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Detrusor underactivity 
is associated with metabolic 
syndrome in aged primates
Natalia P. Biscola 1, Petra M. Bartmeyer 1, Kari L. Christe 2, Ricki J. Colman 3,4 & 
Leif A. Havton 5,6*

Lower urinary tract (LUT) dysfunction is prevalent in the elderly population, and clinical 
manifestations include urinary retention, incontinence, and recurrent urinary tract infections. Age-
associated LUT dysfunction is responsible for significant morbidity, compromised quality of life, and 
rising healthcare costs in older adults, but its pathophysiology is not well understood. We aimed to 
investigate the effects of aging on LUT function by urodynamic studies and metabolic markers in 
non-human primates. Adult (n = 27) and aged (n = 20) female rhesus macaques were evaluated by 
urodynamic and metabolic studies. Cystometry showed detrusor underactivity (DU) with increased 
bladder capacity and compliance in aged subjects. Metabolic syndrome indicators were present 
in the aged subjects, including increased weight, triglycerides, lactate dehydrogenase (LDH), 
alanine aminotransferase (ALT), and high sensitivity C-reactive protein (hsCRP), whereas aspartate 
aminotransferase (AST) was unaffected and the AST/ALT ratio reduced. Principal component analysis 
and paired correlations showed a strong association between DU and metabolic syndrome markers 
in aged primates with DU but not in aged primates without DU. The findings were unaffected by prior 
pregnancies, parity, and menopause. Our findings provide insights into possible mechanisms for age-
associated DU and may guide new strategies to prevent and treat LUT dysfunction in older adults.

Age-associated lower urinary tract (LUT) impairments commonly result in an incomplete bladder emptying, 
progressive urinary retention, incontinence, need for bladder catheterization, and a markedly increased risk for 
urinary tract infections requiring outpatient antibiotic treatment or hospitalization1,2. Both over- and underactive 
bladder syndromes are prevalent with aging, contribute to impaired bladder emptying, and are responsible for 
significant morbidity, compromised quality of life, and rising healthcare costs in a rapidly growing older adult 
population3–6. LUT dysfunction therefore represents an important threat to the medical and financial well-being 
of older adults, affected families, and society, as care for incontinence and urinary retention are critical risk fac-
tors for the loss of independent living and need for long-term care in skilled nursing facilities and similar forms 
of assisted living7.

Several medical conditions are associated with the development of LUT dysfunction in the aging population 
and includes stroke, Parkinson’s disease, multiple sclerosis, diabetes mellitus, and bladder outlet obstructive 
syndrome, in addition to normative aging8,9. Both overactive and underactive forms of bladder dysfunction may 
develop with aging, either separately or in a mixed clinical presentation, but our knowledge about the underly-
ing pathologic processes for the different types of detrusor impairments and how they may be inter-related is 
sparse10–12. Recent national and international expert panels have therefore recommended expanded research 
into the mechanisms of spontaneous detrusor dysfunction associated with aging and neurological impairments 
as well as into a better understanding of linkages between LUT dysfunction in older adults and other geriatric 
syndromes2,13,14. For this purpose, identification of clinically relevant animal models, which are suitable for 
translational research, will be of critical importance for moving basic discoveries to the clinic.

Rhesus macaques (Macaca mulatta) share about 95% of genetic homology and a close phylogenetic relation-
ship with humans15,16. Rhesus monkeys and humans also show a similar physiology for multiple organs and body 
functions, including the immune, musculoskeletal, and reproductive systems16. The menstrual cycle length and 
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post-menopausal hormonal changes are very similar in rhesus macaques and humans17,18. Both humans and 
rhesus macaques are also at risk for similar age-related medical conditions, such as obesity, metabolic syndrome, 
and diabetes mellitus16,19–21. Rhesus macaques are therefore well positioned for translational research studies on 
aging and age-related medical complications. However, studies of LUT function in aging non-human primates 
(NHPs), including rhesus macaques, have been sparse or largely absent.

Methods
All animal care and data collection, including urodynamic recordings, for these research studies were performed 
at the California National Primate Research Center (CNPRC), University of California at Davis, and at the 
Wisconsin National Primate Research Center (WNPRC), University of Wisconsin-Madison. Both academic 
institutions are accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 
(AAALAC) International. All animal research study protocols were approved by the Institutional Animal Care 
and Use Committee (IACUC) at UC Davis and UW Madison, and all animal procedures and care was carried 
out in compliance with the Guide for the Care and Use of Laboratory Animals provided by the Institute for Labo-
ratory Animal Research (2011)22. Guidelines for ARRIVE 2.0 for the care and use of laboratory animals were 
also followed23.

Animals.  A total of 47 female rhesus macaques (Macaca mulatta) were included in the studies. The subjects 
were divided into adult and aged groups, and a subject was considered aged when 20 years old or older based 
on established criteria for rhesus macaques16. CNPRC contributed with all adult animals (n = 27) and 14 aged 
rhesus macaques, whereas WNPRC contributed with 6 aged animals. The adult animals were 3.9–14.9 years old 
(n = 27) and aged subjects were 20.0–31.8 years of age (n = 20). All adult females were within normal reproduc-
tive age, and showed an active menstrual cycle with cyclical genital bleeding. For the aged cohort, 6 of 20 females 
were post-menopausal, a functional state determined by documented amenorrhea for over 12 months. Both 
nulliparous females and animals with prior pregnancy and birth history were included in both groups. Body 
weight was obtained from all animals on day of urodynamic studies. Body fitness and condition was determined 
using a body condition scoring (BCS) system, which incorporates both obesity and muscularity on a scale from 
1 to 524–26.

Urodynamic recordings.  The urodynamic studies were performed according to our established proce-
dures for cystometrogram (CMG) recordings in rhesus macaques27,28. All subjects were first sedated by an intra-
muscular (IM) injection of ketamine (10 mg/kg) followed by the placement of an intravenous (IV) catheter for 
the administration of anesthetics and fluid. An endotracheal tube was placed for airway protection. Ketamine 
administration was next provided by constant rate infusion (CRI) at 10–12 mg/kg/hour IV with adjustments of 
the infusion rate to maintain sedation and immobilization at the lightest plane of ketamine anesthesia possible.

For urodynamic studies, a triple-lumen 7-Fr transurethral bladder catheter or double-lumen 6-Fr transure-
thral catheter was placed (Laborie Medical Technologies, Corp, Williston, VT). The cystometry and urethral pres-
sure profile catheter ports were individually attached to a TSD 104A pressure transducer system and connected to 
an MP 150 Data Acquisition System (Biopac Systems, Goleta, CA). For cystometrogram (CMG) recordings, the 
bladder was initially emptied and subsequently partially filled with saline at a target rate of 50–60 ml/min, using 
the fill port of the triple lumen catheter. The bladder pressure was continually monitored and increased from a 
baseline pressure of 0–5 cm H2O to a target bladder pressure of 20–25 cm H2O. The bladder filling was stopped 
when the target net increase of approximately 20 cm H2O was achieved. No voiding was seen at the end of the 
bladder filling procedure. Instead, a delayed reflex detrusor contraction was typically evoked by the partial blad-
der filling, resulting in a further increase of bladder pressure, and voiding was usually observed within a delay of 
30–60 s after the completion of the partial bladder filling. CMG recordings documented the bladder and urethral 
pressure changes associated with bladder filling, onset of the micturition reflex, and voiding. After completion of 
the CMG recordings, all animals recovered well from the procedure and returned to normal baseline activities.

