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Urate nephrolithiasis has been reported in marine mammals, 
including 14 common bottlenose dolphins (Tursiops truncatus) in 
a single population.10,36,39,40 Ammonium acid urate nephrolithia-
sis, in particular, has been associated with anemia, high serum 
creatinine, high BUN, low glomerular filtration rate, dilated col-
lecting ducts, and hydronephrosis in dolphins.40 According to 
hundreds of necropsies conducted on wild dolphins over the past 
20 y, nephrolithiasis appears to be primarily associated with man-
aged collections and is not believed to be a significant disease in 
wild populations.8 To date, the cause of urate nephrolithiasis in 
dolphins remains unknown.

Urate nephrolithiasis can be caused by uric acid, sodium acid 
urate, or ammonium acid urate calculi. Both uric acid and am-
monium acid urate calculi have been reported in dolphins. How-
ever, archived dolphin calculi initially characterized as uric acid 
in the 1990s were retested by using polarizing light microscopy 
and recharacterized as pure ammonium acid urate.40 Therefore, 

the number of dolphin ammonium acid nephroliths incorrectly 
characterized as uric acid is unknown.

In humans, urate nephrolithiasis, specifically uric acid nephro-
lithiasis, typically has been associated with high levels of uric acid 
in serum and urine and low urinary pH.5,23 However, people with 
type 2 diabetes mellitus can have pure uric acid nephrolithiasis in 
the face of low serum and normal urinary uric acid levels. Urate 
nephroliths may develop in people with type 2 diabetes due to 
the presence of low urinary pH, decreased ammonium excretion, 
a compensatory response of hypocitraturia, and further acidifica-
tion of urine due to an impaired ammonia excretory response. 
This mechanism presumably is driven by insulin resistance.32

Humans with recurrent uric acid calculi can be at risk of de-
veloping ammonium acid urate calculi.35Ammonium acid urate 
calculi can result due to uric-acid- and ammonium-enriched urine 
and hypocitraturia.15,35 These calculi are endemic in Asian coun-
tries, and pure ammonium acid urate calculi are rare in industri-
alized countries.28 Other risk factors for ammonium acid urate 
calculi include inflammatory bowel disease and morbid obesity.35 
In addition, urine-rich animal protein diets in humans have been 
associated with urate nephrolithiasis, including uric acid and am-
monium acid urate calculi.13

Other animals susceptible to ammonium urate calculi include 
dogs, cats, and reptiles.7,14,20 Dalmatians are particularly suscepti-
ble to uric and ammonium urate calculi formation due to a reces-
sive gene that results in defective urate metabolism. In cats and 
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Urinalysis. At the reference laboratory, citric acid and creatinine 
were analyzed enzymatically (Modular P800, Roche Diagnostics, 
Indianapolis, IN). Reagents used were Citrate R1 and Citrate R2 
(ARUP Laboratories, Salt Lake City, UT). Citrate:creatinine ratios 
were calculated. Uric acid and creatinine were analyzed on an 
automated system (model AU5400, Olympus, Tokyo, Japan), and 
uric acid:creatinine ratios were calculated.

Statistical methods. All statistics were conducted by using SAS 
software (version 9.2, SAS Institute, Cary, NC). Descriptive sta-
tistics of the study population were calculated by sampling loca-
tion, including age, sex, urine collection method, and time between 
sample collection and submission; to test for potential confounders, 
these variables were compared between managed collections and 
wild, free ranging dolphins using a general linear model for con-
tinuous variables (Proc GLM; Class Managed_Wild; Model Age 
CollToSubmit_Time = Manage_Wild; Means Managed_Wild) and 
χ2 analyses for urine collection method and sex. If citrate was lower 
than the limit of detection (less than 10 mg/dL), the value was as-
signed as zero. Mean, standard deviation, median, and ranges were 
determined by study population for urinary creatinine (mg/dL), 
citrate:creatinine ration (mg:g), uric acid:creatinine ratio (mg:g), 
and pH. Comparisons of means by using a general linear model 
were run to test for significant differences in urinary uric acid, crea-
tinine, pH, and citrate between managed collection and wild dol-
phins (Proc GLM; Class Managed_Wild; Model [Urine Variables] 
= Managed_Wild; Means Managed_Wild). P values less than or 
equal to 0.01 were defined as significant for all tests.

