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Abstract

Chronic kidney disease (CKD) is characterized by the progressive accumulation of uremic
toxins (UTs), which contribute to systemic complications, increased cardiovascular risk,
and disease progression. Epidemiological and experimental evidence demonstrate pro-
nounced sex differences in CKD progression and outcomes, yet the mechanisms underlying
sex-specific uremic toxicity remain unclear. This review synthesizes current knowledge on
sex differences in the origin, metabolism, transport, and biological effects of UTs, with a
focus on sex-dependent regulatory mechanisms along the gut–liver–kidney axis. Sex hor-
mones influence key determinants of toxin handling, including gut microbiota composition,
hepatic enzyme activity, plasma protein binding, membrane transporter expression, and
intracellular signaling pathways. Together, these factors regulate systemic toxin exposure
and tissue susceptibility to injury. CKD also disrupts endocrine homeostasis, creating
bidirectional interactions between hormonal regulation and toxin accumulation. Exper-
imental and limited clinical evidence suggest that sex may influence circulating toxin
profiles and susceptibility to toxin-associated complications. Collectively, sex is an impor-
tant modulator of uremic toxicity, with sex hormones mediating at least part of the sex
differences. A sex-informed framework may improve fundamental understanding through
mechanistic studies and future clinical research may help clarify its relevance for biomarker
development and support the development of personalized therapeutic strategies for CKD.

Keywords: chronic kidney disease; uremic toxins; uremic toxicity; sex hormones; sexual
dimorphism

Key Contribution: This review provides a mechanistic framework for sex differences in
uremic toxin generation, transport, and signaling along the gut–liver–kidney axis, identify-
ing hormonal regulation as a key driver of sex-specific uremic toxicity in CKD. It highlights
the need to incorporate sex as a biological variable in biomarker interpretation, mechanistic
studies, and therapeutic strategies.

1. Introduction
Chronic kidney disease (CKD) is a major global health problem affecting approxi-

mately 10% of the adult population worldwide. With the ongoing aging population, CKD
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is increasingly considered as a silent epidemic [1,2]. CKD is defined by structural or func-
tional kidney abnormalities, with or without reduced estimated glomerular filtration rate
(eGFR), or by a GFR < 60 mL/min/1.73 m2 persisting for at least three months, irrespective
of kidney damage [3–5]. Because symptoms often remain absent until advanced stages,
CKD is frequently underdiagnosed [6,7]. Progressive loss of kidney function impairs the
clearance of endogenous metabolites and exogenous compounds, leading to their accu-
mulation in the circulation and the development of uremic syndrome [8]. This syndrome
reflects a complex multisystem disorder resulting from the retention of biologically active
solutes, collectively termed uremic solutes [9]. Their retention results mainly from reduced
kidney glomerular filtration and clearance and is, in some cases, accompanied by a rise
in generation in the kidney [10]. Many of these uremic solutes exert biological activity
(toxicity) that adversely affects cellular and organ function and are then referred to as
uremic toxins (UTs). In particular, plasma levels of protein-bound uremic toxins (PBUTs)
increase with CKD progression [11,12].

UT accumulation plays a central role in CKD pathophysiology and associated com-
plications [13]. Many UTs originate from endogenous metabolism and gut microbial
activity, and contribute to inflammation, oxidative stress, endothelial dysfunction, and
fibrosis [14]. Consequently, elevated circulating UT levels have been strongly associated
with a higher risk of cardiovascular (CV) events, which is the leading cause of mortality in
CKD patients [15–17]. Beyond CV complications, UTs are implicated in the development of
neurological disorders (e.g., cognitive impairment and anxiety) and accelerate CKD pro-
gression itself [18–21]. UTs could also play a role in the crosstalk between bone and vessel
function, and potentially contribute to the development of vascular and bone remodeling
disorders in CKD patients [22]. Moreover, evidence indicates that UTs contribute to a range
of symptoms associated with uremic syndrome, referred to as the uremic symptom bur-
den [3,17–19,22–25]. Although hemodialysis reduces CKD-related mortality by removing
some UTs, conventional dialysis poorly eliminates PBUTs, and current kidney replacement
therapies fail to fully restore physiological toxin clearance [18,26,27]. Consequently, UTs
remain key contributors to CKD-related morbidity and mortality and may also serve as
biomarkers of early tubular kidney dysfunction [28–30].

Substantial sex differences exist in kidney physiology and CKD progression [31,32].
Although CKD prevalence is higher in women, men generally show faster disease pro-
gression, earlier onset of end stage kidney disease (ESKD), and higher mortality [33–37].
These differences have been linked to variations in kidney hemodynamics, kidney mass,
transporter expression and hormonal regulation, particularly the effects of estrogens and
androgens [36,38–40]. Importantly, these sex differences are not solely attributed to bi-
ological sex, i.e., traits typically assigned male or female at birth, and to the associated
hormonal profiles, but are also influenced by gender-related socio-cultural factors such as
healthcare access, treatment strategies, and disease recognition [35,41]. The CKD symptom
burden, including nausea, fatigue, daytime sleepiness, impaired concentration, and pain,
is known to increase with age and has been reported to be substantially higher in women
than in men, with a more pronounced negative impact on the quality of life [24,42]. These
findings suggest that sex-related differences in CKD extend beyond disease prevalence
and progression and may also involve differences in symptom burden and underlying
biological drivers.

Despite these observations, the modulating role of sex in UT generation, metabolism,
clearance, and biological effects, i.e., uremic toxicity, has received limited attention. Multiple
biological factors showing sex-specific variation, such as sex hormones, body composition,
gut microbiota composition, inflammatory responses, and membrane transporter expres-
sion, regulate key processes involved in UT handling and biological activity [1,8,43–45].
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These processes are integrated within the gut–liver–kidney axis, which governs toxin
production, metabolism, distribution, and elimination [46–49]. Sex differences at any of
these levels may contribute to the observed sexual dimorphism in CKD progression and
complications [50–52].

A better understanding of sex-related determinants of uremic toxicity can help to
clarify mechanisms underlying the sexual dimorphism in CKD and identify opportunities
for more personalized, sex-informed approaches in diagnosis, symptom management,
and therapeutic intervention. Of note, in this review the term sexual dimorphism refers
specifically to differences between the two primary biological sexes, i.e., male (XY) and
female (XX). However, we acknowledge that biological sex exists beyond a strict binary
dichotomy and encompasses variations such as Turner syndrome (X), Klinefelter syndrome
(XXY), and XYY or XXXY syndromes. While these chromosomal variations likely influence
metabolic and kidney profiles, data regarding their specific impact on uremic toxicity are
currently lacking. Here, we therefore focused on the potential mechanisms underlying the
differences between the two primary biological sexes. In particular, sex hormones such
as estrogens and androgens play a central regulatory role in modulating physiological
processes relevant to uremic toxicity. These hormones influence gut microbial composition,
hepatic metabolic enzyme activity, plasma protein binding, transporter expression, and
cellular signaling pathways, all of which govern UT handling and toxicity [36,53–60].
Furthermore, CKD itself disrupts endocrine homeostasis, creating a bidirectional interaction
between kidney dysfunction and hormonal regulation. Understanding these complex
interactions is essential for elucidating sex-specific mechanisms underlying uremic toxicity.

Although sex differences in CKD and individual aspects of UT biology have been
studied separately, an integrated mechanistic framework linking sex-dependent regulation
to uremic toxicity is lacking. This review therefore provides a comprehensive overview of
sex-dependent determinants of uremic toxicity and their relevance for CKD pathophysiol-
ogy and patient care. We discuss sexual dimorphism in CKD, summarize current concepts
regarding UT classification and metabolism, and examine how sex hormones may influence
UT generation, metabolism, clearance, and toxicity across the gut–liver–kidney axis. While
multiple mechanisms (e.g., sex hormones, lifestyle, sex chromosomes, . . .) most likely
contribute to the observed sex differences, within this review we focus on the role of sex
hormones as modulators of uremic toxicity. Finally, we address the potential clinical impli-
cations of sex-related differences in uremic toxicity for risk stratification and therapeutic
management in CKD. Overall, this review uniquely integrates sex-specific regulation of UT
biology across the gut–liver–kidney axis, with a particular focus on the distinct mechanistic
levels at which sex differences may influence uremic toxicity in CKD.

