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Background: Cu/Zn-SOD plays a crucial role in uremia combined with cerebral hemorrhage (UCH). However, its specific role
and underlying mechanisms in this condition have not been fully elucidated. This study aims to investigate the effects of Cu/Zn-
SOD on uremia-associated cerebral hemorrhage and whether the NF-κB pathway is involved.
Methods: Samples were collected from healthy adult subjects and age-matched patients with uremic cerebral hemorrhage, and
a UCH mouse model was established. Western blot and RT-qPCR analyses were used to evaluate the levels of Cu/Zn-SOD,
apoptosis-related proteins, inflammatory cytokines, oxidative stress markers, and proteins involved in the NF-κB pathway in
UCH patients. The brain water content measurement, ELISA, TUNEL, immunofluorescence, and DCFH-DA assays were also
performed to assess brain edema, apoptosis, inflammation, and oxidative stress in UCH brain tissue.
Results: Cu/Zn-SOD expression was significantly downregulated in the human serum of UCH patients (p < 0.001). Overex-
pression (OE) of Cu/Zn-SOD alleviated brain edema and inhibited cellular apoptosis in mice (p < 0.05), which was reversed by
RNAi (p< 0.05). Furthermore, OE reduced inflammation and oxidative stress levels in UCHmice (p< 0.05), which was reversed
by RNAi (p < 0.05). Notably, OE suppressed the expression of NF-κB pathway proteins (p < 0.001), while the NF-κB agonist
reversed the inhibitory effect of OE on NF-κB (p < 0.001).
Conclusions: Overexpression of Cu/Zn-SOD alleviates the occurrence of UCH by inhibiting the NF-κB pathway, thereby pro-
viding a theoretical reference for Cu/Zn-SOD as a potential target for the prevention and treatment of UCH.
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Introduction

Uremia is a clinical syndrome caused by severe re-
nal failure, characterized by the accumulation of toxins in
the body, such as urea and creatinine, that are inadequately
cleared by the kidneys; this condition is associated with a
range of complications [1]. The uremic phase is the ter-
minal stage of chronic renal failure, during which cerebral
hemorrhage is a frequent and particularly severe complica-
tion [2]. Patients with uremia are susceptible to cerebral
hemorrhage, which presents with an acute onset. When
cerebral hemorrhage occurs, it is often characterized by a
substantial bleeding volume in the brain and marked cere-
bral oedema, with rapid progression of the condition. The
oedema is prone to pressure on the adjacent brain tissues,
and the hemorrhage ruptures into the cerebral ventricle,
which poses considerable therapeutic challenges, resulting
in a very high mortality rate [3]. Furthermore, this disease
poses an extremely heavy economic burden on both fam-
ilies and society. The diagnosis of uremia combined with
cerebral hemorrhage (UCH) relies on post-onset imaging
testing, lacking effective early predictive tools and molecu-
lar biomarkers. Once a cerebral hemorrhage occurs, it sig-

nificantly worsens the patient’s prognosis. Therefore, ex-
ploring early diagnostic markers and intervention strategies
is of great importance for improving prognosis outcomes in
UCH.

Cu/Zn-SOD (Copper-zinc superoxide dismutase)
functions as a vital antioxidant enzyme, essential for cellu-
lar defense against oxidative stress. Cu/Zn-SOD facilitates
the conversion of superoxide anions into molecular oxygen
(O2) and hydrogen peroxide (H2O2), thereby mitigating
potential oxidative damage [4,5]. It plays a protective
role in various tissues and can prevent the tissues from
oxidative damage [6]. In addition, research demonstrated
that Cu/Zn-SOD has the capacity to efficiently scavenge
reactive oxygen species (ROS), thereby contributing to the
regulation of redox equilibrium in the immune system [7].
However, there is limited understanding of Cu/Zn-SOD’s
role in UCH and its related mechanisms.

NF-κB serves as a central regulator of gene expres-
sion related to immunity, inflammatory pathways, cellular
longevity, and growth process [8], and plays an essential
role in both normal physiology and disease [9,10]. The
most common active form of NF-κB is a heterodimer com-
posed of a p50 or p52 subunit and a p65 subunit, which
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provides the transcriptional activation domains required for
gene induction [11]. NF-κB has a dual role in apoptosis.
The effect of NF-κB on apoptosis depends on the cell type
and the signaling environment, and may have both pro-
apoptotic and anti-apoptotic functions [12–14]. NF-κB in-
teracts with molecules such as Akt and AP-1 to form a com-
plex regulatory network that governs the cell fate [15]. Pre-
vious research has verified that in mice lacking Cu and Zn-
SOD, the amount of oxidatively damaged DNA in specific
organs increased, and the activity of NF-κB1 protein also
rose [16]. However, the specific role of Cu/Zn-SOD in reg-
ulating the occurrence of UCH through the NF-κB pathway
remains unclear.