Urodynamic analysis.  A comprehensive set of quantitative outcome measures was collected from the CMG 
recordings. The baseline bladder pressure after bladder emptying (Pbase), bladder pressure at the completion 
of partial bladder filling with saline (Pfill), and change in bladder pressure from partial bladder filling (P∆fill) 
were first determined. In addition, the duration of partial bladder filling by saline infusion was measured, and 
the infusion rate of partial bladder filling with saline was calculated. The infused volume of saline to increase 
bladder pressure about 25 cmH2O above Pbase (IV25) was determined, and bladder compliance was calculated 
as IV25/P∆fill (Bcomp). Time between end of bladder infusion and onset of reflex voiding (Vdelay) was calcu-
lated. Bladder pressure at onset of voiding (Pvoid), and peak pressure during detrusor contraction (Ppeak) were 
measured, and the increase in pressure from end of bladder filling to peak pressure during detrusor contraction 
was calculated as Ppeak − Pfill. The duration of voiding (Vdur) and voided volume (Vv) were measured, and flow 
rate of voiding was calculated as Vv/Vdur. Voiding efficiency was calculated as Vv/infused bladder volume (VE), 
and post-void residual volume was determined from the withdrawal volume of bladder contents after voiding 
(PVR). Capacity-IV25 was calculated as the sum of the voided volume and PVR following partial filling of an 
emptied bladder to a volume that resulted in a 20–25 cmH2O raise in bladder pressure.

Clinical biochemistry panels.  A comprehensive clinical biochemistry panel was obtained as part of study 
entry evaluation for adult and aged subjects. All animals were fasted for a minimum of 16 h before the blood 
draw for sample collection. The clinical biochemistry panel included serum sodium (Na), potassium (K), chlo-
ride (Cl), total CO2, anion gap, phosphorous, calcium, BUN, creatinine, glucose, total protein, albumin, ala-
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nine aminotransferase (ALT), aspartate aminotransferase (AST), creatine phosphokinase (CPK), alkaline phos-
phatase (Alk Phos), gamma-glutamyl transferase (GGT), lactate dehydrogenase (LDH), cholesterol, triglyceride, 
total bilirubin, direct bilirubin, and high-sensitivity C-reactive protein (hsCRP). There were some differences 
in the composition of a comprehensive metabolic panel between the CNPRC and WNPRC sites to account for 
some differences in the number of observations for laboratory outcome measures, but all available data were 
included in the analyses.

Statistical analysis.  All data are presented as mean ± standard error (SE). GraphPad Prism, version 7.05, 
(GraphPad Software, Inc, La Jolla, CA), was used, initially to test data distribution for normality and subse-
quently for t-test and non-parametric Mann Whitney U-Test studies to compare data sets between groups. A 
value of p < 0.05 was considered to reflect a statistically significant difference between groups. For comparing two 
proportions, the N-1 Chi-squared test was performed using the MedCalc Comparison of Proportions Calculator 
(MedCalc Software, Ostend, Belgium).

Principal component analysis (PCA) was performed to compress a group of related variables into a new 
single entity, component, using the Matlab function “pca”. Any missing values in the dataset were treated using 
the Matlab function “missingvalues”, and the function “zscore” was applied to avoid scaling problems. The code 
used to perform these tests is available in Github (https://​github.​com/​petra​bartm​eyer/​PCA_​analy​sis).

A correlation matrix analysis provided a pairwise study between the variables for each subgroup. The cor-
relation matrix was calculated using the Matlab function “corrcoef ”. The values in the correlation matrix were 
in the interval [− 1, 1], where values below zero represent a negative correlation between variables and values 
above zero represent positive correlation between variables. As values approach − 1 or 1, the correlation strength 
is increased. The code used to perform the correlation matrix analysis is available in Github (https://​github.​com/​
petra​bartm​eyer/​PCA_​analy​sis).

Results
Urodynamic studies in adult and aged female rhesus macaques.  Comprehensive urodynamic 
studies of passive detrusor properties and evoked micturition reflexes were performed in 27 adult female and 20 
aged female rhesus macaques. The studies included filling cystometry and pressure flow studies (Fig. 1).

Filling cystometry.  An emptied bladder was partially filled with saline to a target pressure of 20–25 cmH2O 
above baseline pressure (P∆ fill) using the fill port of a multi-lumen transurethral catheter in adult and aged 
subjects (Fig. 1A). P∆ fill was 24.7 ± 1.1 cmH2O in the adults (n = 23) and 22.0 ± 1.0 cmH2O in the aged subjects 

Figure 1.   Urodynamic studies in adult and aged rhesus macaques. Reflex micturition was evoked in female 
subjects and shown by filling cystometry and pressure flow studies (A). Following emptying of the bladder, 
saline was infused to raise bladder pressure about 25 cm H2O above baseline (P∆ fill). The black arrow indicates 
start of bladder infusion, and the green and purple arrow heads indicate end of infusion in representative adult 
and aged subjects, respectively. Green and purple asterisks show onset of voiding in each of the two subjects. 
Transient pressure spikes reflect movement artifacts during bladder infusion. Note similar pattern of delayed 
onset of evoked voiding after partial bladder filling to similar pressures in both subjects. A total of 110 ml was 
infused in the adult subject, and 240 ml was infused in the aged animal to reach the target bladder pressure 
elevation. Statistical analysis showed significant elevation of IV25 (p < 0.05), Bcomp (p < 0.01), Vv (p < 0.01), 
and Capacity-IV25 (p < 0.01) (C, D, I, L) in the aged cohort compared to adult animals, whereas there was no 
detectable difference in P∆ fill, Vdelay, Ppeak, Vdur, Vflow, PVR, or VE between the groups (B, E, F, G, H, J, 
K). Data are presented as mean ± SE, and statistics are shown as * indicating p < 0.05 and ** indicating p < 0.01 
between groups.

https://github.com/petrabartmeyer/PCA_analysis
https://github.com/petrabartmeyer/PCA_analysis
https://github.com/petrabartmeyer/PCA_analysis


4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6716  | https://doi.org/10.1038/s41598-023-33112-3

www.nature.com/scientificreports/

(n = 20) (Fig. 1B). The increase in bladder pressure was not statistically different between the two groups. The 
infused volume (IV25) to achieve P∆ fill was 201.1 ± 25.6 ml in the aged group (n = 20) and significantly larger 
than the corresponding volume for the adult subjects of 132.5 ± 9.7 ml (n = 27, p < 0.05) (Fig. 1C). Bladder com-
pliance (Bcomp) was also significantly higher at 9.9 ± 1.5 ml/cm H2O in the aged group (n = 20) compared to a 
Bcomp of 5.2 ± 0.4 ml/cm H2O in the adult group (n = 27, p < 0.01) (Fig. 1D).

