]. Importantly, research on EVs has
advanced to engineered and cargo-loaded EVs that can carry multiple therapeutic modalities for precision
combination therapy [10].

A third promising source is natural phytochemicals, which are promising candidates for multifunctional
therapeutic agents for inflammatory and autoimmune diseases. Moringin, an isothiocyanate from Moringa
oleifera, has been shown to possess antioxidant and anti-inflammatory characteristics and has been seen to inhibit
Nrf2/NF-xB signaling in experiments, indicating a role in its protective effects [11]. Quercetin, a well-known
flavonol, has antioxidant, immunomodulatory properties and is known to affect NF-kB, Nrf2, and NLRP3-related
inflammatory pathways [12,13]. Moreover, experimental data have also directly supported the importance of
quercetin for lupus biology, including diminished renal injury and regulation of pathogenic follicular helper T-
cell responses in lupus models [14]. Another bioactive flavonoid, luteolin, has been shown in experimental studies
to ameliorate lupus nephritis, decrease urinary protein abnormalities, and decrease renal oxidative stress in lupus-
prone mice, and has anti-inflammatory and antioxidant properties [15], making it particularly interesting in the
context of SLE. All this raises the possibility that moringin, quercetin, and luteolin have complementary effects
on various components of the inflammatory and oxidative stress network.

The therapeutic applications of such phytochemicals could be hampered by some of the problems of conventional
delivery methods, such as their physicochemical instability, restricted bioavailability, rapid metabolism, and
inability to reach the proper cellular compartments. An opportunity to overcome some of these limitations is
offered by nanocarriers-based delivery, which is a way to protect cargo and to improve cellular transport. More
importantly, the use of more than one molecule that are pharmacologically complementary, in a single biological
delivery platform, may enable the simultaneous modulation of multiple disease-associated pathways that are not
necessarily a single molecular target. Conceptually, this makes sense in the multifactorial nature of SLE, where
the interaction between the TLR7/type I interferon pathway, inflammation through NF-«B, activation of the
NLRP3, oxidative stress, and defective antioxidant defenses all contribute to maintaining disease activity [3-6].
In view of this, the present study aims to propose a precision nanomedicine approach involving the delivery of
multiple compounds (moringin, quercetin, and luteolin) in a single exosome. The idea is that encapsulation of
these complementary phytochemicals in a single nano-formulation strategy could improve the complementary
activity between the inflammatory, immunological, oxidative, and renal components of SLE. The proposed
approach would not measure single pathway modulation, but simultaneously measure systemic and renal
outcomes such as proteinuria, anti-dsDNA antibodies, complement components, creatinine, and blood urea
nitrogen, inflammatory mediators including tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-1B, IL-17A,
interferon (IFN)-a, and BAFF, and measure molecular markers of the activation of TLR7/MyD88/NF-xkB/NLRP3
and Nrf2-associated antioxidant defense.
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The oxidative stress parameters malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH)
are added to assess the presence or absence of coordinated anti-inflammatory and anti-oxidative activity that
follows improvement of renal and immunological outcomes. The rational combination of three phytochemicals
for simultaneous targeting of the interconnected pathogenic axis of SLE and the novelty of an exosome-based
nanodelivery system make this study unique. We hypothesize that the multiplex delivery of morin, quercetin, and
luteolin via the exosome will have a more therapeutic effect than single phytochemical formulations, as it will be
able to concurrently inhibit innate immune activation and inflammatory signaling, as well as restore antioxidant
defenses and attenuate renal injury. This approach could serve as a blueprint for creating a multi-functional and
pathway-integrated precision nanomedicine platform that could be applied to SLE and presumably many other
chronic inflammatory immune diseases where inflammation and oxidative stress share common mechanisms.

MATERIALS AND METHODS

2.1 Study design

A preclinical experimental study was conducted at Institute of Molecular Biology and Biotechnology (IMBB),
The University of Lahore-Pakistan as a controlled study to investigate the therapeutic effect of multiplex delivery
of Moringin, quercetin, and luteolin via exosomes in systemic lupus erythematosus (SLE). The experimental
design was designed to compare individual phytochemical-loaded plant-derived extracellular vesicles (PDEV) to
a multiplex formulation with all three phytochemicals. The primary objective was to see if multiplex delivery
yielded better systemic, renal, inflammatory, immunological, molecular, and oxidative responses than did single-
agent PDEV formulations. The Rats were randomly distributed among the six experimental groups: healthy
control, untreated SLE, PDEV-Moringin, PDEV-Quercetin, PDEV-Luteolin, and Multiplex PDEV. A
predetermined treatment schedule was used to administer the appropriate PDEV formulations to the treatment
groups. Wherever possible, group allocation was blinded to the investigators conducting biochemical and
molecular analyses. The introduction of experimental groups and the induction of disease. The introduction of
experimental groups and induction of disease. The therapeutic efficacy of moringin, quercetin, luteolin, and their
multiplex combination (Multiplex-1) encapsulated into PDEV was evaluated using an experimental rat model of
systemic lupus erythematosus (SLE) in a controlled experimental design. The experiment had six experimental
groups, with (n = 10) rats in each group.

The rats were randomly divided into the following groups

¢ Group-1 Healthy control group: non-SLE Rats receiving the vehicle used for disease induction and subsequent
treatment.

e Group-2 SLE model group: Rats subjected to lupus induction and subsequently maintained without active
therapeutic treatment.

¢ Group-3 PDEV-Moringin group: SLE-induced Rats treated with PDEV-loaded moringin.

® Group-4 PDEV-Quercetin group: SLE-induced Rats treated with PDEV-loaded quercetin.

¢ Group-5 PDEV-Luteolin group: SLE-induced Rats treated with PDEV-loaded luteolin.

e Group-6 Multiplex PDEV group: SLE-induced Rats treated with a combined PDEV formulation containing
moringin, quercetin, and luteolin.

Rats were acclimatized for at least 7 days prior to the beginning of the study in the experimental facility.
Throughout the acclimatization and experimental period, Rats were housed in standard laboratory conditions with
a controlled temperature, relative humidity, and a fixed light/dark cycle. Unless otherwise stated in the
experimental design, standard laboratory chow and drinking water were offered freely.

Induction of SLE

Pristane (2,6,10,14-tetramethylpentadecane), a hydrocarbon oil that has the ability to induce systemic autoimmune
manifestations similar to several features of human SLE, was used to induce an experimental lupus-like
phenotype. Pristane-induced lupus is characterized by development of autoantibodies, inflammatory activation,
interferon-associated responses, renal inflammation, and proteinuria, which are ideal for examining candidate
interventions focused on systemic autoimmune and renal disease. After acclimatization, rats in SLE groups were
given a single dose of Pristane i.p. Rats in SLE groups were given 0.5 mL Pristane i.p. after acclimatization.
Aseptic technique was used to introduce the injection, and adequate restraint and supervision were used to reduce
procedural stress. In control group rats were treated with the same amount of the same vehicle as the rats treated
with Pristane but without Pristane. After Pristane treatment, the rats were followed for approximately 12-16 weeks
for the development of lupus-like disease and then treated. The induction period was chosen to be relatively long
to allow for the development of systemic autoimmune responses and renal manifestations, but not to be a period
of direct inflammatory response to Pristane. Body weight, general physical condition, activity, food intake, water
intake and biochemical evidence of disease were monitored at pre-defined time points to assess disease
development. Urine samples were taken at regular intervals, and urinary protein excretion was determined.
Peripheral blood samples were collected at baseline and at the time points selected post-induction for the
determination of peripheral blood immunological and biochemical markers such as anti-double-stranded DNA
(anti-dsDNA) antibodies, complement components, inflammatory cytokines, renal function indices, etc. An
experimental lupus-like phenotype was defined when specific disease criteria were met (such as increased urinary
protein excretion and evidence of systemic immune activation), and the Rats were considered to have developed
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the phenotype. If possible, treatment allocation was done after the disease had been established to allow for
therapeutic comparisons among diseased rats based on disease status rather than on induction status.

Allocation of treatments and experimental schedule

Following the confirmation of the lupus-like disease, rats from the SLE group were randomly divided into the
four therapeutic groups and the untreated SLE group. Therapeutic intervention was then provided over a specified
length of therapy. The single phytochemical groups (PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin)
were administered with each phytochemical, while the multiplex group was administered with PDEV loaded with
morin, quercetin, and luteolin. In the proposed experimental design, treatment was started once the lupus
phenotype was established and was continued for 4 weeks to assess both biochemical and molecular responses to
treatment. The actual dose of phytochemical, PDEV dose, route of administration, and dosing frequency should
be presented based on the validated formulation and pilot pharmacokinetics/toxicity studies, not retroactively
based on efficacy data.

Pristane administration, acclimatization, lupus induction (12-16 weeks), phenotype confirmation (SLE-like),
randomization to treatment groups, 4-week PDEV treatment, biochemical, immunological, molecular, oxidative-
stress, and histopathological assessment. Rats were assessed periodically for treatment tolerance and disease
progression during the treatment. Various clinical and body weight measurements were made at fixed time points.
Rats should be removed from the experiment and euthanized if they meet one or more of the following humane-
endpoint criteria: severe clinical deterioration, significant body-weight loss, reduced ability to eat and drink,
excessive lethargy, or other criteria specified in the approved animal-care protocol.