In this study, we investigated the expression of Cu/Zn-
SOD in patients with UCH. We also analyzed how overex-
pression and knockdown of Cu/Zn-SOD regulate the NF-
κB pathway to affect brain edema, apoptosis, inflammatory
response, and oxidative stress in UCH mice.

Methods

Sample Acquisition
The study consists of two groups of human serum

samples. Thirty samples from healthy adults were used
as the normal group, and thirty samples from patients with
UCH were used as the experimental group. Inclusion cri-
teria for patients with UCH: (1) eGFR <15 mL/min/1.73
m2; (2) cerebral hemorrhage foci were detected in the brain
parenchyma through CT or MRI scans. Exclusion criteria
for patients with UCH: (1) normal renal function (normal
eGFR); (2) no high-density hemorrhagic foci observed on
plain CT scan of the head; (3) blood creatinine and urea
nitrogen levels are within normal range or only slightly el-
evated. In terms of baseline data, such as gender, age, body
mass index, smoking history, alcohol consumption, and
other comorbidities, there were no significant differences
between the normal group and the UCH group. Human
serum specimens were promptly immersed in liquid nitro-
gen and preserved at –80 °C. All patients provided informed
consent to participate in this study. The study was approved
by the ethics committee of Tongling People’s Hospital (Ap-
proval No.2025LW030) and adhered to the Helsinki Decla-
ration.

RT-qPCR
RNA was isolated from serum specimens and sub-

sequently converted into cDNA utilizing a reverse tran-
scription kit (4368813, Thermo Fisher Scientific, Waltham,
MA, USA). PCR amplification was performed using the TB
Green® Premix Ex Taq™ Kit (RR071A, BIOSCIENCE,
Hong Kong, China) on a Real-Time PCR System (480,
Roche, Shanghai, China). Relative expression of target
genes was quantified by applying the 2−∆∆Ct. The primer
sequences are listed in Table 1.

Western Blot Analysis
Each blood and brain tissue sample was collected and

dissolved in Triton X-100 (HFH10, Thermo Fisher Sci-
entific, Waltham, MA, USA)/glycerol buffer (15514011,
Thermo Fisher Scientific, Waltham, MA, USA). The pro-
tein concentration in the serum and brain tissue samples
was determined using a BCA protein assay kit (23227,
Pierce, Rockford, IL, USA), followed by a mixture of
an appropriate volume of serum and brain tissue sam-
ple with DTT. Then, the mixture was heated at 95–100
°C for 5–10 minutes to ensure complete protein denatu-
ration. The processed samples were subjected to SDS-
PAGE to allow for protein separation via electrophoresis.
Upon completion of electrophoretic separation, proteins
were transferred onto PVDF membranes (88585, Thermo
Fisher Scientific, Waltham, MA, USA) to facilitate sub-
sequent immunological detection. To prevent nonspecific
binding, the membranes were treated with Tris-buffered
saline and 5% nonfat milk, and then the membrane was
incubated with the primary antibodies: anti-Cu/Zn-SOD
[1: 1000, LM-10216R, LMAI Bio, Shanghai, China], anti-
Bax [1:1000, ab32503, Abcam, Cambridge, UK], anti-
cleaved caspase 3 [1:5000, ab214430, Abcam, Cambridge,
UK], anti-Bcl-2 [1:500, ab194583, Abcam, Cambridge,
UK], anti-TNF-a [1:1000, ab66579, Abcam, Cambridge,
UK], anti-IL-6 [1:1000, ab324449, Abcam, Cambridge,
UK], anti-Nrf2 [1:2000, AF0639, Affinity, MI, USA], anti-
Lamin-A [1:5000, ab26300, Abcam, Cambridge, UK], anti-
HO-1 [1:1000, AF5393, Affinity, MI, USA], anti-Histone
H3 [1:1000, ab1791, Abcam, Cambridge, UK], anti-IκBα
[1:1000, 9242, CST, TA, USA], anti-p-IκBα [1:1000, 2859,
CST, TA, USA], anti-NF-κB [1:1000, AF5006, Affinity,
MI, USA] and anti-β-actin [1:2000, ab8227, Abcam, Cam-
bridge, UK] at room temperature for 3 hours. Subsequently,
the membranes were incubated with the secondary antibody
(1:10000, ab7090, Abcam, Cambridge, UK) for 1.5 hours.
Protein detection was performed using the SuperSignal®
West Dura Extended Duration chemiluminescent substrate
(34076, Thermo Fisher Scientific, Waltham, MA, USA).

