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Abstract: Lupus nephritis (LN) is a renal manifestation of systemic lupus erythematosus (SLE) in which immune-
complex deposition and inflammation can result in renal tissue damage. The expression of GSK-3β and NF-κB p65 
was analyzed in MRL/lpr mice during the development of LN and after cyclophosphamide (CTX) administration. 
Methods: In the longitudinal component, MRL/lpr and C57BL/6 mice were assessed at 12, 16, 20, 24, and 28 
weeks of age (n=5 per group). A total of 10 MRL/lpr mice were assigned to untreated LN and CTX treatment inter-
vention cohorts, with five C57BL/6 mice serving as controls. Starting at week 16, intraperitoneal CTX was given 
once a week, while LN and C57 mice were given saline. Serum, urine, and renal tissue were collected for ELISA, 
RT-qPCR, Western blotting, and pathological assessment at the end of 12 weeks. Results: Across the age series, 
MRL/lpr mice had greater urinary protein excretion, higher ANA and dsDNA concentrations, and worsening renal 
morphology with immune-complex deposition. Renal GSK-3β and NF-κB p65 expression also increased (P < 0.05). 
CTX did not significantly change 24-hour urinary protein excretion, but it was accompanied by lower ANA and dsDNA 
concentrations, less severe renal pathological changes and immune-complex deposition, and reduced renal GSK-
3β and NF-κB p65 gene and protein expression (P < 0.05). Conclusion: These observations place the GSK-3β/NF-
κB p65 axis alongside the inflammatory phenotype and CTX response in this model; they do not establish a direct 
causal pathway. Whether CTX changes this pathway directly, or whether the expression pattern follows improvement 
in the renal inflammatory environment, requires dedicated intervention experiments.
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Introduction

Loss of immune tolerance can lead to systemic 
lupus erythematosus (SLE) by enabling autoan-
tibody production and the formation of circulat-
ing antigen-antibody complexes. Widespread 
deposition of immune complexes in target 
organs contributes to the heterogeneous tissue 
injury seen in SLE [1]. Renal involvement is 
common: 25% to 60% of patients with SLE 
develop LN within five years, with roughly one in 
ten affected patients progressing to end-stage 
renal disease (ESRD) over the subsequent 
decade [2, 3]. The reported 10- and 20-year 
survival is approximately 70% and 60%, respec-
tively [4]. Therefore, markers of both systemic 

immune activity and local renal damage may be 
necessary to complement routine clinical 
assessment and to follow changes in disease 
activity over time. A useful marker panel should 
therefore be interpreted across clinical, sero-
logical, and renal-tissue domains, because no 
single measurement can represent every fea-
ture of LN.

NF-κB p65 provides inflammatory transcription-
al signaling that is detectable in activated B 
lymphocytes from patients with lupus and has 
been associated with LN outcomes [5]. In renal 
mesangial cells, increased NF-κB activity ac- 
companies matrix remodeling and greater pro-
duction of pro-inflammatory cytokines. GSK-3β, 
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a serine/threonine kinase linked to Wnt regula-
tion, can intersect with these inflammatory pro-
cesses. Considering the two molecules togeth-
er may therefore help relate immune dysre- 
gulation to glomerular and tubulointerstitial 
injury in LN. This rationale does not require the 
two proteins to have identical roles; rather, it 
supports their parallel assessment within the 
inflammatory environment of the diseased 
kidney.

Experimental studies suggest that GSK-3β can 
promote NF-κB activation and downstream 
inflammatory signaling [6]. It has also been 
linked to pathogenic Th17-cell differentiation 
[7] and, in MRL/lpr mice, to anti-dsDNA autoan-
tibody production and glomerulonephritis [8]. 
Even so, its renal expression pattern across LN 
progression and its relationship with treatment-
associated changes remain insufficiently char-
acterized. Mapping those patterns was there-
fore a central aim of the present work. The 
focus was on observed expression changes in 
renal tissue, with serological and pathological 
results providing the context for their 
interpretation.