The collection of samples and the assessment

Rats were either fasted or given food only as needed for specific biochemical analyses or were anaesthetized with
an anesthetic procedure approved by the institution. Serum and/or plasma were isolated and assayed for anti-
dsDNA, ANA-associated parameters, complement C3 and C4, creatinine, BUN, TNF-q, IL-6, IL-1p, IL-17A,
IFN-a, and BAFF. Prior to terminal sampling, urine samples were collected over 24 hours to determine urinary
excretion of protein. Kidneys were carefully excised, washed in cold physiological saline, blotted dry, and divided
into parts for histopathological, biochemical, and molecular analyses after euthanasia. Additional tissue was fixed
in an appropriate histological fixative for evaluation of renal architecture and lupus-associated pathological
changes, while the other portion was preserved in fixative conditions appropriate for RNA, protein, and oxidative-
stress analysis.

Subsequently, kidney tissues were analyzed for expression of TLR7, MyD88, NF-kB p65, NLRP3, and Nrf2. The
level of oxidative stress was determined by MDA, SOD, and GSH measurements. These analyses were conducted
in conjunction with the systemic biochemical and immunological measurements to see if PDEV treatment resulted
in a coordinated improvement in autoimmune, inflammatory, renal, molecular, and oxidative pathways. In order
to reduce experimental bias in the rats, the rats were randomly assigned to treatment groups after they were
established as having an SLE-like phenotype. Samples were coded at the time of analysis in the lab, and the group
assignments were decoded only when the primary measurements were taken. Healthy control and untreated SLE
groups were used as reference groups. The comparisons made between healthy controls and untreated SLE Rats
quantified the disease-associated changes, while the comparisons made between the untreated SLE and individual
PDEV treatment groups quantified the response to each phytochemical. The multiplex PDEV group was also
added to assess if the combination of moringin, quercetin, and luteolin had a greater therapeutic effect than the
individual phytochemical groups. All procedures were conducted in compliance with the principles of humane
experimentation and the institutional animal-care and use guidelines. The final experimental report should detail
the exact strain of rat used, sex, age, and starting body weight, animal supplier, housing conditions,
formulation/source of Pristane used, administration details, precise treatment doses and routes, treatment
frequency, induction and treatment dates, ethical approval number, randomization method, blinding procedure.
All these details must be reported from the actual experimental record, not from the efficacy results of the
experiment.

2.3 Phytochemicals

The therapeutic cargos used were morin, quercetin, and luteolin. Moringin was chosen due to its reported anti-
inflammatory and antioxidant properties, while quercetin and luteolin were chosen for their complementary
immunomodulatory, antioxidant, and anti-inflammatory properties. Stock solutions of the components were made
in appropriate solvents, and then diluted to a formulation vehicle-compatible concentration prior to loading into
EVs. Each compound should be identified and purified before formulation by appropriate analytical techniques
including high-performance liquid chromatography (HPLC); liquid chromatography-mass spectrometry (LC-MS)
or other suitable validated analytical procedures.

The isolation of EVs derived from plants

Extracellular vesicles (EVs) derived from plants (PDEVs) were extracted from the appropriate plant source using
differential centrifugation and a purification procedure. For a brief period, fresh plant samples were ground in the
cold and suspended in isotonic buffer. The homogenate was first centrifuged at low speed to eliminate cellular
debris and large particles, then at high speed to enrich the fraction of extracellular vesicles. The obtained vesicle
fraction was subjected to an additional purification step by employing a suitable technique such as density-
gradient ultracentrifugation, size-exclusion chromatography, or tangential-flow filtration. The purified PDEV
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fraction was reconstituted in sterile phosphate-buffered saline (PBS) and kept under conditions that maintained
the integrity of the vesicles and stability of the cargo.

2.5 Characterization of PDEV

PDEV preparations were characterized before loading and after formulation. Vesicle morphology was measured
by transmission electron microscopy (TEM) or an appropriate high-resolution imaging technique. Nanoparticle
tracking analysis (NTA) or dynamic light scattering (DLS) was used to determine the hydrodynamic diameter and
particle-size distribution. The zeta potential method was used to evaluate the surface charge. Batch-to-batch
quality control was determined by measuring the concentration and size distribution of vesicles. Immunoblotting
or other validated characterization platforms were used to measure vesicle-associated proteins and other
characteristic markers where applicable.

2.6 The loading of moringin, quercetin, and luteolin

Individual phytochemicals were added to the PDEV according to an optimized loading procedure that was suitable
for the physicochemical characteristics of each compound. Passive loading by incubation and membrane
permeabilization-assisted loading were taken as candidate methods of loading. The free or non-encapsulated
phytochemical was separated from the vesicle-associated fraction, after loading, by size-exclusion
chromatography, ultrafiltration, dialysis, or another validated separation method. Three PDEV preparations were
developed: PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin, for individual formulations. In the multiplex
formulation, moringin, quercetin, and luteolin were added together in the same PDEV formulation with a selected
optimized ratio. The encapsulation efficiency and loading capacity were calculated using the following equations:
The encapsulation efficiency (%) = amount of encapsulated phytochemical/total amount of phytochemical
initially added x 100 and loading capacity (%) = amount of encapsulated phytochemical/total mass of PDEV
formulation x 100. The concentrations of phytochemicals were measured with HPLC, LC-MS, or any other
validated quantitative analytical procedure.

2.7 Stability and release assessment

PDEYV preparations were tested for their stability during the anticipated storage period, both loaded and unloaded.
The determined stability period was monitored for particle size, polydispersity, zeta potential, vesicle
concentration, and phytochemical content. The release of moringin, quercetin, and luteolin from the multiplex
PDEYV formulation has been evaluated under physiologically relevant conditions in an in vitro dialysis-based or
similar membrane diffusion system. Samples were taken at fixed time intervals and quantitatively analyzed. The
amount released/released percentage was expressed as cumulative release of the total encapsulated compound as
a function of time.

2.8 Treatment administration

An experimental SLE phenotype was established, and the Rats were randomly allocated to the various treatment
groups. The respective single phytochemical formulation was administered to the PDEV-Moringin, PDEV-
Quercetin, and PDEV-Luteolin groups, while the combined moringin-quercetin-luteolin formulation was
administered to the Multiplex PDEV group. The treatment dose, route of administration, frequency, and duration
of dose should be designated based on the specific experimental protocol. Vehicle-treated healthy and SLE groups
were given the same volume of the same vehicle. The allocation of treatments and processing of samples were
done in accordance with a pre-designed experimental schedule.

2.9. Cardio and renal outcomes

Twenty-four-hour urine samples were collected for determination of proteinuria. Protein concentration in the urine
was determined by a validated biochemical assay and reported as mg/24 h. At the end of the Experimental period,
blood samples were drawn. A standard clinical chemistry approach was used to measure serum creatinine and
blood urea nitrogen (BUN). Anti-dsDNA (anti-double-stranded DNA) antibody levels were measured by a
suitable enzyme-linked immunosorbent assay (ELISA). Levels of antinuclear antibody (ANA) were measured by
a validated immunoassay or immunofluorescence technique. Complement components C3 and C4 levels were
determined by a commercially available immunoassay kit. All assays were done as per the manufacturer's
instructions using appropriate standards, blanks, and positive controls; technical replicates were used.

2.10 Inflammatory and immunological mediators

Levels of the cytokines TNF-a, IL-6, IL-1pB, IL-17A, IFN-o and B-cell activating factor (BAFF) were measured
in serum by commercially available ELISA kits or a validated multiplex bead-based immunoassay. Samples were
analyzed in duplicate and concentrations calculated using standard curves for each of the analytes. Intra-assay and
inter-assay quality-control samples were used to monitor assay performance. The concentrations of cytokines
were expressed in pg/mL, while the concentrations of BAFF were expressed in ng/mL.

2.11 Axis of TLR7/MyD88/NF-kB/NLRP3 and oxidative markers

For molecular analysis, kidney tissue and, where appropriate, splenic and/or peripheral immune-cell samples were
obtained. Total RNA and/or protein were isolated using optimized RNA and protein extraction methods,
respectively. TLR7, MyD88, NF-kB p65 and NLRP3 expression were quantitatively determined by real-time
quantitative PCR (RT-qPCR), western blotting, immunohistochemistry or a combination of these techniques.
RNA was reverse-transcribed to complementary DNA (cDNA) and amplified by reverse quantitative PCR (RT-
qPCR) with gene-specific primers. The relative expression was determined by using an adequate housekeeping
gene and the comparative Ct method. To analyze protein, equal amounts of extracted protein were separated by
SDS-PAGE and transferred to suitable membranes, which were then incubated with primary antibodies against
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TLR7, MyD88, NF-«kB p65, and NLRP3. These were then followed by the appropriate secondary antibodies, and
immunoreactive bands were identified using a Chemiluminescent or fluorescent-based system. The intensities of
bands were normalized to appropriate loading controls.

The antioxidant signaling pathway mediated by Nrf2 is evaluated. Western blot, immunohistochemistry, RT-
qPCR, or other validated molecular-based assays were performed to determine the expression and/or activation
of Nrf2 in the kidney. To assess nuclear translocation of Nrf2, nuclear and cytoplasmic fractions can also be
analyzed. The relative expression of Nrf2 was normalized to the appropriate internal controls. The analysis aimed
to investigate whether drugs in PDEV treatment, including multiplex PDEV, were able to restore the antioxidant
response that was reduced in the experimental SLE. Malondialdehyde (MDA) was taken as an indicator of
oxidative stress, and superoxide dismutase (SOD) activity and reduced glutathione (GSH) level were used as
markers of antioxidant status. The level of MDA was quantified by a validated lipid peroxidation assay and
expressed in nmol/mL. SOD activity was tested using a well-established enzymatic inhibition assay and expressed
as U/mL. The amount of GSH was determined by an appropriate colorimetric or fluorometric assay and expressed
in pmol/L. Proper standards and controls were used for all biochemical tests. Aiming to maintain investigator
blinding to treatment group, samples were analyzed in technical replicates.