Animal
C57BL/6J mice (12 weeks, 25–30 g, female and male)

were obtained from The Jackson Laboratory (Shanghai,
China). The animals were housed in groups within stan-
dard cages under controlled environmental conditions, in-
cluding stable temperature and humidity, with a 12-hour
light/dark cycle. All animal-related experiments were con-
ducted in accordance with ethical standards outlined in the
NIH, ensuring proper care and responsible use of labora-
tory animals. All experimental protocols of this study were
approved by the ethics committee of the Beijing Biocisco
Biomedical Technology Co., Ltd. (No: MDL 2024-10-21-
01).
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Table 1. Sequence of RT-qPCR primers.
Primer names Forward primer (5′-3′) Reverse primer (5′-3′)

Cu/Zn-SOD CCAGTGCAGGGCATCATCAA CAAGCCAAACGACTTCCAGC
IL-6 CAACGATGATGCACTTGCAGA TCTCTCTGAAGGACTCTGGCT
TNF-α ACCTGGCCTCTCTACCTTGT CCCGTAGGGCGATTACAGTC
HO-1 AGACCGCCTTCCTGCTCAACAT TCTGACGAAGTGACGCCATCTGT
β-actin GGGAAATCGTGCCGTGACAT GCGGCAGTGGCCATCTC

UCH Model and Treatment

A uremia model was established using the method re-
ported previously [17,18]. In the Sham group, only the kid-
neys were exposed during both surgeries, and the perire-
nal fat and capsule were separated, followed by suturing.
In the other groups, 5/6 nephrectomy (5/6 NPM) was per-
formed. Mice were rendered unconscious through an in-
traperitoneal administration of 0.05% sodium pentobarbi-
tal (Sigma, Santa Clara, CA, USA) and subsequently po-
sitioned on the operating platform for the procedure. Af-
ter preparation of the surgical sets by shaving and disin-
fection, an approximately 45° oblique incision (0.8–1 cm
below the left rib to the inward relative to the longitudi-
nal axis of the body) was made to expose the left kid-
ney. The perirenal fat was separated, and the renal cap-
sule was removed. One-third of the upper and lower poles
of the left kidney was excised. Hemostasis was achieved
by 10-minute compression with a gelatin sponge (Pfizer,
New York, NY, USA), after which the kidney was repo-
sitioned, and the incision was sutured. Penicillin (Pfizer,
New York, NY, USA) was administered intraperitoneally
postoperatively for infection prophylaxis. One week later,
an incision was made on the right dorsal side to expose the
right kidney, which was then completely removed after lig-
ating the renal pedicle. Thus, approximately 5/6 of the total
renal mass was removed across the two surgeries. At this
point, the uremia model was established, and uremia was
induced after eight weeks. If serum creatinine and urea ni-
trogen of the uremia rats were 2–3 times higher than those
of the normal rats, the modeling of uremia mice was consid-
ered successful [19]. Subsequently, a cerebral hemorrhage
model was established using a previously reported method
[20]. Cerebral hemorrhage surgery: Intracerebral hemor-
rhage (ICH) was induced by injecting collagenase IV. After
injecting 0.05% pentobarbital sodium (Sigma, Santa Clara,
CA, USA) into the abdominal cavity of the mice, the mice
were stabilized in a stereotaxic apparatus, and a small burr
hole was created in the right hemisphere of the skull at co-
ordinates 0.5 mm anterior and 2 mm lateral to the bregma.
A fine needle (Boston Scientific, Marlborough, MA, USA)
was inserted to a depth of 3 mm, targeting the striatum.
Subsequently, 400 nL of phosphate-buffered saline supple-
mented with 0.075 U of collagenase IV was delivered using
a microinjection system (Nanoject III, Drummond Scien-
tific, USA). After the injection, the needle was left in place
for 5 minutes. The needle was then withdrawn, the hole

was sealed with bone wax, and the incision was sutured; in
the ICH group, the ICH model was established using the
above procedure. In the Sham group, the procedure was
performed without collagenase IV injection. The higher
water content in the brains of the mice compared to the
sham group indicates that the cerebral hemorrhage model
has been successfully established. Cervical dislocation was
used as the method of euthanasia for all the animals used in
this research.

