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Some common bottlenose dolphins (Tursiops truncatus) under human care form
ammonium urate nephroliths, whereas free-ranging dolphins typically do not. The
purine-rich whole fish diet of bottlenose dolphins may influence urate urolith formation in
dolphins, as it does in other mammals. Although both groups of dolphins consume a
similar diet, free-ranging dolphins consume a variety of live inshore temperate water
species, whereas managed dolphins are fed cold water, frozen and thawed species.
Macronutrient and total purine content were measured relative to metabolizable energy
in fresh frozen samples of eight fish species commonly consumed by free-ranging
dolphins and stored frozen samples of seven species (n=5) commonly fed to managed
dolphins. Two model managed dolphin diets and a model free-ranging dolphin diet were
also generated to compare the total nutrient intake of dolphin populations.
Metabolizable energy was calculated using Atwater factors, and dietary cation-anion
difference (DCAD) was calculated. Eight purine metabolite concentrations and total
purine content were measured for individual fish and squid species and for the model

diets using a newly developed assay. Urine purine concentrations, including allantoin
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and uric acid, were also measured and compared between free-ranging dolphins and
managed dolphins, considering the effect of feeding and presence of nephrolithiasis.
Protein, fat, mineral and water contents differed among fish and squid species and
between species groups, and total purine content was greater in two model diets
typically fed to managed dolphins than the model free-ranging dolphin diet (p<0.05).
Mean DCAD was more positive for the model free-ranging diet than for both model
managed dolphin diets, the extent of which depended on the relative mineral
absorptions. Both free-ranging and managed dolphins had urinary allantoin
concentrations comparable to other mammals, but a post-prandial increase in uric acid
relative to allantoin concentrations in the urine of managed dolphins suggests that the
conversion of uric acid to allantoin may be limited after consumption of a large purine-
rich fish meal. The differences in nutrient composition of the model managed and free-
ranging dolphin diets and the potential limited capacity for purine metabolism in dolphins

may promote ammonium urate stone development in dolphins under human care.
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CHAPTER 1
INTRODUCTION

Problem Statement

Ammonium urate kidney stones develop in common bottlenose dolphins under
human care, Tursiops truncatus, but do not typically develop in free-ranging bottlenose
dolphins. Kidney stones in managed dolphins may result in azotemia, hydronephrosis,
ureteral and urethral obstruction, and renal failure.1* The United States Navy Marine
Mammal Program (MMP) and the National Marine Mammal Foundation (NMMF) have
reported a prevalence as high as 35% in managed bottlenose dolphins, after thorough
investigation using ultrasound and computed tomographic (CT) imaging.*

The cause of ammonium urate stones in dolphins under human care is unclear.
In other mammals, urate urolith development has been attributed to the nutrient
composition of the diet, genetic derangements in purine metabolism, dehydration,
and/or underlying disease such as obesity, inflammatory bowel disease, or
compromised liver function.4® Thus, there are likely several contributing factors to the
development of ammonium urate urolithiasis in dolphins, but this research focused on
two potential factors: nutrient differences between the free-ranging dolphin diet and the
diet fed to dolphins under human care, and purine metabolic byproducts excreted in the
urine of both dolphin populations.

Aims and Objectives

The first aim was to compare the nutrient content of the fish and squid commonly
fed to bottlenose dolphins under human care with that of fish commonly consumed by
free-ranging bottlenose dolphins. Thus, our first objective was to analyze fish species

for gross energy content, proximate analysis, and macromineral content. We
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hypothesized that the nutrient content would differ relative to energy among fish species
analyzed and between managed and free-ranging dolphin model diets. Our second
objective was to determine the purine metabolite concentrations in the fish and squid
species. Our hypothesis was that the individual purine metabolite content and total
purine content would differ on an energy basis among the fish species and between the
representative free-ranging dolphin model diet and the model diets for dolphins under
human care.