2. Sex Differences in CKD-Associated Uremic Toxicity
CKD exhibits pronounced sex differences in incidence, progression, and clinical out-

comes [35–37,61]. These differences likely arise from a combination of lifestyle, genetics, epi-
genetics, sex chromosomes, sex hormones, and sociocultural gender-related factors [52,60].
Among these, sex hormones are particularly relevant because they directly regulate path-
ways involved in UT generation, clearance, and toxicity. Understanding their effects on
kidney physiology is therefore essential to interpret sex differences in uremic toxicity. In
the following sections, we discuss how sex hormones influence CKD pathophysiology and
UT handling, emphasizing the bidirectional interaction between endocrine regulation and
kidney dysfunction.

https://doi.org/10.3390/toxins18060242

https://doi.org/10.3390/toxins18060242


Toxins 2026, 18, 242 4 of 36

2.1. Sex Hormone Biology and Their Effects on Kidney Structure and Function

Sex hormones, including estrogens, androgens, and progestogens, exert their effects
through membrane-bound and intracellular receptors that activate transcription-dependent
and independent signaling pathways [36]. This review focuses on estrogens and andro-
gens. Although estrogens and androgens were traditionally associated with female and
male physiology, respectively, both hormone classes regulate important biological and
pathological processes in both sexes [36,62–64].

Sex hormones circulate either freely or bound to sex hormone-binding globulin (SHBG)
or albumin and act locally and systemically on target tissues [65]. Estrogen receptors (ERα
and ERβ) and androgen receptors (ARs) are widely expressed in the mammalian kidney,
indicating an important role for sex hormones in kidney physiology and pathology [66–70].
Animal studies suggest that estrogens support preservation of normal kidney function,
whereas excess testosterone accelerates kidney injury and fibrosis, highlighting the impor-
tance of hormonal balance for kidney health [71,72]. In addition, the male kidney serves
as a site of testosterone catabolism, while the female kidney contributes to testosterone
production, consistent with the observation that the human female kidney functions as
an androgen-producing organ [73]. Consequently, as was shown in rats models, female
kidneys depend on high circulating estrogen levels together with relatively low androgen
concentrations to maintain homeostasis of steroid hormones [74].

Sexual dimorphism is also evident in kidney structure. Male mammals generally
exhibit larger kidneys than females [51,75]. Furthermore, female mice not only have smaller
kidneys, but also shorter proximal tubules than males [76]. These structural differences are
largely attributed to androgen-driven hypertrophy of proximal tubular cells (PTC) rather
than differences in glomerular number, suggesting that hormonal regulation primarily
affects tubular structure and metabolic capacity. A recent study in mice showed that
estrogens may additionally protect podocyte integrity and support glomerular resilience,
potentially contributing to slower CKD progression in females [77]. However, it is important
to note that most of these data come from animal models, particularly rodents, while only a
limited amount of research is available in humans [66]. Because PTCs play a central role in
transporter-mediated UT secretion, sex-related structural differences may influence toxin
clearance and intracellular toxin exposure, thereby contributing to sex differences in UT
handling and toxicity in CKD.

Animal studies further demonstrate sex differences in transporter expression, tubular
handling, oxidative stress, nitric oxide (NO) metabolism, and regulation of the renin–
angiotensin–aldosterone system (RAAS) [41,76,78–84]. Males generally show greater RAAS
activation and stronger hypertensive responses to angiotensin II, mechanisms closely
linked to fibrosis, CKD progression, and CV complications [84]. These findings align with
epidemiological observations showing faster CKD progression and higher mortality in men
despite a higher CKD prevalence in women. Together, these data support the concept that
sex is an important determinant of uremic toxicity in CKD, although much of the current
evidence remains preclinical.

2.2. Differential Effects of Sex Hormones on Kidney Health

Observed sex differences in CKD progression and outcomes suggest that sex hormones
may influence kidney health and disease susceptibility. Understanding the differential
effects of estrogens and androgens on kidney health may therefore provide mechanistic
insight into these clinical patterns [60,85].

Estradiol, the most active estrogen, is generally considered protective, whereas testos-
terone has often been associated with kidney injury and fibrosis [36,86–88]. These protective
effects are mediated through estrogen-dependent modulation of oxidative stress, inflam-
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matory signaling, mitochondrial function, and fibrotic signaling, and RAAS activity, all of
which are central mechanisms in uremic toxicity and CKD progression [52]. While estradiol
exerts inhibitory effects on RAAS activity in mice and as such has a protective effect on
hypertension [89], testosterone positively modulates the RAAS in mice, potentially predis-
posing them to hypertension and kidney dysfunction [56]. In addition, testosterone may
directly contribute to local inflammatory processes within the kidney [56]. Nevertheless,
recent clinical evidence indicates that testosterone may also protect kidney function when
endogenous levels are relatively low [36,90,91], suggesting concentration-dependent and
context-specific effects of androgens in CKD [52].

Interpretation of androgen effects is further complicated by aromatization of testos-
terone into estradiol [60,92]. This conversion may partly explain why lower testosterone
levels are associated with reduced kidney function (i.e., lower eGFR) in men but with im-
proved kidney function in women (i.e., higher eGFR) [93,94]. In men, declining testosterone
may therefore also reflect reduced estradiol availability. Hormonal balance between estro-
gens and androgens appears particularly in postmenopausal women, in whom hormonal
fluctuations may accelerate kidney disease progression [57,95]. Furthermore, studies using
animal models of natural aging support the idea that estrogens slow progression of CKD
as male rats developed kidney impairment faster than their female littermates [96,97].

The effects of hormone replacement therapy on kidney function remain inconsistent.
Some studies report increased microalbuminuria and reduced GFR following estrogen
therapy, whereas others describe reduced albuminuria in postmenopausal women receiving
hormone replacement therapy [98–100]. Data from individuals receiving gender-affirming
hormone therapy further support differential hormonal effects on kidney physiology, with
estradiol generally showing protective effects and testosterone exerting opposing effects
in humans [60]. In addition, gender-affirming hormone therapy has shown to increase
serum creatinine levels in transgender men while in transgender women the levels are not
affected [101].

Altogether, these lines of evidence highlight that sex hormones have complex and
likely sex- and dose-dependent effects on kidney health [60,102].

2.3. Sex Hormones and Their Influence on Organ Crosstalk in CKD

Sex steroid hormones contribute to physiological differences between males and
females across multiple organ systems through the widespread expression of their receptors
in tissues such as the kidney, gut, liver, and brain [64,103–105]. This is particularly relevant
in CKD, which is increasingly recognized as a systemic disorder involving bidirectional
communication between the kidneys and other organs, as discussed below in Section 3.3.

Clinical studies show that men generally experience faster kidney function decline,
higher all-cause and CV mortality rates, more frequent bone alterations, and a higher
lifetime risk of kidney failure compared with women [60,85]. The lower CKD incidence
and progression observed in premenopausal women compared with age-matched men
diminishes after menopause, further supporting that estrogens play a key protective
role [35,36,52,106–109]. Reduced testosterone levels are frequently observed in men across
all stages of CKD and have been identified as an independent predictor of increased mor-
tality [110]. Although the precise mechanisms underlying this association remain unclear,
reduced testosterone levels have been linked to several major CKD comorbidities, including
atherosclerosis, CKD-mineral bone disorder (CKD-MBD), metabolic syndrome, CVD, and
systemic inflammation [111–114]. In contrast, elevated androgen levels in women are
linked to obesity and CVD [115,116].

Sex hormones also influence the bone-vascular axis, which is strongly disrupted in
CKD-MBD, a condition closely associated with vascular calcification (VC) and increased CV
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morbidity [85,117]. Testosterone stimulates bone formation through effects on osteoblasts
and osteoclasts, but testosterone deficiency in hypogonadal men with CKD contributes to
impaired bone turnover [113,118]. At the vascular level, testosterone has been associated
with increased VC, whereas estradiol appears protective [119,120].

Another important mediator of inter-organ communication in CKD is the gut micro-
biota. Gut dysbiosis contributes to CKD progression and CKD-MBD, and evidence suggests
that sex hormones partly regulate these effects [121]. Germ-free mice are protected from
bone loss induced by sex steroid deprivation, indicating a role for the gut microbiome in
estrogen-related bone metabolism [122]. In CKD mouse models, sex- and age-dependent
differences in microbial composition have also been linked to higher levels of UTs such as
trimethylamine N-oxide (TMAO) and indoxyl sulfate (IxS), as well as increased burden of
cerebral microhemorrhages [123].