Pressure flow studies.  The micturition reflex was evoked by the partial bladder filling with subsequent detru-
sor contractions and start of voiding (Vdelay) at 2.8 ± 0.6 min and 1.7 ± 0.4 min after the end of the infusion in 
adult (n = 20) and aged (n = 18) subjects, respectively (Fig. 1E). There was no statistical difference between the 
groups. The peak bladder pressure (Ppeak) was 37.9 ± 1.8 cm H2O in the adult group (n = 21) and not statistically 
different from the corresponding Ppeak at 36.5 ± 2.5 cm H2O in the aged group (n = 19) (Fig. 1F). The voiding 
duration (Vdur) was 9.3 ± 1.0 min for the adult group (n = 21) and not statistically different from the correspond-
ing Vdur of 9.7 ± 1.3 min in the aged group (n = 18) (Fig. 1G). The voiding flow rate (Vflow) was 8.3 ± 1.4 ml/
min for the adult group (n = 21) and not statistically different from the corresponding Vflow of 11.4 ± 1.8 ml/min 
in the aged group (n = 18) (Fig. 1H). The voided volume (Vv) was 89.8 ± 17.2 ml in aged subjects (n = 20) and 
significantly larger than the Vv of 52.3 ± 8.3 ml in adults (n = 27, p < 0.05) (Fig. 1I). The post-void residual volume 
(PVR) was 97.6 ± 10.3 ml for the adult group (n = 27) and not statistically different from the corresponding PVR 
of 121.2 ± 33.0 ml for the aged group (n = 19) (Fig. 1J). The voiding efficiency (VE) was 45.6 ± 5.7 ml in adults 
(n = 24) and not significantly different from the VE in the aged subjects at 51.4 ± 5.7 (n = 18) (Fig. 1K). Capacity-
IV25 was determined as the added sum of Vv and the post-void residual volume (PVR) and was significantly 
larger at 220.0 ± 31.8 ml in the aged subjects (n = 20) compared to the Capacity-IV25 of 149.9 ± 10.6 ml in adults 
(n = 27, p < 0.05) (Fig. 1L).

Weight and metabolic panel studies in adult and aged rhesus macaques.  Body weight and 
an expanded metabolic panel were obtained from the same cohorts of adult and aged rhesus macaques that 
underwent urodynamic studies. The aged subjects showed a significantly higher body weight of 9.0 ± 0.4  kg 
(n = 20) compared to the corresponding weight of 8.0 ± 0.3 kg (n = 27, p < 0.05) in adults (Fig.  2A). The BCS 
was 2.98 ± 0.10 (n = 27) for the adult animals and not statistically different from a BCS of 3.27 ± 0.15 (n = 20) 
for the aged group (p = 0.08). Comprehensive laboratory studies showed a significantly elevated triglyceride 
level of 216.8  mg/dl in aged subjects (n = 20) compared to the corresponding level of 72.1 in adults (n = 24, 
p < 0.0001) (Fig. 2B), whereas the levels for cholesterol in adult and aged subjects were not significantly different 
at 165.1 ± 6.9 mg/dl (n = 24) and 172.2 ± 8.9 mg/dl (n = 20), respectively (Fig. 2C). Aspartate aminotransferase 
(AST) was not statistically different between adult and aged subjects at 26.5 ± 1.4 U/L (n = 24) and 32.2 ± 2.5 U/L 
(n = 20), respectively (Fig. 2D), whereas alanine aminotransferase (ALT) was significantly elevated at 51.8 ± 5.4 
U/L in aged subjects (n = 20) compared to the corresponding level of 31.2 ± 2.7 U/L in adults (n = 24) (Fig. 2E). 
The AST/ALT ratio was significantly reduced in aged subjects at 0.73 ± 0.08 (n = 20) compared to the corre-
sponding ratio of 0.95 ± 0.07 in adults (n = 24) (Fig. 2F). Lactate dehydrogenase (LDH) was significantly elevated 
at 431.2 ± 52.3 U/L in aged subjects (n = 20) compared to the corresponding level of 299.3 ± 37.4 U/L in adults 
(n = 24, p < 0.05) (Fig. 2G). High-sensitivity C-reactive protein (hsCRP) was significantly higher at 2.2 ± 0.4 mg/
dl in the aged subjects (n = 14) compared to the corresponding value of 1.1 ± 0.1 mg/dl in adults (n = 23, p < 0.01) 
(Fig. 2H). Glucose levels were not significantly different between the groups at 67.5 ± 2.3 mg/dl in adults (n = 24) 
and 67.2 ± 5.3 mg/dl in aged animals (n = 20) (Fig. 2I). In addition, the mean values for sodium, creatinine, blood 
urea nitrogen (BUN), alkaline phosphatase, gamma-glutamyl transferase, calcium, albumin, and fibrinogen 
were within the range of normal and not different between the adult and aged groups, whereas potassium was 
significantly higher at 4.01 ± 0.18 in the aged group (n = 20) compared to the corresponding value of 3.67 ± 0.06 
(n = 24) in adults (p < 0.05).

Urodynamic features of a cohort of aged outliers.  The initial urodynamic studies identified a sub-
group of outliers within the cohort of aged rhesus macaques. The outliers were defined by a Bcomp exceeding 
the upper range of values for the adult group in the present study. Cystometry and pressure flow studies from 
the aged outliers (n = 8) were compared to the remaining subjects in the aged cohort (aged remain) (n = 12) and 
adults (n = 27) (Fig. 3). The presence of outliers was not explained by site differences, as outliers were encoun-
tered in both the CNPRC and WNPRC cohorts of aged animals, and there was no statistical difference in the 
outlier proportions between the sites.

Filling cystometry.  IV25 was significantly larger at 305.6 ± 40.7 ml in the aged outliers (n = 8) compared to the 
corresponding volume of 131.3 ± 8.8 ml in remaining aged subjects (n = 12, p < 0.01) and IV25 of 132.5 ± 9.7 ml 
in adults (n = 27, p < 0.001) (Fig. 3B). Bcomp was significantly higher at 16.2 ± 2.3 ml/cmH2O in aged outliers 
(n = 8) compared to corresponding Bcomp of 5.7 ± 0.5 ml/cmH2O in remaining aged subjects (n = 12; p < 0.0001) 
and 5.2 ± 0.4 ml/cmH2O in adults (n = 27, p < 0.001), respectively (Fig. 3C).

