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A B S T R A C T

Introduction: Men generally have higher plasma uric acid (PUA) concentrations and are at greater risk for 
hyperuricemia-related diseases. Sex hormones may underlie this difference, though mechanisms remain unclear. 
Sex hormone therapy offers a unique opportunity to study these effects.
Methods: Participants were included from two prospective observational cohorts: ENIGI (n = 544, 12 months of 
feminizing [n = 260] or masculinizing [n = 284] hormone therapy) and KNIGHT (n = 28, 3 months of feminizing 
[n = 15] or masculinizing [n = 13] hormone therapy). Outcomes included changes in PUA (ENIGI), uric acid 
clearance (UAC; KNIGHT), fractional excretion of uric acid (FE-UA; KNIGHT), fat distribution (ENIGI), and PUA- 
associated plasma proteomics (KNIGHT).
Results: PUA decreased during feminizing hormone therapy (− 86  μmol/L [95% CI, − 95; − 77]) and increased 
during masculinizing hormone therapy (+61  μmol/L [95% CI, 53; 70]). During feminizing therapy, UAC 
increased (+1.1  mL/min [95% CI, 0.1; 2.1]) without changing FE-UA. During masculinizing therapy UAC and 
FE-UA decreased (UAC: − 1.0  mL/min [95% CI, − 1.7; − 0.3]; FE-UA: − 0.8% [95% CI, − 1.3; − 0.4]). Android-to- 
gynoid and visceral-to-subcutaneous fat ratios decreased with feminizing and increased with masculinizing 
therapy (p < 0.05) and correlated positively with PUA changes (p < 0.001). Proteomics identified 126 PUA- 
associated proteins differentially expressed during sex hormone therapy. While proteins directly involved in 
uric acid production were unchanged, proteins related to fat distribution (adiponectin, leptin, SHBG) associated 
with PUA changes.
Discussion: PUA significantly changes during sex hormone therapy, most likely through changes in UAC and fat 
distribution. These findings emphasize the role of sex hormones in uric acid metabolism and provide insight into 
sex differences in hyperuricemia-related conditions.
Trial registration knight: Dutch Trial Register (ID: NL9517); ClinicalTrials.gov (ID: NCT04482920).

Introduction

Elevated plasma uric acid (PUA) is consistently associated with a 
higher risk of cardiovascular, metabolic, and kidney diseases [1–3], 

which are increasingly recognized as interconnected conditions within 
the cardiovascular-kidney-metabolic (CKM) syndrome [4]. Approxi
mately 30% of the global population is affected by CKM-related multi
morbidity, underscoring the need for shared biomarkers and therapeutic 
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targets [4]. Given its broad range of associations, uric acid has emerged 
as a promising candidate [2,3,5].

PUA concentrations differ markedly by sex, with lower concentra
tions typically observed in women–a difference that becomes apparent 
at puberty and attenuates after menopause [6,7]. This suggests that sex 
hormones, particularly estradiol and testosterone, play key roles in 
regulating uric acid metabolism [6,7]. Importantly, sex hormones may 
also influence the risk of CKM syndrome, with premenopausal women 
showing relative protection against CKM-related conditions compared 
with men [8–13]. Together, these observations support the hypothesis 
that sex hormone-dependent regulation of uric acid metabolism may 
contribute to sex disparities in CKM syndrome prevalence and severity.

Despite these associations, the mechanisms through which sex hor
mones influence uric acid metabolism are incompletely understood. It 
remains unclear whether these effects occur via direct modulation of 
uric acid production or kidney excretion, or indirectly through changes 
in body composition or fat distribution [14,15]. This gap in mechanistic 
understanding limits progress toward sex- and sex hormone-informed 
precision medicine strategies aimed at reducing PUA in the context of 
CKM-related conditions.

Research involving transgender individuals undergoing sex hormone 
therapy provides a unique opportunity to examine the physiological 
effects of sex hormones on uric acid metabolism. Moreover, with the 
rising number of transgender individuals receiving sex hormone therapy 
and emerging evidence of their increased vulnerability to CKM-related 
diseases, this research is of particular importance for their health and 
clinical care [16]. However, existing studies in this population are 
limited by small sample sizes and a lack of mechanistic insight [17–19].

To address these gaps, we assessed changes in PUA concentrations, 
uric acid clearance (UAC), fractional excretion of uric acid (FE-UA), 
body composition, fat distribution, and uric acid-related proteomics in 
transgender adults before and during 3–12 months of hormone therapy.

Materials and methods

Participants and study design

This study included participants from two complementary prospec
tive observational cohorts to capture both clinical and mechanistic di
mensions of uric acid metabolism: the large scale European Network for 
the Investigation of Gender Incongruence (ENIGI) and the mechanistic 
Kidney fuNction In people receiving Gender Affirming Hormone Ther
apy (KNIGHT) study. Both received ethical approval, with written 
informed consent, in accordance with the Declaration of Helsinki and 
Good Clinical Practice. The KNIGHT study is registered at the Dutch 
Trial Register (NL9517) and clinicaltrials.gov (NCT04482920).

ENIGI
ENIGI is a multicenter study examining the effects of sex hormone 

therapy in transgender individuals since 2012 [20]. For this analysis, 
participants from the ENIGI study were selected based on specific 
criteria. Firstly, only individuals from the Amsterdam University Medi
cal Center (Amsterdam UMC) were included. Sample size calculations, 
based on previous data on PUA changes during sex hormone therapy, 
indicated that 62 feminizing and 49 masculinizing participants would 
provide 90% power at a 5% significance level [19]. Given the extensive 
cohort at Amsterdam UMC, including only individuals from this center 
was sufficient. Secondly, inclusion required baseline and 12-month 
follow-up visits. Thirdly, since PUA is also shown to be associated 
with body composition and fat distribution [21,22], which significantly 
change during sex hormone therapy [23], participants with body 
composition measurements (bioelectrical impedance analysis [BIA] or 
whole body dual-energy x-ray absorptiometry [DXA]) at both visits were 
included. Participants using antiandrogens other than cyproterone ac
etate (CPA) were excluded. The final cohort included 260 individuals on 
feminizing and 284 individuals on masculinizing hormone therapy 

(June 2012–August 2019; Supplemental Fig. 1). Due to incompatibility 
between DXA and BIA, body composition analyses included only par
ticipants with DXA at both visits.

KNIGHT
KNIGHT is a prospective observational study conducted at Amster

dam UMC and the University of Colorado Anschutz Medical Campus 
(CU-AMC) from April 2021 to June 2023. Of 44 participants completing 
both study visits (including plasma proteomics); 29 participants from 
Amsterdam UMC who completed 24-hour urine collections were 
included in this analysis: 16 receiving feminizing and 13 receiving 
masculinizing hormone therapy (Supplemental Fig. 2). These partici
pants were recruited through the Amsterdam UMC Center of Expertise 
on Gender Dysphoria outpatient clinic.

Study visits occurred just before and 3 months after sex hormone 
therapy initiation. The sample size was based on the KNIGHT study’s 
primary objective, reported elsewhere [24]. Accordingly, the KNIGHT 
cohort was not specifically powered to detect changes in plasma uric 
acid (PUA), uric acid clearance (UAC), or fractional excretion of uric 
acid (FE-UA), and is therefore interpreted primarily as a mechanistic 
cohort.

Eligible participants were aged 17–40 years, diagnosed with gender 
dysphoria (DSM-V), and initiating sex hormone therapy within one 
month. Exclusion criteria included cognitive, psychiatric, or physical 
impairments; current or prior use of sex hormones or antiandrogens; 
gonadectomy; pregnancy; participation in other studies; antihyperten
sive medication use; kidney disease (eGFR < 60 ml/min per 1.73 m2 or 
urine albumin-to-creatinine ratio > 2.5 mg/mmol); diabetes mellitus; 
uncontrolled hypertension; cardiovascular disease; or iodine allergy.

Treatment protocols

ENIGI
Feminizing hormone therapy included oral estradiol valerate (4 mg/ 

day), transdermal patches (50–100 µg/24 h), or gel (1.5 mg/day), with 
CPA (10–100 mg/day) as antiandrogen. Masculinizing hormone therapy 
included transdermal testosterone gel (37.5–50 mg/day), intramuscular 
testosterone undecanoate (1000 mg/12 weeks), or intramuscular 
testosterone blend (comprising a blend of 30 mg testosterone propio
nate, 60 mg phenylpropionate, 60 mg isocaproate, and 100 mg dec
anoate; 250 mg/2–3 weeks).