In parallel, CKD itself disrupts endocrine homeostasis. Men with CKD frequently
develop hypogonadism with reduced total and free testosterone levels, whereas estradiol
levels in women appear less affected in CKD compared to controls [124]. The uremic milieu
may impair the hypothalamic-pituitary-gonadal axis, reducing hormone synthesis while
chronic inflammation and nutritional deficiencies further suppress gonadal function [113].
Thus, CKD both alters sex hormone levels and is influenced by them.

Overall, sex hormones interact with multiple pathogenic pathways in CKD, including
RAAS activation, inflammation, vascular calcification, bone metabolism, and gut dysbiosis.
These processes may partially explain sex differences in disease trajectories, as well as why
hormonal status, e.g., menopause and hypogonadism, can alter CKD risk and progres-
sion. As we will discuss in the following section, sex hormones may regulate several key
determinants of UT biology, including gut microbiota composition, hepatic metabolism,
plasma protein binding, and membrane transporter expression. Through these mechanisms,
hormonal status could directly influence toxin generation, systemic exposure, and tissue
susceptibility to toxin-induced injury. Conversely, CKD-associated endocrine dysfunction
may further impair these regulatory mechanisms, contributing to sex differences in uremic
toxicity and disease progression.

3. Sex Differences in UT Biology
UTs originate from diverse metabolic pathways and differ in biochemical properties,

biological activity, and systemic effects. Increasing evidence, mainly from animal studies,
suggests that biological sex and sex hormones, modulates key processes involved in UT
biology, including their generation, metabolism, transport, and clearance [32,50,79]. In
addition, sex differences in diet, gut microbiota, metabolic capacity, and kidney function
may further affect systemic toxin exposure. In the following sections, we discuss UT
classification and origin, sex-specific UT profiles, and the role of sex hormones in the
inter-organ processes governing toxin generation, metabolism, and toxicity.

3.1. Classification and Origin of UTs

As proposed by the European Uremic Toxin Work Group (EUTox), UTs are traditionally
classified based on molecular weight (MW) and degree of protein binding, two proper-
ties that strongly influence dialytic removal [10,125–127]. This framework distinguishes
(i) small water-soluble compounds, MW < 500 Da (e.g., urea and creatinine), (ii) larger
middle molecules, mostly peptides MW > 500 Da (e.g., β2-microglobulin or B2M, which are
less efficiently removed by conventional dialysis) and (iii) protein-bound UTs (PBUTs), most
of which have a low MW < 500 Da that bind reversibly to plasma proteins, thereby limiting
their removal by dialysis [8,45,128]. Importantly, UTs represent a highly heterogeneous
group of compounds with diverse biochemical properties and biological effects [45,127].
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PBUTs, such as IxS and p-cresyl sulfate (pCS) are of particular clinical interest because of
their poor clearance and strong associations with CKD complications such as fibrosis and
CV disease [11,27,129,130].

Although this classification is important for understanding extracorporeal removal
strategies, increasing attention has shifted toward classifying UTs according to their origin,
as this may provide mechanistic and therapeutic insights [131]. UTs may originate from
exogenous intake, endogenous host metabolism, and/or gut microbial metabolism [8].
For example, oxalate originates from both dietary intake (exogenous) and endogenous
metabolism, whereas many PBUT precursors are generated through intestinal microbial
activity [11]. Focusing on toxin origin provides important mechanistic insights and may
open new preventive and therapeutic opportunities aimed at delaying CKD progression
and reducing CV risk, particularly at the earlier stages of disease [8,126,132]. In the
following sections, we discuss current evidence for sex-specific UT profiles and how
biological sex and sex hormones may influence the multi-organ processes underlying UT
generation, metabolism, and toxicity in CKD.

3.2. Sex-Specific UT Profiles: What Do We Know?

In clinical studies, levels of various UTs were higher in men, while symptoms were
reported to be more frequent in women with advanced CKD [24]. This evidence indicates
that UT plasma profiles per se do not explain sex differences in clinical presentation.
In the general population, circulating levels of pCS and IxS are higher in men than in
women, with sex, age, and kidney function identified as independent determinants of
toxin concentrations [133]. In CKD patients, both pCS and IxS increase progressively
with declining eGFR [134,135]. While these differences may partly reflect sex-specific
gut microbiota composition, alterations in intestinal absorption, metabolism, and kidney
clearance may also contribute, although human evidence is lacking so far [136].

Because sex-stratified human data remain scarce, animal models provide important
mechanistic insights into sex-specific UT profiles. State-of-the-art preclinical CKD stud-
ies offer important translational context for clinical observations and currently provide
most of our mechanistic insight into sex-specific toxin profiles and their consequences.
Experimental studies comparing adenine-induced CKD and nephrectomy (Nx) models
show that sex significantly influences circulating PBUT levels and their systemic conse-
quences [17,123,137]. Despite similar degrees of kidney dysfunction, these models display
distinct toxin patterns, suggesting that toxin accumulation is determined not only by GFR
decline but also by sex-dependent differences in toxin generation, metabolism, and clear-
ance. More specifically, in adenine-induced CKD mouse models, both sexes show increased
circulating TMAO and IxS levels, whereas pCS elevation is more pronounced in Nx mouse
models [17,137]. Female Nx mice exhibit higher TMAO and IxS concentrations than males,
while indole-3-acetic acid (IAA) increases selectively in male adenine-fed mice. These
findings suggest that hormonal regulation, microbial metabolism, and transporter activity
may all contribute to sex-specific toxin profiles. Importantly, sex differences extend beyond
circulating toxin levels. Male CKD mice develop more pronounced muscle wasting and
alterations in cardiac signaling pathways, whereas females appear relatively protected from
these complications, indicating that hormonal influences may modulate tissue susceptibility
to uremic toxicity.

Animal models only partially reproduce human CKD [138–140]. Despite this, experi-
mental studies consistently show female protection from kidney injury and sex-dependent
molecular responses in both rodent and pig models, broadly paralleling the lower CKD
susceptibility observed in women, while specific toxin patterns (e.g., higher PBUT levels in
female Nx mice) may diverge from human UT profiles and should therefore be interpreted
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with caution [32,86,141]. Together, these data suggest that biological sex influences both
systemic toxin exposure and the biological response to UTs, meaning that similar toxin
concentrations may have different pathological consequences depending on hormonal and
physiological context. It is essential to consider both the potentially harmful and beneficial
effects of individual UTs, as well as how these effects may differ between sexes. Within
the next section, we discuss how sex differences may arise at the levels of UT generation,
metabolism, and toxicity.

3.3. The Role of Sex in UT Generation and Metabolism: Inter-Organ and Inter-Organism Crosstalk

Under physiological conditions, gut microbial metabolism supports host homeosta-
sis [1,142]. In CKD, however, the accumulation of microbial metabolites shifts their role
from signaling to pathological toxicity [126,143,144]. This systemic exposure is governed by
the Remote Sensing and Signaling Theory (RSST), which describes an interacting network
of transporters such as organic anion transporter 1 (OAT1) and drug-metabolizing enzymes
that facilitate communication across the gut–liver–kidney axis [49,126,130,142]. Key toxins
such as IxS, pCS, IAA, p-cresyl glucuronide (pCG), and TMAO originate from dietary pro-
teins processed by the microbiota into precursors like indole and p-cresol [11,131,142,145].
These metabolites are subsequently processed in the liver by phase I and II enzymes (sul-
fation and glucuronidation) before elimination by the kidneys [146,147]. Notably, while
contributing to uremic toxicity [145,148], these pathways also produce beneficial molecules
such as the neuroprotective indole-3-propionic acid [149–151], highlighting that these
metabolic routes are not uniformly harmful.

The gut–kidney axis functions bidirectionally: impaired kidney function triggers
gut dysbiosis through ammonia accumulation and altered pH, which in turn acceler-
ates CKD progression [152,153]. Recent evidence further indicates that gut microbiota
composition is shaped not only by kidney dysfunction but also by factors such as diet,
medication use, and intestinal transit time [154]. Dysbiosis can impair intestinal bar-
rier integrity [155–157], allowing bacterial products to enter the circulation and trigger
chronic inflammation via cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-α
(TNF-α) [46,47]. This inflammatory state contributes to kidney damage and cardiovascular
complications, [152,155–157], highlighting the tight integration of metabolic and immune
pathways within the gut–liver–kidney axis. [46,47].

