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Aim. This study aimed to evaluate the effects of combined administration of bortezomib and quercetin on serum
ceruloplasmin levels, carbohydrate and lipid metabolism parameters, and secondary products of lipid peroxidation
in a lipopolysaccharide (LPS)-induced rat model.

Materials and methods. Systemic inflammatory response (SIR) was modeled in male Wistar rats by intraperito-
neal administration of Salmonella typhi LPS. Rats were divided into groups: intact controls, LPS-induced SIR,
and SIR groups treated with bortezomib, quercetin, or their combination. Serum ceruloplasmin, glucose, lipid
profiles, nitric oxide synthase (NOS) activity, and thiobarbituric acid-reactive substances (TBARS) levels were
measured. Biochemical analyses were conducted using validated spectrophotometric and enzymatic methods.

Results. Combined administration of bortezomib and quercetin showed superior efficacy in mitigating SIR
markers and metabolic disruptions compared to individual treatments. Serum ceruloplasmin levels, a marker of
acute-phase reaction, were normalized, indicating robust anti-inflammatory effects. Hyperglycemia associated
with SIR was significantly reduced, with glucose levels returning to baseline in the combined treatment group.
Lipid profile analysis revealed a marked increase in high-density lipoprotein cholesterol and reductions in very
low-density lipoprotein cholesterol and triglycerides, demonstrating improved lipid metabolism. Oxidative and
nitrosative stress markers, including TBARS and inducible NOS activity, were significantly lower in the combined
treatment group. Enhanced constitutive NOS activity and arginase levels further supported the restoration of
nitric oxide metabolism.

Conclusions. The dual administration of bortezomib and quercetin is an example of a synergistic approach to
managing SIR and its metabolic consequences. This combination effectively targets both inflammatory (NF-kB
inhibition) and oxidative stress (Nrf2 activation) pathways, providing better therapeutic results compared to mono-
therapy. These findings suggest potential clinical application of the combined use of bortezomib and quercetin
in conditions characterized by chronic inflammation and metabolic disturbances.
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Bopte3omib | KBepuUETUH K ePpEKTUBHI KOPEKTOPK Ainononicaxapua-iHAYKOBaHOI
CUCTEeMHOI 3anaAbHoi BIANOBIAi Ta MeTaboAIUHUX po3AaaiB

€. 0. MopryH, B. 0. KocteHko, A. B. MiweHko, H. B. ConoBiioBa

Merta po60TH — OLHUTK BNIMB KOMBIHOBAHOrO 3acTocyBaHHS 60pTe30Miby Ta KBEpLETUHY Ha KOHLEHTpaLliio
rocTpodasoBoro Ginka LepynonnaamiHy B CMPOBATL KPOBI, MOKA3HMKIB Y Hiil ByTNIEBOAHOIO i NiMiAHOTO 0OMiHiB
i BTOPUHHWX NPOJYKTIB NEPOKCUMAHOTO OKUCHEHHS MiNiAiB HAa MOAENI LLYPIB 3 iHAYKOBaHOI0 Ninornonicaxapuaom
(NNC) 3anancHoto peakuieto.

Martepianu i metoan. CuctemHy 3ananbHy Bignosiab (C3B) mogentoBanu y camuiB Wypis niuii Bictap wnsxom
BHYTpiLLHbOOYepeBUHHOTO BBeaeHHs NMNC Salmonella typhi. LWypis noginunu Ha rpynu: iHTaKTHWUIA KOHTPOb,
NNC-inpykoBaHa C3B, a Takox rpynu TBapuH, kM BigTBopunu C3B i BBogunu 6opTe3omi6, keepueTuH abo
iX koMb6iHaLlito. Y cupoBaTLyi KPOBi BU3HAYanW BMICT Lepynonnasminy, rmiokosu, ninigHni npodinb, akTUBHICTb
NO-cuHTasm (NOS) Ta piBeHb cnonyk, Lo pearytoTb i3 TiobapbiTyposoto kucnototo (TBK-peakTaHTis). BioxiMiyHi
BOCHIMKEHHS 3AiNCHUIN 3@ JOMOMOrOI0 BarnifoBaHMX CNEKTPOPOTOMETPUYHUX Ta EH3UMATNYHNX METORIB.