The mice were randomized into six groups (n =
6): (1) Sham: Untreated sham group; (2) UCH: mice
with both uremia and ICH models established; (3) Over-
expression (OE)-Cu/Zn-SOD: mice intravenously injected
with a Cu/Zn-SOD overexpression plasmid 48 hours after
UCH model establishment; (4) si-Cu/Zn-SOD: mice intra-
venously injected with a Cu/Zn-SOD knockdown plasmid
48 hours after UCH model establishment; (5) OE-Cu/Zn-
SOD + LPS: mice in the OE-Cu/Zn-SOD group addition-
ally injected with lipopolysaccharide (LPS); (6) si-Cu/Zn-
SOD + LPS: mice in the si-Cu/Zn-SOD group additionally
injected with LPS.

Transfection
The RNAi (siRNA) and overexpression (OE)

of Cu/Zn-SOD were designed and synthesized by
SHANGYA (Zhejiang, China), using si-NC and OE-NC
as controls. The primer for si-Cu/Zn-SOD was forward
5ʹ-GGAAATGAAGAAAGTACAA-3ʹ. The primer for
si-NC was forward 5ʹ-AGAGTAAGAGAAGATAACA-
3ʹ. The primers for Ad-Cu/Zn-SOD were forward
5ʹ-ATGGCGATGAAAGCGGTGTG-3ʹ and reverse 5ʹ-
CTGCGCAATCCCAATCACTCCAC-3ʹ. The primers for
Ad-NC were forward 5ʹ-CAGTGCTGCAATGATACCGC-
3ʹ and reverse 5ʹ-TCCTTGAGAGTTTTCGCCCC-3ʹ.
They were injected intravenously into mice, and brain
samples were collected after 48 hours. Each experimental
group was repeated three times.

Brain Water Content
Brain water content for each group was measured us-

ing the wet-dry method. C57BL/6J mice weighing 25 to
30 g were intraperitoneally injected with 40 mg/kg of 1%
sodium pentobarbital for anesthesia. After anesthesia, the
cerebral hemisphere was removed within approximately
1 minute and immediately weighed to determine the wet
weight (WW). The tissue was then dried at 100 °C for 2
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days to obtain the dry weight (DW). Brain water content
was used as an indicator of cerebral edema.

TUNEL Assay
TUNEL staining was performed using a BrdU-Red

TUNEL assay kit (ab66110, Abcam, Cambridge, UK) to
identify apoptotic cells. Tissue sections were permeabi-
lized in 10% Triton for 15 minutes and stained for 1 hour.
Subsequently, each section was stained with DAPI (62,248,
Thermo Scientific, Waltham, MA, USA) for 15 minutes.
Finally, the sections were observed and imaged using a flu-
orescence microscope (AX70, Olympus, Center Valley, PA,
USA).

ELISA
A 20 µL mouse plasma sample was mixed with 200

µL of the working solution for the assay. TNF-α, IL-6, glu-
tathione (GSH), and catalase (CAT) levels were measured
using ELISA kits (TNF-α, PT513; IL-6, PI326; Beyotime,
Shanghai, China; GSH, KCW20064, KECHENGWEI,
Shanghai, China; CAT, EN-XS91755, BIOSCIENCES,
Shanghai, China).

Immunofluorescence
Mice were euthanized, and their brain tissue samples

were fixed overnight in 4% PFA, then embedded in opti-
mal cutting temperature compound (OCT) for preparation
of frozen sections. Continuous brain sections, 6 µm thick,
were prepared using a cryostat. The sections were incu-
bated overnight with the primary antibody IL-6 (ab290735,
Abcam, Cambridge, UK). They were then incubated with
the secondary antibody (1:100, ab150077, Abcam, Cam-
bridge, UK) and stained with DAPI for 15 minutes. The
DAPI staining solution was removed, and the sections were
washed 2–3 times using PBS (14190136, Thermo Fisher
Scientific, Waltham, MA, USA). The cells were examined
using a confocal microscope (FV3000, OLYMPUS, Tokyo,
Japan).

ROS
ROS levels were detected using the DCFH-DA probe

(S0035S, Beyotime Biotechnology Co., Ltd., Shanghai,
China). The brain tissue was mechanically cut into tiny
tissue blocks, and then digested with trypsin. After gen-
tle pipetting, the cells were prepared into a single-cell sus-
pension. The cells were inoculated onto petri dishes and
cultured in DMEM medium (11965092, Life Technolo-
gies, Carlsbad, CA, USA) supplemented with 10% FBS
(16000044, Thermo Fisher Scientific, Waltham,MA, USA)
under conditions of 35 °C and 10% CO2. Before the exper-
iment, the cell counts in each group were adjusted to be the
same. The DCFH-DA fluorescent probe was prepared by
diluting it 1:1000 in a serum-free medium (N6040-1L, So-
larbio, Beijing, China). A volume of 1 mL from this diluted
mixture was introduced into each well, followed by a 30-

minute incubation period. Upon completion of incubation,
the cells underwent two washes with a serum-free medium.
Intracellular staining intensity was then examined with a
fluorescence microscope (AX70, Olympus, Center Valley,
PA, USA), and mean fluorescence intensity was calculated
using image J (version 1.2, NIH, Bethesda, MD, USA).