Results
Fasting status. Urine was collected after an overnight fast from 

19 of the 32 (59.4%) dolphins in managed collections. Because 
feeding status was unknown for wild, free-ranging dolphins, they 
were not included in the analysis of fasting versus nonfasting 
values. Compared with nonfasted animals, fasted dolphins were 
more likely to have higher mean urinary creatinine values (80 
and 190 mg/dL, respectively; P = 0.0002) and lower urinary uric 
acid concentration (392 and 142 uric acid/g creatinine, P = 0.01). 
Fasted and nonfasted dolphins had no significant differences in 
urinary citrate concentrations (3.5 and 0 mg citrate/g creatinine, 
P = 0.08) or pH (6.2 and 6.4, P = 0.3).

Urinary values. Among urine samples from all 94 dolphins eval-
uated, the creatinine level (mean ± SEM) was 139 ± 7.6 mg/dL, uric 
acid concentration was 305 ± 32 mg uric acid/g creatinine, citrate 
concentration was 100 ± 20 mg citrate/g creatinine, and pH was 
6.2 ± 0.05 . Only mean urinary citrate concentration varied signifi-
cantly (P = 0.0003) between managed collection and free-ranging 
dolphins (2 and 150 mg citrate/g creatinine, respectively; Table 1
). Of 32 managed collection dolphins, 26 (81.3%) animals had non-
detectable urinary citrate (less than 10 mg/dL), compared with 
13 (21%) wild dolphins (P < 0.0001). Urinary citrate levels among 
the 3 largest wild dolphin populations (Georgia coastline, 66 mg 
citrate/g creatinine; Indian River Lagoon, FL, 185 mg citrate/g 
creatinine; and Sarasota, FL, 129 mg citrate/g creatinine) did not 
differ significantly (P = 0.26).

Discussion
We report significantly lower concentrations of urinary citrate 

in bottlenose dolphins from managed collections compared with 
those from wild populations. Most of the managed collection ani-
mals included in this study were from the Navy Marine Mammal 

non-Dalmatian dogs, the pathogenesis of this disease is not well 
known. Changes in protein metabolism due to altered protein 
intake are hypothesized as risk factors for urate calculi formation 
in these animals.7,14

To determine whether managed collections of dolphins have 
risk factors for urate nephrolithiasis similar to those found in 
other animals, especially humans, urine samples from 94 animals 
were collected during April 2006 through June 2009 from 4 wild 
populations living off the coasts of Florida, Georgia, Mississippi, 
and North Carolina and from 4 managed collections, including a 
predominance of animals from the Navy Marine Mammal Pro-
gram (MMP). In addition, urine uric acid and pH were tested in 
a subset of animals. Our null hypothesis was that there would be 
no significant differences in urinary creatinine, citrate concentra-
tion, uric acid concentration, and pH between wild and managed 
collection dolphins.

Materials and Methods
Animal care and use. The MMP is AAALAC-accredited and 

adheres to the national standards.1,26 As required by the Depart-
ment of Defense, the MMP’s animal care and use program is rou-
tinely reviewed by an institutional animal care and use committee 
and the Department of Defense Bureau of Medicine. Sampling of 
wild dolphins was approved by the institutional animal care and 
use committees at the Mote Marine Laboratory and the National 
Marine Fisheries Headquarters. Urine samples collected from 
wild dolphins were approved under National Marine Fisheries 
Service permits 522-1785 (issued to RSW, Sarasota, FL) and 932-
1905/MA-009526 (issued to the National Marine Fisheries Marine 
Mammal Health and Stranding Response Program, Georgia).

Study population. A total of 94 common bottlenose dolphins 
were included in our study. Thirty-two (34%) study dolphins 
were from the following managed collections: Dolphin Quest in 
Hawaii (n = 2), Gulfworld in Texas (n = 3), The Mirage in Nevada 
(n = 3), and the Navy Marine Mammal Program in California (n = 
24). Sixty two (66%) study dolphins were from the following wild, 
free-ranging populations: Beaufort, North Carolina (n = 7), Geor-
gia coastline (n = 13), Indian River Lagoon, Florida (n = 21), and 
Sarasota Bay, Florida (n = 21). The median ages for the managed 
collection and wild dolphin populations were 24.6 y (range, 4 to 
48 y) and 8.9 y (range, 2 to 24 y), respectively. Females represented 
50% of both the managed collection and wild populations. All 
urine samples from managed collection dolphins were collected 
by using free-catch methods, whereas all urine samples from the 
wild dolphins were collected by using sterile catheterization.