Pesyabtati. KombiHOBaHe 3acTocyBaHHsi 60pTe30oMiby Ta kBepueTuHy mano binblly eeKkTUBHICTb o0
3MeHLLUEHHS piBHiB MapkepiB C3B i koperyBaHHs MeTaboniYHMX MopyLLeHb MOPIBHSHO 3 OKPEMWUM BBEAEHHAM
npenapartiB. BmicT LepynonnasmiHy B cupoBaTtLi, kWit € MapkepoM peakLii rocTpoi gasu, Hopmanisysascs,
LLO CBiAYMTL MPO CUMbHWIA NPOTM3ananbHUi edbekT. lNineprnikemis, nos’a3aHa i3 C3B, 3Ha4HO 3meHwMnacs, a
piBEHb T10KO3M Y rpyni KOMGIHOBAHOTO NikyBaHHs! NOBEPHYBCS 40 6a30Boro. AHania ninigHoro Npodinto nokasas
3HauHe NiABULLEHHS PIBHSI XONECTEPUHY NINOMPOTEiHIB BUCOKOI LLINIbHOCTI, 3HUKEHHS PIBHIB NINONPOTEiHIB AyXe
HW3bKOI LLINBHOCTI Ta TpUMiLEepMB; Lie CBIAYMTbL MPO MOKPaLLEeHHs ninigHOro 06miHy. Mapkepu okcuaaTMBHOMO
Ta HITPO3aTMBHOIO CTPECY, BKMouatoun TEK-peaktaHT i akTuBHICTb iHOyLUmGensHoi NOS, cyTTeBO HUkui
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rpyni kom6iHoBaHOrO NikyBaHHS. MigBULLEHHS aKTUBHOCTI KOHCTUTYTUBHMX i30chopm NOS 14 apriHasu JoaaTkoBo
niaTBEPAMINO BiAHOBMNEHHS METAbOMi3My OKCUaY a3oTy.

BucHoBku. KombiHoBaHe BBeaeHHs 60pTe30Miby Ta KBEpLETWHY € NPUKMaZ0M CYHEpTiYHOro nigxoay Ao ynpas-
ninHs C3B Ta ii meTaboniyHmmm Hacnigkamu. Lis kombiHaLis ecbekTuBHO Aie Ha 3ananbHi (iHribyBaHHs NF-kB)
Ta okempaTueHi (akTuBavis Nrf2) wnsxu, 3abeanevytoun KpalLi TepaneBTUYHI pesynsTaTi MOpPIBHAHO 3 MOHOTE-
panieto. Pesynbsrati focnifkeHHs fanu amory 3pobuTi BUCHOBOK, LU0 KOMGIHOBaHe 3acTocyBaHHs GopTesomiby
Ta KBEPLETWHY Mae NoTeHuian Yy KMiHiYHIA NpakTuLi, KOnu BUSIBIEHO XPOHIYHE 3ananeHHs Ta AiarHoCToBaHO

MeTaboniyHi posnaau.

CyuacHi MeanuHi TexHonorii. 2025. T. 17, Ne 2(65). C. 132-139

Inflammation is known to be an integral component of many
diseases, including oncological diseases, where the systemic
inflammatory response (SIR) plays a key role in tumor progression
and the development of associated metabolic disorders [1]. It has
been established that the presence of SIR is linked to reduced
survival rates in patients with cancer [2].

SIR-associated diseases are among the most dangerous con-
ditions to humanity. These include atherosclerosis and coronary
artery disease, type 2 diabetes mellitus, metabolic syndrome,
stroke, depression and anxiety disorders, neurodegeneration and
Alzheimer’s disease, steatohepatitis, and others [3]. Comorbidity
combining malignant tumors with other SIR-associated conditions
represents a significant unfavorable prognostic factor [4], as it
complicates disease progression, reduces therapy effective-
ness, and worsens patient survival outcomes. Such comorbid-
ity exacerbates inflammatory and metabolic imbalances in the
body, contributing to tumor progression and the development of
complications [1,5].

Lipopolysaccharide (LPS)-induced SIR serves as an ex-
perimental model for studying the mechanisms of inflammation
and developing strategies for the pharmacological correction of
metabolic imbalances [6]. Metabolic disturbances, particularly
those involving L-arginine metabolism, activate oxidative and
nitrosative stress, thereby amplifying systemic inflammatory re-
actions. Itis well-established that the regulation of inflammatory
and metabolic processes is closely linked to the functionality
of the NF-kB (Nuclear Factor kappa-light-chain-enhancer of
activated B cells), AP-1 (Activator Protein-1), and Nrf2 (Nuclear
factor erythroid 2-related factor 2) signaling pathways [3]. These
pathways represent promising targets for the development of
therapeutic strategies in the treatment of inflammatory and
oncological diseases.