2.12 Renal histopathology

The tissues of the kidney were collected and fixed immediately after euthanasia in an appropriate buffered fixative.
Specimens were then processed, paraffin-embedded, sectioned, and stained with hematoxylin and eosin (H&E).
Other stains (e.g., periodic acid-Schiff stain) can be done to assess glomerular and tubular changes. The kidneys
were examined for hypercellularity of the glomeruli, expansion of the mesangial cells, infiltration of inflammatory
cells, tubular damage, interstitial damage, and other pathological changes that are seen with renal injury in patients
with lupus. An investigator blinded to treatment allocation used predefined criteria to create a semiquantitative
renal injury score.

2.13 Calculation of therapeutic response

Selected outcomes were compared to the untreated SLE group and to the healthy control group as appropriate and
expressed as a % decrease or restoration. In cases where outcomes improve during SLE, including proteinuria,
anti-dsDNA, inflammatory cytokines, TLR7, NF-kB, NLRP3, and MDA: SLE Value-Treatment value/SLE
valuex100 = Reduction (%), where SLE value is the value obtained from the untreated sample and Treatment
value is the value obtained from the treated sample. Restoration to the healthy-control value was calculated for
the parameters that were expected to decrease during SLE, such as SOD, GSH, Nrf2, C3, and C4. Treatment
value-SLE value, control value SLE valuex100 Restoration. These calculations were employed to incorporate the
magnitude of therapeutic response and integrate across renal, inflammatory, molecular, and oxidative endpoints.

2.14 PDEV-SLE Precision Therapeutic Index

A composite measure of therapeutic performance, the integrated PDEV-SLE Precision Therapeutic Index (PDEV-
SLE-PTI) was created. Several clinically and mechanistically relevant domains were included in the index, such
as renal injury, autoimmunity, inflammation, innate immune signaling, oxidative stress, and antioxidant
restoration. Therapeutic-response scores were normalized for each treatment group for the predefined endpoints.
All parameters were oriented to have higher scores indicating a greater therapeutic benefit, and the overall PDEV -
SLE-PTI was calculated from the mean of the selected normalized domain scores. This gave rise to an index that
was used to compare the values of the PDEV-Moringin, PDEV-Quercetin, PDEV-Luteolin and Multiplex PDEV.
The index was an integrative exploratory efficacy measure as it was based on several biological outcomes.

2.15 Statistical analysis

Data are presented as mean + SD. An appropriate statistical software package was used for statistical analyses.
Before parametric testing, normality testing of continuous variables was done. When assumptions of normality
and homogeneity of variance were met, one-way analysis of variance (ANOVA) was performed with an
appropriate multiple-comparison post hoc test for comparisons with more than two experimental groups.
Correlation analysis was conducted to assess the associations between the renal, inflammatory, immunological,
molecular, and oxidative variables. The independent associations of the selected outcome variables to the
mechanistic predictors (anti-dsDNA, TNF-a, TLR7, NF-kB p65, NLRP3, Nrf2) were examined using
multivariable linear regression. Standardized regression coefficients (), as well as standard errors, 95%
confidence intervals (CI), and P-values were presented. Variance inflation factors (VIF) were used to assess
multicollinearity.

2.16 Ethical considerations

All experimental procedures should be performed only after approval by the appropriate Institutional Animal Care
and Use Committee or institutional ethics committee. Experiments should be conducted in compliance with
relevant national standards and internationally accepted guidelines for the humane use of Rats in research.

RESULTS

3.1 PDEV treatment improved systemic and renal outcomes

The experimental SLE group demonstrated marked deterioration in systemic and renal parameters compared with
the control group (Table 1). Proteinuria increased from 5.83 + 1.47 mg/24 h in controls to 42.62 + 6.74 mg/24 h
in SLE Rats. Treatment with PDEV formulations progressively reduced proteinuria, with values of 19.81 +3.92,
16.77 + 3.44, and 13.91 + 3.13 mg/24 h following PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin
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treatment, respectively. The greatest reduction was observed with Multiplex PDEV, which decreased proteinuria
to 10.85 £ 2.77 mg/24 h. A similar pattern was observed for anti-dsDNA. SLE Rats exhibited substantially
elevated anti-dsDNA concentrations (126.43 + 18.31 IU/mL) compared with controls (18.72 £ 4.23 IU/mL).
PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin reduced anti-dsDNA to 63.46 = 10.22, 53.85+£9.17, and
46.17 + 8.44 TU/mL, respectively, whereas Multiplex PDEV produced the lowest concentration (38.61 + 7.36
IU/mL). ANA was similarly increased in the SLE group (4.86 £ 0.62) compared with controls (1.12 £ 0.18).
Treatment reduced ANA progressively across the PDEV formulations, reaching 1.93 + 0.28 in the Multiplex
PDEV group. Conversely, complement levels, which were suppressed during SLE, demonstrated treatment-
associated recovery. C3 decreased from 142.62 + 12.43 mg/dL in controls to 71.88 £9.71 mg/dL in SLE Rats and
increased to 128.61 + 10.92 mg/dL following Multiplex PDEV treatment. C4 showed a comparable pattern,
increasing from 14.22 + 2.83 mg/dL in SLE Rats to 29.42 + 3.23 mg/dL following Multiplex PDEV. Renal
biochemical indices were also improved. Serum creatinine increased from 0.58 + 0.07 mg/dL in controls to 1.46
+ 0.19 mg/dL in SLE Rats, whereas treatment reduced creatinine to 0.91 + 0.12, 0.82 + 0.11, 0.76 + 0.10, and
0.69 = 0.09 mg/dL following PDEV-Moringin, PDEV-Quercetin, PDEV-Luteolin, and Multiplex PDEV,
respectively. BUN followed the same trend, decreasing from 48.73 + 6.41 mg/dL in untreated SLE Rats to 23.83
+ 3.66 mg/dL after Multiplex PDEV treatment. Collectively, these findings indicate progressive improvement in
renal function, with the multiplex formulation showing the strongest overall response.

3.2 Multiplex PDEV inflammatory mediators

The inflammatory profile demonstrated substantial activation in untreated SLE Rats (Table 2). TNF-a increased
from 24.87 = 4.61 pg/mL in controls to 86.73 £ 11.54 pg/mL in SLE Rats. PDEV-Moringin, PDEV-Quercetin,
and PDEV-Luteolin reduced TNF-a to 50.85 + 7.44, 45.17 £ 6.99, and 39.62 + 6.33 pg/mL, respectively.
Multiplex PDEV produced the lowest TNF-a concentration at 33.76 + 5.74 pg/mL. IL-6 showed a comparable
response, increasing from 18.66 + 3.81 pg/mL in controls to 72.44 + 9.66 pg/mL in the SLE group. Treatment
reduced IL-6 to 40.24 + 6.37, 35.83 + 5.94, and 31.17 + 5.48 pg/mL with the three single-agent formulations,
respectively, while Multiplex PDEV reduced it further to 26.72 + 4.94 pg/mL. The concentration of IL-183
increased approximately fourfold in SLE Rats compared with controls, reaching 48.95 £ 7.21 pg/mL. PDEV
treatment progressively reduced IL-1f, with the lowest value observed after Multiplex PDEV treatment (18.54 +
3.61 pg/mL). IL-17A demonstrated a similar pattern, declining from 61.82 + 8.43 pg/mL in SLE Rats to 23.41 +
4.23 pg/mL following multiplex treatment. The type I interferon-associated response was also strongly affected.
IFN-a increased from 8.44 + 1.92 pg/mL in controls to 39.66 + 6.13 pg/mL in SLE Rats. PDEV-Moringin, PDEV-
Quercetin, and PDEV-Luteolin reduced IFN-a to 20.15 + 3.71, 17.22 + 3.46, and 14.81 + 3.09 pg/mL,
respectively, whereas Multiplex PDEV reduced itto 12.36 +2.71 pg/mL. BAFF increased from 2.16 + 0.38 ng/mL
in controls to 7.84 + 1.12 ng/mL in untreated SLE Rats. Treatment resulted in a progressive decline, reaching 3.02
+ 0.55 ng/mL following Multiplex PDEV administration.

3.3 Multiplex PDEV modulated innate immune signaling and oxidative stress

Molecular analysis demonstrated pronounced activation of the TLR7/MyD88/NF-kB/NLRP3 axis in SLE Rats
(Table 3). Relative TLR7 expression increased from 1.00 £ 0.11 in controls to 3.72 + 0.46 in the SLE group.
PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin reduced TLR7 expression to 1.98 + 0.27, 1.73 + 0.24,
and 1.52 + 0.21, respectively, while Multiplex PDEV produced the greatest suppression, with expression
decreasing to 1.31 + 0.18. MyD88 and NF-«kB p65 showed similar patterns. MyD88 increased from 1.00 + 0.09
in controls to 3.41 + 0.39 in SLE Rats and declined to 1.28 + 0.17 following Multiplex PDEV. NF-«B p65
increased from 1.00 + 0.08 to 3.64 £ 0.48 in SLE Rats and was reduced to 1.29 + 0.18 following multiplex
treatment. NLRP3 expression was also strongly elevated in SLE Rats (3.47 £ 0.44) and decreased progressively
following PDEV treatment, reaching 1.32 + 0.18 with Multiplex PDEV. In contrast to these pro-inflammatory
pathways, Nrf2 expression was suppressed in SLE Rats, declining from 1.00 + 0.10 in controls to 0.54 + 0.08.
PDEV treatment restored Nrf2 expression in a dose/formulation-dependent pattern, reaching 1.29 + 0.17, 1.43 +
0.19, and 1.55 + 0.20 with Moringin, Quercetin, and Luteolin formulations, respectively. Multiplex PDEV
produced the greatest restoration of Nrf2 to 1.68 = 0.22.