Cyclophosphamide (CTX) is still used for severe 
or active LN, and conventional CTX-containing 
regimens have been associated with better 
renal survival than glucocorticoids alone [9]. 
The downstream events that accompany its 
renal effects, however, are not fully resolved. 
Renal inflammatory signaling was consequently 
examined here as a treatment-associated out-
come rather than assumed to be a proven drug 
target. This distinction guided both the report-
ing of the intervention findings and the cautious 
interpretation of their potential mechanisms.

We first used the age series to identify an 
appropriate intervention stage in MRL/lpr mice. 
The subsequent 12-week CTX experiment com-
pared renal GSK-3β and NF-κB p65 expression 
with serological and pathological findings. The 
design was intended to describe concurrent 
changes during LN and after treatment, not to 
test direct molecular causation.

Materials and methods

Experimental animals and LN model establish-
ment

Experiments were performed with thirty-five 
4-week-old female MRL/lpr mice as the experi-

mental group and thirty age-matched female 
C57BL/6 mice as genetic controls. MRL/lpr 
mice were purchased from Cavens Biogle 
(Suzhou) Model Animal Research Co., Ltd., and 
C57BL/6 mice were supplied by the Ex- 
perimental Animal Center of Gansu University 
of Chinese Medicine. All animals were main-
tained under specific pathogen-free con- 
ditions.

In the time-course experiment, MRL/lpr and 
C57BL/6 mice were randomly grouped (n=5 
per group) and assessed for LN progression at 
12, 16, 20, 24, or 28 weeks of age. At each 
time point, pathological findings and molecular 
expression levels were compared with those in 
age-matched C57BL/6 controls.

Ten MRL/lpr mice were randomly assigned to 
either the LN or LN-CTX group, and five C57BL/6 
mice served as normal controls in this pharma-
cological study. To prepare the CTX solution, 
200 mg of dry powder was dissolved in 2 mL 
saline and then diluted with 198 mL saline. 
From 16 weeks of age, the LN-CTX group 
received weekly intraperitoneal CTX injections 
at 80 mg/kg [dose (mg) = body weight (kg) × 80 
mg/kg; Cat. No. C106991, purity ≥ 97%, 
Aladdin, Shanghai, China] [10]. The LN and C57 
groups received equal volumes of saline on the 
same schedule for 12 weeks. The dose was cal-
culated from each animal’s body weight accord-
ing to the stated formula.

At the end of the protocol, mice were eutha-
nized by administration of intraperitoneal sodi-
um pentobarbital. Serum, urine, and kidney tis-
sues were collected and stored for subsequent 
analyses. Histology-designated kidney samples 
were fixed in 10% neutral buffered formalin, 
and the remaining tissues were stored at low 
temperature for molecular assays. Histological 
evaluation utilized fixed tissue, while the 
remaining stored specimens were used for the 
molecular assessments described below. The 
study was approved by the Medical Ethics 
Committee of Gansu Provincial People’s 
Hospital (Approval No. 2020-169) and followed 
ARRIVE guidelines.

Measurement of 24-hour urinary protein

Urine was collected from all mice over a 24-h 
duration. Urinary protein concentration was 
measured with a biochemical analyzer in accor-
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dance with the manufacturer’s instructions and 
interpreted together with the urine volume col-
lected over the same time frame. Note that this 
provided an integrated measure of the amount 
of protein excreted rather than a single spot-
urine measurement.

Enzyme-linked immunosorbent assay (ELISA)

Serum ANA and dsDNA concentrations, as well 
as serum and urinary GSK-3β and NF-κB p65 
concentrations, were determined with ELISA 
kits according to the manufacturers’ instruc-
tions. The absorbance was measured at 450 
nm with a microplate reader, and the concen-
trations were calculated from their correspond-
ing standard curves. This assay measured 
GSK-3β and NF-κB p65 levels in the two biologi-
cal sample types collected for the study.