Bortezomib, a proteasome inhibitor widely used in on-
cology for the treatment of multiple myeloma and mantle cell
lymphoma, suppresses the chymotrypsin-like activity of the
26S proteasome in mammalian cells. The 26S proteasome is
a large protein complex essential for the degradation of key
intracellular proteins, playing a crucial role in regulating protein
metabolism and maintaining cellular homeostasis. By inhibiting
the 26S proteasome, bortezomib disrupts proteolysis, initiating
a cascade of reactions that ultimately result in cancer cell apo-
ptosis [7]. The 26S proteasome is crucial for the degradation of
IkB, the inhibitor of NF-kB [8]. By preventing IkB degradation,
bortezomib blocks the nuclear translocation and activation of
NF-kB, thereby reducing the expression of pro-inflammatory cy-
tokines and mediators regulated by this pathway. In the context

of SIR, bortezomib may help mitigate excessive inflammation
by downregulating NF-kB-driven inflammatory processes. Ad-
ditionally, its recently identified ability to inhibit the activation of
the NLRP3 (NOD-like receptor family pyrin domain-containing
3) inflammasome, a multiprotein complex critical to the innate
immune system, has garnered attention [9].

Current studies have shown that bortezomib exhibits anti-in-
flammatory effects in conditions such as rheumatoid arthritis [10],
myocardial and retinal ischemia-reperfusion injury [11], experi-
mental autoimmune uveitis [8], psoriasis [12], experimental auto-
immune neuritis [13], all of which involve pathogenesis closely
linked to the activation of NF-kB and the NLRP3 inflammasome.

The application of bortezomib has been studied under
LPS-induced inflammation conditions. In a model of LPS-sti-
mulated equine monocytes in vitro and an in vivo endotoxemia
model, bortezomib was shown to reduce TNF-a production.
According to the authors, its inhibitory effect on LPS-induced
TNF-a production is mediated through NF-kB suppression [14].
In vitro studies have shown that bortezomib dose-dependently
reduces NO and chemokine production, inhibits IkB degradation,
and suppresses NF-kB activation in LPS-stimulated RAW 264.7
mouse macrophage cells [15]. At the same time, a murine model
demonstrated that NF-kB inhibition by bortezomib in the pres-
ence of elevated TNF-a levels under bacterial superantigen-in-
duced toxic shock syndrome conditions may be detrimental, as
NF-kB-dependent anti-apoptotic pathways protect hepatocytes
from TNF-a-induced cell death [16].

Thus, the use of bortezomib as an effective inhibitor of
NF-kB and/or NLRP3 inflammasome activation is limited by its
adverse effects at certain concentrations, including specific side
effects such as peripheral neuropathy, acute interstitial nephritis,
and thrombotic microangiopathy. Another significant factor that
limits the potential use of bortezomib is its high cost. However,
achieving the beneficial effects of bortezomib in the treatment
of processes associated with SIR and related metabolic disor-
ders may be possible through its combined administration with
non-toxic modulators of redox-sensitive transcription factors,
such as bioflavonoids.

Quercetin, a natural flavonoid, demonstrates potent an-
tioxidant and anti-inflammatory properties by activating Nrf2
and suppressing NF-kB-dependent pro-inflammatory mediator
activity [3]. Combining these agents may create a synergistic
effect, amplifying their anti-inflammatory and metabolic benefits.

Nonetheless, the efficacy of combining bortezomib and
quercetin in the context of SIR modeling remains insufficiently
studied.
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Aim

This study aimed to evaluate the effects of combined admin-
istration of bortezomib and quercetin on serum ceruloplasmin
levels, carbohydrate and lipid metabolism parameters, and

secondary products of lipid peroxidation in a lipopolysaccha-
ride-induced rat model.

Materials and methods

The study was conducted on 35 male Wistar rats weighing
180-220 g, divided into six groups of seven animals each:
Group 1 - intact rats (Control 1); Group 2 — animals with
lipopolysaccharide (LPS)-induced systemic inflammatory re-
sponse (SIR) (Control I1); Group 3 — rats with SIR treated with
bortezomib, an NF-kB inhibitor (via proteasome suppression);
Group 4 — animals with SIR treated with quercetin, a flavonoid
that acts as both an NF-kB inhibitor and an Nrf2 pathway ac-
tivator; Group 5 — rats with SIR treated with a combination of
bortezomib and quercetin.