KNIGHT
Feminizing hormone therapy included oral estradiol (4 mg/day) or 

transdermal estradiol via a patch (100 µg/24 h), combined with intra
muscular triptorelin (3.75 mg every 4 weeks). Masculinizing hormone 
therapy included testosterone gel (40 mg/day) or intramuscular 
testosterone blend (250 mg/3 weeks).

Data collection

ENIGI
Fasting venous blood was collected at baseline and 12 months for sex 

hormones, creatinine, cystatin C, and PUA. Whole body DXA (Hologic 
Discovery 13.1, which was updated to version 3.3 in 2012 and to version 
4.5.3 in 2015) was used to assess lean body mass, and total, android, 
gynoid, visceral and subcutaneous fat mass as described in previous 
ENIGI manuscripts [23,25]. Android-to-gynoid fat ratio was calculated 
as android fat mass (kg) divided by gynoid fat mass (kg), and visceral-to- 
subcutaneous fat ratio was calculated as visceral fat (kg) divided by 
subcutaneous fat (kg).

KNIGHT
At least three days prior to both study visits, participants adhered to 

“normal” sodium (9–12 g/d) and protein (1.5–2.0 g/kg/d) diets, and 
were asked to refrain from vigorous physical activity and alcohol 
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ingestion for at least 24 h, and from consuming caffeine for at least 12 h. 
Fasting venous blood samples and 24-hour urine samples were collected 
at baseline and 3 months. Venous blood samples for sex hormones, 
creatinine, cystatin C, PUA, and plasma proteomics, and 24-hour urine 
samples for creatinine, and uric acid.

Detailed instructions were provided verbally and in writing 
regarding the collection of the 24-hour urine samples, including 
refraining from strenuous exercise, using dedicated containers, and 
storing samples in a refrigerator until delivery to the clinic. The 24-hour 
urine collection began the day before the study visit after the first 
morning urine and concluded on the day of the visit including the first 
morning urine.

UAC was calculated using the equation: UAC = (1000 × uric acid in 
24-hour urine sample (umol/L) /PUA (umol/L)) × (24-hour urine vol
ume (mL) / 1440). FE-UA was calculated using the equation: FE-UA =
(uric acid in 24-hour urine sample (umol/L) * serum creatinine (umol/ 
L)) / (PUA * creatinine in 24-hour urine sample (umol/L)) * 100.

Laboratory measurements

Initially, estradiol was measured by competitive immunoassay 
(Delfia; PerkinElmer, Turku, Finland) with an interassay coefficient of 
variation (CV) range of 10%–13% and a limit of quantitation (LOQ) of 
5.45 pg/ml. Subsequently liquid chromatography–tandem mass spec
trometry (LC-MS/MS) was employed in July 2014, with an interassay CV 
of 7% and an LOQ of 5.45 pg/ml. A conversion formula (LC-MS/MS =
1.60 × Delfia − 29) was applied to align Delfia values with LC-MS/MS 
results. Until January 2013, testosterone was measured using radioim
munoassay (RIA; Coat-A-Count; Siemens, Los Angeles, CA) with an 
interassay CV of 7%–20% and an LOQ of 29 ng/dl. After this period, a 
competitive immunoassay (Architect; Abbott, Abbott Park, IL) was uti
lized, with an interassay CV range of 6%–16% and an LOQ of 2.9 ng/dl. 
Conversion formulas were applied for alignment: for testosterone < 231 
ng/dl, Architect = 1.1 × RIA + 0.2, and for testosterone > 231 ng/dl, 
Architect = 1.34 × RIA − 1.65. From October 2018, LC-MS/MS was used 
for testosterone measurements, with an interassay CV of 4%–9% and an 
LOQ of 0.1 nmol/L. There was no need for a conversion formula.

PUA was measured via colorimetric assay (Roche/Hitachi cobas 
c311). A particle-enhanced immunoturbidimetric assay on a cobas 
analyzer (Roche cobas 8000 module c502, Roche Diagnostics, Man
nheim, Germany) was used to measure serum cystatin C. Serum creati
nine concentrations were measured using an enzymatic immunoassay 
performed on a cobas c system (Roche/Hitachi by Roche Diagnostics 
Mannheim, Germany).

Plasma proteomics

Plasma protein concentrations at baseline and at 3-month follow-up 
were measured using the SOMAscan 7 K Proteomic platform (Soma
Logic, Inc.) at Washington University in St. Louis, Missouri, USA [24], 
targeting 6,596 proteins with 7,604 aptamers [26]. Each sample 
included internal controls and was normalized to account for both intra- 
and inter-plate variation.

Statistical analysis

Baseline characteristics and clinical outcomes
Analyses were performed in STATA® (version 17.0). Data were re

ported as absolute numbers (n), percentages (%), mean ± standard de
viation (SD) for normally distributed data, or median with interquartile 
range (IQR) for non-normal distributions evaluated via visual inspection 
of histograms and comparing the mean (±SD) with the median (IQR).

Changes from baseline to follow up were assessed separately for 
feminizing and masculinizing hormone therapy, using Wilcoxon signed- 
rank tests (for sex hormone concentrations) and linear mixed models 
(for body mass index [BMI], blood pressure, creatinine, cystatin C, PUA, 

UAC, FE-UA, body composition and fat distribution). Normality was 
evaluated via visual inspection of histograms of the residuals. Sensitivity 
analyses for evaluating change in PUA excluded participants reporting 
current smoking or using other drugs affecting PUA. Linear mixed 
models adjusted for BMI, blood pressure, body composition, android-to- 
gynoid fat ratio, alcohol consumption, and kidney function changes, 
each in separate models.

Spearman’s rank correlations assessed associations between delta 
sex hormones and delta clinical outcomes (PUA, FE-UA and UAC). 
Additionally, correlations between delta android-to-gynoid and visceral- 
to-subcutaneous fat ratios, and delta PUA were analyzed. Delta repre
sents the absolute change from baseline to follow-up. These analyses 
included participants undergoing masculinizing and feminizing hor
mone therapy as a combined group.

Administration route comparisons in ENIGI were restricted to par
ticipants using a consistent route over 12 months (n = 441).

Plasma proteomics
Proteomic data were analyzed using R (version 4.4.0, R Core Team, 

Vienna). Before analysis, protein measurements were log-transformed 
and standardized by dividing each value by the sample-specific stan
dard deviation for that protein. Differential expression was assessed 
using linear models with moderated t-statistics [27], separately for 
masculinizing and feminizing hormone therapy. These differentially 
expressed proteins are presented in detail elsewhere [24].

Based on literature [28–30], we identified seven proteins directly 
involved in uric acid production; adenosine deaminase (ADA), purine 
nucleoside phosphorylase (PNP), guanine deaminase (GUAD), xanthine 
dehydrogenase/oxidase (XDH), hypoxanthine–guanine phosphor
ibosyltransferase (HPRT), ribose-phosphate pyrophosphokinase 1 
(PRPS1), and adenine phosphoribosyltransferase (APT), and examined 
whether their expression changed during feminizing or masculinizing 
hormone therapy. Key urate transporters involved in kidney and intes
tinal excretion of uric acid could not be assessed using plasma prote
omics, due to their membrane-bound nature and lack of presence in the 
circulation.

Further analyses were conducted to identify proteins specifically 
associated with delta PUA by assessing correlations between protein 
changes and delta PUA using Spearman’s rank correlation. We identified 
proteins that correlated with delta PUA across the full cohort and then 
refined our focus to proteins that changed during feminizing or 
masculinizing hormone therapy. A Venn diagram summarizing these 
identified proteins is provided in Supplemental Fig. 3.

Only participants with complete data for all relevant variables were 
included in the analysis. No imputation was performed for missing data.

P-values were adjusted to maintain a false discovery rate of 5%.

Results

Baseline characteristics were comparable between cohorts (Table 1). 
Administration routes are listed in Supplemental Table 1. Sex hormone 
concentrations before and during sex hormone therapy are shown in 
Fig. 1 for ENIGI participants and were similar across the two cohorts 
(Supplemental Table 2).

Blood pressure, kidney function, body composition and fat distribution

Changes in BMI, blood pressure, cystatin C, and creatinine among 
ENIGI participants are summarized in Table 2 and described previously 
[31]. During feminizing hormone therapy, lean body mass decreased by 
2.4% (95% CI, 1.5 to 3.3) and total fat mass increased by 26.2% (95% CI, 
21.9 to 31.4, n = 100), accompanied by decreases in the android-to- 
gynoid fat ratio (− 0.06; 95% CI, − 0.07 to − 0.05), and the visceral-to- 
subcutaneous fat ratio (− 0.07; 95% CI, − 0.08 to − 0.05). Conversely, 
during masculinizing hormone therapy, lean body mass increased by 
10.1% (95% CI, 8.9 to 11.2) and total fat mass decreased by 9.7% (95% 
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CI, − 12.3 to 7.0, n = 105), while the android-to-gynoid and visceral-to- 
subcutaneous fat ratios increased by 0.06 (95% CI 0.05 to 0.07, n =
104), and 0.008 (95% CI, 0.001 to 0.014), respectively.