Histopathological examination and immuno-
fluorescence analysis

Kidney tissue was fixed, paraffin-embedded, 
sectioned, and stained with hematoxylin and 
eosin (HE), periodic acid-silver methenamine 
(PASM), and Masson stain to evaluate renal 
lesions, glomerular injury, and fibrosis. The 
combined staining approach allowed the evalu-
ation to consider glomerular changes, intersti-
tial abnormalities, and fibrotic features within 
the same renal specimens.

For immunofluorescence, frozen renal sections 
were incubated with antibodies against immu-
noglobulin A (IgA), IgG, IgM, complement com-
ponent 1q (C1q), and C3 to assess renal 
immune-complex deposition. Fluorescence 
images were acquired for evaluation. Signal 
distribution and relative intensity were used to 
compare immune-complex deposition among 
groups.

Reverse transcription real-time quantitative 
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the renal cortex 
using TRIzol reagent. RNA concentration and 
purity were assessed with a nucleic acid ana-
lyzer, and qualified samples were reverse tran-
scribed to complementary DNA (cDNA). Qu- 
antitative PCR was performed with GoTaq qPCR 
Master Mix (Table 1). Relative GSK-3β and 
NF-κB p65 expression was calculated by the 
comparative Ct method. Only RNA samples that 

met the concentration and purity assessment 
criteria were carried forward to reverse tran-
scription and quantitative analysis.

Western blotting (WB) analysis

Total protein was isolated from renal tissue 
with RIPA lysis buffer containing PMSF, and pro-
tein concentration was determined by a BCA 
assay. Equal protein amounts were separated 
by SDS-PAGE, transferred to PVDF membranes, 
and incubated with the relevant primary and 
secondary antibodies. Signals were visualized 
by enhanced chemiluminescence, and GSK-3β 
and NF-κB p65 expression was evaluated. The 
protein data were considered together with the 
corresponding RT-qPCR measurements when 
describing renal expression changes.

Immunohistochemistry (IHC)

Paraffin-embedded kidney sections underwent 
antigen retrieval, endogenous peroxidase blo- 
cking, antibody incubation, and DAB visualiza-
tion. GSK-3β and NF-κB p65 immunostaining 
was evaluated semi-quantitatively from stain-
ing intensity and the proportion of positive 
cells. The immunoreactivity score was calculat-
ed as staining intensity multiplied by the per-
centage of positive cells. This scoring method 
integrated the extent and strength of immuno-
reactivity when comparing renal regions across 
groups.

Statistical analysis

Normally distributed data are presented as the 
mean ± standard deviation (x ± s). Independent-
samples t tests were used for two-group com-
parisons between MRL/lpr and age-matched 
C57BL/6 mice at each time point, including 
24-hour urinary protein, serum ANA and dsDNA 
concentrations, serum and urinary GSK-3β and 
NF-κB p65 concentrations, and renal gene 
expression, whereas one-way ANOVA followed 
by the LSD post hoc test was used for compari-
sons of 24-hour urinary protein, serum ANA and 
dsDNA concentrations, renal gene and protein 
expression, and immunohistochemical scores 
among the C57, LN, and CTX groups. A two-sid-
ed p value below 0.05 was considered statisti-
cally significant. Analyses were conducted in 
SPSS version 26.0. Statistical tests were 
selected according to the number of groups 
being compared, and p values are reported 
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Table 1. Sequences of upstream and downstream primers for GSK-3β, NF-κB p65, and the internal 
reference
Gene Upstream Sequence Downstream Sequence
Gsk 3β 5’TTCTCGGTACTACAGGGCACCA 3’ 5’GTCCTAGCAACAATTCAGCCAACA 3’

NF-κB p65 5’GAAGAACAAGAAATCCTACCCACA 3’ 5’GGTCAGAATGCACCAGAAGTCC 3’

GAPDH 5’TGTGTCCGTCGTGGATCTGA 3’ 5’TTGCTGTTGAAGTCGCAGGAG3’

with the corresponding results and figure or 
table where applicable.