The second aim of this research was to determine the purine metabolite
concentrations present in the urine of free-ranging bottlenose dolphins and dolphins
under human care. The first objective was to determine whether uric acid or allantoin is
the primary end-product of purine metabolism excreted in the urine of managed and
free-ranging bottlenose dolphins. The primary end-product is species-dependent and
has not been investigated in bottlenose dolphins. Thus, we hypothesize that both
populations of bottlenose dolphins, like most other mammals, will produce primarily
allantoin. The second objective was to compare urine purine metabolite concentrations
after a meal between free-ranging bottlenose dolphins and dolphins under human care.
We hypothesized that both populations of dolphins will excrete similar post-prandial
concentrations of urine purine metabolites. The third objective was to investigate how
urine purine metabolite concentrations change following a meal in healthy managed
bottlenose dolphins. We hypothesized that bottlenose dolphins under human care
experience a post-prandial rise in excreted purine metabolites. Finally, the fourth
objective was to determine whether urine purine metabolite concentrations differ

between fed and unfed bottlenose dolphins under human care with or without kidney
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stones. Our hypothesis was that there would be a greater rise in urine purine metabolite
concentrations following a meal in dolphins with kidney stones than in those without

stones.
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CHAPTER 2
LITERATURE REVIEW

Ammonium Urate Stones
Pathophysiology of Stone Formation

Uroliths, or stones in the urinary tract, form when urine becomes supersaturated.
Urate and ammonium ions are the two primary solutes contributing to ammonium urate
stone formation, and their solubility in urine depends on their individual relative
concentrations, as well as the concentration of other solutes in the urine and urine pH.
The risk of urate and ammonium ions combining to form crystals increases as the total
solute concentration increases; however, the concentration of ammonium ions
necessary to produce precipitation decreases from 150 mM to 10 mM when a
suspension of ammonium urate is present.® The solubility of urate and ammonium
decreases as pH decreases, but uric acid stones form below a urine pH of 6.0 and
ammonium urate stones form above 6.0. Given enough time and appropriate conditions,
crystals will aggregate to form ammonium urate stones.10-1?

Urate, or uric acid, is produced solely by purine metabolism and found in blood
and tissues. Two-thirds of the uric acid produced by the human body is excreted in the
urine and the remainder is excreted in the feces.'3 The production and excretion of uric
acid is markedly influenced by the diet.416 Humans consuming high purine-containing
foods have accumulations of uric acid in the blood and urine, and its solubility is partly
pH dependent. Urate is a weak acid with a pKa of 5.4 and is more soluble in the blood
and tissues when the pH is approximately 7.4; however, the pH range in urine is

dynamic, generally varying from 4.7 to 8.0, so the solubility and subsequent fate of urate
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in the urine fluctuates.'® 17 Alkaline urine promotes tubular reabsorption of soluble urate,
whereas acidic urine promotes excretion of insoluble uric acid.*3

Ammonium ions are released from glutamine by glutaminase and glutamate
dehydrogenase in the renal proximal convoluted tubule in response to an acidic urine,
which can be a consequence of a high-protein diet. The kidney, therefore, assists in
maintaining acid-base balance by buffering acidic urine with ammonium ions.& 1°
Ammonium ions can also be generated from urea by urease-producing bacteria when a
urinary tract infection is present.?0 2!

Other solutes that are consumed with the diet and contribute to urine
supersaturation are sodium, potassium, calcium, magnesium, chloride, sulfate,
phosphate, citrate, and oxalate.° Thus, the solubility of ammonium ions and urate can
be predicted by calculating the total ionic concentrations of these solutes.?? 23

The concentration of total solutes in urine is also dependent on the amount of
free water excreted by the kidney. The water excreted in the urine can come from water
consumed, either by drinking or eating, or generated from nutrient metabolism.2*
Solutes, including dietary protein and sodium, can also influence water excretion.?®
Diets rich in protein result in increased renal blood flow, glomerular hyperfiltration, and
increased creatinine and urea excretion, accompanied by increased net water
excretion.?628 Similarly, excess dietary sodium is excreted in the urine, which causes an
osmotic diuresis with an additional loss of free water.?°

Ammonium urate stone development will be favored in a supersaturated urine
given a specific pH range of 6.0 to 7.5, in which ammonium ions tend to combine with