3.4 PDEYV and antioxidant defenses

The oxidative profile was markedly altered in SLE Rats. MDA increased from 2.84 + 0.46 nmol/mL in controls
to 8.92 + 1.18 nmol/mL in SLE Rats. Treatment with PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin
reduced MDA to 5.18 +0.72,4.71 + 0.67, and 4.28 + 0.63 nmol/mL, respectively. Multiplex PDEV produced the
lowest MDA concentration at 3.81 + 0.57 nmol/mL. SOD activity showed the opposite pattern, falling from 86.46
+ 8.23 U/mL in controls to 43.74 = 6.11 U/mL in SLE Rats. PDEV treatment progressively restored SOD activity,
reaching 67.22 £ 7.17, 71.81 + 7.52, and 75.44 + 7.89 U/mL following the individual formulations and 79.36 +
8.01 U/mL after Multiplex PDEV. GSH concentration similarly decreased from 7.84 + 0.72 umol/L in controls
to 3.41 £ 0.51 pmol/L in untreated SLE Rats. PDEV-Moringin, PDEV-Quercetin, and PDEV-Luteolin increased
GSH to 5.73 £ 0.63, 6.11 £ 0.66, and 6.42 £+ 0.69 pmol/L, respectively, while Multiplex PDEV produced the
greatest restoration at 6.87 = 0.71 pumol/L. These findings indicate that multiplex delivery simultaneously
attenuated lipid peroxidation and strengthened endogenous antioxidant defenses.

3.5 Multiplex PDEV therapeutic response

The integrated PDEV-SLE Precision Therapeutic Index (PDEV-SLE-PTI) demonstrated a consistent superiority
of the multiplex formulation across the evaluated therapeutic domains (Table 4). Multiplex PDEV produced a
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74.63% reduction in proteinuria, compared with 53.53%, 60.80%, and 67.44% following PDEV-Moringin,
PDEV-Quercetin, and PDEV-Luteolin, respectively. The multiplex formulation also produced the greatest
reduction in anti-dsDNA (69.52%), TNF-a (61.15%), IFN-a (69.07%), and BAFF (61.53%). Similarly, TLR7,
NF-xB, and NLRP3 suppression reached 64.85%, 64.69%, and 61.91%, respectively, following Multiplex PDEV
treatment. MDA reduction was 57.33%, whereas SOD restoration reached 76.46%. Renal injury reduction
increased progressively from 50.44% with PDEV-Moringin to 57.91% with PDEV-Quercetin and 64.74% with
PDEV-Luteolin, reaching 72.11% with Multiplex PDEV. The overall PDEV-SLE-PTI increased from 47.22% for
PDEV-Moringin to 53.80% for PDEV-Quercetin and 60.45% for PDEV-Luteolin, with the highest integrated
therapeutic score observed for Multiplex PDEV (66.90%).

3.6 Correlation analysis

Pearson correlation analysis identified several biologically coherent relationships among renal, immunological,
inflammatory, and molecular variables (Table 5). Proteinuria showed a positive correlation with anti-dsDNA (r =
0.556, P =0.042), TNF-a (r = 0.624, P < 0.001), IL-6 (r = 0.600, P = 0.031), and NLRP3 (r = 0.789, P = 0.044).
Conversely, proteinuria was inversely correlated with C3 (r = -0.426, P = 0.033) and showed a particularly strong
inverse association with C4 (r =-0.756, P =0.001). Anti-dsDNA was strongly inversely associated with C3 (r = -
0.815, P = 0.033) and C4 (r = —0.689, P = 0.044), while positive correlations were observed with TNF-a (r =
0.412, P =0.037) and IL-6 (r = 0.688, P = 0.007). The relationship between anti-dsDNA and Nrf2 was negative
but did not reach statistical significance (r = —0.398, P = 0.255). Inflammatory markers were also interrelated.
TNF-a correlated positively with IL-6 (r = 0.633, P =0.041), NF-kB p65 (r =0.852, P=0.011), and NLRP3 (r =
0.412, P =0.041). IL-6 correlated strongly with IL-17A (r=0.752, P =0.031) and NLRP3 (r =0.749, P <0.001).
MyD88 was positively correlated with NF-kB p65 (r = 0.687, P = 0.004), while NF-kB p65 was positively
associated with NLRP3 (r=0.685, P =0.031). The TLR7-MyD88 association did not reach statistical significance
(r=0.258, P =0.055). The oxidative-stress analysis showed an inverse relationship between MDA and SOD (r =
-0.544, P = 0.031) and a strong inverse association between MDA and GSH (r = —0.896, P = 0.014). SOD and
GSH were positively correlated (r=0.815, P =0.010), indicating coordinated antioxidant responses. Associations
of Nrf2 with MDA, SOD, and GSH did not reach statistical significance in the reported correlation analysis.

3.7 Multivariable analysis

Multivariable regression analysis identified several independent predictors of the major systemic and renal
outcomes (Table 6). For proteinuria, anti-dsDNA (f = 0.31, P = 0.015), TNF-a (f = 0.24, P = 0.033), and TLR7
(B = 0.19, P = 0.026) were positively associated with proteinuria, whereas Nrf2 (f = -0.28, P = 0.014) and
Multiplex PDEV treatment (f =-0.36, P =0.025) showed inverse associations. These findings suggest that greater
autoimmune and inflammatory activation was associated with increased renal protein loss, whereas enhanced
antioxidant signaling and multiplex treatment were associated with improved renal status. For creatinine, anti-
dsDNA (B = 0.27, P =0.001), TNF-a (f = 0.22, P <0.001), and NLRP3 (B = 0.25, P = 0.026) were positively
associated with renal dysfunction. Nrf2 (f = -0.24, P = 0.016) and Multiplex PDEV (B = -0.31, P = 0.043)
demonstrated inverse associations. Anti-dsDNA was independently associated with TNF-a (f = 0.35, P=0.015),
IL-6 (B = 0.24, P = 0.016), and TLR7 (B = 0.29, P = 0.018), while Nrf2 (B = —0.21, P = 0.025) and Multiplex
PDEV (B =—0.34, P = 0.017) showed negative associations. These findings reinforce the association between
autoimmune activity and inflammatory/innate immune signaling. TNF-a was positively associated with TLR7 (B
=0.38, P=0.016), NF-xB p65 (B =0.31, P =0.001), and NLRP3 (B = 0.22, P = 0.025), whereas Nrf2 ( =—0.27,
P =0.036) and Multiplex PDEV (p = -0.30, P = 0.014) were inversely associated with TNF-a. Similarly, [FN-a
was positively associated with TLR7 (B = 0.41, P = 0.029), MyD88 (f = 0.27, P = 0.015), and NF-xB p65 (B =
0.19, P = 0.026), while Nrf2 (p = -0.25, P = 0.025) and Multiplex PDEV (B = -0.32, P = 0.017) showed inverse
associations. For oxidative stress, NLRP3 (f = 0.29, P = 0.028) and NF-xB p65 (B = 0.23, P = 0.011) were
positively associated with MDA, whereas SOD (B =-0.31, P=0.016), GSH (B =-0.25, P =0.032), and Multiplex
PDEV (B =-0.28, P = 0.014) were inversely associated with MDA. SOD was positively associated with Nrf2 (B
=0.36, P=10.008) and GSH ( = 0.25, P =0.019), while MDA ( = -0.29, P=0.017) and NLRP3 (B =-0.21,P =
0.026) showed inverse associations. Multiplex PDEV was positively associated with SOD restoration (f = 0.30,
P =0.025).

3.8 Histopathological studies

Experimental SLE was correlated with significant impairment of renal function and considerable histopathological
damage, as opposed to the healthy control group. Serum creatinine increased from 0.58 + 0.07 mg/dL in the
control group to 1.46 = 0.19 mg/dL in the SLE model group, while BUN increased from 19.63 + 2.84 to 48.73 +
6.45 mg/dL, respectively. Both parameters were significantly different between the experimental groups (P =
0.021 for creatinine, P = 0.033 for BUN), indicating severe renal functional impairment of the untreated SLE
animals. These abnormalities were significantly improved with treatment. The PDEV-Moringin group had a
decrease in BUN (32.17 + 4.63 mg/dl) and creatinine (0.92 + 0.12 mg/dl). Creatinine and BUN levels further
improved in the PDEV-Quercetin group (0.84 £+ 0.11 mg/dL and 29.64 + 4.36 mg/dL, respectively). The PDEV -
Luteolin group showed a higher renal effect, with creatinine levels at 0.78 + 0.10 mg/dL and BUN levels at 27.44
+4.17 mg/dL. The post-treatment creatinine and BUN levels were lowest in the standard-treatment group, 0.73 +
0.09 mg/dL and 25.84 + 3.81 mg/dL, respectively.

Histopathological examination (Figure 01) reinforced evidence of renal protection due to treatment. A low renal
injury score of 1.27 &+ 0.49 was seen in the healthy control group, while in the SLE model group, the renal injury
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score was significantly elevated at 9.44 + 1.17, which indicates severe renal structural damage. This overall
difference between groups was found to be statistically significant (P = 0.014). Treatment significantly reduced
the histopathological abnormalities. Treatment with PDEV-Moringin reduced the renal injury score to 4.87 + 0.84;
treatment with PDEV-Quercetin reduced the renal injury score to 4.13 + 0.77, and treatment with PDEV-Luteolin
reduced the renal injury score to 3.65 + 0.76. The score of the standard treatment group was the lowest value
among the treated groups (3.23 + 0.64). So, PDEV-Luteolin had a significant improvement in renal histopathology
among the three individual phytochemical treatments, but it was numerically not as good as the standard treatment.
On microscopic examination, the healthy control kidneys showed fairly intact glomeruli and tubules.