Pressure flow studies.  Ppeak was not statistically different at 32.4 ± 2.9 cmH2O, 39.6 ± 3.6 cmH2O, and 37.9 ± 1.8 
cmH2O for aged outliers (n = 8), remaining aged subjects (n = 11), and adults (n = 21), respectively (Fig. 3D). 
Vdur was 9,3 ± 1.0  min, 8.7 ± 1.7  min, and 11.3 ± 2.2  min for the adult (n = 21), aged remain (n = 11), and 
aged outlier (n = 7) cohorts, respectively, and not statistically different between groups (Fig.  3E). Vflow was 
8.3 ± 1.4 ml/min, 9.4 ± 2.1 ml/min, and 14.5 ± 2.9 ml/min for the adult (n = 21), aged remain (n = 11), and aged 
outlier (n = 7) cohorts, respectively, and not statistically different between groups (Fig. 3F). Vv was statistically 
increased at 137.8 ± 34.2 ml for aged outliers (n = 8) compared to Vv of 57.9 ± 11.1 ml for remaining aged subjects 



5

Vol.:(0123456789)

Scientific Reports |         (2023) 13:6716  | https://doi.org/10.1038/s41598-023-33112-3

www.nature.com/scientificreports/

(n = 12, p < 0.01) and 52.3 ± 8.3 ml for adults (n = 27, p < 0.001) (Fig. 3G). PVR 97.6 ± 10.3 ml, 67.6 ± 7.8 ml, and 
194.8 ± 72.2 ml for the adult (n = 27), aged remain (n = 11), and aged outlier (n = 8) cohorts, respectively, and not 
statistically different (Fig. 3H). Capacity-IV25 was statistically larger at 332.5 ± 55.1 ml in aged outliers (n = 8) 
compared to the corresponding Capacity-IV25 for remaining aged subjects at 144.9 ± 18.7 ml (n = 12, p < 0.0001) 
and adults at 149.9 ± 10.6 ml (n = 27, p < 0.0001) (Fig. 3I).

Principal component analysis.  Principal component analysis (PCA) was performed to identify possible 
clusters and outliers among the adult and aged rhesus macaques. Thirteen variables associated with DU or meta-
bolic syndrome were selected for each subject and included age, weight, IV25, Bcomp, Capacity-IV25, glucose, 
ALT, AST, AST/ALT ratio, LDH, cholesterol, triglycerides, and hsCRP. The PC analysis allowed for each animal 
to be represented by a single data point in a 2-dimensional space, expressed as the first and second principal 
components (PC1 and PC2).

The mean PC1 score for the aged outlier group was 3.11 ± 0.80 (n = 8) and significantly higher than the cor-
responding PC1 score of 0.54 ± 0.42 (n = 12) for the aged remain group (p < 0.01) and − 1.16 ± 0.16 (n = 27) for 
adults (0.0001) (Fig. 4A). The mean PC1 score was also significantly higher for the aged remain group compared 
to adults (p < 0.0001) (Fig. 4A). The mean PC2 score for the Aged outlier group was 0.91 ± 0.58 (n = 8) and signifi-
cantly higher than the corresponding PC2 score of − 0.27 + 0.22 (n = 27) for adults (p < 0.05) but not statistically 
different from the mean PC2 score of 0.01 + 0.61 (n = 12) in the Aged remain group (Fig. 4B). The mean PC2 
score was not statistically different between the Aged remain and Adult groups (Fig. 4B).

Cartesian representation of principal component (PC) 1 and 2 for each subject allowed for a display of the 
data set in two dimensions (2D) (Fig. 4C). Each subject was assigned into one of three groups. The adult subjects 
formed one group, and the aged subjects were divided into two separate groups based on urodynamic features. 
Specifically, aged subjects with a Bcomp beyond the largest Bcomp for adults were separated out as aged outliers, 

Figure 2.   Weight and metabolic panel studies in adult and aged rhesus macaques. Body weight was significantly 
higher in the aged compared to adult rhesus macaques (p < 0.05) (A). There was a statistical elevation of 
triglycerides (p < 0.0001), ALT (p < 0.001), LDH (p < 0.05), and hsCRP (p < 0.01) in the aged cohort compared 
to adult animals (B, E, G, H), whereas the AST/ALT ratio was reduced in aged animals compared to the adults 
(p < 0.05) (F). There was no detectable difference between the groups for cholesterol, AST, and glucose levels (C, 
D, I). Data are presented as mean ± SE, and statistics are shown as * indicating p < 0.05, ** indicating p < 0.01, *** 
indicating p < 0.001, and **** indicating p < 0.0001 between groups.
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whereas the remaining aged subjects (aged remain) with a Bcomp within the corresponding range for adults 
formed a third group. Interestingly, the vast majority of adult and aged remain animals were separated into the 
same 2D cluster when considering PC1 and PC2, whereas the majority of aged outliers populated a different 
2D cluster (Fig. 4C). When considering the 3D representation of PC1, PC2, and PC3, it is noted that the adult 
subjects and aged remains are separated in the third dimension (PC3) (Fig. 4D). The variability of PC1, PC2, 
and PC3 is 32.8%, 18.8%, and 14.8%, respectively. Therefore, the 2D display accounts for over 50% of the dataset 
variability, and the 3D representation includes over 66% of total dataset variability.

Demographics.  Adults, aged remain, and aged outliers were 8.2 ± 0.5 (n = 27), 23.4 ± 1.0 (n = 12), and 
24.7 ± 1.4 (n = 8) years old, respectively. Although the aged subjects were significantly older than the adults by 
study design (p < 0.0001), there was no difference in age between the aged remain and aged outliers (Fig. 5A). 
The number of prior pregnancies was 1.4 ± 0.4, 6.9 ± 1.6, and 9.6 ± 1.2 for adults (n = 27), aged remain (n = 12), 
and aged outliers (n = 8), respectively, with the number of prior pregnancies significantly higher in aged remain 
(p < 0.01) and aged outliers (p < 0.001) compared to adults (Fig. 5B). There was no difference in the number of 
prior pregnancies between aged remain and aged outliers. The number of live births was 1.1 ± 0.3, 5.5 ± 1.3, and 
7.8 ± 1.2 for adults (n = 27), aged remain (n = 12), and aged outliers (n = 8), respectively, with the number of live 
births significantly higher in aged remain (p < 0.01) and aged outliers (p < 0.001) compared to adults (Fig. 5C). 
There was no difference in the number of live births between aged remain and aged outliers. All adult animals 
(n = 27) showed an active estrous cycle as demonstrated by periodic menstruations, whereas 2 of 8 aged remain 
and 4 of 12 aged outliers had entered menopause (Fig. 5D). The proportions of post-menopausal animals in the 
aged outlier and aged remain groups were both statistically increased compared to adults (p < 0.01), whereas 
there was no difference in the proportions of post-menopausal subjects between the two aged cohorts (Fig. 5D). 

Figure 3.   Urodynamic studies in adult, aged remain, and aged outlier rhesus macaques. Reflex micturition was 
evoked and shown by filling cystometry and pressure flow studies (A). The black arrow indicates start of bladder 
infusion, and the green, blue, and red arrow heads indicate end of infusion to reach target P∆ fill of 25 cm 
H2O in representative adult, aged remain, and aged outlier animals. Infused volumes were 120 ml in the adult, 
120 ml in the aged remain, and 300 ml in the aged outlier subjects. Transient pressure spikes reflect movement 
artifacts during bladder infusion. There was a significant increase of IV25 for aged outliers compared to the aged 
remain group (p < 0.01) and adults (p < 0.001) but no difference between the adult and aged remain groups (B). 
There was a significant increase of Bcomp for aged outliers compared to the aged remain group (p < 0.0001) and 
adults (p < 0.0001) but no difference between the adult and aged remain groups (C). There was no detectable 
difference for Ppeak, Vdur, or Vflow between any of the cohorts (D, E, F). There was a significant increase in Vv 
for aged outliers compared to aged remain (p < 0.01) and adults (p < 0.001) but no difference between the adult 
and aged remain groups (G). There was no detectable difference for PVR between any of the cohorts (H). There 
was significant elevation of Capacity-IV25 for aged outliers compared to the aged remain (p < 0.0001) and adult 
(p < 0.0001) groups but no difference between the adult and aged remain groups (I). Data plots are presented as 
mean ± SE, and statistics are shown as * indicating p < 0.05, ** indicating p < 0.01, *** indicating p < 0.001, and 
**** indicating p < 0.0001 between groups.
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Weights were 8.0 ± 0.3 (n = 27), 8.8 ± 0.6 (n = 12), and 9.3 ± 0.7 (n = 8) for the adult, aged remain, and aged outlier 
cohorts, respectively, and not statistically different between groups. In addition, BCS was 2.98 ± 0.10 (n = 27), 
3.30 ± 0.18 (n = 12), and 3.25 ± 0.25 (n = 8) for the adult, aged remain, and aged outlier cohorts, respectively, and 
not statistically different between groups.