Results

Time gradient

Age-related changes in urinary protein and cir-
culating autoantibodies in MRL/lpr mice: From 
16 to 28 weeks of age, the LN group showed 
higher 24-hour urinary protein excretion and 
serum ANA concentrations than the C57 group 
(P < 0.05). Serum dsDNA concentrations were 
higher in the LN group than in age-matched 
C57BL/6 controls at all assessed ages (P < 
0.01; Table 2).

Renal morphology and immune-complex depo-
sition during LN progression: Renal sections 
from LN mice displayed lesions compatible with 
type III and type IV LN. The principal features 
were mesangial cell and matrix expansion, 
mesangial immune-complex accumulation, 
crescent formation, focal tubular atrophy, inter-
stitial inflammatory-cell infiltration, and mild 
thickening of small arterial walls (Figure 1). 
Together, these alterations documented glo-
merular, tubular, interstitial, and vascular 
involvement in the LN group.

Immunofluorescence detected granular and 
lumpy deposits of IgA, IgG, IgM, C1q, and C3 in 

mesangial regions and along glomerular capil-
lary walls of LN mice. The strongest renal 
immune-complex signal was observed at 28 
weeks (Figure 2). The distribution and time-
dependent increase in these deposits comple-
mented the structural changes seen on routine 
histological staining.

Renal GSK-3β and NF-κB p65 expression 
across the age series: Serum and urinary con-
centrations of GSK-3β and NF-κB p65 were 
numerically higher in LN than in C57 mice, but 
these differences were not statistically signifi-
cant (P > 0.05; Figure 3A, 3D). In contrast, 
serum NF-κB p65 concentrations were signifi-
cantly higher in LN mice at 16 weeks (P < 0.05; 
Figure 3B), while urinary GSK-3β concentra-
tions were significantly higher at 12 weeks (P < 
0.01) and 28 weeks (P < 0.05; Figure 3C).

By contrast, renal gene expression of GSK-3β 
and NF-κB p65 was elevated in the LN group 
throughout the 12- to 28-week observation 
period (P < 0.01; Figure 3E, 3F). These renal 
measurements provided a clearer group differ-
ence than the corresponding serum and urine 
concentrations.

Pharmacological intervention

CTX-associated changes in urinary protein and 
autoantibodies: After CTX treatment, 24-hour 

Table 2. Levels of 24-hour urinary protein and serum autoantibodies in LN group mice and C57 group 
mice at various weeks of age

Group 12W 16W 20W 24W 28W
24-hour urine protein (mg) LN 0.63±0.16 1.43±0.29** 2.39±1.02* 1.99±0.70* 2.13±0.94*

C57 0.61±0.06 0.73±0.16 0.73±0.28 0.73±0.15 0.75±0.08

T 0.316 4.771 2.406 3.512 3.935

P 0.760 0.001 0.020 0.014 0.011

ANA (pg/ml) LN 20.52±1.65 20.73±1.00* 23.05±2.77* 25.00±0.84*** 25.14±1.17***

C57 18.90±0.56 19.14±0.52 18.64±0.16 18.84±0.47 19.05±0.68

T 1.957 3.155 3.555 14.284 10.460

P 0.086 0.013 0.023 < 0.001 < 0.001

dsDNA (ng/ml) LN 279.38±10.27** 291.45±21.98** 279.95±13.12** 290.53±10.44*** 291.56±18.95***

C57 230.98±18.36 237.76±12.99 236.95±16.97 236.15±8.69 235.00±11.75

T 5.144 4.702 4.482 8.952 5.596

P 0.001 0.002 0.002 < 0.001 < 0.001
Note: *P < 0.05, **P < 0.01, ***P < 0.001. Independent-samples t-tests were utilized to compare the two groups.
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Figure 1. Pathological image of the kidney in LN group mice (×40).

Figure 2. Immunofluorescence image of the kidney in the LN group mice (×40).

urinary protein excretion was lower than in 
untreated LN mice, although the difference 
was not significant (P > 0.05; Table 3). In con-
trast, serum ANA and dsDNA concentrations 
were significantly lower in the CTX group than in 
the untreated LN group, and the overall differ-
ences among the three groups were significant 
for both measures (P < 0.001; Table 3). Thus, 
the intervention produced a measurable sero-

logical effect even though the urinary-protein 
result did not meet the significance threshold.