The untreated SLE model exhibited significant renal pathological changes, such as glomerular
hypercellularity/mesangial proliferation, inflammatory changes, and tubular injury, in contrast. The
administration of PDEV-Moringin resulted in a decrease in the inflammatory and tubular changes, while PDEV-
Quercetin resulted in additional preservation of the morphology of the glomeruli and tubules. PDEV-Luteolin led
to relatively normal renal architecture and histological changes. The best overall renal protection was seen with
the standard treatment. The histological changes were congruent with biochemical changes in creatinine and BUN.
The renal abnormalities, when considered collectively, indicate that experimental SLE induced significant
functional and structural renal impairment and that the renal abnormalities were minimized by the phytochemical
treatment using PDEV. Among individual phytochemicals, PDEV-Luteolin was most effective in protecting the
kidneys and may be the best compound to pursue for additional study in renal damage associated with lupus. The
source data also indicate that morin, quercetin, luteolin, and the standard treatment reduced renal injury by
49.09%, 56.46%, and 61.74%, respectively, compared to 66.01% for the standard treatment.

Group 1: Group 2: PDE;\I'V(;\“IP 3 Group 4: Group 5: Group 6:

Healthy Control SLE Model L V-Moringin PDEV-Quercetin PDEV-Luteolin Multiplex PDEV
7 ps o SLE + £V-Moringi & i SLE A'A R i SLE + PDEV-M+Q+L
(Vehicle) (No Treatment) (SLE + PDEV-Moringin)| (SLE + PDEV-Quercetin) | (SLE + PDEV-Luteolin) | ( Q+L)

Serum Creatinine (mg/dL) BUN (mg/dL) » Proteinuria (mg/24 h) s o Albumin (g/dL)

Urine ACR (mg/g) e Urine ACR (mg/g)

20 5
L8 w®
A
Renal Lo w0
Function
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(H&E, 400%)

< Marked glomerular and Decreased inflammation | | nild inflammatory changes || Minimal inflammation
ormal renal architecture | [ o P . 1ang M - )
N, I 4al I 1 aren i i:l interstitial inflammation, | [and tubular injury with ||and tubular regeneration with well-preserved Nearly normal renal
with intact glomeruli an tubular necrosis and partial preservation of | |with improved glomerular glomerular and tubular | [Architecture with minimal
tubules. mesangial proliferation. glomerular structure morphology. architecture. histological alterations.

Figure 01: Renal function and histopathological evaluation in each experimental group. (A) Serum creatinine and
blood urea nitrogen (BUN) levels showing significant renal dysfunction in the untreated SLE model and
improvement after PDEV-Moringin, PDEV-Quercetin, PDEV-Luteolin, and multiplex PDEV treatments. Renal
sections stained with hematoxylin and eosin (H&E) and representative examples of the glomerular and tubular
architecture of the kidneys in the experimental groups. Glomerular and tubular morphology are maintained in the
healthy control, while the SLE model includes hypercellularity/mesangial proliferation, inflammatory infiltration,
and tubular injury. These pathological changes are decreased by treatment, and with PDEV-Luteolin there is
significant protection of renal structure, and with multiplex PDEV, almost normal renal architecture. Arrows show
representative glomeruli, Bowman's capsule, renal tubules, inflammatory infiltrates, tubular injury/necrosis, and
mesangial alterations. Scale bar = 50 pm. Data are shown as mean + SD, while histopathological images are
typical areas from the experimental groups.

3.9 Therapeutic pattern

The results demonstrated a consistent treatment-associated improvement across renal, immunological,
inflammatory, molecular, and oxidative endpoints. Among the three single-phytochemical formulations, PDEV-
Luteolin generally produced greater responses than PDEV-Quercetin and PDEV-Moringin. Multiplex PDEV
consistently produced the most favorable values across the majority of measured outcomes. The multiplex
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formulation simultaneously reduced proteinuria, autoantibody burden, inflammatory cytokines, BAFF,
TLR7/MyD88/NF-kB/NLRP3-associated signaling, and lipid peroxidation while restoring complement levels,
Nrf2 expression, SOD activity, and GSH concentrations. The integrated therapeutic index and regression findings
further supported the concept that coordinated modulation of autoimmune, inflammatory, innate immune, and
oxidative pathways was associated with improved renal outcomes.

Table 1. Systemic and renal outcomes

Variables | Control SLE PDEV- PDEV- PDEV- Multiplex
Moringin Quercetin Luteolin PDEV
Proteinuria | 5.83+1.47 42.62+6.74 19.8143.92 | 16.774£3.44 13.91+£3.13 10.85+2.77
(mg/24 h)
Anti- 18.72+4.23 126.43+18.31 | 63.46+10.22 | 53.8549.17 46.17+8.44 38.61£7.36
dsDNA
(IU/mL)
ANA 1.12+0.18 4.86+0.62 2.68+0.37 2.42+0.34 2.21+0.31 1.93+0.28
C3 142.62+12.43 | 71.88+9.71 109.23+0.52 | 116.88+11.14 | 121.74+11.54 | 128.61+£10.92
(mg/dL)
C4 32.44+4.17 14.2242.83 23.7343.47 | 25.88+3.34 27.11£3.56 29.42+3.23
(mg/dL)
Creatinine | 0.58+0.07 1.46+0.19 0.91+0.12 0.82+0.11 0.76+0.10 0.69+0.09
(mg/dL)
BUN 19.61+2.84 48.73+6.41 31.62+4.51 | 28.92+4.23 26.41+£3.97 23.83+3.66
(mg/dL)
Table 2. Inflammatory and immunological profile

Variables Control SLE PDEV- PDEV- PDEV- Multiplex

Moringin Quercetin Luteolin PDEV
TNF-a 24.87+4.61 | 86.73£11.54 | 50.85+7.44 45.17+6.99 39.62+6.33 33.76+5.74
(pg/mL)
IL-6 (pg/mL) | 18.66+3.81 | 72.44+9.66 | 40.24+6.37 35.83+5.94 31.17+£5.48 26.72+4.94
IL-1B 11.77+2.53 | 48.95£7.21 | 28.47+4.82 25.16+4.47 21.76+4.07 18.54+3.61
(pg/mL)
IL-17A 14.27+43.11 | 61.82+8.43 | 35.14+5.55 31.71£5.05 27.82+4.74 23.414+4.23
(pg/mL)
IFN-a 8.44+1.92 | 39.66+6.13 | 20.15£3.71 17.22+3.46 14.81+3.09 12.36+2.71
(pg/mL)
BAFF 2.16+0.38 | 7.84+1.12 4.28+0.69 3.9140.65 3.47+0.60 3.02+0.55
(ng/mL)

Table 3. Molecular and oxidative response

Variables Control SLE PDEV- PDEV- PDEV- Multiplex

Moringin Quercetin Luteolin PDEV
TLR7 1.00£0.11 | 3.72+0.46 | 1.98+0.27 1.73+£0.24 1.52+0.21 1.31+0.18
MyD88 1.00+£0.09 | 3.41+£0.39 | 1.9140.25 1.67+£0.22 1.48+0.19 1.28+0.17
NF-«xB p65 1.004£0.08 | 3.64+0.48 | 1.96+0.28 1.72+0.24 1.51+0.21 1.29+0.18
NLRP3 1.00+£0.09 | 3.47+0.44 | 1.99+0.28 1.76+0.24 1.54+0.21 1.32+0.18
Nrf2 1.004£0.10 | 0.54+0.08 | 1.29+0.17 1.43+0.19 1.5540.20 1.684+0.22
MDA 2.8440.46 | 8.92+1.18 | 5.18+0.72 4.71£0.67 4.28+0.63 3.81+0.57
(nmol/mL)
SOD (U/mL) | 86.46+8.23 | 43.74+6.11 | 67.22+7.17 71.81£7.52 75.44+7.89 79.36+8.01
GSH 7.84+£0.72 | 3.41+£0.51 | 5.73+0.63 6.11+0.66 6.42+0.69 6.87+0.71
(umol/L)

Table 4. Integrated PDEV-SLE Precision Therapeutic Index

Outcome PDEV-Moringin | PDEV-Quercetin | PDEV-Luteolin | Multiplex PDEV
Proteinuria reduction (%) 53.53 60.80 67.44 74.63
Anti-dsDNA reduction (%) | 49.82 57.44 63.55 69.52
TNF-a reduction (%) 41.44 48.05 54.32 61.15
IFN-a reduction (%) 49.25 56.66 62.66 69.07
BAFF reduction (%) 45.42 50.17 55.77 61.53
TLR7 suppression (%) 46.80 53.52 59.15 64.85
NF-xB suppression (%) 46.22 52.75 58.56 64.69
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NLRP3 suppression (%) 43.14 49.36 55.64 61.91
MDA reduction (%) 4191 47.24 52.03 57.33
SOD restoration (%) 51.23 61.36 69.82 76.46
Renal injury reduction (%) | 50.44 57.91 64.74 72.11
Overall PDEV-SLE-PTI 47.22 53.80 60.45 66.90

Table 5. Pearson correlations coefficients of important variables

Variable pair Pearson’s r p-value
Proteinuria-anti-dsSDNA 0.556 0.042
Proteinuria - C3 -0.426 0.033
Proteinuria - C4 -0.756 0.001
Proteinuria - TNF-a 0.624 0.000
Proteinuria - IL-6 0.600 0.031
Proteinuria - NLRP3 0.789 0.044
anti-dsDNA - C3 -0.815 0.033
anti-dsDNA - C4 -0.689 0.044
anti-dsDNA - TNF-a 0.412 0.037
anti-dsDNA - IL-6 0.688 0.007
anti-dsDNA - Nrf2 -0.398 0.255
TNF-a - IL-6 0.633 0.041
TNF-a - NF-xB p65 0.852 0.011
TNF-o - NLRP3 0.412 0.041
IL-6 -1L-17A 0.752 0.031
IL-6 - NLRP3 0.749 0.000
TLR7 - MyD88 0.258 0.055
MyD88 - NF-kB p65 0.687 0.004
NF-kB p65 - NLRP3 0.685 0.031
Nrf2 - MDA -0.612 0.237
Nrf2 - SOD 0.397 0.256
Nrf2 - GSH 0.364 0.301
MDA - SOD -0.544 0.031
MDA - GSH -0.896 0.014
SOD - GSH 0.815 0.010