urate. The two factors that influence urine pH are dietary protein and mineral content.
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Dietary protein causes an increase in net acid excretion by the kidney as sulfate, and to
a lesser extent phosphate, found in amino acids are oxidized and organic acids are
produced.®0 31 Mineral concentrations in the urine also influence urine pH based on the
relative concentrations of positively charged cations and negatively charged anions.® 32
The diet plays a major role in determining these urine electrolyte concentrations. The
dietary cation-anion difference (DCAD), calculated as the difference between the sum of
the cations (Na* +Ca?* +Mg?* +K*) and the sum of the anions (CI- +P18 +S%), can
indicate the propensity of the diet to form acidic or alkaline urine.33 34 The valence for
the phosphorous anion at a physiologic pH of 7.4 is 1.8, and the valence for the sulfur
anion is 2- because it is released from the oxidation of dietary methionine and cysteine
and excreted in the urine as sulfate.33 35 As the cation concentration increases in the
diet, urine becomes more alkaline; whereas if the dietary anion concentration increases,
urine becomes more acidic. Several equations have been used to calculate DCAD, and
there does not seem to be consensus as to which equation is most appropriate. Two
commonly reported equations that have been shown to have utility in several species
are DCADiong, Which includes all of the aforementioned minerals, and DCADshort, Which
includes only Na, K, Cl, and S.32 3436 DCADshort and DCADiong do not account, however,
for apparent absorptions of the minerals from the gastrointestinal tract and assume
each mineral has an equal influence over urine pH. Apparent absorptions for the various
minerals are not likely to be equal and are probably species-dependent. For example,
absorption coefficients derived from human studies have been used to calculate
potential renal acid load (PRAL), or DCAD, in human beings.®” The coefficients

accounting for apparent absorption used in these equations for human beings are 95%
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for sodium and chloride, 80% for potassium, 63% for phosphorous (as phosphate), 32%
for magnesium, and 25% for calcium. Sulfate (SO4%) absorption is based on 75%
absorption of sulfur-containing amino acids. DCAD calculated using these absorption
coefficients would favor the contribution of dietary anions over cations because of the
lower absorption coefficients provided for calcium and magnesium compared to
phosphorous and sulfur. Nevertheless, the apparent mineral absorptions differ for pure
carnivores like cats. For example, the apparent absorptions of calcium and
phosphorous vary depending on the mineral content of the diet; and, the apparent
absorption of potassium in cats is 95%, compared to 80% in human beings. Thus, the
extent to which minerals are absorbed by the gastrointestinal tract strongly influences
any prediction of the effect of dietary mineral content on urine pH.
Stone Occurrence in Mammals

Ammonium urate stones in human beings rarely occur in industrialized countries,
with a prevalence of 0.2%, but are endemic in developing countries.> 15 3848 |n these
countries, several contributing factors have been identified, including chronic diarrhea
leading to volume depletion and electrolyte loss, urinary tract infections, and a
nutritionally poor diet.3® The diet characteristics linked to ammonium urate stone
development vary depending upon the country. Some common factors include an
acidogenic diet that is low in animal protein, calcium, and phosphorous, and high in
cereals.*® A purine-rich diet is considered another contributing factor for those countries
where individuals consume more fish and shellfish.#” Ammonium urate stone formation
as reported in industrialized countries has been associated with inflammatory bowel

disease, laxative abuse, obesity, and urease-producing urinary tract infections.®
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In dogs and cats, ammonium urate is the most common form of urate-based
stone. Genetic factors, diet, and underlying diseases contribute most significantly to
their development and will be discussed further in the purine metabolism review.? Two
species of otters, including the Asian small-clawed otter (Amblonyx cinerea) and the
Eurasian otter (Lutra lutra), and two marine mammals, including a northern elephant
seal (Mirounga angustirostris) and California sea lion (Zalophus californianus), have
also been documented to have ammonium urate stones.“®->* Common bottlenose
dolphins are the only cetacean in which ammonium urate nephrolithiasis has been
diagnosed and thoroughly investigated, but the presence of stones in the Pacific white-
sided dolphin (Lagenorhynchus obliquidens) were also suspected to be urate-based.3 52
The cause of urate stone development in bottlenose dolphins has yet to be determined,
but a thorough review of the disease in dolphins will follow.

Purine Biochemistry and Metabolism
Purine sources

Urate, one of the two primary solutes required for ammonium urate stone
formation, is produced by purine metabolism. Purines, including nucleotides,
nucleosides, and nucleobases, are organic planar, aromatic, heterocyclic molecules
consisting of a pyrimidine ring and an imidazole ring (Table 2-1). They have many
biologically essential roles, like contributing to the structure of deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), adenosine 5’-triphosphate (ATP), and guanosine 5’-
triphosphate (GTP).6