Sexual dimorphism can occur at multiple levels of the gut–liver–kidney axis and
may influence UT generation, metabolism, protein binding, inflammatory signaling, and
kidney clearance. Below, we summarize sex differences in key components along this axis,
highlighting their potential relevance for sex-dependent uremic toxicity and the role of sex
hormones in mediating at least part of these differences.

3.3.1. The Gut and Its Microbiome

Sex is an important determinant of gut microbiome composition and functional capac-
ity, thereby influencing UT precursor generation and metabolism [158]. Large multicenter
metagenomic studies in humans demonstrate clear sexual dimorphism in gut microbial
communities [52]. For instance, Dorea, a genus associated with TMAO production, is
positively associated with testosterone, whereas Slackia shows a strong association with
circulating estradiol levels [58].

In healthy women, the gut microbiome changes across reproductive life stages [58,159].
Contrary to this, the microbiome from postmenopausal women gradually resembles that
of men, suggesting sex hormones play a key role in maintaining microbial homeostasis.
Animal studies further support this, showing that ovariectomy induces microbial dysbiosis,
whereas in humans it is associated with an increased abundance of a specific taxa, including
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Clostridium bolteae [160–162]. Estrogens and their metabolites influence microbiota com-
position directly or indirectly [52,54]. For example, ER activation promotes an intestinal
environment less permissive to pathogenic taxa, whereas ER inhibition or deficiency pro-
motes dysbiosis [55]. Notably, female-associated microbiomes are often characterized by
stronger anti-inflammatory and renoprotective features [52]. In contrast, elevated androgen
levels are linked to reduced microbial diversity and dysbiosis in certain clinical contexts
(e.g., polyendocrine metabolic ovarian syndrome), although effects may vary depending
on metabolic context [50]. Given that many PBUTs, such as IxS, pCS and TMAO, origi-
nate from gut microbial metabolism, sex-hormone mediated microbiome differences may
contribute to sex-specific systemic toxin exposure and CKD outcomes.

In humans, identifying sex-related microbiome differences is complicated by multiple
confounders, including age, diet, medication use, body composition, and intestinal transit
time, many of which also exhibit sex-specific patterns [158,163]. Although sex-specific gut
dysbiosis has been reported in CKD patients, its direct impact on UT generation has not
yet been quantified [164]. Additionally, considerable interindividual variability in IxS pro-
duction has been observed, but no sex-stratified analyses were performed [165]. Similarly,
patients initiating peritoneal dialysis exhibit distinct UT profiles linked to differences in
microbial diversity, yet without sex-based stratification [166]. Therefore, further studies
incorporating sex-stratified analyses are essential to elucidate the role of sex in gut-derived
UT generation.

3.3.2. Liver Metabolism

The liver is a central processing hub in UT metabolism, and hepatic physiology
exhibits profound sexual dimorphism [146,147], including sex differences in metabolic
enzyme expression and activity [167]. Enzymes implicated in the biotransformation of
UT precursors such as cytochrome P450 enzymes (CYP450s), which are phase I enzymes
and play a role in the hepatic metabolism of indole and p-cresol [168,169]. In vitro studies
show that CYP1A2, CYP2D6, and CYP2E1 are the most active enzymes that mediate the
bioactivation of p-cresol. Interestingly, these enzymes display sex differences in activity
in humans, with general trends of CYP1A2 activity being higher in men while CYP2D6
activity is reported to be higher in women [169,170]. In the case of CYP2E1, animal data
show overall higher messenger ribonucleic acid (mRNA) expression levels in females,
while there are no significant differences in human livers [170].

Expression patterns of genes encoding uridine diphosphate (UDP)-glucuronosyltransferases
(UGTs) and sulfotransferases (SULTs), two enzyme families also involved in UT handling,
show differences between males and females [171]. In humans, UGT2B28, UGT2A3 and
UGT2B10 are more highly expressed in females, while UGT2B17 shows higher expression
levels in male liver tissue. UGT1A6, the main enzyme responsible for pCG formation in
humans, is primarily expressed in the liver, with reported sex differences in pigs but not
consistently in rodents or humans [172–175].

As an example of sulfation, sulfate transfer during IxS production is mediated by
SULT1A1 [176,177]. Hepatic SULT1A1 expression decreases in response to IxS accumula-
tion, suggesting feedback regulation [14]. In rats, SULT1A1 mRNA levels are higher in
males than females, whereas in mice exposed to IxS, females show increased SULT1A1
expression but reduced CYP450 activity compared with males [3,178]. Moreover, sulfation
capacity is influenced by host-microbiome interactions, including sulfur metabolism path-
ways that are linked to microbiota compositions and function [179,180]. Together, these
findings highlight potential, but species- and context-dependent, sex differences in hepatic
toxin processing.
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3.3.3. Plasma Protein Binding

Sex differences in UT plasma levels may also relate to differences in plasma protein
binding. PBUTs account for approximately 25% of identified UTs and primarily bind to
human serum albumin (HSA), the most abundant plasma protein [181,182]. In patients
with advanced CKD, albumin transport capacity is reduced, and higher unbound toxin
fractions are associated with CKD-related complications [183]. This is particularly relevant
for PBUTs such as pCS and IxS, which are highly albumin-bound (approximately 90% and
93%, respectively) and therefore poorly removed by dialysis [184].

Sex hormones may influence HSA concentrations and binding dynamics, thereby af-
fecting PBUT bioavailability and toxicity [59,185,186]. Women generally exhibit lower HSA
levels than men, and albumin concentrations decline more rapidly with age in women until
they approximate male levels around the age of 60 [185,186]. It is also reported that the bind-
ing of sex hormones to albumin happens in a nonlinear manner, with differences in binding
dynamics in low versus high concentrations of the protein [59]. Because sex hormones
themselves circulate partly bound to albumin and SHBG, competition for albumin binding
sites between hormones and PBUTs may occur [187]. Such interactions could alter the free
fractions of both hormones and toxins, thereby influencing toxin distribution, biological
activity, and kidney clearance. In addition, CKD-associated oxidative stress can modify
HSA structure and binding affinity, further affecting PBUT binding properties [182,188].
Together, these observations suggest that sex-dependent differences in albumin levels and
binding dynamics may contribute to variation in PBUT bioavailability and uremic toxicity.

3.3.4. Kidney Clearance

Sex-related differences in kidney clearance are primarily driven by differences in kid-
ney size and morphology. Men generally have larger kidneys, glomerular mass, and total
glomerular volume than women, although the total number of glomeruli is similar between
sexes [32,189]. These structural differences contribute to a higher baseline GFR and greater
kidney workload in men, which may partly explain their faster CKD progression [52].
Although eGFR values in CKD are often comparable between sexes, women on dialysis
are less likely to experience a 50% decline in eGFR, even after adjustment for confounding
factors [190,191].

Sex differences also exist in the expression of membrane transporters and metabolic
enzymes in tubular epithelial cells, which are central to UT handling. Animal studies show
sex-specific expression patterns of apical and basolateral transporters, affecting urinary
composition and toxin secretion [41]. Male rats generally exhibit higher expression of
secretory transporters and lower expression of reabsorptive transporters, whereas the
opposite pattern is observed in females [67]. The role of these transporters in UT handling
and CKD will be discussed further in Section 3.4.2.

In addition to transporters, kidney tubular cells contribute to toxin metabolism through
enzymes such as UGTs, which exhibit the highest activity in the kidney (apart from the
liver) [192]. Notably, in vitro studies show that UTs such as IxS and IAA can inhibit
UGT activity in human kidney cells, potentially impairing kidney metabolic capacity in
CKD, although in vivo relevance remains to be fully established [192,193]. Furthermore,
in vivo studies demonstrate that sex differences in specific kidney UGT mRNA expres-
sions are regulated by androgens, suggesting hormonal regulation of sex-specific toxin
metabolism [194].