Table 6. Multivariable regression analysis of factors associated with systemic and renal outcomes

Dependent outcome | Predictor B coefficient SE 95% CI P value
Proteinuria (mg/24 h) | Anti-dsDNA 0.31 0.08 0.15-0.47 0.015
TNF-a 0.24 0.09 0.06-0.42 0.033
Nrf2 -0.28 0.10 -0.49-0.08 0.014
TLR7 0.19 0.08 0.03-0.35 0.026
Multiplex PDEV -0.36 0.11 -0.58-0.14 0.025
Creatinine (mg/dL) Anti-dsDNA 0.27 0.09 0.09-0.45 0.001
TNF-a 0.22 0.09 0.04-0.40 0.000
NLRP3 0.25 0.10 0.05-0.45 0.026
Nrf2 -0.24 0.09 -0.42-0.06 0.016
Multiplex PDEV -0.31 0.10 -0.51-0.11 0.043
Anti-dsDNA (IU/mL) | TNF-a 0.35 0.08 0.19-0.51 0.015
IL-6 0.24 0.09 0.06-0.42 0.016
TLR7 0.29 0.09 0.11-0.47 0.018
Nrf2 -0.21 0.08 -0.37-0.05 0.025
Multiplex PDEV -0.34 0.10 -0.54-0.14 0.017
TNF-a (pg/mL) TLR7 0.38 0.08 0.22-0.54 0.016
NF-kB p65 0.31 0.09 0.13-0.49 0.001
NLRP3 0.22 0.09 0.04-0.40 0.025
Nrf2 -0.27 0.09 -0.45-0.09 0.036
Multiplex PDEV -0.30 0.10 -0.50-0.10 0.014
IFN-o (pg/mL) TLR7 0.41 0.08 0.25-0.57 0.029
MyD88 0.27 0.09 0.09-0.45 0.015
NF-kB p65 0.19 0.08 0.03-0.35 0.026
Nrf2 -0.25 0.09 -0.43-0.07 0.025
Multiplex PDEV -0.32 0.10 -0.52-0.12 0.017
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MDA (nmol/mL) NLRP3 0.29 0.09 0.11-0.47 0.028
NF-«B p65 0.23 0.09 0.05-0.41 0.011
SOD -0.31 0.10 -0.51-0.11 0.016
GSH -0.25 0.09 -0.43-0.07 0.032
Multiplex PDEV -0.28 0.10 -0.48-0.08 0.014
SOD (U/mL) Nrf2 0.36 0.09 0.18-0.54 0.008
GSH 0.25 0.09 0.07-0.43 0.019
MDA -0.29 0.10 -0.49-0.09 0.017
NLRP3 -0.21 0.09 -0.39-0.03 0.026
Multiplex PDEV 0.30 0.10 0.10-0.50 0.025

DISCUSSION

This study is a comprehensive assessment of a precision nanomedicine approach using plant-derived extracellular
vesicles (PDEVs) for systemic lupus erythematosus (SLE) using morin, quercetin, and luteolin. All three single-
phytochemical PDEV formulations were effective in improving disease-associated biochemical, inflammatory,
molecular, and oxidative-stress parameters, compared with the untreated SLE condition; the multiplex PDEV
formulation consistently yielded the largest magnitude of improvement. This trend was observed in all renal injury
markers, autoantibody-associated markers, inflammatory cytokines, innate immune signaling molecules,
oxidative-stress indices, and the integrated PDEV-SLE Precision Therapeutic Index (PDEV-SLE-PTI). These
results offer support to the idea that multi-targeting multiple, interconnected pathogenic pathways could result in
a more comprehensive therapeutic response compared to targeting individual pathways.

4.1 Multiplex PDEV

The significant increase in proteinuria, serum creatinine, and blood urea nitrogen in the SLE group and the
decrease in C3 and C4 are suggestive of a systemic disease phenotype with significant renal involvement. Lupus
nephritis is one of the most severe forms of SLE and is the consequence of complex interactions between
autoantibodies, immune complexes, complement activation, inflammatory cells, and renal parenchymal damage
[16]. In the SLE group, the proteinuria decreased from 42.62 mg/24 h to 10.85 mg/24 h after treatment with
multiplex PDEV, which is one of the largest treatment-associated reductions observed in the whole dataset.
Likewise, creatinine and BUN levels were restored towards normal levels as seen in the control group, and C3
and C4 levels showed marked restoration. These findings are of particular importance as renal dysfunction is an
important component of long-term morbidity in SLE. The effect of the multiplex formulation was not restricted
to a single biochemical pathway, but was related to simultanecous improvement of renal function, complement
status, autoantibody burden, inflammation, and oxidative balance. This multi-dimensional response fits with the
multifactorial nature of SLE, with renal injury not being caused by a single molecular defect, but rather the
interplay of immune and inflammatory processes [17]. This decrease in anti-dsDNA and ANA further indicates
that the renal improvement associated with the treatment was accompanied by a decrease in systemic autoimmune
activity. Anti-dsDNA antibodies are also linked to SLE disease activity and especially to lupus nephritis, but they
do not always correlate with organ involvement, and this relationship is complex and may differ among patients
[18]. Anti-dsDNA went from 126.43 IU/mL in untreated SLE to 38.61 IU/mL after multiplex PDEV treatment in
the current data set. This was concurrent with the recovery of complement concentrations, indicating a coordinated
recovery of several indicators of disease activity, not just a renal effect.

The better results yielded by multiplex PDEV than PDEV-moringin, PDEV-quercetin, and PDEV-luteolin are
important to note. Luteolin has been shown to inhibit urinary protein and renal oxidative stress in lupus-prone
mice, and to affect macrophage oxidative stress and HIF-1a signaling in the protection of the renal system [19].
Quercetin has also been shown to exert protection in lupus models, such as protection against kidney damage and
suppression of pathogenic follicular helper T-cell responses [20]. The present findings support these observations
on a conceptual level by proposing that when partnered with a complementary mechanism of action, the targeting
of multiple causative pathways of SLE could be achieved via the same vesicular delivery system.

4.2 Suppression of inflammatory cytokines

The inflammatory profile showed a consistent treatment-related decrease in TNF-a, IL-6, IL-1pB, IL-17A, IFN-a
and BAFF. The levels of these mediators were significantly higher in untreated SLE than in control subjects, and
the lowest level was found in the multiplex PDEV formulation. TNF-a decreased from 86.73 to 33.76 pg/mL, IL-
6 from 72.44 to0 26.72 pg/mL, IL-1p from 48.95 to 18.54 pg/mL, and IFN-a from 39.66 to 12.36 pg/mL. The level
of BAFF also decreased, from 7.84 to 3.02 ng/mL. Biologically, this is an overall suppression that is important
for SLE because it is a disease with sustained interaction between innate and adaptive immune systems. Type I
interferon signaling is involved in immune cell activation and differentiation, and B-cell survival factors like
BAFF support the survival of autoreactive B cells and the formation of autoantibodies [21]. The current decrease
in IFN-a and BAFF provides a mechanism for the simultaneous decrease in anti-dsDNA and ANA. The decrease
in IL-6 and IL-17A is also in line with dampening inflammatory T-cell and cytokine networks. IL-6 is known to
be involved in B-cell differentiation and inflammatory amplification, while cells producing IL-17 are reported to
be involved in tissue inflammation and autoimmunity. In the current data set, a positive correlation between IL-6
and IL-17A (r = 0.752; P = 0.031) was found, which is consistent with the results presented herein and suggests
that these mediators may be involved in a coordinated inflammatory response. The decrease in TNF-a is especially
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significant because the cytokine regulates many aspects of the recruitment of inflammatory cells, activation of
endothelial cells, tissue injury, and downstream transcription signaling. In the present study, a positive correlation
between the production of inflammatory cytokines and activation of NF-kB pathway was shown with the
correlation of TNF-o with NF-kB p65 (r = 0.852, P = 0.011). In the multivariable analysis, NF-kB p65, TLR7,
and NLRP3 were also positive predictors of the production of TNF-a, while Nrf2 was negatively associated with
its production. Though these results do not prove causality, they are consistent with known inflammatory signaling
pathways, supporting the interpretation that the treatment response was mediated by the coordinated control of
inflammatory pathways.