Uric acid metabolism

During feminizing hormone therapy, PUA decreased by 86 μmol/L 
(95% CI, 77 to 95) in ENIGI participants and 58 μmol/L (95% CI, 29 to 
88) in KNIGHT participants. UAC increased (+1.1 mL/min; 95% CI, 0.1 
to 2.1), while FE-UA remained unchanged (Table 2, Figs. 2-3). 
Conversely, during masculinizing hormone therapy, PUA increased by 
61 μmol/L (95% CI, 53 to 70) in ENIGI participants and 51 μmol/L (95% 
CI, 38 to 64) in KNIGHT participants, with reductions in both UAC 
(− 1.0 mL/min; 95% CI, − 1.7 to − 0.3];) and FE-UA (− 0.8%; 95% CI, 

− 1.3 to − 0.4; Table 2, Figs. 2-3).
Delta PUA correlated inversely with delta serum estradiol and posi

tively with delta serum testosterone, while delta FE-UA only correlated 
with delta serum testosterone (Table 3). Delta PUA also correlated with 
delta fat distribution ratios (android-to-gynoid, rho = 0.64; visceral-to- 
subcutaneous, rho = 0.32; both p < 0.001).

Sensitivity analyses excluding individuals reporting current smoking 
or users of medications affecting uric acid metabolism did not alter these 
findings (Supplemental Table 3). Adjustments for delta BMI, blood 
pressure, and alcohol intake minimally influenced results; however, 
controlling for changes in lean body mass attenuated the magnitude of 
PUA change during masculinizing hormone therapy, while adjusting for 
total fat mass increased the magnitude of PUA change during feminizing 
hormone therapy (Supplemental Table 4). Adjusting for delta android- 

Table 1 
Baseline characteristics of the included participants.

Variable ENIGI cohort KNIGHT cohort

Individuals scheduled to start 
feminizing hormone therapy 
(n = 260)

Individuals scheduled to start 
masculinizing hormone therapy 
(n = 284)

Individuals scheduled to start 
feminizing hormone therapy 
(n = 15)

Individuals scheduled to start 
masculinizing hormone therapy 
(n = 13)

Age, year 29 (23–43) 22 (20–28) 26 (21–31) 21 (20–24))
Current smoker, n (%) 62 (24) 81 (29) 3 (20) 5 (38)
Alcohol consumption, 

units/week
0.05 (0–2) 0 (0–2) 1 (0–1) 1 (0–1)

BMI, kg/m2 24.0 (±4.8) 26.0 (±6.0) 27.2 (20.5–35.2) 23.9 (19.6–30.0)
Testosterone, nmol/L 18.0 (14.0–24.0) 1.3 (0.9–1.6) 15.0 (8.4–20) 1.0 (0.8–1.1)
Estradiol, pmol/L 99 (75–118) 175 (76–370) 74 (60–94) 137 (93–302)
Systolic BP, mmHg 129 (±13) 124 (±12) 117 (±9) 102 (±8)
Diastolic BP, mmHg 80 (±9) 76 (±9) 73 (±8) 67 (±7)
Creatinine, μmol/L 78.5 (±9.9) 66.7 (±9.3) 76.3 (±11.3) 61.7 (±8.1)
Cystatin C, mg/L 0.94 (±0.16) 0.90 (±0.17) 0.92 (±0.11) 0.79 (±0.08)
Plasma uric acid, μmol/ 

L
365 (±77) 295 (±72) 373 (±60) 271 (±53)

Categorical variables are presented as n (%). Otherwise indicated, data are presented according to their distribution, median (interquartile range), and mean (±SD). 
Abbreviations: BMI, body mass index; BP, blood pressure; ENIGI, European Network for the Investigation of Gender Incongruence; KNIGHT, Kidney fuNction In people 
receiving Gender-affirming Hormone Therapy.

Fig. 1. Serum estradiol and testosterone changed during 1 year of sex hormone therapy in the participants of the ENIGI study. Median with IQR of serum estradiol 
(A) and serum testosterone (B) before and at 12 months of feminizing and masculinizing hormone therapy. Abbreviations: IQR, interquartile range. Alt text: Graphs A 
and B show median (IQR) serum estradiol (pmol/L) and testosterone (nmol/L) concentrations, respectively, at baseline and 12 months after starting feminizing or 
masculinizing hormone therapy.
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to-gynoid fat ratio and filtration markers (creatinine and cystatin C) 
attenuated but did not eliminate the observed changes (Supplemental 
Table 4). Estradiol administration route did not affect PUA. Testosterone 
undecanoate use was associated with a non-significant trend toward 

greater PUA increase compared to other testosterone formulations, 
particularly transdermal gel (Supplemental Table 5).

Plasma proteomics

Feminizing and masculinizing hormone therapy were associated 
with 49 and 356 differentially expressed proteins (DEPs), respectively. 
These DEPs are discussed in more detail elsewhere [24]. Proteins 
involved in uric acid production (ADA, PNP, GUAD, XDH, HPRT, PRPS1, 
APT) showed no significant changes during sex hormone therapy 
(Supplemental Table 6).

Individual proteins associated with delta PUA
Across all participants, 350 proteins correlated with PUA changes; 

126 of these proteins overlapped with the DEPs during feminizing or 
masculinizing hormone therapy (Supplemental Fig. 3; Supplementary 
Excel File 1) [24]. Among the top 10 DEPs that correlated with PUA 
changes, leptin, adiponectin, neuromedin-B (NMB), myelin protein P0 
(MYP0), sex hormone-binding globulin (SHBG), polymeric immuno
globulin receptor (PIGR), and ferritin light chain negatively correlated 
with changes in PUA, while carbonic anhydrase 6 and DCLK1 showed 
positive associations (Table 4, Fig. 4).

Ingenuity pathway analysis
Ingenuity Pathway Analysis (IPA) was conducted using the 

SOMAScan assay protein set as the reference. Feminizing hormone 
therapy led to 61 differentially expressed pathways, with the majority of 
the top 10 pathways being downregulated, especially those associated 
with protein synthesis and amino acid metabolism. In contrast, mascu
linizing hormone therapy resulted in 117 differentially expressed 
pathways, with most of the top 10 pathways upregulated, particularly 
those linked to extracellular matrix remodeling, tissue restructuring, 
and immune and inflammatory responses. These pathways are discussed 
in more detail elsewhere [24]. Here, we focused here on those correlated 
with delta PUA.

When combining individuals undergoing feminizing and masculin
izing hormone therapy, changes in PUA was associated with the up- or 
downregulation of 75 pathways. When the analysis was limited to 
differentially expressed pathways specific to either feminizing or 
masculinizing hormone therapy, 30 pathways were found to correlate 
with changes in PUA (Supplemental Table 7; Supplementary Excel File 
2). A Venn diagram summarizing the identification of these pathways is 
available in Supplemental Fig. 4. Notably, neural cell adhesion molecule 
(NCAM) signaling for neurite out-growth and integrin cell surface in
teractions were negatively correlated with PUA, while positively 
correlated pathways were mainly involved in protein synthesis and 
translation, signal transduction, cell stress and apoptosis, and cell 
structure.

Discussion

This study investigated how uric acid metabolism changes during sex 
hormone therapy in two well-characterized transgender cohorts. 
Consistent with prior research, PUA decreased during feminizing hor
mone therapy and increased during masculinizing hormone therapy 
[17–19]. The increase in PUA during masculinizing hormone therapy 
appeared most pronounced among participants using intramuscular 
testosterone undecanoate. This difference was not explained by 
measured serum testosterone concentrations between administration 
routes (data not shown). A possible explanation is improved treatment 
adherence associated with long-acting injections, which may result in 
higher overall testosterone exposure over time.

The changes in PUA during sex hormone therapy were accompanied 
by altered kidney uric acid clearance and excretion: UAC increased 
during feminizing hormone therapy, whereas both UAC and FE-UA 
decreased during masculinizing hormone therapy, consistent with a 

Table 2 
Measurements before and during sex hormone therapy.