Statistical Analysis
Each experiment was performed in triplicate in this

study, and the results are presented as means ± SD. Sta-
tistical analysis was performed using GraphPad Prism 7
software (GraphPad Software, La Jolla, CA, USA). For
comparisons involving more than two groups, one-way
ANOVA followed by Tukey’s post hoc analysis was per-
formed. The t-test was applied to assess differences be-
tween two groups. Statistical significance was defined as
a p-value below 0.05.

Results

Cu/Zn-SOD Is Downregulated in UCH
To determine the expression pattern of Cu/Zn-SOD in

UCH, Cu/Zn-SOD expression levels in the serum of pa-
tients with UCH was assessed using RT-qPCR and Western
blot analyses. Compared to the normal group, the mRNA
expression of Cu/Zn-SODwas significantly downregulated
in the UCH group (p < 0.001) (Fig. 1A). Similarly, the
protein expression of Cu/Zn-SOD was also markedly re-
duced in the UCH group compared to the normal group (p
< 0.001) (Fig. 1B). These findings indicate that the occur-
rence of UCH may be associated with lower expression of
Cu/Zn-SOD.

Overexpression of Cu/Zn-SOD Alleviates Brain
Edema and Inhibits Apoptosis in Mice

RT-qPCR was used to verify the efficiency of Cu/Zn-
SOD overexpression and knockdown. The results showed
that the construction of Cu/Zn-SOD overexpression and
knockdown was successful (p < 0.001) (Fig. 2A). To ver-
ify whether overexpression of Cu/Zn-SOD alleviates brain
edema and inhibits apoptosis in mice with UCH, a mouse
model of UCH was established, and Cu/Zn-SOD overex-
pression and knockdown plasmids were constructed. Based
on the UCH model, mice were intravenously injected with
either the OE plasmid or the RNAi plasmid. Brain water
content was assessed in each group 3 days after surgery.
The results showed that the UCH model group had signif-
icantly higher brain water content compared to the Sham
group (p < 0.01) (Fig. 2B). The RNAi group further in-
creased brain water content, while the OE group reduced it
(p < 0.05) (Fig. 2B). In addition, the number of TUNEL-
positive cells was significantly increased in the UCH group
compared to the Sham group (p < 0.001) (Fig. 2C). Com-
pared to the UCH group, RNAi further increased the num-
ber of TUNEL-positive cells, whereas OE reversed this ef-
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Fig. 1. Cu/Zn-SOD levels in the serum of human patients with UCH and without. (A) RT-qPCR and (B) Western blot analyses were
used to measure the mRNA and protein expression of Cu/Zn-SOD in the serum of 30 patients with UCH and without. n = 30. ***p <

0.001 vs Normal group. UCH, uremia combined with cerebral hemorrhage.

fect (p < 0.001) (Fig. 2C). Western blot analysis showed
that OE reduced the levels of apoptosis proteins Cleaved
caspase-3 and Bax in the brain tissues of UCH mice,
while increased the levels of the protein Bcl-2 (p < 0.05)
(Fig. 2D). In contrast, RNAi exhibited the opposite trend
(p < 0.05) (Fig. 2D). Hence, the results demonstrate that
overexpression of Cu/Zn-SOD ameliorates brain edema and
apoptosis in UCH mice.

Overexpression of Cu/Zn-SOD Alleviates the
Inflammatory Response in UCH Mice

To further analyze the effect of Cu/Zn-SOD overex-
pression on inflammation in a uremic intracerebral hem-
orrhage mouse model, the levels of TNF-α and IL-6 in
brain tissues and serum were examined. Western blot re-
sults showed that the protein levels of inflammatory fac-
tors TNF-α and IL-6 were significantly increased in the
UCH group compared with the Sham group (p < 0.05)
(Fig. 3A). Compared with the UCH group, the OE group
reduced the expression level of pro-inflammatory proteins,
whereas the RNAi group increased it (p < 0.05) (Fig. 3A).
ELISA results demonstrated that the levels of inflamma-
tory factors TNF-α and IL-6 in the UCH group were sig-
nificantly higher than those in the sham group (p < 0.01)
(Fig. 3B). Notably, RNAi exacerbated the inflammatory re-
sponse in UCH mice, while OE treatment alleviated it (p<
0.05) (Fig. 3B). Immunofluorescence results ofmouse brain
tissue further supported these findings (Fig. 3C). Overall,
these findings indicate that overexpression of Cu/Zn-SOD
alleviates the inflammatory response in uremic intracere-
bral hemorrhage mice.