3.3.5. Immune-Mediated Mechanisms

Immune signaling within the gut–kidney axis also shows sex bias [46,47]. In CKD,
UTs such as UA stimulate inflammatory pathways involving interleukin-1β (IL-1β) and
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TNF-α, promoting tubular injury, oxidative stress, and fibrosis, which further accelerates
toxin accumulation [195]. Notably, TNF-α and IL-1β levels are higher in male than in
female kidney tissue in patients with CKD, with these sex differences closely linked to sex
hormone regulation [52]. Such immune dimorphism may therefore modify susceptibility
to toxin-induced kidney injury.

Overall, crosstalk between organisms, organs and molecular pathways is fundamental
within the gut–kidney axis. In the context of uremic toxicity and CKD, where homeostasis is
disrupted, it is important to recognize that sex differences may exist at multiple levels along
this axis. These differences may shape inter-organism and inter-organ communications,
thereby influencing uremic toxicity, as will be detailed in the next section.

3.4. Sex Differences in Uremic Toxicity
3.4.1. Multi-Organ Toxicity and the Role of Sex

Uremic toxicity is inherently sex-modulated, as biological sex influences both sys-
temic UT exposure (generation, protein binding, clearance) and tissue susceptibility to
their downstream signaling effects. Accumulation of UTs contributes to uremic syndrome,
which involves kidney, gastrointestinal, neurological, CV, immune, and skeletal complica-
tions [128,184,196–198]. Clinical manifestations differ between sexes and across life stages
such as puberty, pregnancy, menopause, and aging, suggesting that sex-dependent biology
shapes toxin-related pathophysiology beyond toxin concentrations alone [24,41,42]. The
multi-organ toxicity of UTs is discussed in the following sections, together with evidence
supporting sex differences in toxin levels, signaling pathways, and clinical outcomes.

Nephrotoxicity

UTs contribute to kidney injury mainly through oxidative stress, inflammation, and
mitochondrial dysfunction [184,199,200]. IxS, for example, targets PTCs, activates the
nuclear factor kappa B (NF-κB) pathway, triggers pro-inflammatory cytokine release, and
accelerates cellular senescence [201,202]. Additionally, pCS contributes to nephrotoxicity by
stimulating reactive oxygen species (ROS) production [203,204], impairing mitochondrial
function [192], and disrupting efflux transporter activity, ultimately promoting apopto-
sis [205].

Sex-dependent biology likely modifies both toxin exposure and injury responses in
the kidney. Rodent studies indicate that males generally produce more ROS and experience
greater oxidative damage, particularly in the context of kidney injury [108]. Furthermore,
sex differences in mitochondrial homeostasis are increasingly recognized as determinants
of kidney injury susceptibility [206]. In line with this, male CKD animals develop more
severe tubular dilation, interstitial fibrosis, and inflammation, whereas females show atten-
uated tubular injury and fibrosis [207]. Together, these findings suggest that UT-induced
nephrotoxicity involves shared pathological pathways (ROS, inflammation, mitochondrial
dysfunction) but differs in severity and progression between sexes.

Cardiotoxicity

CV uremic toxicity results from the combined effects of toxins on oxidative stress,
endothelial dysfunction, and vascular calcification (VC) [16]. UA, IxS and pCS stimulate
inflammatory responses, RAAS activation, and fibrosis, contributing to uremic cardiomy-
opathy [208–211]. Furthermore, compounds such as asymmetric dimethylarginine (ADMA)
impair endothelial function by disrupting NO metabolism [212], while gut-derived toxins
(IxS, pCS, TMAO) directly promote VC through the activation of pro-inflammatory and
coagulation pathways [18,213–218].

Sex modulates CV vulnerability to UTs through differences in hormonal milieu,
NO biology, and calcification patterns. Women with CKD generally show lower risks
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of CV events and mortality than men, although this protective effect declines after
menopause [89,190,219]. Sex differences in NO metabolism may further contribute to differ-
ential vascular responses to UTs. Women typically exhibit higher systemic NO production,
whereas renal vascular tone in men appears more dependent on NO signaling [212,220,221].
Consequently, UT-induced disruption of NO pathways may have sex-specific vascular
effects [222]. There are also sex differences in VC, with males having a tendency to acquire
vascular and aortic valve calcification earlier in life, and females developing calcification
post-menopause [119,223]. In addition, CKD mouse models demonstrate sex differences in
circulating PBUT levels relevant to CV complications, such as TMAO and IxS [17]. Female
nephrectomized mice, for example, show higher serum TMAO and IxS levels than males.
Together, these findings indicate that both UT exposure and CV response are sex-sensitive,
potentially contributing to sex differences in CKD-related CV outcomes.

Musculoskeletal Toxicity

UT accumulation impairs musculoskeletal health by disrupting bone turnover and
promoting skeletal muscle wasting [224]. Toxins like kynurenine are associated with
CKD-MBD [216,225,226], while PBUTs exacerbate muscle catabolism through oxidative
stress, inflammation, and myostatin activation [227–229]. Specifically, IxS and IAA im-
pair mitochondrial function in skeletal muscle, contributing to fatigue, weakness, and
atrophy [24,230].

Sex can modify these outcomes through hormone-dependent regulation of bone
turnover and differences in body composition. Structural and functional sexual dimorphism
in the musculoskeletal system is well established, including differences in muscle mass, fiber
size, and contractile properties [231]. Women generally have a higher body fat percentage
and lower lean muscle mass compared to men [232]. In CKD, men experience more
pronounced relative losses in muscle mass and strength, whereas bone alterations become
more pronounced in women after menopause [233–235]. Hypogonadal ESKD women
experience a higher bone turnover and more significant bone mass decrements [114,231].
Together, these findings suggest that UT toxicity might act on a background of pre-existing
sex differences in bone and muscle biology, which are further modified by hormonal status
during CKD progression.

Neurotoxicity

The central nervous system (CNS) is highly susceptible to uremic toxicity, particularly
when the blood–brain barrier (BBB) is impaired [21]. Small water-soluble toxins, such
as guanidine compounds, and a range of middle molecules may contribute to neurode-
generation [19,45,236,237]. Furthermore, the accumulation of PBUTs like IxS and pCS in
brain tissue is linked to oxidative stress and neuroinflammation, resulting in cognitive
impairment, memory loss, and uremic encephalopathy [45,128,238].

Sex may modulate CNS vulnerability via differences in BBB properties and protein-
aggregation biology, potentially contributing to sex differences in symptom burden. In vitro
data suggest sex differences in BBB strength, although the extent to which these findings
translate to the in vivo human setting remains to be determined [239]. Sex differences
in neurotoxic side effects of CKD have not been directly reported [240]. However, sex
differences in uremic symptom burden, including cognitive symptoms, suggest possible
sex-dependent CNS effects, but that warrants further investigation [24,42].

Altogether, uremic toxicity affects multiple organ systems and involves shared path-
ways such as oxidative stress and inflammation. The underlying pathogenic mechanisms,
influenced by different UTs and shaped by sex, are complex and multifactorial. Indeed,
these processes rely on intricate signaling networks that communicate across tissues, shift-
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ing normal physiological responses toward pathological states [14]. Many UTs exert cellular
toxicity via specific membrane transporters, some of which may be influenced by sex, as
discussed in the next section.

3.4.2. Sex Differences in Membrane Transporter Proteins

Transporter-mediated tubular secretion is a central determinant of UT exposure, and
sex-dependent transporter expression provides a mechanistic link between biological sex
and uremic toxicity. CKD progression involves not only reduced GFR, but also progressive
loss of proximal tubular function [241]. PTCs express transporters required for active
secretion of uremic solutes into urine, while unbound toxins are cleared by glomerular fil-
tration [11,125,242]. As CKD progresses, kidney transporter expression and activity decline,
reducing clearance of PBUTs and increasing systemic exposure [125,242]. Crucially, these
transport systems are not sex-neutral: multiple transporter families show sex-dependent
expression at baseline and are hormonally regulated, implying that CKD-associated trans-
porter dysfunction may produce different toxin profiles and intracellular exposures in
males and females [66,243,244].

In addition, uremic solutes can inhibit or compete for transporter activity, creating
feedback loops that further amplify toxin retention and alter drug handling [192,245].
Key transporter families involved include OATs, organic anion-transporting polypeptides
(OATPs), multidrug resistance-associated proteins (MRPs) and other ATP-binding cassette
(ABC) transporters, like ABCG2 [49].