During feminizing hormone 
therapy

During masculinizing hormone 
therapy

ENIGI Baseline 12 mo of sex 
hormone therapy

Baseline 12 mo of sex 
hormone therapy

BMI, kg/m2 24.0 
(±4.8)

24.6 (±4.2)a 26.0 
(±6.0)

26.2 (±5.4)b

Systolic BP, 
mmHg

129 
(±13)

127 (±12)b 124 
(±12)

124 (±12)

Diastolic BP, 
mmHg

80 (±9) 79 (±9)c 76 (±9) 77 (±8)

Creatinine, 
μmol/L

78.5 
(±9.9)

72.5 (±9.7)a 66.7 
(±9.3)

78.3 (±10.5)a

Cystatin C, 
mg/L

0.94 
(±0.16)

0.87 (±0.15)a 0.90 
(±0.17)

0.95 (±0.16)a

PUA, μmol/L 365 
(±77)

279 (±66)a 295 
(±72)

357 (±76)a

KNIGHT Baseline 3 mo of sex 
hormone therapy

Baseline 3 mo of sex 
hormone therapy

PUA, μmol/L 373 
(±60)

314 (±57)a 271 
(±53)

323 (±56)a

UAC, mL/min 6.3 
(±1.8)

7.4 (±2.9)c 6.3 
(±1.4)

5.3 (±1.5)b

FE-UA, % 5.0 
(±1.4)

5.3 (±1.6) 5.9 
(±1.1)

5.1 (±1.0)a

Unless otherwise indicated, median (interquartile range) is presented for non- 
normally distributed continuous variables and mean (±SD) is presented for 
normally distributed continuous variables. Significance is determined by linear 
mixed model comparing baseline and follow-up: a P < 0.001, b P < 0.01, c P <
0.05. Abbreviations: BMI, body mass index; PUA, plasma uric acid; UAC; uric 
acid clearance; FE-UA, fractional excretion of uric acid; ENIGI, European 
Network for the Investigation of Gender Incongruence; KNIGHT, Kidney fuNc
tion In people receiving Gender-affirming Hormone Therapy.

Fig. 2. PUA changed during 1 year of sex hormone therapy in participants of 
the ENIGI study. Mean with 95% CI of PUA before and at 12 months of sex 
hormone therapy. Abbreviations: PUA, plasma uric acid; CI, confidence inter
val. Alt text: Graph shows mean (95% CI) plasma uric acid concentration at 
baseline and 12 months after starting feminizing or masculinizing hor
mone therapy.
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prior study [17]. Additionally, changes in PUA were associated with 
changes in fat distribution during sex hormone therapy. Feminizing 
hormone therapy reduced, whereas masculinizing hormone therapy 
increased both the android-to-gynoid and visceral-to-subcutaneous fat 
ratios. Both these ratios were found to strongly correlate with changes in 
PUA. This aligns with earlier findings indicating that higher proportions 
of android and visceral fat, which are metabolically more active and pro- 
inflammatory, are associated with increased PUA concentrations 
[22,32–34].

This hypothesis is further supported by our proteomic analysis, that 
revealed no changes in proteins directly involved in uric acid 

production, but identified strong associations between PUA changes and 
proteins linked to fat distribution, including adiponectin, leptin, and 
SHBG. All three proteins increased during feminizing hormone therapy 
and decreased during masculinizing hormone therapy and were 
inversely correlated with delta PUA. Given that lower adiponectin and 
SHBG concentrations are both associated with an increased android-to- 
gynoid ratio [35–44], and increased visceral fat [45–47], and higher 

Fig. 3. Change in uric acid clearance (A + B) and fractional uric acid excretion (C + D) in participants of the KNIGHT study during feminizing (A + C) and 
masculinizing (B + D) therapy. a, p < 0.001; b, p < 0.01; c, p < 0.05; Abbreviations: UAC, uric acid clearance; FE-UA, fractional excretion of uric acid. Alt text: 
Graphs A-D show individual UAC and FE-UA levels at baseline and 3 months after starting feminizing or masculinizing hormone therapy, with overall changes shown 
as percentages.

Table 3 
Correlations between change in serum estradiol and testosterone and change in 
PUA, UAC and FE-UA.

Variables Δ Serum estradiol Δ Serum testosterone
R R

Δ PUA, μmol/L − 0.32a 0.63a

Δ UAC, mL/min 0.23 − 0.38
Δ FE-UA, % 0.19 − 0.53b

Correlation with PUA is calculated for the ENIGI cohort and correlation with 
UAC and FE-UA is calculated for the KNIGHT cohort. a, P < 0.001, b P < 0.01. 
Abbreviations: Δ, delta; R, Spearman’s rank correlation coefficient; PUA, plasma 
uric acid; UAC; uric acid clearance; FE-UA, fractional excretion of uric acid; 
ENIGI, European Network for the Investigation of Gender Incongruence; 
KNIGHT, Kidney fuNction In people receiving Gender-affirming Hormone 
Therapy.

Table 4 
Summary of the top 10 DEPs associated with changes in PUA during sex hor
mone therapy.

Protein Gene Δ PUA

Δ Leptin LEP − 0.77a

Δ Carbonic anhydrase 6 CA6 0.77a

Δ DCAK1 DCLK1 0.76a

Δ Adiponectin ADIPOQ − 0.75a

Δ NMB NMB − 0.75a

Δ MYP0 MPZ − 0.71a

Δ SHBG SHBG − 0.71a

Δ PIGR PIGR − 0.68a

Δ CDON CDON 0.67a

Δ Ferritin light chain FTL − 0.66a

Showing correlations between delta DEPs and delta PUA. P-values were adjusted 
to maintain a false discovery rate of 5%. a, P < 0.001. Abbreviations: Δ, delta; 
DEPs, differentially expressed proteins; DCAK1, serine/threonine-protein kinase 
DCLK1; NMB, neuromedin-B; MYP0, myelin protein P0; SHBG, sex hormone- 
binding globulin; PIGR, polymeric immunoglobulin receptor; CDON, cell 
adhesion molecule-related/down-regulated by oncogenes.
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leptin concentrations are associated with increased subcutaneous fat 
[48–50], these proteomic findings add to the hypothesis that the redis
tribution of fat during sex hormone therapy may play an indirect role in 
influencing PUA concentrations.

Regarding adiponectin, the negative association with uric acid aligns 
with previous studies [51–54]. Further emphasizing the association 
between adiponectin, visceral fat and PUA, is a study in severely obese 
patients that demonstrated that adiponectin gene expression in VAT 
negatively correlated with serum concentrations of uric acid [55]. In 
addition to indirect effects via fat distribution, adiponectin may also 
influence uric acid production directly, as adiponectin was shown in a 
previous study to be inversely associated with xanthine oxidase activity 
[56]. Regarding leptin, the inverse correlation with PUA contrasts with 
most previous cross-sectional studies [57–64]. Regarding SHBG, the 
association with PUA is consistent with previous studies [65–68]. This 
association may be due to changes in fat distribution, affecting both 
SHBG and PUA. However, an alternative explanation is that elevated 
PUA itself affects SHBG through inactivation of AMP-activated protein 
kinase (AMPK), which has been shown to impair liver metabolism and 
reduce SHBG production [66]. Together, these findings suggest that fat 
redistribution due to sex hormones may play a role in sex hormone- 
induced changes in PUA concentrations.

The clinical importance of these findings lies in the well-established 
association between higher PUA and CKM-related conditions 
[1,8,69–71]. Sex hormone-driven differences in PUA may partly explain 
sex disparities in these conditions, especially the relative protection seen 
in premenopausal women [8–13]. Given uric acid’s association with 
CKM, it is an important shared biomarker and therapeutic target that has 
been explored in a number of clinical trials [72–79]. Although prior 
studies targeting uric acid production with allopurinol failed to signifi
cantly influence CKD progression, these trials were limited by low hy
peruricemia prevalence and insufficient power. Furthermore, emerging 
evidence suggests that promoting uric acid excretion may be critical for 
therapeutic efficacy [80].

While the use of two complementary cohorts, the large ENIGI cohort 
and the mechanistic KNIGHT cohort, strengthens the validity and 
interpretation of our findings, several limitations warrant consideration. 
The follow-up durations were limited to 3 months in KNIGHT and 12 
months in ENIGI, restricting insights into the long-term effects of sex 
hormone therapy on uric acid metabolism. Additionally, individuals 

with pre-existing CKD or cardiovascular disease were excluded, pre
venting generalization to these populations. Moreover, both cohorts 
were predominantly recruited from a single geographic region, which 
may limit external validity. Furthermore, the feminizing regimens 
combined estradiol with antiandrogens (CPA or triptorelin), compli
cating isolation of estradiol-specific effects. In addition, standardizing 
protein and salt intake, and correcting for alcohol intake may not fully 
account for dietary influences on PUA, as other factors such as purine 
source, and fructose intake also play an important role. Also, longitu
dinal DXA-derived changes in body composition and fat distribution 
may have been influenced to some extent by software updates. Finally, 
key urate transporters involved in kidney and intestinal excretion could 
not be assessed via plasma proteomics.