Overexpression of Cu/Zn-SOD Improves Oxidative
Stress and Reduces ROS Accumulation in UCH Mice

GSH and CAT are two important antioxidant en-
zymes in the body, playing a significant role in oxidative
stress. The levels of GSH and CAT in the UCH mice were
markedly lower than those in the Sham group (p < 0.01)
(Fig. 4A). In contrast with the UCH group, the levels of
GSH and CAT in serum were elevated remarkably after OE
treatment, whereas they were reduced by RNAi (p< 0.01).

In addition, the protein expression levels of Nrf2 and HO-1
were higher in the UCH group compared to the Sham group
(p < 0.05). OE treatment increased the levels of Nrf2 and
HO-1 proteins in UCH mice, which was reversed by RNAi
(p < 0.05) (Fig. 4B). Notably, the UCH model increased
ROS accumulation in mice. RNAi further promoted ROS
production, whereas OE reduced ROS accumulation (p <

0.05) (Fig. 4C). Overall, overexpression of Cu/Zn-SOD im-
proves oxidative stress and reduces ROS accumulation in
UCH mice.

Overexpression of Cu/Zn-SOD Alleviates
Inflammation and Oxidative Stress in UCH Mice by
Inhibiting NF-κB

The NF-κB pathway plays a significant role in the in-
flammatory response and cell apoptosis after cerebral hem-
orrhage [21,22]. To determine whether Cu/Zn-SOD al-
leviates inflammation and oxidative stress in UCH mice
through regulation of NF-κB, we used the NF-κB agonist
LPS to simulate the effects of Cu/Zn-SOD overexpression
and knockdown on IκBα and NF-κB-p65 activity. The re-
sults showed that IκBα and NF-κB-p65 activity was ele-
vated in the UCH group compared to the sham group (p
< 0.05) (Fig. 5A). Compared to the UCH group, IκBα
and NF-κB-p65 protein levels were significantly downreg-
ulated in the OE group and upregulated by RNAi (p <

0.05) (Fig. 5A). IκBα and NF-κB-p65 activity was signifi-
cantly increased in OE-Cu/Zn-SOD/si-Cu/Zn-SOD groups
exposed to LPS (p < 0.05) (Fig. 5A). We also evaluated
the effect of LPS on the expression of inflammatory cy-
tokines and oxidative stress markers. Compared with the
UCH group, the mRNA expression levels of TNF-α and
IL-6 in the OE-Cu/Zn-SOD group were significantly down-
regulated, while the mRNA level of HO-1 was signifi-
cantly upregulated (p < 0.05) (Fig. 5B,C). However, the
si-Cu/Zn-SOD group showed the opposite trend (p < 0.05)
(Fig. 5B,C). Compared with the OE-Cu/Zn-SOD group,
the mRNA expression levels of TNF-α and IL-6 in the
OE-Cu/Zn-SOD+LPS group were significantly increased,
while the mRNA level of HO-1 was significantly decreased
(p< 0.05) (Fig. 5B,C). In summary, inhibition of NF-κB is
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Fig. 2. The effects of Cu/Zn-SOD on brain edema and apoptosis in mice. (A) RT-qPCR verified the effect of RNAi or OE on the
relative expression of Cu/Zn-SOD. (B) Brain water content of mice on postoperative day 3. (C) Brain tissue samples were collected on
postoperative day 3 for TUNEL staining. (D) Western blotting was used to detect the expression of apoptosis-related genes in mouse
brain tissue on postoperative day 3. n = 6. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs Sham group or si/OE-NC group; #p < 0.05,
##p < 0.01, ###p < 0.001 vs UCH group.

crucial in UCH, suggesting that overexpression of Cu/Zn-
SOD alleviates inflammation and oxidative stress in UCH
mice by suppressing NF-κB.

Discussion

The occurrence of cerebrovascular accidents in ure-
mic patients is one of the common critical emergencies in
clinical practice, with an extremely poor prognosis, leading
to high rates of mortality and disability [23,24]. Cerebral
hemorrhage in uremic patients is characterized by sudden
onset and high mortality. Diagnosis depends primarily on
imaging testing [25,26], and there are relatively few clinical
assessment methods and markers. Therefore, a molecular

marker for early prediction would help improve prognosis
and enhance patients’ quality of life, and be of great signif-
icance both clinically and socially.