In this section, we examine the organ-specific expression of membrane transporters,
their modulation by UTs, changes during CKD progression, and how biological sex might
influence these interactions (Figure 1). Of note, depending on the study transporter ex-
pression may refer to transcriptional (mRNA) or translational (protein) levels, as specified.
Regarding sex differences in transporter activity, evidence arises from in vitro (cell-based or
molecular) and/or in vivo (animal or human) methods designed to measure the movement
of specific substrates across epithelial barriers.

Kidney

In the kidney, active elimination of PBUTs depends on transporter-mediated tubular
secretion, amongst others via OAT1/OAT3 [49,192,205,245,246], organic cation transporter
2 (OCT2) [182] and urate transporter 1 (URAT1) [247]. CKD triggers a progressive decline
in the expression and function of these kidney transporters, which impairs toxin clearance
and alters the metabolic capacity of the kidney [192,245]. Furthermore, uremic solutes
such as IxS and hippuric acid (HA) create pathological feedback loops by inhibiting the
activity of transporters including BCRP, and MRP4 [193]. UTs may also be involved in
CKD progression by negatively affecting kidney tubule cell phenotype and functionality,
through altering the expression of key tubular transporters thereby exacerbating secretion
deficits as CKD progresses [205].

Sex differences in kidney tubular transporter expression emerge after puberty, in-
dicating hormonal regulation [53]. An increasing body of research suggests that sexual
dimorphism in kidney structure and function may be linked to sex-biased expression
and activity of transporter proteins in the basolateral and apical membranes of tubular
cells [41,76]. Specifically, high mRNA expression of secretory transporters (OAT1 and
OAT3) was found in male rats, while mRNA levels of reabsorptive transporters (OAT2
and OAT5) were lower [66]. In contrast, female rats exhibited the inverse pattern, with low
mRNA levels of secretory transporters and high levels of the reabsorptive transporters. In
rat models, androgens stimulate the transcriptional expression of OAT1 and OAT3, whereas
estrogens exert inhibitory effects [53,66,248]. Notably, not all studies concur as it was also re-
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ported that mRNA levels of OAT1 and OAT3 were respectively lower and higher in female
compared to male mice [3]. Furthermore, protein expression data do not always reflect the
mRNA patterns, as evidence also indicates that OAT3 protein expression was lower in male
mice, whereas OAT1 protein expression was higher [243]. While findings on OAT3 remain
inconsistent, the overall body of evidence suggests that kidney OAT1 expression is, at least
in part, androgen-regulated [249]. OCT2 expression, both at the mRNA and protein level,
is also typically higher in male rats and is positively regulated by testosterone [66,250,251].
Testosterone positively regulates OCT2 mRNA expression in mice, suggesting broader
androgenic effects on tubular secretion pathways [252]. Estrogen regulation appears more
complex and transporter specific. Both MRP3 and MRP4 tend to have higher expression
at the mRNA and protein level in females [103,253]. For BCRP, gonadectomy increased
BCRP transcriptional expression in female mice kidneys but did not affect BCRP mRNA
levels in males, suggesting that sex hormones may regulate these sex-specific expression
patterns [254]. In addition, estrogens have been reported to downregulate the secretory
transporter BCRP, which contributes to UA secretion, while simultaneously suppressing
the reabsorptive transporter URAT1 [255–257]. In humans, URAT1 is significantly more
expressed at the transcriptional level in women compared to men [39,41]. However, data
on sex-dependent kidney transporter expression in humans remain limited [76]. Despite
species differences, partial conservation of transporter regulation supports the relevance of
animal models for studying molecular mechanisms underlying sex differences in kidney
physiology and disease [258].

Together, these findings indicate that sex hormones do not uniformly stimulate or
inhibit kidney transport processes. These data also support a working model in which
sex-dependent transporter expression and regulation can alter the cellular ‘dose’ of PBUTs
in proximal tubules and could thereby modulate nephrotoxicity and systemic exposure,
even at comparable eGFR. Importantly, emerging evidence suggests that sex differences in
transporter expression are not limited to the kidney, but may also occur in other tissues, as
will be detailed in the next sections.

Gut

Intestinal transporter remodeling in CKD impacts systemic toxin exposure by altering
absorption and efflux of microbial metabolites [128,259]. In uremic conditions key efflux
transporters, including P-glycoprotein (P-gp) and MRP2, are consistently downregulated,
while effects on BCRP remain variable [260–264]. These alterations may facilitate the
translocation of UT precursors into the portal circulation while simultaneously reshaping
drug-toxin competition at shared transport sites [128].

Sex differences may also affect efflux transporters in the gut. P-gp expression is gener-
ally higher in males than females in both human and rodent studies [265,266]. In contrast,
evidence for intrinsic sex differences in intestinal BCRP expression remains inconsistent
and appears to be context-dependent. Several datasets suggest intestinal BCRP mRNA
expression is not strongly sex-dependent in rodents and humans [254,267]. Yet, dietary
interventions in rats, can regulate BCRP and MRP2 protein levels as well as hormonal
plasma concentrations in the intestinal tract in a sex-dependent manner, implying that sex
effects may emerge indirectly through diet, microbiome and hormonal interactions [268].

Liver

In the liver, the uremic milieu reprograms membrane transporter expression, altering
hepatic export and drug disposition [170]. CKD is associated with organ-specific remodel-
ing, with intestinal MRP2 decreasing while hepatic MRP2 increases, indicating adaptive but
heterogeneous transporter responses to uremia [182,244,269]. Additionally, IxS can directly
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modify hepatic transport by increasing the expression and activity of P-gp, potentially
influencing the pharmacokinetics of both endogenous solutes and drugs [270].

Figure 1. Sex-biased expression patterns of key cell membrane transporters that mediate the
transport of uremic toxins across several tissues relevant in CKD-uremic toxicity. Schematic, partly
based on [182], illustrating the sex bias in expression in hepatocytes, enterocytes, brain epithelium, and
kidney proximal tubule cells of organic anion transporters 1/3 (OAT1/3), organic cation transporter 2
(OCT2), urate transporter 1 (URAT1), multidrug resistance-associated proteins 2/4 (MRP2/4), breast
cancer resistance protein (BCRP), plus P-glycoprotein (P-gp). Specifically, male bias (M, blue triangles
with lines), female bias (F, pink triangles), or unknown sex bias (question mark) are indicated, and the
orientation of the triangles (up vs. down) indicates the direction of the sex bias. Data are synthesized
from animal (light colors) and human (dark colors) studies. Created in Biorender. Oriana Nobus
(2026) https://BioRender.com (accessed on 29 March 2026).

Similar to the kidney, hepatic MRP expression displays a female bias [244]. For exam-
ple, female rat livers show higher MRP2 expression at both mRNA and protein levels [271]
and mRNA levels of MRP4 are higher in female mice when submitted to a fasting pe-
riod [103]. In addition, higher hepatic P-gp and MRP2 protein levels have been observed
in female rats and are reduced by testosterone administration [272]. Altogether, these sex
differences in membrane transporter proteins in the liver could potentially influence hep-
atic export of conjugated metabolites (including UTs), systemic exposure, and drug-toxin
interactions in CKD.
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Nervous System

At the BBB, transporter expression may act as a key gatekeeper for brain exposure
to PBUTs. Since IxS and pCS are present in the brain in the same chemical form as in the
kidneys, transporters involved in their handling across PTC (e.g., OAT3 and BCRP) may also
mediate their transport across the BBB [273], although direct evidence is lacking [249,274].

In vivo preclinical data show no sex differences in OAT3 mRNA levels in brains of
rats [275], whereas higher BCRP mRNA expression was found in the brains of female mice
compared with males [254]. Even modest differences in BBB efflux may become relevant in
CKD, where circulating PBUT levels are elevated and barrier integrity may be impaired.

Overall, sex differences in membrane transporter expression and regulation across
kidney, gut, liver, and brain could substantially alter intracellular ‘dose’ and organ exposure
to UTs, even when plasma concentrations and eGFR appear similar between sexes.

3.4.3. UTs as Ligands and Signaling Molecules and the Role of Sex

Beyond passive accumulation, many UTs function as signaling molecules, altering
gene expression and cellular phenotype after transporter-mediated uptake. This signaling
function provides a mechanistic explanation for the multi-organ effects of uremic toxicity
and helps to explain why toxicity depends not only on circulating concentrations but also
on tissue-specific transporter expression and receptor availability [49,182].