In conclusion, this study demonstrates that PUA concentrations 
decrease during feminizing hormone therapy and increase during 
masculinizing hormone therapy. These changes were associated with 
alterations in uric acid clearance/excretion and with sex hormone–re
lated changes in body fat distribution. These insights help elucidate the 
role of sex hormones in the shared pathophysiology of cardiovascular, 
kidney, and metabolic conditions, informing more personalized thera
peutic strategies to lower PUA in CKM-related diseases and ultimately 
enhancing care for both transgender and cisgender individuals.
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Conceptualization. Daniël H. van Raalte: Supervision, Conceptualiza
tion, Resources, Methodology, Project administration, Writing – review 
& editing.

Funding

This research did not receive any specific grant from any funding 
agency in the public, commercial or not-for-profit sector.

Fig. 4. Log fold changes of the top 10 DEPs associated with changes in PUA during feminizing and masculinizing hormone therapy. The displayed proteins represent 
DEPs observed during feminizing (A) and masculinizing (B) hormone therapy, whose changes during sex hormone therapy (combining both feminizing and 
masculinizing therapies) were correlated with delta PUA. A Venn diagram summarizing the identification of these proteins can be found in Supplemental Fig. 3. P- 
values were adjusted to maintain a false discovery rate of 5%. Abbreviations: DEPs, differentially expressed proteins; PUA, plasma uric acid; SHBG, sex hormone- 
binding globulin; NMB, neuromedin-B; CDON, cell adhesion molecule-related/down-regulated by oncogenes; CA6, carbonic anhydrase 6; DCAK1, serine/ 
threonine-protein kinase DCLK1; PIGR, polymeric immunoglobulin receptor; MYP0, myelin protein P0. Alt text: Graphs A and B log fold changes of the top 10 
proteins associated with plasma uric acid changes during feminizing and masculinizing hormone therapy.

S.A. van Eeghen et al.                                                                                                                                                                                                                          Journal of Clinical & Translational Endocrinology 44 (2026) 100434 

7 



Declaration of competing interest

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
PB reports serving or having served as a consultant for AstraZeneca, 
Bayer, Bristol-Myers Squibb, Boehringer Ingelheim, Eli-Lilly, LG 
Chemistry, Sanofi, Novo Nordisk, and Horizon Pharma. PB also serves or 
has served on the advisory boards and/or steering committees of 
AstraZeneca, Bayer, Boehringer Ingelheim, Novo Nordisk, and XORTX. 
PB has received operational funding for clinical trials from Boehringer 
Ingelheim, Lilly, Merck, AstraZeneca, Horizon Pharma/Amgen and 
Novo Nordisk. NJN is a consultant for Neurocrine Biosciences and an 
expert panel member for World Athletics. DHR is an Deputy Editor for 
the European Journal of Endocrinology.

Acknowledgments

The authors would like to thank all of the KNIGHT and ENIGI study 
participants for making this study possible. DHVR is supported by a 
senior fellowship of the Dutch Diabetes Foundation and a PIONEER 
grant from the Dutch Kidney Foundation, and a Kollf senior fellowship.

Data availability

The datasets generated and analyzed in the current study are avail
able from the corresponding author upon reasonable request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jcte.2026.100434.

References

[1] Kanbay M, Jensen T, Solak Y, Le M, Roncal-Jimenez C, Rivard C, et al. Uric acid in 
metabolic syndrome: from an innocent bystander to a central player. Eur J Intern 
Med Uric 2016;29:3–8. https://doi.org/10.1016/j.ejim.2015.11.026.

[2] Borghi C, Agabiti-Rosei E, Johnson RJ, Kielstein JT, Lurbe E, Mancia G, et al. 
Hyperuricaemia and gout in cardiovascular, metabolic and kidney disease. Eur J 
Intern Med 2020;80:1–11. https://doi.org/10.1016/j.ejim.2020.07.006.

[3] Kittelson KS, Junior AG, Fillmore N, da Silva GR. Cardiovascular-kidney-metabolic 
syndrome - an integrative review. Prog Cardiovasc Dis 2024;87:26–36. https://doi. 
org/10.1016/j.pcad.2024.10.012.

[4] Ndumele CE, Rangaswami J, Chow SL, Neeland IJ, Tuttle KR, Khan SS, et al. 
Cardiovascular-kidney-metabolic health: a presidential advisory from the american 
heart association. Circulation 2023;148:1606–35. https://doi.org/10.1161/ 
CIR.0000000000001184.

[5] Piani F, Agnoletti D, Borghi C. Advances in pharmacotherapies for hyperuricemia. 
Expert Opin 2023;24:737–45. https://doi.org/10.1080/14656566.2023.2197591.

[6] Mikkelsen WM, Dodge HJ, Valkenburg H. The distribution of serum uric acid 
values in a population unselected as to gout or hyperuricemia: Tecumseh, Michigan 
1959-1960. Am J Med 1965;1959–1960(39):242–51. https://doi.org/10.1016/ 
0002-9343(65)90048-3.

[7] Wolfson WQ, Hunt HD, et al. The transport and excretion of uric acid in man; a sex 
difference in urate metabolism; with a note on clinical and laboratory findings in 
gouty women. J Clin Endocrinol Metab 1949;9:749–67. https://doi.org/10.1210/ 
jcem-9-8-749.

[8] Dalbeth N, Gosling AL, Gaffo A, Abhishek A. Gout. Lancet 2021;397:1843–55. 
https://doi.org/10.1016/S0140-6736(21)00569-9.

[9] Maas AH, Appelman YE. Gender differences in coronary heart disease. Neth Heart J 
2010;18:598–602. https://doi.org/10.1007/s12471-010-0841-y.

[10] van Eeghen SA, Nokoff NJ, Vosters TG, Oosterom-Eijmael MJP, Cherney DZI, van 
Valkengoed IGM, et al. Unraveling sex differences in kidney health and CKD: a 
review of the effect of sex hormones. Clin J Am Soc Nephrol Unraveling 2024;20: 
301–10. https://doi.org/10.2215/CJN.0000000642.

[11] Chella Krishnan K, Mehrabian M, Lusis AJ. Sex differences in metabolism and 
cardiometabolic disorders. Curr Opin Lipidol 2018;29:404–10. https://doi.org/ 
10.1097/MOL.0000000000000536.

[12] Regitz-Zagrosek V, Lehmkuhl E, Weickert MO. Gender differences in the metabolic 
syndrome and their role for cardiovascular disease. Clin Res Cardiol 2006;95: 
136–47. https://doi.org/10.1007/s00392-006-0351-5.

[13] Guldan M, Unlu S, Abdel-Rahman SM, Ozbek L, Gaipov A, Covic A, et al. 
Understanding the role of sex hormones in cardiovascular kidney metabolic 
syndrome: toward personalized therapeutic approaches. J Clin Med 2024;13. 
https://doi.org/10.3390/jcm13154354.

[14] Adamopoulos D, Vlassopoulos C, Seitanides B, Contoyiannis P, Vassilopoulos P. 
The relationship of sex steroids to uric acid levels in plasma and urine. Acta 
Endocrinol (Copenh) 1977;85:198–208. https://doi.org/10.1530/acta.0.0850198.

[15] Halperin Kuhns VL, Woodward OM. Sex differences in urate handling. Int J Mol Sci 
2020;21. https://doi.org/10.3390/ijms21124269.

[16] Glintborg D, Christensen LL, Andersen MS. Transgender healthcare: metabolic 
outcomes and cardiovascular risk. Diabetologia 2024;67:2393–403. https://doi. 
org/10.1007/s00125-024-06212-6.

[17] Nicholls A, Snaith ML, Scott JT. Effect of oestrogen therapy on plasma and urinary 
levels of uric acid. Br Med J 1973;1:449–51. https://doi.org/10.1136/ 
bmj.1.5851.449.

[18] Kurahashi H, Watanabe M, Sugimoto M, Ariyoshi Y, Mahmood S, Araki M, et al. 
Testosterone replacement elevates the serum uric acid levels in patients with 
female to male gender identity disorder. Endocr J 2013;60:1321–7. https://doi. 
org/10.1507/endocrj.ej13-0203.

[19] Yahyaoui R, Esteva I, Haro-Mora JJ, Almaraz MC, Morcillo S, Rojo-Martinez G, 
et al. Effect of long-term administration of cross-sex hormone therapy on serum 
and urinary uric acid in transsexual persons. J Clin Endocrinol Metab 2008;93: 
2230–3. https://doi.org/10.1210/jc.2007-2467.