In this study, we conducted a preliminary investiga-
tion into the role of Cu/Zn-SOD in patients with UCH. The
results showed that, compared to healthy individuals, the
expression of Cu/Zn-SOD in the serum of patients with
UCH was downregulated, indicating that it is a significant
risk factor for patients with UCH. To further investigate the
effect of Cu/Zn-SOD on uremic patients with cerebral hem-
orrhage, we established a mouse model with UCH. It was
subsequently observed that OE reduced the occurrence of
brain edema in the mice. In addition, TUNEL staining anal-
ysis was performed on the brain tissue of mice with UCH.
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Fig. 3. The effect of Cu/Zn-SOD on inflammation in uremic ICH mice. (A) Western blotting was used to detect the expression of
inflammatory factors in brain tissue on postoperative day 3. (B) ELISA was performed to assess the inflammatory levels in mouse serum
on postoperative day 3. (C) Immunofluorescence was used to observe IL-6 expression. n = 6. *p< 0.05, **p< 0.01 vs Sham group; #p
< 0.05, ##p < 0.01 vs UCH group.

The results showed that OE significantly reduced the num-
ber of apoptotic cells in the brain tissue, as evidenced by
the TUNEL staining results. Cleaved caspase-3, Bax, and
Bcl-2 are well known in various diseases, including cere-
bral hemorrhage, for their roles in regulating cell death and
survival [27]. Bcl-2 functions to inhibit apoptosis, whereas
Bax acts as a promoter of programmed cell death; both
play critical roles in regulating this balance. In addition,
caspase-3, an essential protease, is closely associated with
the final stages of apoptosis. Zhang et al. [28] found that
cylindrospermopsin impairs vascular smooth muscle cells
through P53-mediated apoptosis caused by ROS overpro-
duction, which is consistent with our study, showing de-
creased expression of Bcl-2 in UCH mice, along with in-
creased levels of cleaved caspase-3 and Bax proteins. No-
tably, in this study, overexpression of Cu/Zn-SOD can re-
verse the expression of these proteins.

In uremic patients, the accumulation of uremic tox-
ins promotes a chronic inflammatory response, which dam-
ages vascular endothelial cells and leads to the continuous
production of free radicals. These radicals contribute di-
rectly or indirectly to cell death. Additionally, uremia can
exacerbate the level of microinflammatory responses and
upregulate the expression of pro-inflammatory cytokines,

key drivers in the pathophysiological mechanism of vascu-
lar smooth muscle cell injury [29]. Previous studies have
found that during cerebral hemorrhage, the central nervous
system activates the body’s inflammatory response, result-
ing from brain cell damage, producing a large amount of
inflammatory cytokines such as TNF-α and IL-6, indicat-
ing that the secretion and expression of pro-inflammatory
factors are positively correlated with brain injury [30,31].
The results are consistent with the findings of this study,
as the levels of inflammatory factors TNF-α and IL-6 were
significantly increased in the UCH group. The OE-Cu/Zn-
SOD reduced the expression of pro-inflammatory proteins,
whereas the RNAi group increased it.

Under normal physiological conditions, various an-
tioxidant enzymes are produced in the body to continuously
eliminate intracellular ROS and free radicals, therebymain-
taining a dynamic balance between oxidative and antioxida-
tive processes. When this balance is disrupted, the forma-
tion of oxygen-free radicals is promoted, leading to oxida-
tive stress, cellular damage, and necrosis through cell de-
generation [32,33]. Emerging evidence suggests that when
the dynamic balance between the rate of superoxide pro-
duction and the expression level of copper-zinc SOD is
disrupted, the effects of oxidative stress can damage en-
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Fig. 4. Effects of Cu/Zn-SOD on oxidative stress and ROS levels in mice with UCH. (A) ELISA was used to assess oxidative stress
levels in mouse serum on postoperative day 3. (B) Western blotting was performed to detect the expression of oxidative stress-related
factors in brain tissue on postoperative day 3. (C) The ROS levels in mouse brain cells were measured using the DCFH-DA probe. n =
6. *p < 0.05, **p < 0.01, ***p < 0.001 vs Sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs UCH group.