The nucleotide inosine monophosphate (IMP) is the first purine formed
endogenously, either by de novo synthesis when in the fed state or by salvage when in

the unfed state. De novo synthesis begins primarily in the liver with the production of 5-
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phosphoribosyl-1-amine from phosphoribosyl pyrophosphate (PRPP) which is catalyzed
by glutamine phosphoribosyl aminotransferase.>® The concentration and availability of
PRPP is therefore the rate-limiting factor of de novo synthesis.>* IMP is then produced
through a series of subsequent steps involving glycine, glutamine, aspartate, formate,
and bicarbonate. IMP forms the nucleotide adenosine monophosphate (AMP) and also
guanosine monophosphate (GMP) through an intermediate nucleotide xanthosine
monophosphate (XMP) (Figure 2-1). When concentrations of these free nucleotides are
elevated, de novo synthesis is feedback inhibited.’: %°

In the unfed state, nucleotides are produced through an energy-sparing process
involving the salvage and recycling of purine nucleobases adenine, guanine,
hypoxanthine, and xanthine.>® The nucleobases are obtained either from the turnover of
nucleotides or directly from the diet, and by recycling the nucleobases, the salvage
pathway maintains tissue nucleotide pools when substrates for de novo synthesis are
low.>> Adenine is recycled directly to AMP by adenine phosphoribosyltransferase
(APRT). Similarly, hypoxanthine can be directly recycled to IMP by hypoxanthine-
guanine phosphoribosyltransferase (HGPRT). Guanine, however, first must be
phosphorylated to its nucleoside guanosine, which is then catalyzed by HGPRT to
GMP_lG, 53, 56

Several factors influence how readily the salvage pathway is utilized for
nucleotide synthesis, including species differences, tissue or cell types, and related
conditions. For example, red and white blood cells in rabbits, mice, and human beings
utilize salvage pathways to produce nucleotides because the cells have low ribose-5-

phosphate concentrations, so de novo synthesis is not possible.>* Nucleobases,
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particularly hypoxanthine, are also recycled in muscle tissue of human beings. At rest,
human beings recycle approximately 95% of the hypoxanthine produced daily either by
de novo synthesis or nucleotide turnover for inosine and IMP production, while the
remaining 5% of hypoxanthine is degraded to xanthine and subsequently excreted.%* 55
Following high-intensity anaerobic exercise, plasma hypoxanthine concentrations are
low while HGPRT activity and IMP concentrations are elevated. Hypoxanthine
production increases acutely due to tissue hypoxia. As the muscle adapts and operates
more aerobically, hypoxanthine production falls and HGPRT activity increases,
indicating that hypoxanthine is being recycled to IMP for additional ATP production.®”: 58
Furthermore, in ruminants, the salvage pathway for nucleotide production is very active
in the gastrointestinal tract due to large pools of nucleobases available from bacterial
nucleic acid turnover.> In the gastrointestinal tract of rats, however, adenine recycling is
favored over the other nucleobases and is further affected by feeding status. Unfed rats
administered oral doses of individual purine nucleobases absorbed more adenine than
guanine, hypoxanthine, and xanthine from their intestinal tract, compared with fed rats.>
An exogenous source of nucleotides is the diet. Nucleotides are considered
‘conditionally essential’ nutrients because they must be included in the diet in some
conditions when de novo synthesis and salvage are insufficient to maintain nucleobase
concentrations.®® Digestion of nucleic acids occurs rapidly in the gastrointestinal tract:
pancreatic nucleases split nucleotides from DNA and RNA, which are then hydrolyzed
by nucleosidases and phosphatases into constituent nucleosides and absorbed into the

blood by active transport in human beings and rats.5%-62
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Purine transport

Purines may be transported into and out of cells as nucleosides or nucleobases.
Cellular transport of nucleosides is active and involves both low- and high-affinity
systems.%® 62 The high-affinity systems involve membrane-bound Na+-coupled
nucleoside transporters, called either concentrative nucleoside transporters (CNT) or
solute carrier family transporters (SLC). These include CNT1/SLC28A1,
CNT2/SLC28A2, and CNT3/SLC28A3.53 CNT2 and CNT3 actively transport purines into
cells and have generalized tissue distributions that are species dependent. For
example, CNT2 is not present in the rat kidney but is present in the human kidney. CNT
help maintain circulating nucleoside homeostasis. Although most cells can generate
purines by de novo synthesis, CNT receptors facilitate nucleoside salvage, thus
conserving energy, needed for nucleotide production.®® The low-affinity nucleoside
transport systems involve equilibrative (bidirectional) nucleoside transporters (ENT) and
include ENT1/SLC29A1, ENT2/SLC29A2, ENT3/SLC29A3, and ENT4/SLC29A4.56: 64
These transporters are ubiquitous in all tissues, not only the gastrointestinal tract, and
may vary in relative concentrations or membrane locations among tissues. For example,
ENT1 operates on the tubular basilar membrane of the rat kidney, whereas CNT
operates on the apical membrane; together these two transports can facilitate
transepithelial cell transfer of nucleosides.®* Once a nucleoside is phosphorylated to
form a nucleotide, it is trapped within the cell and therefore must either be utilized,
dephosphorylated by a 5’-nucleotidase for transport out of the cell, or metabolized to an
end product.16: 62 65, 66

