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Abstract
Lupus nephritis is a serious condition, for which treatments are limited; hence, there is a need for new cure approaches. The 
aim of this study was to evaluate the therapeutic effects of calycosin against lupus nephritis induced by lipopolysaccharide 
(LPS) in human renal cortex proximal convoluted tubule epithelial cells (HK-2). HK-2 cells were stimulated with 1 μg/ml 
LPS to create a lupus nephritis cell model; the cells were pretreated with calycosin. Cell viability and apoptosis rate were 
determined using the cell counting kit-8 assay and flow cytometry, respectively. A caspase-3 activity detection kit was used 
to determine caspase-3 activity. Interleukin (IL)-6, IL-1β, and tumor necrosis factor alpha (TNF-α) levels were determined 
using enzyme-linked immunosorbent assay kits. Lactate dehydrogenase (LDH) level was determined using an LDH assay 
kit. Finally, western blotting and reverse transcription-quantitative polymerase chain reaction were performed to determine 
apoptosis-related protein levels and nuclear factor erythroid 2–related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signal-
ing. Calycosin had no cytotoxic effects on HK-2 cells. Lipopolysaccharide stimulation significantly inhibited cell viability; 
increased the IL-6, IL-1β, and TNF-α levels; and elevated apoptosis rate, caspase3 activity, and LDH level in HK-2 cells. 
The protein level of cleaved caspase3 was also increased in LPS-treated HK-2 cells. In addition, the pattern of Nrf2/HO-1 
signaling was disturbed by LPS. These effects were reversed by calycosin treatment. Calycosin could alleviate LPS-induced 
lupus nephritis and may thus be a novel agent for its treatment.
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Introduction

Systemic lupus erythematosus (SLE) is the most common 
autoimmune disease in China, with an incidence rate of 
30.13–70.41% per 100,000 people. Approximately 40–60% 
of patients with SLE have lupus nephritis in the initial stage 
of the disease (Yu et al. 2022). Currently, there is no unified 
treatment strategy for lupus nephritis; available treatments 
are mainly aimed at controlling lupus activity, preventing 
the progression of renal lesions, and minimizing the adverse 

effects of drug therapy. Individualized treatments should be 
developed according to clinical manifestations, pathological 
features, and disease activity (Anders et al. 2020). In 1986, 
the National Institute of Health of the USA reported that the 
efficacy of combined immunosuppressant therapy for lupus 
nephritis was considerably superior to that of conventional 
hormone therapy, but long-term use of glucocorticoids and/
or immunosuppressants such as cyclophosphamide, aza-
thioprine, and cyclosporine A had several adverse effects 
including severe infection, myelosuppression, gonadal sup-
pression, neuroendocrine disorders, osteoporosis, carcino-
genesis, and teratogenesis (Rovin et al. 2022). Consequently, 
some patients cannot adhere to long-term treatment and 
are forced to reduce the drug dose or stop the drug. Other 
approaches such as plasmapheresis, hematopoietic stem cell 
transplantation, and gene therapy are being investigated (Yu 
et al. 2017; Zhang et al. 2017). Therefore, the exploration 
of drug therapies in line with health economics and with 
less adverse effects has become the focus of current clinical 
research.
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Calycosin (1), a natural isoflavone isolated from members of 
the genus Astragalus, Fabaceae, has antioxidant, antiradiation, 
anticancer, antiviral, and lipid-lowering effects. It has been 
used to treat myocardial fibrosis via the TGFBR1 signaling 
pathway (Chen et al. 2022). Calycosin also represses the inva-
sion and migration of breast cancer cells (Zhang et al. 2021). 
It protects against cerebral ischemia–reperfusion via SIRT1 
signaling (Yan et al. 2019). However, it is unclear whether 
calycosin has a preventive effect against lupus nephritis.