dothelial cells, cause capillary sclerosis, increase vascular
fragility, and further elevate the risk of hemorrhage [34,35].
Previous study proposed that Cu/Zn-SOD is an antioxidant
metalloenzyme present in organisms and plays a crucial role
in maintaining the balance between oxidation and antioxi-
dation in the body [36]. It is worth noting that the effect of
Cu/Zn-SOD on oxidative stress in the UCH mouse model
has not yet been reported. This study shows that the lev-
els of GSH and CAT in the serum were significantly in-
creased after OE intervention compared to the UCH group.
OE treatment reduced oxidative stress in UCH mice. Nrf2
is a transcription factor responsible for regulating the syn-
thesis of antioxidants during oxidative stress [37]. In ad-
dition, HO-1 is a major target protein of Nrf2 [38]. Re-
search has shown that dimethyl fumarate activates the HO-
1/Nrf2 pathway to alleviate oxidative stress-induced acute
kidney injury following brain injury [39]. Duan et al. [40]
found that curcumin restrains oxidative stress after intrac-
erebral hemorrhage in rat by activating the Nrf2/HO-1 path-
way. In this study, the protein expression of Nrf2 and HO-
1 was significantly increased after OE intervention, which
improved the oxidative stress condition in UCH mice. Ox-
idative stress consists of reactive ROS and antioxidant sys-
tems such as SOD. When ROS are in excess or antioxidant
systems are insufficient, oxidative stress occurs, ultimately

leading to biomolecule damage [41,42]. However, there are
fewer studies related to ROS and cerebral hemorrhage com-
plicated by uremia. We used a DCFH-DA probe to detect
intracellular ROS levels and assessed the expression of pro-
inflammatory factors by flow cytometry. Our study results
suggest that OE ameliorates oxidative stress and reduces
ROS accumulation in UCH mice.

UCH involves multiple signaling pathways, including
NF-κB pathway, NLRP3 inflammatory vesicle pathway,
Nrf2/ARE pathway, and PI3K/AKT pathway [43–45]. Al-
though it has been shown that the NF-κB pathway plays a
role in human UCH [46], whether Cu/Zn-SOD ameliorates
injury in UCH by affecting the NF-κB signaling pathway is
unclear. The present study indicated that OE alleviated in-
flammatory responses and oxidative stress in UCH mice by
inhibiting NF-κB, which is consistent with previous stud-
ies [47]. To further clarify whether the NF-κB pathway is
involved in alleviating the inflammatory response and ox-
idative stress in UCHmice, we analyzed the role of the NF-
κB agonist LPS in mimicking the effects of RNAi and OE
on NF-κB activity, and also assessed the effects of LPS on
the expression of inflammatory factors and oxidative stress
markers. The results reveal that OE alleviates inflammatory
responses and oxidative stress in UCH mice by inhibiting
NF-κB.
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Fig. 5. The effect of Cu/Zn-SOD on inflammation and oxidative stress in UCHmice through the regulation of NF-κB. (A) Western
blot analysis was used to assess the protein expression of nuclear NF-κB p65, cytoplasmic IκBα and NF-κB p65 in mouse brain tissue
on postoperative day 3. The mRNA expression levels of (B) IL-6, TNF-α, and (C) HO-1 in brain tissue of mice on postoperative day 3.
n = 6. *p < 0.05, **p < 0.01, ***p < 0.001 vs Sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs UCH group; ▲p < 0.05, ▲▲▲p
< 0.001 vs OE group; @ p < 0.05, @@ p < 0.01 vs si-Cu/Zn-SOD group.

In conclusion, this study was the first to confirm that
Cu/Zn-SOD is downregulated in the serum of UCH pa-
tients. In vivo experiments demonstrated that overexpres-
sion of Cu/Zn-SOD in the UCH mouse model alleviated
inflammatory responses and oxidative stress by inhibiting
the NF-κB pathway. The results of this study enhanced our
understanding of the role of Cu/Zn-SOD in clinical cases
of uremic cerebral hemorrhage, providing new theoretical
support for the clinical prevention and treatment of uremic
patients with cerebral hemorrhage.

Although the results of this study provide new insights
into the clinical prevention and treatment of UCH, there
are still some limitations. Firstly, since the clinical sam-
ples used for detection are relatively small, future research
should increase the sample size to verify these results. Sec-
ondly, as a preliminary study, the limited number of an-
imals included constrains the statistical power, generaliz-
ability and reliability of the research results. Therefore, fu-
ture studies should employ larger sample sizes. Finally,
while the study investigated the levels of Cu/Zn-SOD in
UCH patients, its role in the animal model of UCH, and
the involvement of the NF-κB pathway, more comprehen-
sive mechanistic research, such as in vitro cell experiments,
is still needed.

Conclusions

Overexpression of Cu/Zn-SOD alleviates the progres-
sion of UCH by inhibiting the NF-κB pathway. Cu/Zn-
SOD may serve as a new target and novel approach for the
prevention and treatment of UCH, offering effective strate-
gies and new insights for clinical practice.
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