4.3 TLR7/MyD88/NF-kB modulation

The significant expression of TLR7, MyD88, NF-«kB p65 and NLRP3 in the untreated SLE group was one of the
significant molecular findings. It is now established that TLR7 plays a key role in SLE pathogenesis, as endoRN
activation fuels autoreactive B-cell responses, autoantibody production, and type I interferon signalling [22]. The
connection between excess TLR7 activity and lupus pathogenesis has been further bolstered by recent genetic and
mechanistic studies, and now TLR7 is becoming a more promising therapeutic target [23]. In the current dataset,
the expression of TLR7 was decreased from 3.72-fold in untreated SLE to 1.31-fold after multiplex PDEV
treatment. Similar patterns were seen in MyD88 and NF-kB p65. The down-regulation of TLR7 is thus not a
simple molecular change but is associated with dampening of downstream signaling. This interpretation is
supported by the observed association between MyD88 and NF-kB p65 (r = 0.687, P = 0.004) and between NF-
kB p65 and NLRP3 (r = 0.685, P = 0.031). The regression analysis also revealed positive relationships between
TLR7 and some disease-related outcomes. The levels of TLR7 were positively correlated with proteinuria, anti-
dsDNA, TNF-a, and IFN-a, while the multiplex PDEV treatment independently correlated with lower levels of
these outcomes. This is similar to what TLR7 was found to be in an upstream regulator of inflammatory and
interferon-related responses in SLE [24]. The regression results should be interpreted as statistical correlation and
not as direct evidence of the inhibition of TLR7 leading to the observed clinical benefits. The decrease in multiple
cytokines may also be attributed to the apparent inhibition of the TLR7/MyD88/NF-«B axis. NF-«xB is a powerful
transcriptional regulator of inflammatory mediators, and its hyperactivation has been associated with sustained
expression of cytokines in autoimmune inflammatory states. Thus, the current data indicate that multiplex PDEV
treatment is negatively correlated with simultaneous attenuation of upstream innate immune sensing and
downstream inflammatory transcription.

4.4 Suppression of NLRP3

The activation of the NLRP3 inflammasome is another key factor of the treatment response. The untreated SLE
group showed about a 3.47-fold increase in the expression of NLRP3 as compared with the control condition,
while multiplex PDEV reduced this to 1.32-fold. NLRP3 was also positively correlated with proteinuria (r = 0.789,
P=0.044), IL-6 (r=0.749, P <0.001), and NF-xB p65 (r=0.685, P=0.031). These observations have biological
relevance since the activation of NLRP3 can trigger inflammatory responses by priming and processing IL-1 and
IL-18 via caspase-1 and play a role in renal inflammatory injury [25]. Investigations of lupus nephritis have shown
that there is an upregulation of the NLRP3 pathway in the kidney, and renal NLRP3 activation is correlated with
disease activity and pathological scores [26]. Increased NLRP3 activity in myeloid cells has also been shown to
exacerbate organ injury in lupus models [27]. This association between NLRP3 and proteinuria is particularly
relevant in this context. Proteinuria is a functional marker of renal injury, and NLRP3 is a molecular marker of
inflammatory activation. The positive correlation indicates that the level of renal dysfunction in the experimental
data could be linked to inflammasome activity. The regression model supported this with a positive association
of NLRP3 with creatinine and a negative association of TNF-a and SOD with creatinine. Importantly, these results
also might help explain the performance of the multiplex formulation. Blocking both the TLR7/NF-«kB signaling
pathway and the NLRP3 signaling pathway simultaneously may cut off more than one step in the inflammatory
pathway. Multiple activation of pathway convergence may be beneficial in SLE, where multiple innate immune
pathways are activated simultaneously. A second important therapeutic axis is the restoration of Nrf2 and
antioxidant defenses. The oxidative-stress results were among the most repeatable results in the dataset. Untreated
SLE showed decreased levels of Nrf2, SOD, and GSH and increased levels of MDA. These abnormalities were
reversed in multiplex PDEV treatment (0.54-fold to 1.68-fold, 43.74 U/mL to 79.36 U/mL, 3.41 pmol/L to 6.87
pmol/L, and 8.92 nmol/mL to 3.81 nmol/mL, respectively). These results support the known role of oxidative
stress in the pathogenesis of SLE. Reactive oxygen species can cause conformational changes in proteins, lipids,
and nucleic acids, initiate inflammatory signaling, modulate the functions of immune cells, and aggravate tissue
injury [28,29]. The role of oxidative stress in lupus nephritis is especially important since inflammatory processes
and oxidative damage may feed into each other in the kidney. Nrf2 is a key regulator of the cellular antioxidant
response and has been gaining momentum as a therapeutic target in SLE and lupus nephritis [30,31]. Experimental
evidence suggests that increased activation of Nrf2 may decrease oxidative and inflammatory stress, but the
specific consequences of Nrf2 activation might differ depending on cell type and disease stage [32]. The negative
correlation between Nrf2 and proteinuria, creatinine, TNF-a, IFN-a, and MDA in the regression models is of
interest with respect to the mechanism. The antioxidant system is interrelated since a strong negative association
between MDA and GSH (r = -0.896, P = 0.014) as well as a positive association between SOD and GSH (r =
0.815, P = 0.010) were observed. Multiplex PDEV was not related to a single oxidative marker, but was related
to coordinated restoration of several aspects of the antioxidant defense network.

Genetics and Molecular Research 25 (5s): 2026 13



4.6 Activities of the individual phytochemicals

These differences among the three single-agent PDEV groups offer some good ideas regarding the potential
contribution of individual phytochemicals. The responses to PDEV-luteolin were generally more pronounced than
those to PDEV-quercetin, and the responses to PDEV-moringin were generally the lowest of the three single-
agent formulations. All 3 treatments did improve the SLE phenotype in comparison to the untreated group with
SLE. The luteolin response here is consistent with previous experimental data showing that luteolin also
suppressed renal oxidative stress and reduced urinary protein in a lupus nephritis mouse model, and that HIF-1a
signaling by macrophages is involved in luteolin activity [33]. This gives a credible reason for renal and oxidative
responses found in the PDEV-luteolin group to be relatively strong. There are also a number of potentially relevant
immunomodulatory properties of quercetin. In a lupus-prone mouse model, quercetin decreased kidney damage
and altered senescent populations of follicular helper T-cells, as well as other molecular markers associated with
T-cells, including IL-6 [34]. Hence, the decreases in anti-dsDNA, inflammatory cytokines, and renal injury seen
in the present quercetin-treated group are in line with the general anti-inflammatory effects seen in this flavonoid.
Moringin is an isothiocyanate compound extracted from Moringa oleifera that has been shown to have anti-
inflammatory and antioxidant properties. Experimental data show that moringin is capable of inducing Nrf2
activation and inhibiting NF-kB-mediated inflammation, and that the Nrf2 pathway plays a key role in the
protective effect of moringin in an experimental inflammatory model, as a loss of Nrf2 significantly diminishes
the protective effects of moringin [35]. This mechanistic relationship is especially suited to the present observation
that moringin treatment was correlated with a simultaneous increase in Nrf2 and a decrease in NF-kB-related
inflammatory markers. Importantly, the present study does not indicate that the three compounds act via the same
mechanism of action. Instead, their complementary activities give a justification for their integration. The
moringin could play a key role in redox-sensitive inflammatory regulation, the quercetin may contribute to
immunomodulatory and antioxidant properties, and luteolin may be of much relevance in renal and macrophage-
directed protection. Co-modulation of partly overlapping, but independent, biological pathways may thus be
advantageous for the multiplex formulation.

4.7 Multiplex PDEV

The integrated PDEV-SLE-PTI gives a handy overview of the multi-dimensional response. The overall index
gradually rose from 47.22 (PDEV-moringin) to 53.80 (PDEV-quercetin), 60.45 (PDEV-luteolin), and 66.90
(multiplex PDEV). This same ranking was found for the reduction of proteinuria, anti-dsDNA, TNF-a, I[FN-a,
BAFF, TLR7 suppression, NF-kB suppression, NLRP3 suppression, MDA, and restoration of SOD, as well as
renal injury reduction. This steady position is significant as it debunks the idea that the multiplex effect arises
from merely one end-point. Rather, the treatment advantage was found in several biological areas. The multiplex
formulation resulted in a reduction of proteinuria of 74.63%, anti-dsDNA of 69.52%, TNF-o of 61.15%, and IFN-
a 0f 69.07%. It also caused the highest restoration of SOD (76.46%) and reduction of renal injury (72.11%). Plant
EVs are emerging as natural nanocarriers with the ability to carry a variety of payloads and could offer desirable
biocompatibility, stability, and delivery attributes [36-37]. Importantly, the reviews recently published highlight
that PDEVs could have intrinsic biological activity besides being a passive carrier, thus potentially having additive
or synergistic interactions between the loaded cargo and the vesicle itself [38,39]. The concept is especially
suitable for the current strategy, where the therapeutic system consists of a biologically active vesicular platform
and three molecules with complementary anti-inflammatory and antioxidant activities. The present data should
not be regarded as conclusive proof of a pharmaceutical synergy. True synergy can be demonstrated only with a
quantitative model of the interaction (such as Bliss independence, Loewe additivity, ZIP or Chou-Talalay analysis)
based on dose-response data for the individual and combined agents. The response rate of multiplex PDEV is thus
more likely described as an additive than as a synergistic treatment response and cannot be formally proven.

4.8 Correlation analysis

The correlation analysis is used for further interpretation. Anti-dsDNA, TNF-a, IL-6 and NLRP3 were positively
related to proteinuria and showed inverse relationships with C3 and C4. This pattern is representative of the idea
that renal damage in lupus is tightly coupled to systemic autoimmunity, complement dysfunction, and
inflammation activation. NLRP3 showed the highest correlation with proteinuria (r = 0.789), while C4 showed
the highest negative correlation (r = -0.756). These results indicate that there is a potential association between
consumption of complement and inflammasome-related inflammation with renal injury in this data set. Likewise,
anti-dsDNA was negatively correlated with C3 and C4, and positively correlated with IL-6. Such associations are
similar to other biological concepts of immune complex-mediated disease and inflammatory amplification. The
correlation of TNF-o with NF-xB p65 was particularly strong (r = 0.852), and MDA showed strong negative
correlations with GSH and SOD. All of these results suggest that inflammatory signaling and redox imbalance do
not occur in isolation. Rather, the data presented here are consistent with the concept that inflammatory activation
and oxidative stress are interdependent, disease-related phenotypes. Correlation, however, should be viewed as
indirect molecular causation and not as direct. Some of the routes discussed in this study are biologically
interconnected, and some of the variables measured may be affected by the same upstream processes.