Nuclear factor erythroid-2–related factor 2 (Nrf2), which 
belongs to the Carney complex (CNC) regulatory pro-
tein family, is a transcription factor that regulates cellular 
REDOX function (Tonelli et al. 2018). Heme oxygenase-1 
(HO-1) is a rate-limiting enzyme that catalyzes the degra-
dation of heme to carbonic oxide, biliverdin, and free iron 
(Wang et al. 2019). Nrf2/HO-1 signaling is involved in vari-
ous human diseases. Recently, the inhibition of Nrf2/HO-1 
has been shown to mediate osteoarthritis (Chen et al. 2019). 
Nrf2/HO-1 is also involved in hepatic ischemia–reperfusion 
(Ge et al. 2017). Moreover, Nrf2/HO-1 is a classical thera-
peutic biomarker for Parkinson (Wang et al. 2021). How-
ever, it remains unknown whether calycosin prevents lupus 
nephritis via the Nrf2/HO-1 pathway. In this study, we aimed 
to determine the therapeutic effect of calycosin against lupus 
nephritis induced with lipopolysaccharide (LPS) and illus-
trate the underlying mechanisms.

Materials and Methods

Model Establishment

Human-derived proximal tubule epithelial cell line HK-2 was 
obtained from Meisen Bio (Zhejiang, China). The cells were 
cultured in Ham’s F-12 medium (BI, Israel) supplemented 
with 1% penicillin and streptomycin (P/I) (BI) and 12% fetal 
bovine serum (Gibco, NY) in an atmosphere of 5% CO2, at 
37 °C. A lupus nephritis model was established using HK-2 
cells stimulated with 1 μg/ml LPS (L5293; Merck) for 24 h; 
the cells were pretreated with calycosin (HY-N0519; MCE). 
ML385 (1 µM, HY-100523), a Nrf2/HO-1 signaling inhibi-
tor, were procured from MCE. To determine whether calyco-
sin (99.93% purity, Lote S903801, Selleck, China) protects 
against lupus nephritis via Nrf2/HO-1 signaling, HK-2 cells 
were treated with calycosin (80 μM) alone or in combination 

with 1 µM ML385 for 2 h, and then stimulated for 24 h with 
1 μg/ml LPS.

Cell‑Counting Kit‑8 Assay

Cell viability was evaluated using the cell-counting kit-8 
(CCK-8) (Fcmacs, Nanjing, China). After LPS stimulation, 
HK-2 cells were resuspended and seeded in 96-well plates at 
2.5 × 103 cells/well and incubated with 10 μl of detection solu-
tion for 1.5 h at 37 °C under 5% CO2 in the dark. The optical 
density (OD) of the samples was measured at 450 nm using an 
ultraviolet spectrophotometer (Infinite Pro; Tecan).

Lactate Dehydrogenase Assay

Lactate dehydrogenase (LDH) level in the cells was measured 
following stimulation with LPS using an LDH activity assay 
kit (ARG81306; Arigo, Taiwan, China). Following the manu-
facturer’s instructions, the OD of the sample in each well was 
determined at 490 nm to analyze LDH activity.

Cell Apoptosis

For this assay, 2 × 105 LPS-induced cells were harvested. The 
cells were incubated with 5 μl of Annexin V-FITC and 5 μl 
of propidium iodide (Fcmacs, China) at room temperature in 
the dark for 35 min. Apoptosis rate was analyzed using flow 
cytometry (C6; Thermo Fisher Scientific, USA).

Caspase‑3 Activity Assay

The activity of caspase-3 in cells was determined using a 
colorimetric kit (ImmunoWay, China). The culture medium 
and cells were covered with trypsin (BI). The cell samples 
were then incubated with lysis buffer (Proteintech, China) 
for 20 min and then centrifuged at 10,000 × g for 1 min. The 
samples were analyzed using a microplate reader (Tecan, 
Switzerland).

Enzyme‑Linked Immunosorbent Assay

The cell culture supernatant was harvested and used for deter-
mining the level of inflammatory cytokines (interleukin (IL)-6, 
IL-1β, and tumor necrosis factor (TNF)-α). The ELISA kits 
were obtained from Beyotime (Shanghai, China). All opera-
tions were performed according to the manufacturer’s protocol.