The animals were housed under standard vivarium conditions
(temperature: +22 + 2 °C, humidity: 30—60 %) in accordance with
the Standard Rules for the Organization, Equipment, and Mainte-
nance of Experimental Biological Clinics (Vivariums). The rats had
free access to food and water. All procedures involving animals
were conducted in compliance with the European Convention for
the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes (Strasbourg, 1986) and the current
legislation of Ukraine. The study was approved by the Bioethics
Committee of Poltava State Medical University (Protocol No. 229,
dated 28.08.2024).

SIR was modeled by intraperitoneal administration of Salmo-
nella typhi LPS (Sigma-Aldrich, Inc., USA) at a dose of 0.4 ug/kg
body weight. LPS was administered three times during the first
week and then once weekly for the next seven weeks [17].

Transcription factor modulators were administered intra-
peritoneally during the final week of the experiment: bortezomib
(Sigma-Aldrich, Inc., USA) at a dose of 0.05 mg/kg [17]; wa-
ter-soluble dosage form of quercetin (Corvitin, Borshchahivskiy
Chemical-Pharmaceutical Plant, Ukraine) at a dose of 100 mg/kg
(equivalent to 10 mg/kg of quercetin) [18].

Euthanasia was performed at the end of the study using an
intraperitoneal injection of thiopental sodium (Kyivmedpreparat,
Arterium Corporation, Ukraine) at a dose of 50 mg/kg body
weight. Once deep anesthesia was achieved, thoracotomy was
performed, and blood was collected via cardiac puncture. Blood
samples were placed in special tubes containing lithium heparin
at a concentration of 30 IU/mL blood (Sky Medica, Ukraine). The
samples were centrifuged at room temperature (3000 g, 15 mi-
nutes). The serum was separated from the upper layer and used
for subsequent biochemical analysis.

Serum ceruloplasmin, an acute-phase protein and a marker
of SIR, was measured using a method based on the oxidation
of p-phenylenediamine.

The concentrations of glucose, total cholesterol, triglycerides,
and high-density lipoprotein cholesterol (HDL-C) were measured
using reagent kits from Felicit-Diagnostics (Dnipro, Ukraine).

Low-density lipoprotein cholesterol (LDL-C) and very low-den-
sity lipoprotein cholesterol (VLDL-C) levels were calculated using
Friedewald’s formula: LDL-C = Total cholesterol — (HDL-C + tri-
glycerides / 2.2); VLDL-C = triglycerides / 2.2.

To measure total NOS activity, serum samples were incu-
bated in a solution containing 2.5 mL of 0.1 M Tris buffer, 0.3 mL
of 320 mM L-arginine solution, and 0.1 mL of 1 mM reduced
nicotinamide adenine dinucleotide phosphate (NADPH). The
incubation lasted 30 minutes, after which nitrite ion (NO,’) con-
centrations were determined spectrophotometrically using a
Ulab-101 device at a wavelength of 540 nm. The method was
based on the formation of colored diazo compounds through a
reaction with 1 % sulfanilamide acid followed by the addition of
1-naphthylamine (Griess—llosvay reagent) [19].

Constitutive NOS (cNOS) activity was determined by inhibiting
the enzyme with a 1 % solution of aminoguanidine hydrochloride
(98 %, Sigma-Aldrich, Inc., USA) [6]. Inducible NOS (iNOS) ac-
tivity was calculated as the difference between total NOS activity
and cNOS activity.

Total arginase activity was measured based on the reaction
of L-ornithine with ninhydrin (Chinard reagent). The amount of
colored product formed was assessed spectrophotometrically
using a Ulab-101 device at a wavelength of 515 nm [19].

Protein concentrations were measured using the biuret
method. Lipid peroxidation (LPO) levels in blood samples were
assessed by measuring the formation of a colored trimethine
complex in the reaction of thiobarbituric acid (TBA) with TBA-re-
active substances (TBARS) before and after 1.5-hour incuba-
tion. The antioxidant potential was evaluated by the increase in
TBA-reactive compounds during incubation in an iron-ascorbate
buffer solution [20].

Statistical calculations were performed using Microsoft Office
Excel with the Real Statistics add-on module. The normality of
data distribution was assessed by applying the Shapiro-Wilk
test. For normally distributed data, comparisons were made by
Student’s t-test for independent samples; for non-normally dis-
tributed data, the Mann-Whitney U test was applied.