[20] Dekker MJ, Wierckx K, Van Caenegem E, Klaver M, Kreukels BP, Elaut E, et al. 
A European Network for the Investigation of Gender Incongruence: Endocrine Part. 
J Sex Med 2016;13:994–9. https://doi.org/10.1016/j.jsxm.2016.03.371.

[21] Loenen HM, Eshuis H, Lowik MR, Schouten EG, Hulshof KF, Odink J, et al. Serum 
uric acid correlates in elderly men and women with special reference to body 
composition and dietary intake (Dutch Nutrition Surveillance System). J Clin 
Epidemiol 1990;43:1297–303. https://doi.org/10.1016/0895-4356(90)90095-7.

[22] Seyed-Sadjadi N, Berg J, Bilgin AA, Grant R. Visceral fat mass: is it the link between 
uric acid and diabetes risk? Lipids Health Dis 2017;16:142. https://doi.org/ 
10.1186/s12944-017-0532-4.

[23] Klaver M, de Blok CJM, Wiepjes CM, Nota NM, Dekker M, de Mutsert R, et al. 
Changes in regional body fat, lean body mass and body shape in trans persons using 
cross-sex hormonal therapy: results from a multicenter prospective study. Eur J 
Endocrinol 2018;178:163–71. https://doi.org/10.1530/EJE-17-0496.

[24] van Eeghen SA, Pyle L, Narongkiatikhun P, Choi YJ, Obeid W, Parikh CR, et al. 
Unveiling mechanisms underlying kidney function changes during sex hormone 
therapy. J Clin Invest 2025. https://doi.org/10.1172/JCI190850.

[25] Klaver M, van Velzen D, de Blok C, Nota N, Wiepjes C, Defreyne J, et al. Change in 
visceral fat and total body fat and the effect on cardiometabolic risk factors during 
transgender hormone therapy. J Clin Endocrinol Metab 2022;107:e153–64. 
https://doi.org/10.1210/clinem/dgab616.

[26] Lovell JP, Bermea K, Yu J, Rousseau S, Cohen CD, Bhalodia A, et al. Serum 
Proteomic analysis of peripartum cardiomyopathy reveals distinctive dysregulation 
of inflammatory and cholesterol metabolism pathways. JACC Heart Fail 2023;11: 
1231–42. https://doi.org/10.1016/j.jchf.2023.05.031.

[27] Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers 
differential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res 2015;43:e47.

[28] Maiuolo J, Oppedisano F, Gratteri S, Muscoli C, Mollace V. Regulation of uric acid 
metabolism and excretion. Int J Cardiol 2016;213:8–14. https://doi.org/10.1016/ 
j.ijcard.2015.08.109.

[29] Torres RJ, Puig JG. Hypoxanthine-guanine phosophoribosyltransferase (HPRT) 
deficiency: Lesch-Nyhan syndrome. Abbreviated Orphanet J Rare Dis 
Hypoxanthine-guanine phosophoribosyltransferase (HPRT) deficiency. Lesch- 
Nyhan Syndrome 2007;2:48. https://doi.org/10.1186/1750-1172-2-48.

[30] de Brouwer APM, Christodoulou J. Phosphoribosylpyrophosphate Synthetase 
Superactivity. In: Adam MP, Feldman J, Mirzaa GM, Pagon RA, Wallace SE, 
Amemiya A, editor(s). GeneReviews((R)), Seattle (WA): 1993, p.

[31] van Eeghen SA, Wiepjes CM, T'Sjoen G, Nokoff NJ, den Heijer M, Bjornstad P, et al. 
Cystatin C-based eGFR changes during gender-affirming hormone therapy in 
transgender individuals. Clin J Am Soc Nephrol 2023;18:1545–54. https://doi.org/ 
10.2215/CJN.0000000000000289.

[32] Bouchi R, Nakano Y, Ohara N, Takeuchi T, Murakami M, Asakawa M, et al. Clinical 
relevance of dual-energy X-ray absorptiometry (DXA) as a simultaneous evaluation 
of fatty liver disease and atherosclerosis in patients with type 2 diabetes. 
Abbreviated Cardiovasc Diabetol 2016;15:64. https://doi.org/10.1186/s12933- 
016-0384-7.

[33] Zong J, Sun Y, Zhang Y, Yuan J, Wang X, Zhang R, et al. Correlation between serum 
uric acid level and central body fat distribution in patients with type 2 diabetes. 
Diabetes 2020;13:2521–31. https://doi.org/10.2147/DMSO.S260891.

[34] Rospleszcz S, Dermyshi D, Muller-Peltzer K, Strauch K, Bamberg F, Peters A. 
Association of serum uric acid with visceral, subcutaneous and hepatic fat 
quantified by magnetic resonance imaging. Sci Rep 2020;10:442. https://doi.org/ 
10.1038/s41598-020-57459-z.

[35] Kang SM, Yoon JW, Ahn HY, Kim SY, Lee KH, Shin H, et al. Android fat depot is 
more closely associated with metabolic syndrome than abdominal visceral fat in 
elderly people. PLoS One 2011;6:e27694. https://doi.org/10.1371/journal. 
pone.0027694.

[36] Manigrasso MR, Ferroni P, Santilli F, Taraborelli T, Guagnano MT, Michetti N, 
et al. Association between circulating adiponectin and interleukin-10 levels in 
android obesity: effects of weight loss. J Clin Endocrinol Metab 2005;90:5876–9. 
https://doi.org/10.1210/jc.2005-0281.

[37] Miazgowski T, Dziwura-Ogonowska J, Safranow K, Iskierska K, Widecka K. 
Changes in adiponectin level and fat distribution in patients with type 2 diabetes. 
Eur J Clin Invest 2014;44:192–9. https://doi.org/10.1111/eci.12207.

S.A. van Eeghen et al.                                                                                                                                                                                                                          Journal of Clinical & Translational Endocrinology 44 (2026) 100434 

8 

https://doi.org/10.1016/j.jcte.2026.100434
https://doi.org/10.1016/j.jcte.2026.100434
https://doi.org/10.1016/j.ejim.2015.11.026
https://doi.org/10.1016/j.ejim.2020.07.006
https://doi.org/10.1016/j.pcad.2024.10.012
https://doi.org/10.1016/j.pcad.2024.10.012
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1080/14656566.2023.2197591
https://doi.org/10.1016/0002-9343(65)90048-3
https://doi.org/10.1016/0002-9343(65)90048-3
https://doi.org/10.1210/jcem-9-8-749
https://doi.org/10.1210/jcem-9-8-749
https://doi.org/10.1016/S0140-6736(21)00569-9
https://doi.org/10.1007/s12471-010-0841-y
https://doi.org/10.2215/CJN.0000000642
https://doi.org/10.1097/MOL.0000000000000536
https://doi.org/10.1097/MOL.0000000000000536
https://doi.org/10.1007/s00392-006-0351-5
https://doi.org/10.3390/jcm13154354
https://doi.org/10.1530/acta.0.0850198
https://doi.org/10.3390/ijms21124269
https://doi.org/10.1007/s00125-024-06212-6
https://doi.org/10.1007/s00125-024-06212-6
https://doi.org/10.1136/bmj.1.5851.449
https://doi.org/10.1136/bmj.1.5851.449
https://doi.org/10.1507/endocrj.ej13-0203
https://doi.org/10.1507/endocrj.ej13-0203
https://doi.org/10.1210/jc.2007-2467
https://doi.org/10.1016/j.jsxm.2016.03.371
https://doi.org/10.1016/0895-4356(90)90095-7
https://doi.org/10.1186/s12944-017-0532-4
https://doi.org/10.1186/s12944-017-0532-4
https://doi.org/10.1530/EJE-17-0496
https://doi.org/10.1172/JCI190850
https://doi.org/10.1210/clinem/dgab616
https://doi.org/10.1016/j.jchf.2023.05.031
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0135
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0135
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0135
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1186/1750-1172-2-48
https://doi.org/10.2215/CJN.0000000000000289
https://doi.org/10.2215/CJN.0000000000000289
https://doi.org/10.1186/s12933-016-0384-7
https://doi.org/10.1186/s12933-016-0384-7
https://doi.org/10.2147/DMSO.S260891
https://doi.org/10.1038/s41598-020-57459-z
https://doi.org/10.1038/s41598-020-57459-z
https://doi.org/10.1371/journal.pone.0027694
https://doi.org/10.1371/journal.pone.0027694
https://doi.org/10.1210/jc.2005-0281
https://doi.org/10.1111/eci.12207


[38] Miazgowski T, Major-Goluch A, Safranow K. Selected adipokines and metabolic 
profiles in normal-weight women with abdominal obesity. Pol Arch Med Wewn 
2012;122:406–12.