In CKD, elevated levels of uremic tryptophan catabolites, especially IxS, may lead
to dysregulation of aryl hydrocarbon receptor (AhR) activity, promoting vascular disease,
kidney tissue fibrosis, and inflammation [270,276]. AhR is a ligand-activated transcrip-
tion factor expressed in epithelial, endothelial, and immune cells and represents a key
mediator linking toxin accumulation to tissue injury [277,278]. Aberrant AhR activation by
UTs contributes to endothelial dysfunction and procoagulant effects, underlying much of
IxS-induced CV toxicity [279–284]. In the CNS, AhR activation by IxS increases BBB perme-
ability and has been associated with cognitive dysfunction [14,285]. Patients with ESKD,
showing elevated levels of IxS, show increased BBB permeability compared to healthy
controls (no sex-stratified analysis) [286]. Similarly, IAA induces endothelial oxidative
stress and inflammation through AhR activation [280].

Sex-dependent regulation of AhR signaling may contribute to differential susceptibility
to uremic toxicity [74]. In mice, basal kidney AhR mRNA expression is higher in females
than in males and correlates with CKD severity. Upon Nx, females showed a decrease in
AhR mRNA transcripts while the expression was unaffected in males. AhR also interacts
directly with estrogen and androgen receptor pathways through transcriptional crosstalk
and shared co-regulators [287]. This bidirectional interaction suggests that sex hormones
may influence cellular responses to UTs, while toxin-mediated AhR activation may in turn
alter hormone signaling and tissue susceptibility.

Overall, in addition to their direct effects on the kidney, sex differences may modulate
multiple critical components of the gut–liver–kidney axis. Tissue-specific expression of
membrane transporters and receptor availability determine the accumulation and cellular
effects of UTs in different organs, thereby shaping organ vulnerability. In addition, sex
differences may regulation gut microbial composition, plasma protein binding, transporter
expression, and receptor signaling. Together, these mechanisms influence UT generation,
distribution, cellular uptake, and clearance, providing framework linking hormonal status
(e.g., aging, menopause, and CKD-associated hypogonadism) to sex-dependent differences
in uremic toxicity.
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4. Clinical Considerations of Sex-Dependent Uremic Toxicity in CKD
While experimental and mechanistic studies indicate sex differences in the gener-

ation, metabolism, and biological effects of UTs, their direct clinical relevance remains
incompletely established. Current clinical evidence is limited and often not specifically
designed to evaluate sex differences. Therefore, the considerations below should be viewed
as emerging perspectives rather than established practice recommendations.

Clinical studies suggest that UTs may contribute to morbidity and mortality in
CKD [288,289]. However, interpretation of individual toxins remains complex. For ex-
ample, higher circulating 3-carboxy-4-methyl-5-propyl-2-furanpropionate (CMPF) levels
have been associated with lower mortality risk in older patients with advanced CKD (not
stratified by sex), although whether this reflects direct biological effects or healthier dietary
patterns remains uncertain [24,289].

Several PBUTs, including IxS and pCS, increase with declining kidney function
and have been associated with adverse CV, neurological, and musculoskeletal out-
comes [27,290–296]. Clinically, the UT burden is managed through treating the underlying
CKD drivers, diet and gut-directed therapies and improving clearance (e.g., advanced
dialysis strategies). However, with growing attention to the uremic toxicity in CKD context,
it is essential to consider both the potentially harmful and beneficial effects of individual
UTs, as well as how these effects may differ between sexes.

Because many PBUTs are cleared predominantly by tubular secretion, altered cir-
culating levels may partly reflect impaired tubular transport capacity [28,29,291]. This
may provide complementary information to filtration-based markers such as creatinine
or eGFR, which mainly reflect glomerular function, and enhance the clinical manage-
ment of CKD through earlier diagnosis, better risk stratification and more personalized
treatment [297,298]. However, UT concentrations are additionally influenced by diet, mi-
crobiome composition, protein binding, toxin generation, and transporter activity. Since
several of these factors may differ by sex, further studies are required before UTs can be
considered reliable biomarkers of tubular dysfunction or before sex-specific interpretation
strategies can be proposed.

UTs have also been implicated in CKD-related symptoms such as fatigue, pruritus, and
cognitive complaints [42,299,300]. Women with CKD often report a greater symptom bur-
den than men, although the underlying causes are likely multifactorial [24,42]. It remains
possible that sex-related differences in toxin exposure, free toxin fractions, transporter
activity, or tissue susceptibility contribute to these observations. However, direct clinical
evidence linking sex-specific UT profiles to symptom burden is currently limited and in-
consistent. Experimental data also suggest interactions between UTs and drug transport or
metabolism pathways [3,270,293–295]. Whether these mechanisms translate into clinically
meaningful sex-specific differences in pharmacotherapy remains insufficiently studied.

Overall, sex may contribute to variability in UT burden and its clinical manifesta-
tions, but dedicated sex-stratified clinical studies are needed before implications for risk
prediction, dialysis prescription, or pharmacotherapy can be determined.

5. Research Gaps and Future Directions
Although substantial progress has been made in characterizing UTs, personalized

treatment strategies for CKD remains limited [45]. Current approaches mainly rely on gen-
eralized toxin classification and clearance strategies that do not account for interindividual
variability in toxin handling. Genetic background, gut microbiota composition, comorbidi-
ties, age, environmental factors and sex can all influence the production, metabolism, and
toxicity of UTs.
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As discussed in this review, growing evidence identifies sex as an important biological
variable of uremic toxicity. Nevertheless, most therapeutic approaches do not adequately
account for interindividual variability, including sex differences. Failure to incorporate
these differences may limit the effectiveness of risk stratification and targeted interventions.
The following sections therefore summarize current research gaps and discuss future
directions aimed at improving understanding of sex-dependent determinants of uremic
toxicity in CKD.

5.1. Improving Our Understanding of Sex-Dependent Determinants of Uremic Toxicity in CKD

UT levels and toxicity in CKD are determined by interconnected processes including
toxin generation, metabolism, and clearance, many of which are sex-specific and partly
regulated by sex hormones. In addition to hormonal effects, sex chromosomes, sex-specific
genetics and epigenetics, organ hemodynamics, and anatomical differences may also
contribute to sex-dependent uremic toxicity [52]. As these factors interact at multiple
biological levels, disentangling their respective contributions in experimental and clinical
settings remains challenging. Physiologically based computational and experimental
models may help integrate these complex interactions, provide mechanistic insight, and
improve translation between preclinical findings and clinical outcomes [301].

5.1.1. Computational Modeling of Sex Differences in Uremic Toxicity

Compartmental models are computational frameworks used to quantitatively predict
the absorption, distribution, metabolism, and excretion of compounds (e.g., UTs, drugs)
within the human body. These models represent the body as interconnected compartments
(e.g., gut, liver, kidney, brain) which are linked through a blood compartment. Mathematical
equations (e.g., ordinary differential equations) describe the transfer of compounds (e.g.,
UTs) between compartments over time, enabling the simulation of concentration-time
profiles in plasma and individual organs. These models integrate physiological parameters
including organ size, blood flow, tissue composition, transporter expression, and metabolic
activity derived from experimental and clinical data [302].

Physiologically based compartmental models are particularly valuable in CKD re-
search, where impaired kidney clearance significantly alters UT and drug handling. Existing
CKD models simulate disease-related changes in kidney blood flow, GFR, and transporter
expression to study pharmacokinetics, biomarker development, and UT-drug interac-
tions [303–310]. Note that few computational models explicitly incorporate UTs [308,311].
Computational approaches are also well suited to studying sex differences, as model pa-
rameters can be adapted to reflect sex-specific physiology, including organ volumes, GFR,
and transporter expression [76]. For example, modeling studies from the Layton group
demonstrated sex-specific differences in renal electrolyte transport, with greater distal
tubular Na+ transport in females [80,312–314]. Integrating CKD-specific and sex-specific
modeling approaches may therefore improve understanding of sex-dependent uremic
toxicity and support the development of more personalized therapeutic strategies and
optimized drug research.