Correlation matrix for demographic, urodynamic, and metabolic outcomes.  Pairwise correla-
tions were next performed between multiple demographic, urodynamic and laboratory markers, including age, 
weight, IV25, Bcomp, Capacity-IV25, glucose, ALT, AST AST/ALT, LDH, Cholesterol, Triglycerides, and hsCRP 
for the Adult, Adult remain, and Aged outlier groups (Fig. 6). A heat map display suggested an increased number 
of pairs with a strong correlation between individual outcome measures for the aged outliers (Fig. 6C) compared 
to the adult and aged remain groups (Fig. 6A,B). The heat map display included several unique pairs of data indi-
cating strong correlations between weight, bladder capacity and compliance, and metabolic markers for the aged 
outlier group (Fig. 6C). Next, we determined how weight, triglyceride, and Capacity-IV25 were correlated to 
each other and to IV25, Bcomp, cholesterol, AST/ALT, and hsCRP. A correlation of 0.50 or higher in either direc-
tion was considered to indicate a strong association between pairs. A strong correlation was detected between 
weight and Capacity-IV25 in both Aged remain and Aged outlier groups, whereas a strong correlation between 

Figure 4.   Principal component analysis. PC1 scores were significantly higher in aged outliers compared to 
both aged remain (p < 0.01) and adult (p < 0.0001) groups, and the PC1 score was also higher in aged remain 
compared to adults (p < 0.0001) (A). PC2 scores were significantly higher between aged outliers and adults 
(p < 0.05), and no differences in PC2 scores were detected between the aged remain group and adults or aged 
outliers (B). 2D-distrubtion plot of PC1 and PC2 scores showed separation of experimental groups with the 
majority of adult and aged remain animals forming a cluster and the majority of aged outliers forming a separate 
cluster (C). The addition of PC3 scores to provide a 3D-distribution plot to suggest separation of adults and 
aged outliers also in the third dimension (D). Data plots are presented as mean ± SE, and statistics are shown as * 
indicating p < 0.05, ** indicating p < 0.01, and **** indicating p < 0.0001 between groups.
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weight and Bcomp, IV25, cholesterol, triglycerides, and AST/ALT ratio was only detected in the Aged outlier 
group (Fig. 6D; Supplementary Table 1). Collectively, the correlation matrix studies showed a strong correlation 
between urodynamic indicators for detrusor underactivity, including increased bladder capacity and compli-
ance, and demographic and metabolic markers, such as increased weight, hypertriglyceridemia, decreased AST/
ALT ratio, and increased hsCRP for the aged outlier group.

Discussion
Spontaneous DU was demonstrated by urodynamic studies in a cohort of aged rhesus macaques. The detrusor 
impairment was associated with weight and laboratory markers for metabolic syndrome in the aged subjects. 
However, urodynamic function in aged primates without a detectable metabolic disturbance was indistinguish-
able from corresponding LUT assessments in healthy adult subjects. The findings were unaffected by the estrous 
cycle, as parity and menopause status were not different between the aged cohorts with and without DU. Col-
lectively, these results suggest metabolic syndrome as a novel and previously unknown contributor to DU in the 

Figure 5.   Demographics. By experimental design, both aged remain and aged outlier cohorts were significantly 
older compared to the adult animals (p < 0.0001), but there was no detectable difference in age between the aged 
remain and aged outlier groups (A). The number of prior pregnancies was significantly higher for aged remain 
(p < 0.01) and aged outliers (p < 0.001) compared to adult animals, but there was no detectable difference in the 
number of pregnancies between the aged remain and aged outlier groups (B). The number of births was also 
significantly higher for aged remain (p < 0.01) and aged outliers (p < 0.001) compared to adult animals, but there 
was no detectable difference in the number of births between the aged remain and aged outlier groups (C). 
A significant proportion of animals demonstrated menopause in the aged remain (p < 0.01) and aged outlier 
groups (p < 0.01) compared to adult animals, but there was no difference in the proportions of post-menopausal 
animals between the aged remain and aged outlier groups (D). Data plots are presented as mean ± SE, and 
statistics are shown as ** indicating p < 0.01, *** indicating p < 0.001, and **** indicating p < 0.0001 between 
groups.
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elderly. The findings may guide future clinical studies on the potential causal relationship between metabolic 
syndrome, a risk factor that can be subject to mitigation, and the development of an underactive bladder (UAB).

Approximately 20 million men and women in the United States are affected by UAB, and a very large por-
tion of this underserved patient group is found within the elderly population5,29. The clinical symptoms of UAB 
include an increased bladder capacity, poor sensation of bladder fullness, reduced contractility of the detrusor, 
and impaired emptying of the bladder29–32. Almost half of older men and women that undergo a comprehensive 
medical evaluation for LUT symptoms show signs of DU33,34. The health implications from a diagnosis of DU 
are significant, as UAB markedly increases the risk for urinary tract infections and hospitalizations as well as 
reduces quality of life and community independence, especially in the elderly population.

The diagnosis of DU is based on urodynamic studies and, when demonstrated, generally supports the diag-
nosis of the clinical symptom complex of UAB35,36. It is recognized that UAB represents a clinical condition in 
humans and that animal models are principally based on studies of DU, using cystometrogram (CMG) record-
ings for functional assessments. However, uniform diagnostic criteria for DU based on CMG studies are also 
not well established but subject to ongoing evaluations and discussions2,37. To date, most experimental studies 
on DU have been performed in rats, mice and guinea pigs to determine the effects of disease or neurological 
trauma, including studies on the effects of diabetes, nerve root and peripheral nerve injuries, and bladder outlet 
obstruction38–41. Aging studies on LUT function in rodents are valuable but limited, in part due to a much shorter 
life span compared to humans. In contrast, the present study provides a new large animal model for spontane-
ous development of DU with aging in rhesus macaques, as demonstrated by CMG findings of increased bladder 
capacity and compliance in the aged animals.