Sample collection, storage, and preparation. Urine samples 
were obtained from managed collection bottlenose dolphins in 
120-mL sterile plastic specimen cups using free catch methods. 
Samples from bottlenose dolphins in the wild were obtained dur-
ing capture-release for population health assessments.41 Urine 
was collected by aseptic catheterization. Regardless of source, 
fresh samples were kept cold and transferred into 10-mL cryovials 
and frozen at –80 °C. Urine samples were frozen for 20 and 918 d. 
Frozen urine for citrate analysis was thawed on ice, and standard 
acid base titration methods were used to adjust pH to 2.0 by us-
ing 6 M hydrochloric acid (Mallinckrodt Analytical, Phillipsburg, 
NJ).34 Sample pH was analyzed by using a portable meter (model 
51910 electrode and Sension 2 pH/ISE meter, Hach, Loveland, 
CO). Samples were refrozen and shipped on dry ice to the refer-
ence laboratory for analysis.
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ria.6 Given the potential effect of diet on urinary citrate levels, there 
is a need to formally compare the diets of wild and managed collec-
tion dolphins to assess potential differences in protein, fat, ash, and 
alkali content, which may influence urinary citrate concentrations.

In addition to differences in the actual diets of managed collec-
tion and wild dolphins, these 2 populations differ in how fish are 
physically fed and, in some institutions, how meals are provided. 
Dolphins from managed collections most often feed with their head 
out of the water, whereas wild dolphins feed while swimming under 
the water. Given the influence of acidic and alkalotic metabolic states 
on urinary citrate levels, the opportunity for wild dolphins to ingest 
high concentrations of sodium from seawater may explain why wild 
dolphins have urinary citrate. In humans, however, increased inges-
tion of sodium actually would lower urinary citrate levels.17

Feeding behavior studies on wild dolphins in Sarasota Bay have 
demonstrated that in-shore dolphins feed 3 to 30 times an hour 
over a minimum of an 8-h period; this behavior may be continu-
ous over 24 h.25 Dolphins from managed collections, including the 
MMP, often are fed on a schedule similar to that typical of humans, 
with 3 to 4 meals over 10 h, followed by a 14-h overnight fast. 
Previous studies have shown that dolphins can have significant 
changes in blood values during the fasting state, including a shift to 
a relative metabolic acidosis.38 Chronic metabolic acidosis can lead 
to hypocitraturia in humans,18 and daily changes to a metabolic 
acidic state similarly may predispose dolphins to hypocitraturia. In 
our current study, we did not find significant differences in urinary 
citrate levels between overnight-fasted and recently fed animals 
from managed collections; because of the unknown feeding status 
of wild dolphins in our study, we were unable to include them 
in this analysis. As such, further studies are needed to assess the 
potential long-term effects of overnight fasting and bulk meals on 
urinary citrate levels in bottlenose dolphins.

Other conditions in humans that may result in hypocitraturia in-
clude low urinary potassium and calcium,11 gastrointestinal malab-
sorption,30 medications that inhibit angiotensin converting enzyme 
(for example, Enalapril),17 exposure to hot temperatures in the work-
ing environment,3 and insulin resistance.32 When evaluating potential 
reasons why managed collection dolphins may have hypocitraturia 
and wild dolphins do not, we feel that it is unlikely that dolphins 
from managed collections absorb citrate less well than do those in 
wild populations, given that the presence of citrate in dolphin diets 
is likely to be low. However, citrate perhaps is in the diet of wild 
and not managed collection dolphins. Further, there is a potential, 
though unlikely, for a genetic mutation that has been passed within 
managed collections associated with citrate malabsorption. How-
ever, most of the wild-caught dolphins at the MMP were originally 
in-shore dolphins from the Gulf of Mexico. We expect that these ani-
mals share common genes with wild dolphins included in this study, 
especially those living in Sarasota Bay, FL.

None of the managed collection dolphins were on medications 
associated with hypocitraturia in humans, so medications likely 

Program, a population with at least 14 cases of nephrolithiasis,40 a 
disease that is rare in wild dolphin populations.8

In humans, urinary citrate serves as an effective alkalinizer and 
chelator of calcium ions, both of which decrease the risk of stone 
formation.16 If urinary citrate is low, urinary pH may decrease or 
the amount of free calcium ions may increase, leading to uric acid 
or calcium oxalate stone formation, respectively. Therefore, low 
concentration of urinary citrate is associated with stone forma-
tion in humans24,42 and can be the only metabolic abnormality in 
patients with nephroliths.19 Hypocitraturia occurs in a wide range 
of kidney stone diseases, including those associated with renal tu-
bular acidosis, renal hypercalciuria, and idiopathic nephrolithia-
sis and in people without acid–base disturbances.31 Low urinary 
citrate has been attributed to excessive net tubular reabsorption of 
citrate, which may be a predisposing factor for nephrolithiasis.30 
Because of the high prevalence of both urate nephrolithiasis and 
hypocitraturia in the MMP population, hypocitraturia may a risk 
factor for nephrolithiasis in dolphins as it is in people.