CTX attenuated renal pathological and immu-
nofluorescence abnormalities: Compared with 
untreated LN mice, CTX-treated mice had less 
glomerular-cell proliferation and less vacuolar 
degeneration of renal tubular epithelial cells. 
No obvious differences in segmental lesions, 
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Figure 3. Expression levels of GSK-3β and NF-κB p65 in serum, urine, and 
kidneys of mice at various weeks of age. *P < 0.05, **P < 0.01, ***P < 
0.001. Independent-samples t tests were used to compare MRL/lpr mice 
with age-matched C57BL/6 mice at each time point.

Table 3. Levels of 24-hour urinary protein and serum autoantibod-
ies in each drug intervention group
Group 24-hour urine protein (mg) ANA (pg/ml) dsDNA (ng/ml)
CTX 1.12±1.23 21.44±0.45### 191.63±8.49###
LN 2.13±1.46* 23.99±0.61*** 249.48±7.69***
C57 0.75±0.08 21.40±0.77 216.03±6.22
F 3.173 28.378 74.420
P 0.078 < 0.001 < 0.001
Note: * compared with C57, # compared with the LN group; */#P < 0.05, **/##P 
< 0.01, ***/###P < 0.001. For comparisons involving multiple groups, one-way 
analysis of variance (ANOVA) followed by the LSD post hoc test was employed.

interstitial fibrosis, inflammatory-cell infiltra-
tion, or vascular lesions were observed between 
the groups (Figure 4). Renal immunofluores-
cence for IgA, IgG, IgM, C1q, and C3 was also 
weaker after CTX treatment (Figure 5). The 
combined morphological and fluorescence find-
ings indicate attenuation of several renal 
abnormalities rather than uniform resolution of 
every pathological feature.

CTX reduced renal GSK-3β and 
NF-κB p65 expression: Renal 
GSK-3β and NF-κB p65 gene 
and protein expression levels 
were lower in CTX-treated mice 
than in untreated LN mice (P < 
0.01; Figure 6A-E). Compa- 
risons across all experimental 
groups were also significant. 
Immunostaining patterns were 
evaluated in parallel to deter-
mine whether the molecular 
measurements were accompa-
nied by changes in their renal 
distribution.

In C57 kidneys, GSK-3β and 
NF-κB p65 staining was mainly 
limited to tubular epithelial-cell 
cytoplasm and membranes. In 
the LN kidneys, staining was 
broader, with involvement of 
both glomeruli and the renal 
interstitium, and was strongest 
within the glomeruli. In kidneys 
from CTX-treated mice, glomer-
ular staining was lighter and 
the overall signal was lower (P 
< 0.05; Figures 7, 8) compared 
with untreated LN kidneys. The 
alterations at the tissue level 
were consistent with decr- 
eased renal gene and protein 
expression in the CTX group.

Discussion

With advances in LN manage-
ment, SLE still accounts for a 
substantial burden of morbidi-
ty and mortality. Although we 
have a more complete under-
standing of disease mecha-
nisms, that progress has not 
consistently translated into 
better therapeutic outcomes. 

Routine urine testing still provides valuable 
information, but additional markers are 
required to identify renal involvement earlier, 
assess disease activity, and monitor therapeu-
tic response. Such markers may allow a shift 
toward earlier and more individualized manage-
ment of lupus-related renal injury. In this con-
text, renal signaling molecules interpreted in 
conjunction with proteinuria, autoantibodies, 
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Figure 4. Renal pathology of mice in each group with drug intervention 
(×40).

and histopathological findings may be more 
clinically useful than their interpretation in iso-
lation. This is of particular importance in animal 
studies, where measures can be taken at sero-
logical, tissue, and molecular levels at the 
same time point. Because LN has heteroge-
neous renal manifestations, no single index 
can sufficiently represent this disease; there-
fore, molecular findings must be viewed in the 
context of the other outcome measures 
obtained in parallel from the same animals.