Results

The concentration of the acute-phase response protein
ceruloplasmin, considered a marker of systemic inflammatory
response (SIR) development, in the blood serum of intact an-
imals was 279.8 £ 8.3 mg/L (Fig. 1). Administration of S. typhi
LPS significantly increased the serum ceruloplasmin content to
420.6 £ 13.4 mglL, exceeding the result of Group 1 by 50.3 %
(p <0.001).

Administration of bortezomib under LPS-induced SIR re-
duced the serum ceruloplasmin level to 322.6 + 8.8 mg/L, which
was 23.3 % lower than in Control Il (p < 0.001), but still 15.3 %
higher (p < 0.01) compared to the result of Group 1. Quercetin
administration decreased the ceruloplasmin concentration to
327.5 + 8.0 mglL, representing a 22.1 % decrease compared
to Control Il (p < 0.001) and a 17.0 % increase (p < 0.01) com-
pared to intact animals. The combined treatment with bortezomib
and quercetin further lowered serum ceruloplasmin levels to
266.5 + 7.2 mg/L. This value did not differ significantly from
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Fig. 1. Serum ceruloplasmin concentration in the following groups: intact animals (1); after modeling of LPS-induced SIR (2); following the
administration of bortezomib during modeled SIR (3); following administration of quercetin during modeled SIR (4); and after combined
administration of bortezomib and quercetin during modeled SIR (5). *: p < 0.05 compared to Group 1; **: p < 0.05 compared to Group 2;
*%%:p < 0.05 compared to Group 3; ****: p < 0.05 compared to Group 4.

2 7.5

7.0 °

6.5 X

6.0 -

5.5

mmol/L

5.0 =

45

ooX o

40 —

3.5

Group 1 Group 2

*k

I
= |
% o
J_ X A
l T
Group 3 Group 4 Group 5

Fig. 2. Serum glucose concentration in the following groups: intact animals (1); after modeling of LPS-induced SIR (2); following
administration of bortezomib during modeled SIR (3); following administration of quercetin during modeled SIR (4); and after combined
administration of bortezomib and quercetin during modeled SIR (5). *: p < 0.05 compared to Group 1; **: p < 0.05 compared to Group 2;
*%%:p < 0.05 compared to Group 3; ****: p < 0.05 compared to Group 4.

Control | but was 36.6 % lower than Group 2 (p < 0.001), 17.4 %
lower than Group 3 (p < 0.001), and 18.6 % lower than Group 4
(p <0.001).

Administration of S. typhi LPS led to a moderate in-
crease in serum glucose concentration in rats (Fig. 2) to
6.47 + 0.23 mmol/L, which was 46.0 % higher than the value in
Group 1 (4.43 £ 0.18 mmol/L, p < 0.001).

Treatment with bortezomib and quercetin under the
experimental conditions reduced serum glucose levels to
4.47 £ 0.12 mmol/L and 4.59 + 0.21 mmol/L, respectively. Both
values were comparable to those in Control | and showed reduc-
tions of 30.9 % and 29.1 %, respectively, compared to Group 2

(p < 0.001 for both). Combined administration of bortezomib
and quercetin further reduced serum glucose concentration to
4.32 + 0.13 mmol/L, representing a 33.2 % decrease compared
to Group 2 (p < 0.001). This value did not significantly differ from
those observed in Groups 3 and 4.

The analysis of the blood lipid profile under the experimental
conditions (Table 1) revealed a notable reduction in HDL-C level
by 26.4 % (p < 0.001) following the administration of S. typhi LPS
compared to Control I. Conversely, VLDL-C and triglycerides
concentrations increased by 89.4 % and 88.5 %, respectively
(p < 0.001 for both). The levels of total cholesterol and LDL-C
did not undergo significant changes.
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Table 1. Effect of bortezomib and quercetin on blood lipid profile parameters in rats following lipopolysaccharide-induced systemic inflammatory

response modeling (M + SE)

Group Cholesterol, mmol/L Triglycerides,
. . . . mmol/L
Total High-density Low-density Very low-density
lipoproteins lipoproteins lipoproteins
Intact animals (Control 1) 2.66+0.32 1.06 £ 0.04 114 +£0.32 0.47£0.03 1.04 £ 0.06
After SIR modeling (Control II) 2921039 0.78 £0.05* 1.25+0.36 0.89£0.03* 1.96 + 0.06*
Administration of bortezomib during  |2.76 £ 0.27 0.94 +0.09 1.20£0.23 0.62+0.01** 1.37 £0.03**
SIR
Administration of quercetin during SIR | 2.82 + 0.27 1.06 + 0.06** 1.15+0.28 0.61+£0.01%* 1.35+0.02**
Combined administration of 2.86+0.31 1.40 £ 0.19**** 0.97+£0.29 0.49 £ 0.0 ******* | 4,07 £ 0,03 *x
bortezomib and quercetin during SIR