Most studies involving hypocitraturia and nephrolithiasis focus 
on hypocitraturia as a risk factor for calcium oxalate calculi.16,30,31,42 
However, some people with urate nephrolithiasis also have hy-
pocitraturia, which is believed to be a compensatory response 
to decreased ammonium excretion.32 Therefore, hypocitraturia 
may be a direct cause of nephrolithiasis or an indicator of another 
cause of nephrolithiasis.

Nephrolithiasis in humans can lead to blocked ureters, hydro-
nephrosis, and renal failure.21 A nephrolithiasis case-control study 
conducted at the MMP demonstrated that dolphins with more than 
20 nephroliths were significantly more likely to have high serum 
creatinine, high blood urea nitrogen, low glomerular filtration rate, 
and low urinary pH compared with dolphins with no evidence 
of nephroliths.40 In addition, as can occur in humans, 2 advanced 
cases of nephrolithiasis in dolphins resulted in hydronephrosis and 
decreased renal function. As such, if hypocitraturia is a risk factor 
for nephrolithiasis in dolphins, determining why these animals 
become hypocitraturic may provide insight for disease prevention 
and treatment to better protect dolphin renal health.

The association between hypocitraturia and nephrolithiasis 
in humans has been well documented for more than 30 y, but 
research to determine why humans have hypocitraturia is ongo-
ing. Citrate is reabsorbed with the aid of a sodium-citrate cotrans-
porter.27 Renal cortical m-aconitase appears to play a key role in 
regulating citrate urinary levels by increasing citrate reabsorp-
tion during chronic metabolic acidosis, causing hypocitraturia, 
and decreasing citrate reabsorption after alkali feeding, causing 
hypercitraturia.18

Managed collection dolphins receive a diet of high-quality, fro-
zen–thawed fish, including mackerel, herring, capelin, and squid. 
Wild dolphins living off Sarasota, FL, feed on live, wild fish of at 
least 15 species.4 Further, studies in humans have demonstrated 
that high-protein diets may increase a person’s risk for hypocitratu-

Table 1. Comparison of urine values (mean ± SEM) among managed collection (n = 32) and free-ranging (n = 62) bottlenose dolphins

Managed collection Free-ranging P

Citrate (mg citrate/g creatinine) 2 ± 1 150 ± 28 0.0003

Uric acid (mg uric acid/g creatinine) 236 ± 49 349 ± 41 0.08

Creatinine (mg/dL) 144 ± 16 137 ± 8 0.67

pH 6.3 ± 0.08 6.1 ± 0.06 0.15

Urine uric acid and pH comparisons based on 29 samples from managed collection dolphins and 47 from wild dolphins.
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In humans, decreased intake of animal protein resolved hy-
pocitraturia and decreased stone formation.12 Bottlenose dolphins 
ingest very high-protein diets, and the MMP dolphin diet, ex-
cluding moisture content, consists of 73.3% protein, 24.4% fat, 
and 2.2% carbohydrates.38 Currently, feeding a true low-protein 
diet to dolphins is not a feasible treatment plan, but feeding them 
lower protein diets consisting of higher portions of squid and 
lower portions of high-protein fish (for example, mackerel) may 
be feasible. Supplementation with potassium citrate is a common 
and effective treatment for hypocitraturia in most humans,43 and 
60 mEq/day is the preferred alkalinizer specifically for humans 
with urate stones and hypocitraturia.33 Use of high levels of citrate 
supplementation in dolphins may be explored as a treatment op-
tion, although early and unpublished results involving potassium 
citrate treatment (30 to 100 mEq orally daily) in dolphins at the 
MMP have not demonstrated marked changes in urinary pH or 
stone formation. Additional studies are needed to assess effects of 
various levels of potassium citrate treatment doses on urinary pH 
and citrate, as well as the ability for the dolphin gastrointestinal 
system to absorb oral potassium citrate. The ideal approach, how-
ever, will be to identify the underlying cause of hypocitraturia in 
dolphins to prevent possible subsequent stone formation.