The findings as currently reported are biologi-
cally plausible, since GSK-3β and NF-κB p65 
participate in interconnected inflammatory 
pathways. GSK-3β can influence NF-κB activity 
through the nuclear balance of the two tran-
scription factors, p65 and CREB, and their 
shared coactivator CBP [11, 12]. This is also 
the case for the NF-κB signaling system, which 
regulates cytokine transcription, immune acti-
vation, and mesangial-cell proliferation in renal 
disease [13]. In LN models, NF-κB p65 nuclear 
translocation is linked to inflammatory targets 
including IL-1, IL-6, and TNF-α [14, 15], whereas 
reducing NF-κB activity may limit renal inflam-
matory injury [16, 17]. These observations jus-
tify investigating GSK-3β and p65 in parallel 
but are consistent with the view that the two 
measurements must be interpreted as part of  
a larger, cell- and stage-dependent inflamma-
tory network rather than as independent  
determinants of disease. The findings from the 
present model provided important information, 
with serum and urine measurements provided 

a peripheral view of the dis-
ease process, while RT-qPCR, 
Western blotting, and immu-
nostaining were more directly 
linked with the renal compart-
ment. These measures can 
thus corroborate and strength-
en the characterization of a 
phenotype; however, no tem-
poral ordering among signal- 
ing events can presently be 
derived. This distinction is par-
ticularly important for GSK-3β 
and p65, both of which have 
roles in multiple pathways out-
side the kidney. Nevertheless, 
their expression in the kidney 
may still offer a way to describe 
the molecular context in which 

structural and immunological abnormalities 
arise.

Renal involvement in MRL/lpr mice begins at 
12 weeks of age as measured by autoantibody 
levels, urinary protein excretion, histological 
injury, and renal immune-complex deposition. 
This is in line with previous work, as the pattern 
does not worsen at exactly the same rate 
across all measures [18]. Proteinuria is present 
along with perivascular inflammatory-cell infil-
tration and necrotic change at 16 weeks, sup-
porting the selection of week 16 as the CTX 
intervention point [19]. It also provided an 
opportunity to initiate a 12-week treatment 
period before tissue collection. Using this 
mouse model, simultaneous evaluation of sero-
logical, histological, and molecular changes 
can be performed, albeit not all clinical features 
of human LN are reproduced. The selection of 
the intervention point was thus based on the 
co-occurrence of serological, urinary, and tis-
sue evidence, rather than on a single readout. 
It enabled the treated and untreated LN groups 
to be evaluated at the same terminal age, limit-
ing age-related variation when renal molecular 
findings were compared.

Renal GSK-3β and NF-κB p65 expression was 
increased in LN mice between 12 and 28 
weeks, and the distribution of immunostaining 
extended from tubular epithelial compartments 
in C57 kidneys to glomerular and interstitial 
regions in LN kidneys. This correspondence 
supports an association with the renal inflam-
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Figure 5. Renal immunofluorescence of mice in each group after drug intervention (×40).

Figure 6. Effects of CTX treatment on renal GSK-3β and NF-κB p65 expres-
sion. *Compared with the C57 group; #compared with the LN group; */#P 
< 0.05, **/##P < 0.01, ***/###P < 0.001. Comparisons among the three 
groups were performed using one-way analysis of variance (ANOVA) fol-
lowed by the LSD post hoc test.