*:p < 0.05 compared to the values of Group 1; **: p < 0.05 compared to the values of Group 2; **#*: p < 0.05 compared to the values of Group 3;

**%%: p < (0.05 compared to the values of Group 4.

Table 2. Effect of bortezomib and quercetin on NO-synthase and arginase activity in rat serum following lipopolysaccharide-induced systemic

inflammatory response modeling (M * SE)

Groups NO-synthase activity, umol NO,/min-g protein Arginase activity,
. . pmol/min-g protein

Total Constitutive Inducible

Intact animals (Control I) 0.72+0.01 0.13+0.01 0.59+0.01 0.76 £ 0.04

Atfter SIR modeling (Control 1) 1.54 £0.02* 0.04 +0.01* 1.50 £ 0.02* 0.44 +0.03"

Administration of bortezomib during SIR | 0.94 £ 0.02*** 0.08 +0.01*** 0.86 +0.02*** 0.64 £0.03**

Administration of quercetin during SIR 1.08 £ 0.04** 0.08 +0.01*** 1.00 £ 0.04** 0.59 +0.03***

Combined administration of bortezomib | 0.78 + 0.01********** 10,11 £ 0.02** 0.67 £ 0.03**x*xxxxx 1 (073 £ 0,02%*** x>

and quercetin during SIR

*1p < 0.05 compared to the values of Group 1; **: p < 0.05 compared to the values of Group 2; ***: p < 0.05 compared to the values of Group 3;

**%%: n < (0.05 compared to the values of Group 4.

Administration of bortezomib during SIR modeling reduced
VLDL-C and triglycerides levels by 30.3 % and 30.1 %, respec-
tively (p < 0.001 for both). However, these values remained
31.9 % and 31.7 % higher (p < 0.001 for both) than those in
Group 1. The concentration of HDL-C under these conditions
did not change significantly.

Quercetin treatment increased serum HDL-C levels by
35.9 % (p < 0.01). At the same time, VLDL-C and triglycerides
concentrations decreased by 31.5 % and 31.1 %, respectively
(p<0.001 for both) compared to Group 2. However, these levels
remained 29.8 % higher (p < 0.001 for both) than those observed
in Control 1.

Combined administration of bortezomib and quercetin result-
ed in a 79.5 % increase in HDL-C levels (p < 0.01), which was
48.9 % higher (p < 0.05) than in Group 3, but not significantly
different from Group 4. Meanwhile, serum VLDL-C levels de-
creased by 44.9 % (p < 0.001) compared to Group 2 and were
21.0 % and 19.7 % lower than those in Groups 3 and 4, respec-
tively (p < 0.001 for all). Under these conditions, triglycerides
concentrations decreased by 45.4 % compared to Group 2 and
by 21.9 % and 20.7 % compared to Groups 3 and 4, respectively
(p <0.001 for all).

During LPS-induced SIR, total NOS activity in serum (Ta-
ble 2) increased by 113 %, while iINOS activity rose by 154 %
(p < 0.001 for both) compared to Control I. Conversely, cNOS
activity decreased by 69.2 %, and arginase activity dropped by
42.1 % (p < 0.001 for both) relative to the corresponding values
in Group 1.

Administration of bortezomib under SIR conditions reduced
total and inducible NOS activity by 39.0 % and 42.7 %, respec-
tively, compared to Control Il. However, these values remained
30.6 % and 45.8 % higher than the respective results in Group
1 (p < 0.001 for all). Quercetin treatment decreased total and
inducible NOS activity by 29.9 % and 33.3 %, respectively, com-
pared to Control Il, yet these levels were still 50.0 % and 69.5 %
higher than those in Group 1 (p < 0.001 for all).