In the present studies, the aged rhesus macaques showed increased body weight compared to adult animals, 
suggestive of obesity. The weight measurements did not take into account body frame size or abdominal cir-
cumference. However, animal fitness and muscularity were considered in BCS assessments24–26 but did not show 
statistical significance (p < 0.08) between the adult and aged cohorts. In future studies of metabolic effects on 
autonomic functions, rhesus macaques will also undergo calculation of body mass index (BMI) based on weight 
and crown-to-rump length (CRL)42 as quantitative indicators of fitness and obesity. An additional limitation in 
the present study is the absence of blood pressure comparisons between groups, as hypertension is an indicator 
of metabolic syndrome. Blood pressure measurements at times of experimental procedures will be included as 
added outcome measures in future studies.

Figure 6.   Correlation matrix for demographic, urodynamic, and metabolic outcomes. Heat map display shows 
correlation pairs across multiple demographic, urodynamic, and metabolic outcomes, including age, weight, 
IV25, Bcomp, Capacity-IV25, glucose, ALT, AST, AST/ALT ratio, LDH, cholesterol, triglycerides, and hsCRP 
(A–C). Note a higher number of pairs with strong correlations for the aged outliers compared to adult and aged 
remain groups (C). Radar plot displays to show correlations between weight, triglycerides, and Capacity-IV25 
with multiple outcome measures, including also age, Bcomp, IV25, cholesterol, AST/ALT, and hsCRP (D). 
A positive or negative correlation over 0.5 is considered a strong correlation. Weight, triglycerides, and 
Capacity-IV25 showed mostly modest correlations with the other markers for the adult and aged remain groups, 
whereas weight, triglycerides, and Capacity-IV25 showed multiple strong correlations with other markers of 
detrusor underactivity and metabolic syndrome, including IV25, Bcomp, AST/ALT ratio, and hsCRP (D).
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Although urodynamic outcome measures, terminology, and diagnostic criteria for DU, including considera-
tion of both passive and active properties of the detrusor43, were used for the present translational research study 
in NHPs, there are important distinctions between human and animal studies on DU to consider. For instance, 
in human studies, CMG studies are performed with an awake subject and with subject interactions, including 
voluntary activation of voiding upon instructions. In our rhesus macaque studies, the animals are under a light 
plane of sedation provided by ketamine, and the active phase of the study is performed using partial bladder fill-
ing to evoke the activation of micturition reflexes and voiding. The influence of anesthesia is known to suppress 
micturition reflexes and maximum peak pressure as a result of voluntary emptying of the bladder, including the 
use of, for instance, accessory abdominal muscles is not possible in most current animal models. Comparisons 
of LUT properties and function between the aged and adult cohorts of rhesus macaques are still possible, as 
standard operating procedures for the evaluation of passive detrusor properties and evoked micturition reflexes 
were used in the present study27.

Non-human primates are the phylogenetically closest relatives of humans and provide physiologically impor-
tant and clinically relevant models for the evaluation of pathobiology and therapeutics in metabolic disease 
research44. For instance, rhesus macaques may develop obesity, metabolic syndrome, and diabetes mellitus with 
aging19,45. Dysmetabolic and aging rhesus macaques also develop spontaneous liver steatosis and non-alcoholic 
fatty liver disease (NAFLD), validated by ultrasound and liver biopsy studies46,47. Additional laboratory markers 
for NAFLD includes elevated triglycerides and ALT with a reduced AST/ALT ratio48. Elevated levels of hsCRP, 
a marker of inflammation, is primarily produced in the liver, and is also detected in the setting of metabolic 
syndrome and NAFLD49,50.

In captivity-maintained male and female cynomolgus monkeys (Macaca fascicularis), body weight increases 
rapidly during the first 7–8 years of life, stabilizes over the next few years, and shows a gradual decrease in aged 
animals51,52. In the present study, in contrast, the aged primates demonstrated an increased body weight compared 
to adult animals, suggestive of an age-associated obesity. A similar aged-associated obesity has been seen in prior 
aging studies in rhesus macaques in captivity53. The aged cohort also showed elevated triglycerides, ALT, LDH, 
and hsCRP, as well as a decreased AST/ALT ratio, suggestive of NAFLD. Collectively, the present findings provide 
clinical and laboratory support for the development of metabolic syndrome in the aged rhesus macaques. By 
experimental design, no animals with diabetes mellitus were included in the studies, and the findings support 
to the notion that elevation of glucose levels represents a later sign in the development of metabolic syndrome54. 
In addition, electrolyte studies showed an isolated elevation of potassium in the aged rhesus macaque group but 
in the absence of any changes in creatinine and BUN to suggest any concurrent renal disease. However, both 
hyper- and hypokalemia have associated with aging55–57 and a possible role for potassium in the pathobiology 
associated with metabolic syndrome remains uncertain58. In future studies, a glucose tolerance test will be 
included to validate the absence of diabetes mellitus in animals of the experimental series, and the metabolic 
panel will be expanded to also include leptin and insulin levels as these biomarkers have been associated with 
LUT and detrusor dysregulation in the setting of metabolic syndrome59,60.

One limitation of the present study is the inclusion of only female and no male animals. LUT function is 
known to be highly sexually dimorphic in both humans and non-human primates27,61, and metabolic syndrome 
is prevalent in both men and women across all sociodemographic groups in the United States62. It is therefore 
possible that sex may represent a biological variable for a possible association between metabolic syndrome and 
DU. Future studies on, for instance, metabolic syndrome risk factor interventions or treatments of DU in animal 
models or clinical studies will benefit from the inclusion of both men and women.

A significant finding of the present studies is that aging alone may not be sufficient for the development of DU 
or UAB. The aged rhesus macaques separated into two cohorts, with and without signs of CMG features of DU, 
including increased bladder capacity and compliance. Interestingly, the aged primates with CMG-supported signs 
of DU showed a strong association by PCA and paired correlations with weight and blood chemistry markers 
for metabolic syndrome, whereas the aged animals with a normal urodynamic evaluation showed unremarkable 
weight and metabolic chemistry outcomes, which were not different from corresponding findings in healthy 
adult rhesus macaques. Earlier clinical studies have suggested an association between metabolic syndrome and 
overactive bladder (OAB) syndrome, characterized clinically by urinary urgency, frequency, and nocturia, as well 
as by detrusor overactivity by CMG recordings63–65. However, the present identification of metabolic syndrome 
as a putative risk factor for DU and UAB is novel and has translational research interest and implications, as 
metabolic syndrome may be amenable to risk factor modification and prevention in clinical practice.

Data availability
Any raw data supporting the current study is available from the corresponding author upon reasonable request.

Code availability
The code used in the calculations, the input and output data, information regarding their development, and 
directions for code use are available at https://​github.​com/​petra​bartm​eyer/​PCA_​analy​sis.

Received: 23 November 2022; Accepted: 7 April 2023

References
	 1.	 Wallace, K. M. & Drake, M. J. Overactive bladder. F1000Research 4, 1406 (2015).
	 2.	 Dewulf, K. et al. Addressing challenges in underactive bladder: Recommendations and insights from the Congress on Underactive 

Bladder (CURE-UAB). Int. Urol. Nephrol. 49(5), 777–785 (2017).
	 3.	 Irwin, D. E. et al. The economic impact of overactive bladder syndrome in six Western countries. BJU Int. 103(2), 202–209 (2009).

https://github.com/petrabartmeyer/PCA_analysis


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:6716  | https://doi.org/10.1038/s41598-023-33112-3

www.nature.com/scientificreports/

	 4.	 Milsom, I. et al. Global prevalence and economic burden of urgency urinary incontinence: A systematic review. Eur. Urol. 65(1), 
79–95 (2014).