matory phenotype, not a dem-
onstration that either molecule 
initiates injury. Related studies 
report that GSK-3β inhibition 
can strengthen Treg-cell sup-
pressive function [20] and can 
reduce proteinuria, renal in- 
flammation, dsDNA, IgG/C3 
deposition, and pro-inflamma-
tory cytokines in MRL/lpr mice 
[21]. NF-κB dysregulation is 
similarly implicated in lupus-
like autoimmunity and experi-
mental glomerular injury [17, 
22]. Because no pathway-
blockade experiment was in- 
cluded, the present expression 
changes should be regarded 
as correlates of the LN pheno-
type. The broader distribution 
of renal staining in LN mice is 
also consistent with the histo-
logical evidence of glomerular 
and interstitial involvement. 
However, tissue localization 
alone cannot identify the cell 
population in which a signaling 
change began or determine 
whether it preceded structural 
injury. Experiments that com-
bine cell-specific analysis with 
selective pathway modulation 
will be required to address 
those questions.
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Figure 7. Protein expression of signaling proteins GSK-3β and NF-κB p65 
in different regions of the kidney in mice from various drug intervention 
groups (×40).

Figure 8. Protein expression levels of GSK-3β and NF-κB p65 in different 
regions of the kidney in mice from various drug intervention groups. Aster-
isks indicate comparisons with the C57 group, and number signs indicate 
comparisons with the LN group. One asterisk or one number sign indicates 
P < 0.05, and two asterisks indicate P < 0.01. Comparisons among the 
three groups were performed using one-way analysis of variance (ANOVA) 
followed by the LSD post hoc test.

Within the treatment schedule used here, CTX 
was associated with lower ANA and dsDNA con-
centrations, milder renal pathological and 
immunofluorescence abnormalities, and re- 
duced renal GSK-3β and NF-κB p65 expres-
sion. The absence of a significant change in 
24-hour urinary protein underscores that sero-
logical, tissue, and molecular outcomes need 
to be interpreted together. CTX has an estab-
lished role in active LN [23], and previous 
reports describe treatment-related changes in 
immune and inflammatory markers [24-26]. 
Similar findings with GSK-3β inhibitors and 
artemisinin derivatives also support further 
investigation of these inflammatory pathways 
in experimental disease [27-31]. However, the 
observed decrease in GSK-3β and p65 identi-
fies them only as CTX-responsive markers in 
this model. However, no direct mechanistic role 

can be assigned until selective 
inhibition, rescue experiments, 
and time-resolved tissue stud-
ies are performed. In particu-
lar, the pattern of lower auto-
antibody concentrations and 
weaker renal immune-complex 
staining after CTX is compati-
ble with a less active inflamma-
tory state, but does not distin-
guish an upstream action on 
immune activation from a do- 
wnstream response to reduced 
renal injury. The current data 
therefore support a mechanis-
tic hypothesis for future testing 
rather than a definitive phar-
macological mechanism. Com- 
paring multiple outcome do- 
mains was particularly impor-
tant here because treatment 
effects were not identical ac- 
ross serological, urinary, mor-
phological, and molecular en- 
dpoints.

Taken together, the data show 
that renal GSK-3β and NF-κB 
p65 upregulation accompa-
nies LN development in MRL/
lpr mice and that CTX treat-
ment coincides with lower 
expression of both markers 
and improved renal findings. 
They support further mecha-

nistic investigation of this inflammatory axis, 
but they neither validate a clinical biomarker 
nor establish a direct therapeutic target. 
Confirmation will require additional models and 
appropriately designed clinical studies. Future 
work should also relate molecular changes to 
repeated functional renal measures and estab-
lish whether the same expression pattern is 
retained across disease stages. Such work 
would help determine the scope and transla-
tional relevance of the association observed in 
this mouse model.

Conclusion

In contrast, increased levels of renal GSK-3β 
and NF-κB p65 expression were found during 
LN progression, whereas decreased expres-
sion of both proteins was found after CTX treat-
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ment in MRL/lpr mice. Our results also suggest 
that the CTX response is associated with GSK-
3β/NF-κB-related inflammatory signaling; how-
ever, this association does not establish cau-
sality. Pathway-specific studies are required to 
determine whether this signaling axis directly 
mediates renal protection. Accordingly, these 
data provide a basis for targeted mechanistic 
experiments, rather than evidence for an imme-
diate clinical application. The conclusions are 
restricted to the MRL/lpr model and the obser-
vation schedule used in this experiment.
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