Combined administration of bortezomib and quercetin re-
sulted in a twofold increase (P < 0.001 for both) in cNOS activity
compared to Control Il. However, this parameter remained 38.5 %
lower (P < 0.01 for both) than in Group 1. The combination also
increased arginase activity by 45.5 % (P < 0.001) and 34.1 %
(P < 0.01), respectively, compared to Group 2. Despite this im-
provement, the results were still 15.8 % (P < 0.05) and 22.4 %
(P < 0.01) lower than those observed in Control |.
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Table 3. Effect of bortezomib and quercetin on the levels of secondary lipid peroxidation products in rat blood following lipopolysaccharide-

induced systemic inflammatory response modeling (M + SE)

Groups

Concentration of thiobarbituric acid-reactive substances, umol/L

Before incubation

After incubation Increase during incubation

SIR

Intact animals (Control 1) 13.50+1.18 31.18 £2.06 17.69+2.20
After SIR modeling (Control II) 2874+£0.88" 64.56 £ 3.28* 35.82£2.78*
Administration of bortezomib during | 18.65 + 0.84*** 40.73 £1.19** 22.08+0.77*

Administration of quercetin during SIR | 16.66 + 0.74***

37.02 £ 1.86™ 20.36 + 1.95™

Combined administration of 11.26 & (.83 *x*xxwx

bortezomib and quercetin during SIR

31.35 £ 2.79"*** 20.09 + 3.00*

*:p < 0.05 compared to the values of Group 1; **: p < 0.05 compared to the values of Group 2; ***: p < 0.05 compared to the values of Group 3;

**%%: p < (0.05 compared to the values of Group 4.

Modeling LPS-induced SIR led to an increase in the concen-
tration of TBARS, secondary lipid peroxidation products, both
before and after blood incubation in a pro-oxidant iron-ascor-
bate buffer solution (Table 3) by 112 % and 107 %, respectively
(p <0.001 for both) compared to Control I. Additionally, the incu-
bation-induced increase in TBARS rose by 102 % (P < 0.001),
indicating a depletion of the blood’s antioxidant potential.

Bortezomib treatment under SIR conditions decreased
TBARS levels by 35.1 % and 36.9 % before and after blood in-
cubation in the pro-oxidant buffer solution, respectively, (p <0.01
for both) compared to Control I1. Despite this reduction, the levels
remained 38.1 % and 30.6 % higher (p < 0.01 for both) than those
observed in Group 1. Quercetin reduced TBARS levels by 42.0 %
and 42.7 % before and after blood incubation in a pro-oxidant
buffer solution, respectively (p < 0.01 for both), compared to Con-
trol II. After incubation, the TBARS levels showed no significant
difference from those in Group 1.

Combined administration of bortezomib and quercetin
reduced the TBARS concentration before blood incubation by
60.8 % compared to Group 2, 39.6 % compared to Group 3, and
32.4 % compared to Group 4 (p < 0.001 for all).

The incubation-induced increase in TBARS decreased
by 38.4 % and 43.2 % compared to Control 2 after separate
administration of bortezomib and quercetin, respectively
(p < 0.001 for both). Combined administration further reduced
this increase to 43.9 % (p < 0.01). However, no significant dif-
ferences were observed between the effects of separate and
combined treatments.

Discussion

The combined administration of bortezomib and quercetin
demonstrated a superior ability to modulate SIR markers and
metabolic imbalances induced by S. typhi LPS in rats compared
to monotherapy. This finding highlights the synergistic potential
of these agents and their respective mechanisms of action in
mitigating the deleterious effects of SIR.

Bortezomib and quercetin independently reduced ceru-
loplasmin levels, a key acute-phase response protein, under SIR
conditions. However, their combined administration achieved a

normalization of ceruloplasmin levels, reflecting a more robust
attenuation of the inflammatory cascade.

An increase in ceruloplasmin content is considered an in-
formative marker of SIR, along with elevated levels of specific
pro- and anti-inflammatory cytokines in blood serum —interleukins
6 and 10, tumor necrosis factor-a, and C-reactive protein. These
changes have been noted by researchers using S. typhi LPS
in the specified protocol, confirming the model adequacy [21].

The inhibition of the NF-kB pathway by bortezomib and the
dual modulation of NF-kB and Nrf2 by quercetin likely underpin
the reduction of SIR markers. NF-kB activation is a critical driver
of acute-phase protein synthesis and pro-inflammatory cytokine
production during SIR [22]. The combined treatment may en-
hance anti-inflammatory effects through a more comprehensive
suppression of NF-kB and simultaneous activation of Nrf2, which
promotes antioxidant and cytoprotective gene expression [23,24].