	 5.	 Chuang, Y. C. et al. Underactive bladder in older adults. Clin. Geriatr. Med. 31(4), 523–533 (2015).
	 6.	 Snedecor, S. J. Review of economic value drivers of the treatment of overactive bladder. Pharmacoeconomics 36(9), 1083–1092 

(2018).
	 7.	 Leung, F. W. & Schnelle, J. F. Urinary and fecal incontinence in nursing home residents. Gastroenterol. Clin. North Am. 37(3), 

697–707 (2008).
	 8.	 Osman, N. I. & Chapple, C. R. Contemporary concepts in the aetiopathogenesis of detrusor underactivity. Nat. Rev. Urol. 11(11), 

639–648 (2014).
	 9.	 Aggarwal, H. & Zimmern, P. E. Underactive bladder. Curr. Urol. Rep. 17(3), 17 (2016).
	10.	 Chancellor, M. B. The overactive bladder progression to underactive bladder hypothesis. Int. Urol. Nephrol. 46(Suppl 1), S23-27 

(2014).
	11.	 Aizawa, N. & Igawa, Y. Pathophysiology of the underactive bladder. Investig. Clin. Urol. 58(Suppl 2), S82–S89 (2017).
	12.	 Peyronnet, B. et al. A comprehensive review of overactive bladder pathophysiology: On the way to tailored treatment. Eur. Urol. 

75(6), 988–1000 (2019).
	13.	 Wheeler, T. L. et al. Translating promising strategies for bowel and bladder management in spinal cord injury. Exp. Neurol. 306, 

169–176 (2018).
	14.	 Vaughan, C. P. et al. American Geriatrics Society/National Institute on Aging Urinary Incontinence Conference Planning Commit-

tee and Faculty. Report and research agenda of the American Geriatrics Society and National Institute on Aging Bedside-to-Bench 
Conference on Urinary Incontinence in Older Adults: A translational research agenda for a complex geriatric syndrome. J. Am. 
Geriatr. Soc. 66(4), 773–782 (2018).

	15.	 Rogers, J. et al. An initial genetic linkage map of the rhesus macaque (Macaca mulatta) genome using human microsatellite loci. 
Genomics 87(1), 30–38 (2006).

	16.	 Simmons, H. A. Age-associated pathology in rhesus macaques (Macaca mulatta). Vet. Pathol. 53(2), 399–416 (2016).
	17.	 Downs, J. L. & Urbanski, H. F. Neuroendocrine changes in the aging reproductive axis of female rhesus macaques (Macaca mulatta). 

Biol. Reprod. 75, 539–546 (2006).
	18.	 Walker, M. L. & Herndon, J. G. Menopause in nonhuman primates? Biol. Reprod. 79(3), 398–406 (2008).
	19.	 Zhang, X. et al. Rhesus macaques develop metabolic syndrome with reversible vascular dysfunction responsive to pioglitazone. 

Circulation 124(1), 77–86 (2011).
	20.	 Polewski, M. A. et al. Plasma diacylglycerol composition is a biomarker of metabolic syndrome onset in rhesus monkeys. J. Lipid 

Res. 56(8), 1461–1470 (2015).
	21.	 Colman, R. J. Non-human primates as a model for aging. Biochim. Biophys. Acta Mol. Basis Dis. 1864(9 Pt A), 2733–2741 (2018).
	22.	 Institute for Laboratory Animal Research. Guide for the Care and Use of Laboratory Animals 8th edn. (National Academies Press, 

2011).
	23.	 Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 18, 

E3000411. https://​doi.​org/​10.​1371/​journ​al.​pbio.​30004​11 (2020).
	24.	 Clingerman, K. J. & Summers, L. Development of a body condition scoring system for nonhuman primates using Macaca mulatta 

as a model. Lab. Anim. 34(5), 31–36 (2005).
	25.	 Clingerman, K. J. & Summers, L. Validation of a body condition scoring system in rhesus macaques (Macaca mulatta): Inter- and 

intrarater variability. J. Am. Assoc. Lab. Anim. Sci. 51(1), 31–36 (2012).
	26.	 Summers, L. et al. Validation of a body condition scoring system in rhesus macaques (Macaca mulatta): Assessment of body 

composition by using dual-energy X-ray absorptiometry. J. Am. Assoc. Lab. Anim. Sci. 51(1), 88–93 (2012).
	27.	 Biscola, N. P. et al. Sexual dimorphism of detrusor function demonstrated by urodynamic studies in rhesus macaques. Sci. Rep. 

10(1), 16170 (2020).
	28.	 Havton, L. A. et al. Ketamine-induced neuromuscular reactivity is associated with aging in female rhesus macaques. PLoS ONE 

15(9), e0236430 (2020).
	29.	 Miyazato, M. et al. The other bladder syndrome: Underactive bladder. Rev. Urol. 15(1), 11–22 (2013).
	30.	 Chancellor, M. B. & Diokno, A. CURE-UAB: Shedding light on the underactive bladder syndrome. Int. Urol. Nephrol. 46(Suppl 

1), S1 (2014).
	31.	 Osman, N. et al. The underactive bladder: Detection and diagnosis. F1000Research 5, 102 (2016).
	32.	 Lee, S. M. & Hashim, H. Recent advances in the understanding and management of underactive bladder. F1000Research 7, 437 

(2018).
	33.	 Abarbanel, J. & Marcus, E. L. Impaired detrusor contractility in community-dwelling elderly presenting with lower urinary tract 

symptoms. Urology 69(3), 436–440 (2007).
	34.	 Jeong, S. J. et al. Prevalence and clinical features of detrusor underactivity among elderly with lower urinary tract symptoms: A 

comparison between men and women. Korean J. Urol. 53(5), 342–348 (2012).
	35.	 Andersson, K. E. The many faces of impaired bladder emptying. Curr. Opin. Urol. 24(4), 363–369 (2014).
	36.	 Smith, P. P. et al. Detrusor underactivity and the underactive bladder: Symptoms, function, cause-what do we mean? ICI-RS think 

tank 2014. Neurourol. Urodyn. 35(2), 312–317 (2016).
	37.	 Osman, N. I. et al. Detrusor underactivity and the underactive bladder: A systematic review of preclinical and clinical studies. Eur. 

Urol. 74(5), 633–643 (2018).
	38.	 Tyagi, P. et al. Pathophysiology and animal modeling of underactive bladder. Int. Urol. Nephrol. 46(Suppl 1), S11-21 (2014).
	39.	 van Koeveringe, G. A. et al. Detrusor underactivity: Pathophysiological considerations, models and proposals for future research: 

ICI-RS 2013. Neurourol. Urodyn. 33(5), 591–596 (2014).
	40.	 Chang, H. H. & Havton, L. A. A ventral root avulsion injury model for neurogenic underactive bladder studies. Exp. Neurol. 285(Pt 

B), 190–196 (2016).
	41.	 Chang, H. H. et al. Mapping and neuromodulation of lower urinary tract function using spinal cord stimulation in female rats. 