Reverse Transcription‑Quantitative PCR

Following the supplier’s protocol, the total RNA was isolated 
from the cells using Isolation TRIzol buffer® (Multi Sci-
ences, Hangzhou, China), and cDNA was obtained by reverse 
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transcribing the RNA using a reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) kit (Yeasen, China). Fur-
thermore, qRT-PCR was performed using the PerfectStart® 
SYBR qPCR Mix (Vazyme, Nanjing). The gene expression 
levels were calculated using the 2−ΔΔCt method. The sequences 
of primers of Nrf2, HO-1, and β-actin were as follows: β-actin: 
5′-CCA​TCG​CCA​GTT​GCC​GAT​CC-3′ (F) and 5′-GCG​AGA​
GGA​GCA​CAG​ATA​CCA​CCA​A-3′ (R); HO-1: 5′-AAG​ACT​
GCG​TTC​CTG​CTC​AAC-3′ (F) and 5′-AAA​GCC​CTA​CAG​
CAA​CTG​TCG-3′ (R); Nrf2: 5′-TCA​GCG​ACG​GAA​AGA​GTA​
TGA-3′ (F) and 5′-CCA​CTG​GTT​TCT​GAC​TGG​ATGT-3′ (R).

Western Blotting

HK-2 cells were lysed using RIPA buffer (Univ, Shanghai, 
China). Proteins were resolved using sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis and transferred on 
to PVDF membranes (Whatman, USA). PBST (Univ) and 
5% nonfat milk powder (CST, USA) were used to block the 
PVDF membranes. The membranes were then incubated 
with primary antibodies against Nrf2, HO-1, cleaved cas-
pase-3, and GAPDH for 12 h. The next day, after incubating 
with the secondary antibody, the blots were assessed using 
an image capture system (Wix, USA), and the grayscale 
value of the target protein was determined using ImageJ.

Statistical Analysis

Data are presented as mean ± standard deviation (SD). Dif-
ferences among groups were evaluated using a one-way 
analysis of variance (ANOVA). Results with p < 0.05 were 
considered statistically significant.

Results and Discussion

HK‑2 Cell Growth

The CCK-8 and LDH analyses were performed to explore 
the treatment effects of 0, 10, 20, 40, 60, and 80  μM 

calycosin (1) for 24 h in HK-2 cells. In the CCK-8 assay, the 
OD values indicated that calycosin was not toxic to HK-2 
cells (Fig. 1A). Similarly, the LDH activity indicated that 
calycosin had no negative effects on HK-2 cells (Fig. 1B). 
These findings indicated that calycosin had no toxic effects 
on HK-2 cells.

Inhibition of Apoptosis and Inflammation

To investigate the effects of calycosin (1) on LPS-induced 
apoptosis and inflammation, HK-2 cells were treated with 
calycosin (20, 40, and 80 μM) for 2 h before LPS stimu-
lation. The CCK-8 assay results showed that LPS notably 
decreased cell viability, whereas calycosin significantly 
increased the viability of HK-2 cells in a dose-dependent 
manner (Fig. 2A). Furthermore, the LDH concentration 
increased in LPS-stimulated HK-2 cells, whereas calycosin 
reversed these effects (Fig. 2B). The cell apoptotic assay 
revealed that the apoptosis rate of LPS-stimulated HK-2 
cells considerably increased, but it was reduced by calycosin 
(20, 40, and 80 μM) treatment (Fig. 2C and D). The western 
blotting results indicated that the cleaved caspase-3 level 
and ratio of cleaved caspase-3/GAPDH were elevated in 
LPS-stimulated HK-2 cells, and these changes were reversed 
by calycosin in a dose-dependent manner (Fig. 2E and F). 
Consistent with these findings, the caspase-3 activity was 
increased in the LPS-stimulated group; however, calycosin 
repressed the effects of LPS in HK-2 cells (Fig. 2G). Moreo-
ver, compared with those in the control group, the levels of 
TNF-α, IL-1β, and IL-6 were increased in the LPS-stimu-
lated group, and they were decreased by calycosin treatment 
(Fig. 3A–C).