5.1.2. Sex-Aware Experimental Models to Study UT Handling

In addition to computational modeling, experimental systems that explicitly incorpo-
rate biological sex may help to generate the mechanistic and quantitative data needed to
develop and validate sex-aware models of uremic toxicity [41,315]. In vitro models provide
controlled environments in which toxin concentration, exposure duration, albumin binding,
transporter expression, and hormonal conditions can be precisely manipulated [316–318].
Compared with in vivo or clinical studies, in vitro models allow direct investigation of
intrinsic sex differences in toxin transport, accumulation, and toxicity while minimizing
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confounding factors such as age, comorbidities, medication use, and hormonal variabil-
ity [41,315,317,319,320]. Primary human kidney PTCs are particularly relevant because
they mediate transporter-dependent secretion of many UTs. Male and female-derived
cells retain intrinsic sex-specific characteristics, including differences in transporter ex-
pression, metabolic activity, and cellular stress responses [41,319]. These systems enable
mechanistic investigation of sex-dependent differences in transporter activity, including key
transporters such as OAT1, OAT3, OCT2, and ABC transporters [41]. However, traditional
cell lines often lose critical transporter expression (e.g., OAT1/3), limiting their use for
physiological studies [321,322].

Kidney organoids derived from induced pluripotent stem cells provide complemen-
tary multicellular models that better recapitulate kidney tissue organization [323,324].
These systems also allow independent manipulation of hormonal conditions, enabling
separation of intrinsic genetic sex effects from hormone-mediated regulation, which is
particularly relevant in CKD-associated endocrine disturbances [36,320].

Bioengineered systems, including kidney-on-chip platforms and bioartificial kidney
models, further improve physiological relevance by reproducing tubular architecture, fluid
flow, and polarized transporter expression [325,326]. Incorporating cells from male and
female donors into these systems enables direct investigation of sex-dependent differences
in toxin handling that more closely resemble in vivo physiology, while maintaining strict
experimental control [41,327].

Together, these experimental platforms provide quantitative data on sex-specific
transporter activity, toxin uptake rates, and cellular responses, that can be integrated
into physiologically based computational models. The integration of in vitro experimental
systems with computational modeling represents a critical step toward sex-informed
predictive models of UT handling and personalized therapeutic strategies in CKD.

5.2. Prospects for Future Research: Sex-Aware Uremic Toxicity in CKD

Despite substantial progress in characterizing sex differences in UT biology, major
gaps still limit translation into personalized medicine (Figure 2). Large, well-phenotyped
human cohorts with systematic sex-stratified UT profiling are scarce, and most CKD studies
either lack comprehensive toxin panels or do not perform sex-specific analyses. Although
initiatives such as the EUTox consortium represent important steps forward, harmonized
datasets incorporating free and total toxin concentrations, hormonal status, sex, age, CKD
stage and longitudinal outcomes are still lacking. Sex-specific exposure-response relation-
ships for key UTs remain undefined, and it is unclear whether equivalent toxin levels confer
similar biological risk in males and females. Defining sex-specific dose–response curves
will likely require integration of mechanistic in vitro studies, computational modeling, and
sex-stratified clinical outcome analyses.

Life-stage-specific data is also lacking, particularly in adolescents and young adults,
with hormonal status rarely being recorded. Longitudinal studies across hormonal transi-
tions (e.g., pregnancy and menopause) are advised to determine whether sex differences in
UT handling change across the lifespan.

In parallel, there is a lack of systematic information on sex-dependent transporter
expression across kidney and extra-renal organs (liver, gut, brain) in both healthy and CKD
contexts. The absence of systematic evaluation across hormonal states prevents validation
of proposed differences in tubular secretion and PBUT clearance. Furthermore, few studies
simultaneously assess microbiome composition, hepatic metabolism, circulating UT pro-
files, kidney handling, and sex hormone status. Without such multi-organ approaches, the
upstream drivers of sex-specific toxin generation remain poorly defined.
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Figure 2. Overview of future research directions to improve our understanding of sex-specific UT
handling in CKD. Priorities are categorized into computational modeling, experimental approaches,
clinical considerations and therapeutic implications. Created in Biorender. Oriana Nobus (2026)
https://BioRender.com (accessed on 29 March 2026).

Finally, current experimental and computational models largely assume sex-neutral
parameters, limiting their ability to capture sex-dependent toxin kinetics, transport, and
protein binding. Unfortunately, data gaps in sex-specific (kidney) pathophysiology limit
accurate calibration of sex-specific parameters and model validation, leaving models reliant
on extrapolations from male-dominated preclinical data or on pooling inconsistent sources.

Sex differences in UT handling and toxicity arise from interconnected processes reg-
ulated by sex hormones. These hormones influence gut microbiota composition, hepatic
metabolism, transporter expression, and tissue susceptibility to toxic signaling. Conse-
quently, similar circulating toxin levels may result in different intracellular exposure and
biological responses between sexes. This framework may help explain sex differences in
CKD progression, symptom burden, and complications despite comparable eGFR and
toxin concentrations. Future work could therefore focus on developing integrated in vitro,
in vivo, and clinical datasets of sex-specific UT toxicity.

6. Conclusions
In conclusion, UTs are central mediators of CKD progression and its systemic compli-

cations. Growing evidence indicates that sex hormones regulate multiple determinants of
uremic toxicity, including the gut microbiome, hepatic metabolism, transporter expression,
protein binding, and downstream cellular signaling pathways, thereby likely contributing
to sex differences in CKD pathophysiology (Figure 3). Through these mechanisms, bio-
logical sex influences both toxin exposure and tissue susceptibility, meaning that similar
circulating toxin levels could potentially induce different biological effects in males and fe-
males. Despite these emerging insights, current clinical practice does not routinely account
for sex differences in the interpretation of toxin levels or in therapeutic strategies targeting
uremic toxicity, largely because supporting evidence remains limited. Further integration
of sex-specific perspectives into research frameworks and prospective clinical studies may
advance precision nephrology and determine whether the management of CKD-related
complications can be improved.
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Figure 3. Graphical abstract: sex-dependent determinants of uremic toxicity and CKD across
multiple biological axes. Schematic illustration of how sex differences in certain factors (e.g., micro-
biota and diet) modulate uremic toxin (UT) generation, gut–liver–kidney axis metabolism/clearance,
and circulating UT levels, ultimately driving sexual dimorphism in CKD susceptibility and pro-
gression. Key determinants include sex hormones (estrogen/androgen-mediated), sex chromo-
somes, (epi)genetics, and lifestyle/behavioral factors. Created in Biorender. Oriana Nobus (2026)
https://BioRender.com (accessed on 29 March 2026).
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ABC ATP-binding cassette
ADMA Asymmetric dimethylarginine
AhR Aryl hydrocarbon receptor
AR Androgen receptor
B2M β2-microglobulin
BBB Blood–brain barrier
BCRP Breast cancer resistance protein
CKD Chronic kidney disease
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CKD-MBD Mineral bone disorder
CMPF 3-carboxy-4-methyl-5-propyl-2-furanpropionate
CNS Central nervous system
CV Cardiovascular
CVD Cardiovascular disease
CYP450 Cytochrome P450
eGFR Estimated glomerular filtration rate
ER Estrogen receptor
ESKD End-stage kidney disease
EUTox European uremic toxin work group
HA Hippuric acid
HSA Human serum albumin
IAA Indole-3-acetic acid
IL-1β Interleukin-1β
IL-6 Interleukin-6
IxS Indoxyl sulfate
MATE Multidrug and toxin extrusion protein
mRNA Messenger ribonucleic acid
MRP Multidrug resistance-associated proteins
MW Molecular weight
NF-κB Nuclear factor kappa B
NO Nitric oxide
Nx Nephrectomy
OAT1 Organic anion transporter 1
OATP Organic anion-transporting polypeptides
OCT Organic cation transporter
PBUT Protein-bound uremic toxin
pCG p-cresyl glucuronide
pCS p-cresyl sulfate
P-gp P-glycoprotein
PTC Proximal tubular cells
RAAS Renin–angiotensin–aldosterone system
ROS Reactive oxygen species
RSST Remote sensing and signaling theory
SHBG Sex hormone-binding globulin
SULT Sulfotransferase
TMAO Trimethylamine N-oxide
TNF-α tumor necrosis factor-α
UA Uric acid
UDP Uridine diphosphate
UGT UDP-glucuronosyltransferase
URAT Urate transporter
UT Uremic toxin
VC Vascular calcification
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