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Commentary

Chronic kidney disease (CKD) has become a growing global health challenge, impacting over 800 
million individuals worldwide [1]. Numerous evidences have shown that women are more resistant 
to CKD than men before menopause, however this beneficial effect is diminished in those with 
post-menopause, highlighting the pivotal role of estrogen in kidney disease [2-5]. The physiological 
functions of estrogen are regulated by estrogen receptors (ERs), ERα (NR3A1) and ERβ (NR3A2). 
These receptors, upon ligand binding, intricately modulate gene transcription by binding to specific 
DNA sites and interacting with co-repressors or co-activators [6]. While ERα is primarily expressed 
in reproductive organs such as the uterus and prostate, it is also highly expressed in metabolically 
active tissues like the liver and adipocytes. In contrast, ERβ exhibits a more widespread distribution. 
Studies reveal that ERβ has a prominent role in the nervous system [7] and immune related disease 
[8,9]. ERβ deficiency results in diverse behavioral abnormalities including anxiety, disrupted gut 
microbiota composition, and increased susceptibility to dextran sulfate sodium salt (DSS)-induced 
colitis. In addition, both ERα and ERβ exert an important role in energy metabolism [10,11].

 The protective role of estrogen in various kidney diseases has been reported. However, the 
underlying mechanisms remain inadequately elucidated [12-15]. Within the context of diabetic 
nephropathy, estradiol (E2) exerts a suppressive effect on albuminuria and tubulointerstitial fibrosis 
(TF), and glomerulosclerosis by inhibiting of the matrix metalloproteinases-2 (MMP-2) and matrix 
metalloproteinases-9 (MMP-9) activities [16]. It is reported that podocytes and mesangial cells are 
main target cells for sex steroid hormones by expressing ERα [17]. In this regard, estradiol stimulates 
ERα to activate signaling pathways, orchestrating gene regulation in glomerular and mesangial cells. 
Interestingly, while testosterone has a proapoptotic effect, 17β-estradiol demonstrates a protective 
effect on podocyte apoptosis preceding glomerulosclerosis in female mice. Thus, the safeguarding role 
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of E2 on podocytes is primarily mediated by ERα (Figure 1). Notably, 
pretreatment of podocytes with physiological concentrations of E2 
(1 nmol/l) significantly curbs apoptosis triggered by transforming 
growth factor-β1 (TGF-β1) and tumor necrosis factor alpha (TNF-α) 
in an ER-dependent manner [17]. This is further evidenced by more 
severe podocyte injury and glomerulosclerosis developed in ERα 
deficient female mice when compared with WT littermates [17]. 
Clinically, in patients with IgA nephropathy (IgAN), the expression 
of ERα is largely reduced in the glomeruli, which is also associated 
with declined glomerular filtration rate (eGFR), increased serum 
creatinine (Scr), and pathological grade [18], revealing a plausible 
role for ERα in IgAN.

In comparison to ERα, the role of ERβ in kidney diseases 
remains unclear. Recent work by Liu et al. found that ERβ is 
expressed by renal tubular epithelial cells but not by glomerular cells 
in normal human kidneys, which is significantly reduced in patients 
with lupus nephritis [19]. Notably, the expression of ERβ in renal 
tubular epithelial cells is also negatively correlated with serum uric 
acid (UA) levels and glomerulosclerosis [19]. By employing specific 
antibodies against markers such as aquaporin 1 (AQP1, a proximal 
tubule marker), aquaporin 2 (AQP2, a collecting duct marker), 
Tamm-Horsfall protein (THP, an ascending thick limb of Henle's 

loop marker), sodium chloride cotransporter (NCC, a distal tubule 
marker) and nephrin (a glomerular marker), we uncovered that 
ERβ is distinctly expressed in renal proximal tubular epithelial cells 
(PTECs) across species [20]. Importantly, we also detected that 
decreased ERβ expression in PTECs is correlated closely with the 
severity of progressive renal fibrosis in patients with IgAN, which is 
also observed mouse models with progressive renal fibrosis induced 
by unilateral ureteral obstruction (UUO) or 5/6 nephrectomy 
(5/6Nx) as well as in vitro cultured tubular cells [20]. Thus, like ERα, 
ERβ is also protective in renal fibrosis and the substantial loss of ERβ 
is associated with progressive renal fibrosis (Figure 1).

The anti-fibrotic role of ERβ have been explored in cardiac 
fibroblast [21-23] and hepatic stellate cells (HSCs) [24,25]. In the 
context of cardiac fibrosis, ERβ activation triggers AMP kinase 
(AMPK) and protein kinase A (PKA), impeding angiotensin II 
(AngII)-induced de-phosphorylation of Rho, thereby activating Rho 
kinase A21. This cascade curtails Rho kinase-mediated suppression 
of TGF-β expression [21]. In rat primary HSCs, E2 can inhibit 
the proliferation and transformation of HSCs through the ERβ-
dependent mechanism [25]. In contrast, TGF-β induces liver 
fibrosis by downregulating ERβ expression. Furthermore, inhibition 
of ERβ also exacerbates NOD-like receptor thermal protein domain 

 

 

 
Figure 1. The possible role of estrogen signaling in kidney disease [17,19,20,26]. In the kidney, ERα is primarily expressed in podocytes and 
exerts a protective effect against podocyte apoptosis and renal injury in diabetic nephropathy by binding to the promoter region of TGF-βRI and 
then inactivating TGF-β/smad3 signaling; ERβ is primarily expressed in renal proximal tubular epithelial cells (PTECs) and inhibits renal fibrosis by 
binding to SMAD3 and inhibiting Smad3 transcription activity. 
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associated protein 3 (NLRP3) activation and inflammation in HSCs 
[24], which is reversed by overexpressing ERβ [25]. The anti-fibrotic 
role of ERs is also observed in kidney disease in which female 
rats exhibit resistant to ischemia-reperfusion injury (IRI) induced 
acute kidney injury and fibrosis, which is further improved by E2 
supplementation but is exacerbated by ovariectomized (OVX) [26]. 
By using ERβ deficient mice, we also found that mice lacking ERβ 
develop more severe renal fibrosis after UUO or 5/6 nephrectomy, 
which is blocked by giving the ERβ selective agonists such as 
diarylpropionitrile (DPN) or WAY200070 [20]. 

The recent progress in understanding of estrogen signaling 
includes finding that ERα can bind to the promoter region of 
TGF-βRI to inactivating TGF-β/Smad signaling [26]. Thus, E2 
exerts its protective effect on acute kidney injury via the ERα-
mediated transcriptional inhibition of TGF-βRI expression 
[26]. Furthermore, we also found that ERβ can also bind Smad3 
directly to transcriptionally inhibit TGF-β/Smad3 signaling [20]. 
We summarized the current understanding for estrogen signaling 
in kidney disease in Figure 1. Thus, deletion or pharmacological 
inhibition of Smad3 prevents the loss of ERβ and progressive renal 
fibrosis. Indeed, since activation of TGF-β/Smad3 signaling is a 
well-recognized mechanism related to renal fibrosis [27], ERβ can 
competitively inhibit the association of Smad3 with the Smad-binding 
element, thereby downregulating the transcription of the fibrosis-
related genes. Thus, ERβ may represent as a promising therapeutic 
agent for renal fibrosis and may be a hormone replacement therapy 
for CKD patients although more clinical evidence is needed.
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