Compared to studies reporting monotherapeutic benefits of
NF-kB inhibitors or flavonoids in reducing inflammation, the ob-
served effects of combined treatment emphasize the importance
of targeting inflammatory and oxidative stress pathways. For
instance, previous research demonstrated that bortezomib alone
attenuates NF-kB-driven inflammation [12]. Similarly, the ability of
quercetin to suppress inflammatory cytokine production has been
widely documented [18]. Our results align with these findings but
reveal an amplified effect when these agents are used together.

LPS-induced SIR significantly elevated serum glucose levels,
reflecting a state of metabolic dysregulation. Both bortezomib and
quercetin effectively reduced hyperglycemia, yet their combined
administration further normalized glucose levels. This suggests
that simultaneous modulation of inflammatory and oxidative stress
pathways exerts a more profound impact on glucose homeosta-
sis. The observed improvements may result from the restoration
of insulin signaling pathways disrupted by NF-kB-mediated
inflammation and oxidative damage [25].

Comparable reductions in glucose levels were reported in
studies utilizing NF-kB inhibitors or antioxidants in rodent models
of metabolic disorders [20]. However, the combined approach in
this study not only decreased hyperglycemia but also improved
the lipid profile. HDL-C levels increased significantly with the com-
bined treatment, surpassing the effects of monotherapies, while
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reductions in VLDL-C and triglycerides were more pronounced.
These findings support the hypothesis that addressing multiple
pathogenic mechanisms is critical for managing the metabolic
derangements associated with SIR.

LPS-induced SIR triggered marked oxidative stress, as
evidenced by elevated TBARS levels. Both agents individually
reduced lipid peroxidation, yet their combination produced the
most significant reduction, approaching baseline levels. This
effect is consistent with the complementary actions of bortezomib
and quercetin. Suppression of NF-kB by bortezomib reduces
pro-oxidant gene expression [7], while quercetin activates Nrf2,
enhancing the expression of antioxidant enzymes [26].

Nitrosative stress, characterized by increased iINOS activity
and decreased cNOS activity, was also attenuated more effec-
tively by the combined treatment. Restoration of cNOS activity
and arginase levels suggests improved L-arginine metabolism,
which is often impaired during SIR. Previous studies have shown
that modulating iNOS and cNOS activities can mitigate nitrosative
stress and related tissue damage [18]. Our findings extend this
knowledge by demonstrating that a dual-targeted approach is
more effictive in achieving this goal.

The findings of this study highlight the importance of targeting
multiple signaling pathways to achieve comprehensive modula-
tion of SIR and its metabolic consequences. By simultaneously
inhibiting NF-kB and activating Nrf2, the combined administration
of bortezomib and quercetin effectively targets both inflammatory
and oxidative stress pathways. This dual modulation may explain
the superior therapeutic results observed.

The findings also have implications for clinical practice,
particularly in conditions characterized by chronic inflammation
and metabolic dysfunction, such as cancer, diabetes, and car-
diovascular diseases. Although the high cost and side effects of
bortezomib limit its widespread use, combining it with quercetin, a
relatively safe and available compound, may reduce the required
dose of bortezomib, thereby decreasing its adverse effects.

Conclusions

1. The combination of bortezomib and quercetin under
LPS-induced SIR significantly reduced the serum ceruloplas-
min concentration to levels comparable to intact animals. This
reduction exceeded the effects observed with either agent alone,
highlighting the synergistic anti-inflammatory potential of these
compounds.

2. Combined treatment with bortezomib and quercetin nor-
malized serum glucose levels, reducing them to values similar to
those in intact animals. This outcome underscores the enhanced
efficacy of dual therapy in decreasing hyperglycemia induced by
LPS-induced SIR.

3. The combination of bortezomib and quercetin increased
HDL-C levels and decreased VLDL-C and triglyceride concentra-
tions more effectively than individual treatments. These findings
indicate a pronounced improvement in the lipid profile, which is
critical in the context of SIR-associated metabolic disturbances.

4. Combined administration of bortezomib and quercetin
under LPS-induced SIR decreased the iINOS activity and en-
hanced cNOS activity, restoring a more balanced nitric oxide

metabolism. This treatment also markedly reduced secondary
lipid peroxidation product levels, highlighting its role in mitigating
oxidative and nitrosative stress.

Prospects for further research should focus on elucidating
the precise molecular mechanisms underlying the synergistic
effects of bortezomib and quercetin, optimizing their dosing
regimens, and evaluating their efficacy in chronic inflammatory
and metabolic disorders through comprehensive preclinical and
clinical studies. Broadening this approach to include additional
experimental models and combination therapies may further
enhance its therapeutic applications.
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