[39] Miazgowski T, Safranow K, Krzyzanowska-Swiniarska B, Iskierska K, Widecka K. 
Adiponectin, visfatin and regional fat depots in normal weight obese 
premenopausal women. Eur J Clin Invest 2013;43:783–90. https://doi.org/ 
10.1111/eci.12106.

[40] Milewicz A, Jedrzejuk D, Dunajska K, Lwow F. Waist circumference and serum 
adiponectin levels in obese and non-obese postmenopausal women. Maturitas 
2010;65:272–5. https://doi.org/10.1016/j.maturitas.2009.11.008.

[41] Wu B, Huang J, Fukuo K, Suzuki K, Yoshino G, Kazumi T. Different associations of 
trunk and lower-body fat mass distribution with cardiometabolic risk factors 
between healthy middle-aged men and women. Int J Endocrinol 2018;2018: 
1289485. https://doi.org/10.1155/2018/1289485.

[42] Blouin K, Boivin A, Tchernof A. Androgens and body fat distribution. J Steroid 
Biochem Mol Biol 2008;108:272–80. https://doi.org/10.1016/j. 
jsbmb.2007.09.001.

[43] Cao Y, Zhang S, Zou S, Xia X. The relationship between endogenous androgens and 
body fat distribution in early and late postmenopausal women. PLoS One 2013;8: 
e58448. https://doi.org/10.1371/journal.pone.0058448.

[44] Heiss CJ, Sanborn CF, Nichols DL, Bonnick SL, Alford BB. Associations of body fat 
distribution, circulating sex hormones, and bone density in postmenopausal 
women. J Clin Endocrinol Metab 1995;80:1591–6. https://doi.org/10.1210/ 
jcem.80.5.7745005.

[45] Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha MK, Boyko EJ, et al. 
Relationship of adiponectin to body fat distribution, insulin sensitivity and plasma 
lipoproteins: evidence for independent roles of age and sex. Diabetologia 2003;46: 
459–69. https://doi.org/10.1007/s00125-003-1074-z.

[46] Gavrila A, Chan JL, Yiannakouris N, Kontogianni M, Miller LC, Orlova C, et al. 
Serum adiponectin levels are inversely associated with overall and central fat 
distribution but are not directly regulated by acute fasting or leptin administration 
in humans: cross-sectional and interventional studies. J Clin Endocrinol Metab 
2003;88:4823–31. https://doi.org/10.1210/jc.2003-030214.

[47] Azrad M, Gower BA, Hunter GR, Nagy TR. Intra-abdominal adipose tissue is 
independently associated with sex-hormone binding globulin in premenopausal 
women. Obesity (Silver Spring) 2012;20:1012–5. https://doi.org/10.1038/ 
oby.2011.375.

[48] Christen T, Trompet S, Noordam R, van Klinken JB, van Dijk KW, Lamb HJ, et al. 
Sex differences in body fat distribution are related to sex differences in serum 
leptin and adiponectin. Peptides 2018;107:25–31. https://doi.org/10.1016/j. 
peptides.2018.07.008.

[49] Neeland IJ, Ayers CR, Rohatgi AK, Turer AT, Berry JD, Das SR, et al. Associations of 
visceral and abdominal subcutaneous adipose tissue with markers of cardiac and 
metabolic risk in obese adults. Obesity (Silver Spring) 2013;21:E439–47. https:// 
doi.org/10.1002/oby.20135.

[50] Lee JJ, Britton KA, Pedley A, Massaro JM, Speliotes EK, Murabito JM, et al. 
Adipose tissue depots and their cross-sectional associations with circulating 
biomarkers of metabolic regulation. J Am Heart Assoc 2016;5. https://doi.org/ 
10.1161/JAHA.115.002936.

[51] Tsioufis C, Kyvelou S, Dimitriadis K, Syrseloudis D, Sideris S, Skiadas I, et al. The 
diverse associations of uric acid with low-grade inflammation, adiponectin and 
arterial stiffness in never-treated hypertensives. J Hum Hypertens 2011;25:554–9. 
https://doi.org/10.1038/jhh.2010.98.

[52] Chedid R, Zoghbi F, Halaby G, Gannage-Yared MH. Serum uric acid in relation with 
the metabolic syndrome components and adiponectin levels in Lebanese University 
students. J Endocrinol Invest 2011;34:e153–7. https://doi.org/10.3275/7350.

[53] Gradinaru D, Margina D, Borsa C, Ionescu C, Ilie M, Costache M, et al. Adiponectin: 
possible link between metabolic stress and oxidative stress in the elderly. Aging 
Clin Exp Res 2017;29:621–9. https://doi.org/10.1007/s40520-016-0629-z.

[54] Park JS, Kang S, Ahn CW, Cha BS, Kim KR, Lee HC. Relationships between serum 
uric acid, adiponectin and arterial stiffness in postmenopausal women. Maturitas 
2012;73:344–8. https://doi.org/10.1016/j.maturitas.2012.09.009.

[55] Sirbu AE, Buburuzan L, Kevorkian S, Martin S, Barbu C, Copaescu C, et al. 
Adiponectin expression in visceral adiposity is an important determinant of insulin 
resistance in morbid obesity. Endokrynol Pol 2018;69:252–8. https://doi.org/ 
10.5603/EP.a2018.0026.

[56] Furuhashi M, Matsumoto M, Murase T, Nakamura T, Higashiura Y, Koyama M, 
et al. Independent links between plasma xanthine oxidoreductase activity and 
levels of adipokines. J Diabetes Investig 2019;10:1059–67. https://doi.org/ 
10.1111/jdi.12982.

[57] D'Elia L, Giaquinto A, Cappuccio FP, Iacone R, Russo O, Strazzullo P, et al. 
Circulating leptin is associated with serum uric acid level and its tubular 
reabsorption in a sample of adult middle-aged men. J Endocrinol Invest 2020;43: 
587–93. https://doi.org/10.1007/s40618-019-01140-4.

[58] Matsubara M, Chiba H, Maruoka S, Katayose S. Elevated serum leptin 
concentrations in women with hyperuricemia. J Atheroscler Thromb 2002;9: 
28–34. https://doi.org/10.5551/jat.9.28.

[59] Ogura T, Matsuura K, Otsuka F, Imai A, Tsukamoto C, Mimura Y, et al. Serum 
leptin correlates with serum uric acid but not serum testosterone in non-obese male 
adolescents. Res Commun Mol Pathol Pharmacol 2000;107:55–64.

[60] Lin JD, Chiou WK, Chang HY, Liu FH, Weng HF. Serum uric acid and leptin levels 
in metabolic syndrome: a quandary over the role of uric acid. Metabolism 2007;56: 
751–6. https://doi.org/10.1016/j.metabol.2007.01.006.

[61] Garcia-Lorda P, Bullo M, Vila R, del Mar GM, Alemany M, Salas-Salvado J. Leptin 
concentrations do not correlate with fat mass nor with metabolic risk factors in 
morbidly obese females. Diabetes Nutr Metab 2001;14:329–36.

[62] Fruehwald-Schultes B, Peters A, Kern W, Beyer J, Pfutzner A. Serum leptin is 
associated with serum uric acid concentrations in humans. Metabolism 1999;48: 
677–80. https://doi.org/10.1016/s0026-0495(99)90163-4.

[63] Bedir A, Topbas M, Tanyeri F, Alvur M, Arik N. Leptin might be a regulator of 
serum uric acid concentrations in humans. Jpn Heart J 2003;44:527–36. https:// 
doi.org/10.1536/jhj.44.527.

[64] Pulzer F, Haase U, Knupfer M, Kratzsch J, Richter V, Rassoul F, et al. Serum leptin 
in formerly small-for-gestational-age children during adolescence: relationship to 
gender, puberty, body composition, insulin sensitivity, creatinine, and serum uric 
acid. Metabolism 2001;50:1141–6. https://doi.org/10.1053/meta.2001.26746.

[65] Anttila L, Rouru J, Penttila T, Irjala K. Normal serum uric acid concentrations in 
women with polycystic ovary syndrome. Hum Reprod 1996;11:2405–7. https:// 
doi.org/10.1093/oxfordjournals.humrep.a019124.

[66] Tan Z, Shen J, Huang Y, Li J, Ding M, Sun A, et al. Decoding connections in the 
European population: serum uric acid, sex hormone-binding globulin, total 
testosterone, estradiol, and female infertility - advanced bidirectional and 
mediative Mendelian randomization. Front Endocrinol (Lausanne) 2024;15: 
1398600. https://doi.org/10.3389/fendo.2024.1398600.