Exp. Neurol. 305, 26–32 (2018).
	42.	 Raman, A. et al. Reference body composition in adult rhesus monkeys: Glucoregulatory and anthropometric indices. J. Gerontol. 

A Biol. Sci. Med. Sci. 60(12), 1518–1524 (2005).
	43.	 Chapple, C. R. et al. Terminology report from the International Continence Society (ICS) Working Group on Underactive Bladder 

(UAB). Neurourol. Urodyn. 37(8), 2928–2931 (2018).
	44.	 Havel, P. J. et al. Use and importance of nonhuman primates in metabolic disease research: Current state of the field. ILAR J. 58(2), 

251–268 (2017).
	45.	 Tigno, X. T. et al. Age-related changes in metabolic parameters of nonhuman primates. J. Gerontol. A Biol. Sci. Med. Sci. 59(11), 

1081–1088 (2004).
	46.	 Zheng, W. et al. Characterization of spontaneously-developed non-alcoholic fatty liver disease in aged rhesus monkeys. Diabetol. 

Metab. Syndr. 10, 68 (2018).
	47.	 Goedeke, L. et al. Controlled-release mitochondrial protonophore (CRMP) reverses dyslipidemia and hepatic steatosis in dys-

metabolic nonhuman primates. Sci. Transl. Med. 11(512), eaay0284 (2019).
	48.	 Sattar, N. et al. Non-alcoholic fatty liver disease. BMJ 349, g4596 (2014).

https://doi.org/10.1371/journal.pbio.3000411


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6716  | https://doi.org/10.1038/s41598-023-33112-3

www.nature.com/scientificreports/

	49.	 Oruc, N. et al. Serum procalcitonin and CRP levels in non-alcoholic fatty liver disease: A case control study. BMC Gastroenterol. 
9, 16 (2009).

	50.	 Foroughi, M. et al. Relationship between non-alcoholic fatty liver disease and inflammation in patients with non-alcoholic fatty 
liver. Adv. Biomed. Res. 5, 28 (2016).

	51.	 Hudson, J. C. et al. Age and sex differences in body size and composition during rhesus monkey adulthood. Aging 8(3), 197–204 
(1996).

	52.	 Choi, K. et al. Reference values of hematology, biochemistry, and blood type in cynomolgus monkeys from Cambodia origin. Lab. 
Anim. Res. 32(1), 46–55 (2016).

	53.	 Vaughan, K. L. & Mattison, J. A. Obesity and aging in humans and nonhuman primates: A mini-review. Gerontology 62(6), 611–617 
(2016).

	54.	 Hansen, B. C. & Bodkin, N. L. Heterogeneity of insulin responses: Phases leading to type 2 (non-insulin-dependent) diabetes 
mellitus in the rhesus monkey. Diabetologia 29(10), 713–719 (1986).

	55.	 Beck, L. H. The aging kidney: Defending a delicate balance of fluid and electrolytes. Geriatrics 55(4), 26–28 (2000).
	56.	 Clark, B. Biology of renal aging in humans. Adv. Ren. Replace Ther. 7(1), 11–21 (2000).
	57.	 Adamczak, M. et al. Prevalence of hypokalemia in older persons: Results from the PolSenior national survey. Eur. Geriatr. Med. 

12(5), 981–987 (2021).
	58.	 Cai, X. et al. Potassium and obesity/metabolic syndrome: A systematic review and meta-analysis of the epidemiological evidence. 

Nutrients 8(4), 183 (2016).
	59.	 He, Q. et al. Obesity-initiated metabolic syndrome promotes urinary voiding dysfunction in a mouse model. Prostate 76(11), 

964–976 (2016).
	60.	 Leiria, L. O. et al. Insulin relaxes bladder via PI3K/AKT/eNOS pathway activation in mucosa: Unfolded protein response-dependent 

insulin resistance as a cause of obesity-associated overactive bladder. J. Physiol. 591(9), 2259–2273 (2013).
	61.	 Patra, P. B. & Patra, S. Sex differences in the physiology and pharmacology of the lower urinary tract. Curr. Urol. 6(4), 179–188 

(2013).
	62.	 Moore, J. X. et al. Metabolic syndrome prevalence by race/ethnicity and sex in the United States, National Health and Nutrition 

Examination Survey, 1988–2012. Prev. Chronic Dis. 14, 160287 (2017).
	63.	 Bunn, F. et al. Is there a link between overactive bladder and the metabolic syndrome in women? A systematic review of observa-

tional studies. Int. J. Clin. Pract. 69(2), 199–217 (2015).
	64.	 Saratlija Novakovic, Z. et al. Association between metabolic syndrome and overactive bladder: A case-control study. Scand. J. Urol. 

51(6), 470–473 (2017).
	65.	 Zacche, M. M. et al. Is there an association between aspects of the metabolic syndrome and overactive bladder? A prospective 

cohort study in women with lower urinary tract symptoms. Eur. J. Obstet. Gynecol. Reprod. Biol. 217, 1–5 (2017).

Acknowledgements
The studies were supported by Department of Defense Spinal Cord Injury Research Program (SC090273) and 
the Dr. Miriam and Sheldon G. Adelson Medical Research Foundation to LAH, and the National Institutes of 
Health (NIH) Office of the Director (P51 OD011107) to California National Primate Research Center at UC 
Davis. Funding for the UW portion of this study was provided by NIH Grant R01AG040178 to RJC and was 
made possible in part by NCRR/ORIP Grants P51RR000167/P51OD011106 to the Wisconsin National Primate 
Research Center, University of Wisconsin-Madison.

Author contributions
N.P.B. analyzed and reviewed data, performed statistics, created figures, and interpreted results. P.M.B. analyzed 
and reviewed data, performed statistics, created figures, and interpreted results. K.L.C. performed experiments, 
reviewed data, and interpreted results. R.J.C. performed experiments, reviewed data, and interpreted results 
L.A.H. conceptualized study, performed experiments, analyzed and reviewed data, interpreted results, and drafted 
initial manuscript. All authors provided edits to the manuscript, reviewed the final version of the manuscript, 
and agree with its submission.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​33112-3.

Correspondence and requests for materials should be addressed to L.A.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2023

https://doi.org/10.1038/s41598-023-33112-3
https://doi.org/10.1038/s41598-023-33112-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Detrusor underactivity is associated with metabolic syndrome in aged primates
	Methods
	Animals. 
	Urodynamic recordings. 
	Urodynamic analysis. 
	Clinical biochemistry panels. 
	Statistical analysis. 

	Results
	Urodynamic studies in adult and aged female rhesus macaques. 
	Filling cystometry. 
	Pressure flow studies. 

	Weight and metabolic panel studies in adult and aged rhesus macaques. 
	Urodynamic features of a cohort of aged outliers. 
	Filling cystometry. 
	Pressure flow studies. 

	Principal component analysis. 
	Demographics. 
	Correlation matrix for demographic, urodynamic, and metabolic outcomes. 

	Discussion
	References
	Acknowledgements