Our study is limited by single measurements of urine variables 
(for example, urine concentrations). Most human studies measure 
urine uric acid and citrate over a 24-h period, and few use single 
readings to determine whether a study subject has abnormal 
urine uric acid or citrate levels.19,30,42 To enable comparability be-
tween our study populations, we used concentrations correcting 
for creatinine, in lieu of raw values. Although 24-h urine values 
would be the most reliable values to compare between dolphin 
populations and with humans, acquisition of these samples is 
difficult in managed collections and not possible with wild dol-
phins. Nearly half of the urine samples from managed collection 
dolphins were taken after overnight fasting, and the feeding sta-
tus of samples from wild dolphins were unknown. To address 
the possible effects of fasting on urine variables, we compared 
urinary variable values between fasting and nonfasting samples 
of managed collection dolphins; although fasting dolphins were 
more likely to have higher urinary creatinine and lower uric acid 
concentrations compared with those of nonfasting dolphins, sig-
nificant differences in urinary citrate or urinary citrate concentra-
tion were not present. Greater diagnostic value could have been 
gained from this study had we included more tests, including 
urinary calcium, potassium, and phosphorous levels, and micro-
scopic analysis to determine the presence and type of crystals that 
may have been present. Future studies should include additional 
indicators that reflect the metabolic state and presence of urate 
crystals at the time urine was collected.

In conclusion, dolphins from managed collections show a high 
prevalence of hypocitraturia. The presence of hypocitraturia may 
explain why some of these populations have numerous cases of 
urate nephrolithiasis. Further investigations are needed to assess 
the roles of diet, seawater ingestion, and the presence of a diabetes-
like metabolism in causing hypocitraturia in dolphins. Such studies 
may not only protect the renal health of dolphins but may provide 
valuable insight into the etiologies of similar diseases in humans.
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are not a cause. However, most, if not all, dolphins in managed 
collections are provided vitamin supplements. It would be worth-
while to ensure that supplements were not associated with hy-
pocitraturia. Wild bottlenose dolphins included in our study live 
in regions with periods of warm water temperatures, including 
the Gulf of Mexico. Managed collection dolphins in our study live 
in open water in San Diego Bay and Hawaii, as well as in semi-
closed systems in Florida and a closed system in Las Vegas. Al-
though the semiclosed and closed locations may experience high 
air temperatures during part of the year, the majority of managed 
collection animals included in this study lives in San Diego Bay, 
an area with air and water temperatures that do not exceed the 
environments of their wild counterparts. Therefore, we do not be-
lieve that high heat is the cause of hypocitraturia in managed col-
lection dolphins. Further studies are needed to compare urinary 
potassium and calcium between managed collection and wild 
dolphins to assess these potential risk factors for hypocitraturia.

We previously reported that healthy, short-term fasted bottle-
nose dolphins have a diabetes-like metabolism, including in-
creased serum glucose, platelets, and γ-glutamyltranspeptidase 
and decreased serum uric acid.29,38 Similar to our findings in the 
MMP population of dolphins, which has pure urate nephrolithia-
sis, a diabetes-like metabolism, and hypocitraturia, recent studies 
have demonstrated associations among hypocitraturia, pure urate 
nephrolithiasis, and metabolic syndrome in humans.

A key parameter that we currently cannot address is the dif-
ference in type of urate nephrolithiasis that develops in dolphins 
and people with diabetes. People with type 2 diabetes are sus-
ceptible to uric acid calculi formation, whereas dolphins appear 
most susceptible to ammonium acid urate calculi formation. One 
reason for this difference may be the dietary differences between 
humans and dolphins. Despite having a common underlying eti-
ology (for example, insulin resistance), the very high-protein fish 
diet of dolphins may make them more susceptible to ammonium 
acid urate stone formation because they may excrete higher levels 
of ammonium than do humans.

Obese people with diets high in purines had a high prevalence of 
hypocitraturia and uric acid calculi,12 and insulin resistance appears 
to be the primary driver for both hypocitraturia and urate neph-
rolithiasis.2,9,32,37 More specifically, people with diabetes appear to 
have impaired ammonia excretion, leading to escalating decreases in 
urinary pH and compensatory hypocitraturia. This response leads to 
uric acid stone formation without the need for high urine or serum 
uric acid concentrations.2,32 Low urinary pH is a characteristic often 
shared among people with insulin resistance, hypocitraturia, and 
nephrolithiasis is often reported to be low urinary pH.9

In our study, urine uric acid concentrations did not differ between 
wild and managed collection dolphins, a finding that is consistent 
with normouricosuric finding in people with urate nephrolithiasis 
and diabetes. Unlike that in people with diabetes and urate nephro-
lithiasis, urinary pH did not differ between managed collection and 
wild dolphins. The lack of difference in urinary pH may not have 
been surprising in light of the type of nephrolith that appears to 
be dominant in managed collection dolphins, namely ammonium 
acid urate;40 unlike pure uric acid nephroliths, this type of urate 
nephrolith can form independent of low urinary pH.5,15 Although 
the potential link between diabetes and hypocitraturia among dol-
phins and humans is compelling, further studies are needed to 
assess genetic, metabolic, and evolutionary parallels between dol-
phins and in humans with metabolic syndrome.
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