Inhibition of Nrf2 and HO‑1 Expression

To explore the potential mechanisms by which calycosin 
prevents LPS-induced LN, HK-2 cells were pre-treated with 
calycosin (20, 40, and 80 μM) for 2 h, and then cultured with 
1 μg/ml LPS for 24 h, and the Nrf2/HO-1 pathway was ana-
lyzed. Compared with those in the control group, the protein 

Fig. 1   Effect of calycosin (1) 
in HK-2 cells. A Cell counting 
was carried by the CCK-8 assay 
to assess cell viability. B The 
lactate dehydrogenase assay 
was performed to measure LDH 
activity. Data are presented as 
mean ± SD of three independent 
experiments
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Fig. 2   Effect of calycosin (1) on the apoptosis of lipopolysaccharide-
induced HK-2 cells. A The CCK-8 assay was carried out to evaluate 
cell viability. B The lactate dehydrogenase assay was performed to 
measure LDH activity in calycosin-treated LPS-induced HK-2 cells. 
C and D Flow cytometry was conducted to assess cell apoptosis. E 

and F Western blotting was performed to quantify the expression 
patterns of apoptosis-related protein. G Capase-3 activity assay was 
carried out to measure caspase-3 activity. **p < 0.01 vs. control; 
#, ##p < 0.05, 0.01 vs. LPS. Data are presented as mean ± SD of three 
independent experiments

Fig. 3   Effect of calycosin (2) on inflammation in lipopolysaccharide-induced HK-2 cells. A–C The levels of TNF-α, IL-1β, and IL-6 were deter-
mined using ELISA. **p < 0.01 vs. control; #, ##p < 0.05, 0.01 vs. LPS. Data are presented as mean ± SD of three independent experiments
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and mRNA levels of Nrf2 and HO-1 were altered in the LPS-
stimulated group, and calycosin reversed this phenomenon 
in a dose-dependent manner (Fig. 4A–C).

ML385 Inhibited Calycosin Protective Effect

To determine whether calycosin protects against lupus 
nephritis via Nrf2/HO-1 signaling, HK-2 cells were treated 
with calycosin (80 μM) alone or in combination with 1 µM 
ML385 for 2 h, and then stimulated for 24 h with 1 μg/ml 
LPS. The results indicated that the protein and mRNA levels 
of Nrf2 and HO-1 increased in the LPS + calycosin group, 
and ML385 suppressed this increase (Fig. 5A–C).

The CCK-8 assay results showed that calycosin enhanced 
cell growth, which was inhibited by ML385 treatment 
(Fig. 6A). The LDH activity was significantly suppressed by 
calycosin compared with that in the LPS group but increased in 
the LPS + calycosin + ML385 group (Fig. 6B). The flow cytom-
etry assay revealed that calycosin treatment decreased apoptosis 
compared with that in the LPS group, but this decrease was 
reversed by ML385 treatment (Fig. 6C and D). Furthermore, 
the protein level of cleaved caspase3 was decreased in the 

LPS + calycosin group, and it was increased by ML385 treat-
ment (Fig. 6E and F). Additionally, the caspase-3 activity was 
substantially decreased by calycosin compared with that in the 
LPS group, but it was increased by ML385 treatment (Fig. 6G). 
Finally, the levels of TNF-α, IL-1β, and IL-6 were altered by 
calycosin treatment, and increased by ML385 (Fig. 7A–C). 
These results suggest that calycosin alleviates lupus nephritis 
by activating the Nrf2/HO-1 signaling pathway.