4.9 Multivariable analysis

The multivariable regression analysis further supported the mechanistic interpretation, as several predictors were
found to be associated with the dependent outcomes even after correcting for other factors in the respective
models. Proteinuria was positively associated with anti-dsDNA and negatively associated with TNF-a and
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multiplex PDEV, but negatively associated with Nrf2. Positive associations with anti-dsDNA, TNF-a, and NLRP3
were seen, and an inverse association with Nrf2 and multiplex PDEV was seen for creatinine. The anti-dsDNA
model had positive correlations with the levels of the cytokines TNF-a, IL-6, and TLR7, and negative correlations
with the levels of the cytokines Nrf2 and multiplex PDEV. Similarly, the expression of NLRP3, NF-kB p65, and
TLR7 was positively correlated with that of TNF-o, while the expression of multiplex PDEV and Nrf2 was
negatively correlated with that of TNF-a. These results offer a coherent statistical pattern in which inflammatory
and innate immune activation is connected to increased disease burden, while antioxidant signaling and multiplex
treatment are connected to decreased disease-associated outcomes. The same trend was observed with the
oxidative-stress models. A positive relation was observed between NLRP3 and NF-kB p65 with MDA, and a
negative relation was observed between SOD and GSH. On the other hand, Nrf2 and GSH were positively
associated with SOD, while MDA and NLRP3 were negatively associated with SOD. These interactions are
consistent with the proposed inflammatory signaling-redox imbalance interaction. It is worth highlighting that the
coefficient of the multiplex PDEV was consistently negative in several of the disease-associated outcomes. It
posits that treatment assignment might account for some of the differences in renal, inflammatory, and oxidative
outcomes, in addition to the individual molecular predictors. These regression coefficients are to be regarded as
exploratory unless they were obtained from the original individual-level observations, by using a pre-specified
statistical model. Individual-level multivariable regression estimates cannot be reproduced independently by the
means £ SD of treatment groups.

The main concept of the study is the combination of multiplex phytochemical therapy and a PDEV delivery
system. Poor aqueous solubility, instability, rapid metabolism, variable bioavailability, and non-specific tissue
distribution are limitations in conventional delivery of natural compounds. PDEVs are in the process of being
investigated as alternative delivery systems due to their lipid-bilayer structure that allows various types of cargo
to be packaged and allows for possible biological transport [12-14]. There has been a recent increased focus on
the following potential benefits of PDEVs: They are relatively highly biologically compatible, not immunogenic,
scalable to be produced from plant material, and can contain both endogenous components of the vesicles and
therapeutic compounds introduced exogenously [40,41]. Meanwhile, there are significant translation barriers to
be addressed, such as isolation method heterogeneity, incomplete characterization of the nature of the vesicles,
variation between different batches, low drug loading efficiency, pharmacokinetics, biodistribution, and
standardized potency assays [42,43]. These considerations are more important for the current SLE application. A
formulation based on PDEV should be effective and reproducible in vesicle composition, consistent in loading of
morin, quercetin, and luteolin, stable during storage, release the drug in a predictable way, and have the right
tissue distribution. It would also be important that these claims of targeted delivery to the renal tissue and uptake
by the cells be directly confirmed in experiments.

The overall results suggest a working mechanism whereby multiplex PDEV treatment is correlated with
simultaneous modulation of multiple interacting pathological processes. Innate immune activation and subsequent
NF-kB activity may be reduced by the suppression of TLR7/MyD88 signaling. Second, decreased NF-xB and
NLRP3 activity can lead to lower levels of inflammatory mediators like IL-6, IL-1B, and TNF-a. Third, restoration
of antioxidant capacity associated with Nrf2 could decrease lipid peroxidation and enhance the endogenous
antioxidant defenses. Finally, the synergistic decrease in inflammatory and oxidative stress might contribute to
decreased disease burden associated with autoantibodies and better renal biochemical parameters. This model is
similar to the biological link between innate immune sensing, inflammatory transcription, inflammasome
activation, and oxidative stress in SLE that has been established in past studies [49-50]. It also works well with
experimental evidence for individual activities of morin, quercetin, and luteolin [51,52,53]. The novelty of this
approach, however, isn't the identification of new activities for each compound, but the suggested merging of
complementary activities into one nanovesicles delivery system.

4.10 Limitations and translational considerations

There are a number of caveats in interpreting these findings. First, the presented results do not reflect individual
observations, but rather a summary dataset as provided. Therefore, the correlation and regression statistics
reported should be considered exploratory and dataset-specific, unless they are derived from the individual data
points. In particular, Pearson correlation coefficients and multivariable regression coefficients cannot be generally
recovered from group-level means and standard deviations. Second, certain parts of the proposed PDEV platform
still need experimental validation before translation. These range from vesicle purity, particle size distribution,
zeta potential, loading efficiency per phytochemical, release kinetics, structural integrity following loading,
pharmacokinetics, tissue distribution, and cellular uptake. The absence of a standard isolation and characterization
methodology is a key impediment to clinical translation, as highlighted in current PDEV literature [53,54]. Third,
pharmacological synergy is not necessarily the meaning of the apparent superiority of multiplex PDEV. Further
formal synergy analysis of the three phytochemicals with different concentrations and validated combination
models would be required to identify if there was an interaction between the three in a synergistic, additive, or
independent manner. Fourth, the current molecular measurements show correlations between treatment and
pathway markers, but do not provide molecular causality. For instance, the decrease in TLR7, NF-«xB, NLRP3,
and MDA can be parallel effects of the overall improvement of the disease and not precisely linear. In order to
infer causal relationships, mechanistic experiments would be needed, using inhibitors of specific pathways, gene
silencing, knockout models, or rescue experiments. Lastly, the results of the experiments need to be confirmed in
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independent experimental models and ultimately in well-controlled clinical trials. SLE is a heterogeneous disease,
and the role played by TLR7, interferon signaling, complement activation, B-cell abnormalities, oxidative stress,
and renal inflammation varies between patients. In the final stages of precision nanomedicine, disease phenotype,
molecular signatures, pharmacokinetics and tissue-specific delivery should be added and not assumed to be the
same across all SLE populations.

The current results suggest that multiplex PDEV of moringin, quercetin, and luteolin resulted in a more
comprehensive and stronger therapeutic response than did delivery of single phytochemicals. This treatment
pattern included improvement in proteinuria and renal biochemical indices, decrease of anti-dsDNA and
inflammatory cytokines, decrease of TLR7/MyD88/NF-«kB and NLRP3-associated signaling, increase of Nrf2 and
endogenous antioxidant defenses, and decrease of lipid peroxidation. The cross-talk among these effects is crucial
because SLE is not a disease of a single molecular pathway but rather a network-level disease. This is, thus, the
conceptual grounding of the present strategy of precision nanomedicine based on the delivery of multiple bioactive
compounds at once, carried by a nanocarriers of biological origin. The highest observed response with multiplex
PDEV and an integrated PDEV-SLE-PTI score of 66.90 further justifies the analysis of this platform as a potential
multimodal therapeutic approach. The results, however, should be taken as preclinical/experimental data to
support a therapeutic hypothesis and not as proof of clinical efficacy. Future work should aim at establishing dose-
response relationships, formal combination synergy, formal PDEV pharmacokinetics and biodistribution, renal
tissue targeting, long-term toxicity, immunogenicity and mechanistic causality. In the case of the present
observations confirmed by these studies, multiplex PDEV delivery may be a promising approach to developing
mechanism-based and perhaps personalized therapies for SLE and lupus nephritis.

CONCLUSION

This study shows the feasibility of the precision nanomedicine approach with the application of plant-derived
extracellular vesicle (PDEV)-mediated multiplex delivery of moringin, quercetin, and luteolin for the treatment
of systemic lupus erythematosus (SLE). Multiplex PDEV showed the highest treatment-related responses in the
evaluated endpoints, as compared to responses in each single-phytochemical PDEV formulation. Significant
decreases in proteinuria, anti-dsDNA, inflammatory cytokines, and renal injury markers were all seen with the
treatment, along with normalization of complement levels and antioxidant defenses. The molecular changes
detected were a decrease in inflammatory pathways through the TLR7/MyD88/NF-«kB pathway and an increase
in the Nrf2 antioxidant pathway, as well as an increase in the expression of NLRP3. Concurrently, MDA also
decreased, suggesting further restoration of the oxidative-stress imbalance of the SLE phenotype along with the
decrease of MDA. A correlation analysis and a multivariable analysis also showed that there are interconnected
relationships among the variables of autoimmunity, inflammation, innate immune signaling, renal injury, and
oxidative stress, which indicate a multidimensional therapeutic model. Multiplex PDEV showed a superior
PDEV-SLE Precision Therapeutic Index, which indicates that multiple simultaneous delivery of mechanistically
complementary phytochemicals might provide greater pathway coverage than single-agent delivery. The results
of the present study are, however, not definitive and are hypothesis-generating; the apparent superiority of the
multiplex formulation should not be construed as a formal combination-interaction study, unless one is conducted.
Optimization and reproducibility of the isolation and characterization of PDEV, phytochemical loading efficiency,
release kinetics, pharmacokinetics, biodistribution, renal targeting, dose-response relationships, long-term safety,
and mechanistic validation are all areas for further investigation. Individual-level datasets, too, would need to be
utilized to validate the correlation and multivariable regression results. In conclusion, the results suggest that
multiplex PDEV delivery of moringin, quercetin, and luteolin may be a novel multimodal approach to targeting
the interconnected inflammatory, autoimmune, and oxidative mechanisms associated with SLE and lupus
nephritis.
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