[67] Zhang Y, Cai M, Dilimulati D, Lin Z, Sun H, Cui R, et al. Correlation between serum 
uric acid and body fat distribution in patients with polycystic ovary syndrome. 
Front Endocrinol (Lausanne) 2021;12. https://doi.org/10.3389/ 
fendo.2021.782808.

[68] Cikim AS, Ozbey N, Sencer E, Molvalilar S, Orhan Y. Associations among sex 
hormone binding globulin concentrations and characteristics of the metabolic 
syndrome in obese women. Diabetes Nutr Metab 2004;17:290–5.

[69] Badve SV, Brown F, Hawley CM, Johnson DW, Kanellis J, Rangan GK, et al. 
Challenges of conducting a trial of uric-acid-lowering therapy in CKD. Nat Rev 
Nephrol 2011;7:295–300. https://doi.org/10.1038/nrneph.2010.186.

[70] Hsu CY, Iribarren C, McCulloch CE, Darbinian J, Go AS. Risk factors for end-stage 
renal disease: 25-year follow-up. Arch Intern Med 2009;169:342–50. https://doi. 
org/10.1001/archinternmed.2008.605.

[71] Madero M, Sarnak MJ, Wang X, Greene T, Beck GJ, Kusek JW, et al. Uric acid and 
long-term outcomes in CKD. Am J Kidney Dis 2009;53:796–803. https://doi.org/ 
10.1053/j.ajkd.2008.12.021.

[72] Badve SV, Pascoe EM, Tiku A, Boudville N, Brown FG, Cass A, et al. Effects of 
allopurinol on the progression of chronic kidney disease. N Engl J Med 2020;382: 
2504–13. https://doi.org/10.1056/NEJMoa1915833.

[73] Kimura K, Hosoya T, Uchida S, Inaba M, Makino H, Maruyama S, et al. Febuxostat 
therapy for patients with stage 3 CKD and asymptomatic hyperuricemia: a 
randomized trial. Am J Kidney Dis 2018;72:798–810. https://doi.org/10.1053/j. 
ajkd.2018.06.028.

[74] Doria A, Galecki AT, Spino C, Pop-Busui R, Cherney DZ, Lingvay I, et al. Serum 
urate lowering with allopurinol and kidney function in type 1 diabetes. N Engl J 
Med 2020;382:2493–503. https://doi.org/10.1056/NEJMoa1916624.

[75] Kojima S, Matsui K, Hiramitsu S, Hisatome I, Waki M, Uchiyama K, et al. 
Febuxostat for Cerebral and CaRdiorenovascular events PrEvEntion StuDy. Eur 
Heart J 2019;40:1778–86. https://doi.org/10.1093/eurheartj/ehz119.

[76] Mackenzie IS, Hawkey CJ, Ford I, Greenlaw N, Pigazzani F, Rogers A, et al. 
Allopurinol versus usual care in UK patients with ischaemic heart disease (ALL- 
HEART): a multicentre, prospective, randomised, open-label, blinded-endpoint 
trial. Lancet 2022;400:1195–205. https://doi.org/10.1016/S0140-6736(22) 
01657-9.

[77] Suzuki S, Yoshihisa A, Yokokawa T, Kobayashi A, Yamaki T, Kunii H, et al. 
Comparison between febuxostat and allopurinol uric acid-lowering therapy in 
patients with chronic heart failure and hyperuricemia: a multicenter randomized 
controlled trial. J Int Med Res 2021;49:3000605211062770. https://doi.org/ 
10.1177/03000605211062770.

[78] Chen J, Ge J, Zha M, Miao JJ, Sun ZL, Yu JY. Effects of uric acid-lowering 
treatment on glycemia: a systematic review and meta-analysis. Front Endocrinol 
(Lausanne) 2020;11:577. https://doi.org/10.3389/fendo.2020.00577.

[79] Yamamoto T, Kasahara M, Ueshima K, Uemura S, Kashihara N, Kimura K, et al. 
Multicenter randomized controlled trial of intensive uric acid lowering therapy for 
CKD patients with hyperuricemia: TARGET-UA. Clin Exp Nephrol 2024;28:764–72. 
https://doi.org/10.1007/s10157-024-02483-w.

[80] Heerspink HJL, Stack AG, Terkeltaub R, Greene TA, Inker LA, Bjursell M, et al. 
Rationale, design, demographics and baseline characteristics of the randomized, 
controlled, phase 2b SAPPHIRE study of verinurad plus allopurinol in patients with 
chronic kidney disease and hyperuricaemia. Nephrol Dial Transplant 2022;37: 
1461–71. https://doi.org/10.1093/ndt/gfab237.

S.A. van Eeghen et al.                                                                                                                                                                                                                          Journal of Clinical & Translational Endocrinology 44 (2026) 100434 

9 

http://refhub.elsevier.com/S2214-6237(26)00005-0/h0190
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0190
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0190
https://doi.org/10.1111/eci.12106
https://doi.org/10.1111/eci.12106
https://doi.org/10.1016/j.maturitas.2009.11.008
https://doi.org/10.1155/2018/1289485
https://doi.org/10.1016/j.jsbmb.2007.09.001
https://doi.org/10.1016/j.jsbmb.2007.09.001
https://doi.org/10.1371/journal.pone.0058448
https://doi.org/10.1210/jcem.80.5.7745005
https://doi.org/10.1210/jcem.80.5.7745005
https://doi.org/10.1007/s00125-003-1074-z
https://doi.org/10.1210/jc.2003-030214
https://doi.org/10.1038/oby.2011.375
https://doi.org/10.1038/oby.2011.375
https://doi.org/10.1016/j.peptides.2018.07.008
https://doi.org/10.1016/j.peptides.2018.07.008
https://doi.org/10.1002/oby.20135
https://doi.org/10.1002/oby.20135
https://doi.org/10.1161/JAHA.115.002936
https://doi.org/10.1161/JAHA.115.002936
https://doi.org/10.1038/jhh.2010.98
https://doi.org/10.3275/7350
https://doi.org/10.1007/s40520-016-0629-z
https://doi.org/10.1016/j.maturitas.2012.09.009
https://doi.org/10.5603/EP.a2018.0026
https://doi.org/10.5603/EP.a2018.0026
https://doi.org/10.1111/jdi.12982
https://doi.org/10.1111/jdi.12982
https://doi.org/10.1007/s40618-019-01140-4
https://doi.org/10.5551/jat.9.28
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0295
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0295
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0295
https://doi.org/10.1016/j.metabol.2007.01.006
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0305
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0305
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0305
https://doi.org/10.1016/s0026-0495(99)90163-4
https://doi.org/10.1536/jhj.44.527
https://doi.org/10.1536/jhj.44.527
https://doi.org/10.1053/meta.2001.26746
https://doi.org/10.1093/oxfordjournals.humrep.a019124
https://doi.org/10.1093/oxfordjournals.humrep.a019124
https://doi.org/10.3389/fendo.2024.1398600
https://doi.org/10.3389/fendo.2021.782808
https://doi.org/10.3389/fendo.2021.782808
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0340
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0340
http://refhub.elsevier.com/S2214-6237(26)00005-0/h0340
https://doi.org/10.1038/nrneph.2010.186
https://doi.org/10.1001/archinternmed.2008.605
https://doi.org/10.1001/archinternmed.2008.605
https://doi.org/10.1053/j.ajkd.2008.12.021
https://doi.org/10.1053/j.ajkd.2008.12.021
https://doi.org/10.1056/NEJMoa1915833
https://doi.org/10.1053/j.ajkd.2018.06.028
https://doi.org/10.1053/j.ajkd.2018.06.028
https://doi.org/10.1056/NEJMoa1916624
https://doi.org/10.1093/eurheartj/ehz119
https://doi.org/10.1016/S0140-6736(22)01657-9
https://doi.org/10.1016/S0140-6736(22)01657-9
https://doi.org/10.1177/03000605211062770
https://doi.org/10.1177/03000605211062770
https://doi.org/10.3389/fendo.2020.00577
https://doi.org/10.1007/s10157-024-02483-w
https://doi.org/10.1093/ndt/gfab237

	Changes in uric acid metabolism and associated plasma proteomics during sex hormone therapy
	Introduction
	Materials and methods
	Participants and study design
	ENIGI
	KNIGHT

	Treatment protocols
	ENIGI
	KNIGHT

	Data collection
	ENIGI
	KNIGHT

	Laboratory measurements
	Plasma proteomics
	Statistical analysis
	Baseline characteristics and clinical outcomes
	Plasma proteomics


	Results
	Blood pressure, kidney function, body composition and fat distribution
	Uric acid metabolism
	Plasma proteomics
	Individual proteins associated with delta PUA
	Ingenuity pathway analysis


	Discussion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	Appendix A Supplementary data
	References