Nearly 50% of Chinese patients with systemic lupus ery-
thematosus have LN, which is higher than that in Cauca-
sians with SLE (Li et al. 2019). Lupus nephritis is mainly 
caused by renal injury due to circulatory or in situ immune 
complex deposition, whereas systemic lupus erythemato-
sus rarely damages the kidney through non-immune com-
plex pathways (such as lupus interstitial nephritis) or renal 
vascular lesions (Qi et al. 2018; Liang et al. 2021). The 
10-year renal survival rate of patients with lupus nephritis 
in China is 81–98%, and this disease is one of the common 
causes of end-stage renal disease and an important cause of 
death in patients with systemic lupus erythematosus (Quan 
et al. 2022; Lv et al. 2022). Over the past decade, the lupus 
nephritis treatment has become more individualized, and 

Fig. 4   Nrf2/HO-1 pathway in calycosin-treated HK-2 cells. A–C The protein and mRNA levels of Nrf2 and HO-1 in HK-2 cells. **p < 0.01 vs. 
control; ##p < 0.01 vs. LPS. Data are presented as mean ± SD of three independent experiments

Fig. 5   Influence of ML385 on the Nrf2/HO-1 pathway in HK-2 cells. A–C The protein and mRNA levels of Nrf2 and HO-1 in HK-2 cells. 
**p < 0.01 vs. LPS; ##p < 0.01 vs. LPS + calycosin-80. Data are presented as mean ± SD of three independent experiments
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the application of new immunosuppression schemes, espe-
cially multitarget therapy, has substantially improved the 
response rate to lupus nephritis treatment.

Recent studies have revealed that calycosin exhibits bio-
logical activity against various human diseases. For instance, 
Huang et al. (2022) reported that calycosin alleviates diabetic 
kidney disease by modulating ferroptosis. Ma et al. (2022) 
showed that calycosin improves atherosclerosis by regulating 
autophagy. Jin et al. (2022) reported that calycosin optimized 
bone loss in a rat model. Furthermore, a previous study dem-
onstrated a potential therapeutic effect of calycosin against 
human papillary thyroid cancer (Qu et al. 2022). Elsherbiny 

et al. (2020) reported that calycosin markedly improved 
high-fat diet/STZ-induced renal injury and dysfunction by 
modulating IL33/ST2 signaling, inflammatory cytokine lev-
els, oxidative stress, and fibrotic processes. However, only a 
few studies have investigated the effects of calycosin against 
lupus nephritis. In the present study, we found that calycosin 
alleviated LPS-induced lupus nephritis in vitro.

Nrf2/HO-1 signaling is a critical cytoprotective mecha-
nism. Growing evidence indicates that the Nrf2/HO-1 sign-
aling pathway plays a critical role in human diseases. Yu 
et al. (2019) suggested that the activation of the Nrf2/HO-1 
signaling pathway could improve myocardial ischemia. 

Fig. 6   ML385 reversed the effects of calycosin (1)  on LPS-induced 
apoptosis in HK-2 cells. A The CCK-8 assay was performed to deter-
mined cell viability. B The LDH assay was carried out to measure 
LDH activity. C and D Apoptosis rate of HK-2 cells was determined 
using flow cytometry. E and F The expression pattern of cleaved 

caspase3 was determined using western blotting. G Capase3 activity 
assay was used to measure caspase3 activity in HK-2 cells. **p < 0.01 
vs. LPS; ##p < 0.01 vs. LPS + calycosin-80. Data are presented as 
mean ± SD of three independent experiments
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Nrf2/HO-1 signaling is reportedly involved in the anti-
inflammatory response of icariin (El-Shitany and Eid 2019). 
Wang et al. (2022) demonstrated that Nrf2/HO-1 is related to 
lung ischemia–reperfusion and may be a potential therapeu-
tic target. Moreover, a previous study indicated that mela-
tonin alleviated nonalcoholic fatty liver disease (NAFLD) by 
downregulating Nrf2/HO-1 (Joshi et al. 2021). A previous 
study also indicated that the activation of Nrf2-HO-1 signal-
ing may offer a potential approach for the development of 
novel therapeutic agents for kidney diseases (Uddin et al. 
2021). In our study, we found that calycosin treatment nota-
bly inhibited LPS-induced LN via the Nrf2/HO-1 pathway.

Conclusion

Calycosin (1) mitigated LPS-induced lupus nephritis 
in vitro, as well as decreased inflammation, apoptosis, and 
the activated Nrf2/HO-1 axis in LPS-stimulated HK-2 cells. 
Therefore, our results suggest that calycosin is a novel thera-
peutic agent against lupus nephritis.
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