Nucleobase transport in mammals is known to involve several species-specific

Na+-dependent nucleobase transporters (SNBT). The saturable transporter
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rSNBT1/SLC23A4, identified in the small intestine of the rat, permits the cellular uptake
and release of guanine, hypoxanthine, and xanthine, but not of adenine.®® Adenine likely
has its own specific intestinal transporter that has not yet been described. In human
beings and chimpanzees, the rSNBT1 transporter gene is defective, so nucleobase
absorption through enterocytes is questionable. Nevertheless, functional analogs are
present in zebrafish, chickens, mice, dogs, and horses. In addition to being species
specific, some transporters are location and nucleobase specific. Uric acid is
reabsorbed in the renal tubules by specific anion transporters including urate transporter
1, or URAT1/SLC22A12, on the apical surface, glucose transporter 1, or
GLUT/SLC2A9, on both the apical and basilar surface; however, species differences for
these transporters have not been identified.®”-"° Hypoxanthine utilizes Na+-dependent
transporters that are also species and tissue location dependent, including the renal
brush-border membrane vesicles (BBMV) in guinea pigs, the intestinal BBMVs in bovine
calves, and the renal epithelial cell protein kinase 1 transporter (LLC-PK1) in pigs.%6: 71-73
The BBMVs and LLC-PK1 transporters have a greater affinity for hypoxanthine than the
rSNBTL1 transporter; nevertheless, as hypoxanthine intake increases, the rate of
transport across all transporters increases, until saturation is reached. The bovine calf
intestine has greater absorption in the proximal jejunum, whereas the rat intestine has
greater absorption and rSNBT1 expression in the distal jejunum. The Na+-dependent
transporters within the BBMV presumably are rSNBT1 analogs, thus, depending on the
species, transporter analogs may be concentrated variably along the length of the
intestine.%8 All these transporters are inhibited by high concentrations of all the

nucleobases except adenine and guanine.>®
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Thus, the absorption of dietary purines through the gastrointestinal tract and the
concentration of excreted metabolic end-products in the urine depend upon the type of
purine being absorbed (nucleoside or nucleobase) and on species-specific transporter
differences. For example, when adenosine, AMP, and hypoxanthine were injected
intraluminally into the small intestine of rats, all three metabolites degraded within 15
minutes to primarily uric acid, which was recovered from the intestinal contents. Inosine,
xanthine, and allantoin were recovered, however, from the intestinal tissue and portal
vein as well as the intestinal contents.®* The effect of orally administered adenine,
guanine, hypoxanthine, xanthine, AMP, GMP and IMP was also assessed in human
beings, and all metabolites, except for guanine and xanthine, caused an increase in
urinary uric acid concentrations.%6

The concentrations of ingested purines also affect absorption and subsequent
excretion. As greater concentrations of purines are ingested, fewer metabolites are
absorbed into portal circulation and more remain in the lumen contents, intestinal tissue,
and excrement. In contrast, as lower concentrations of purines are ingested, more
metabolite absorption occurs with less intestinal retention and excretion. For example,
higher doses of oral hypoxanthine administered in rats resulted in less portal vein
recovery, greater intestinal recovery, and greater fecal excretion of xanthine.®! A similar
effect was observed with greater doses of oral AMP, with inosine intestinal
concentration increasing above all other metabolites. This elevation in intestinal inosine
concentrations may signify that inosine transport or catabolism is saturable and may be

a rate limiting step in the production of uric acid.5?
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The gut microflora and cellular absorption mechanisms also likely influence the
fate of dietary purines once they enter the intestine. A study in rats showed that
intravenous administration of purines produced greater metabolite concentrations in
tissues than when the purines were given orally. Although limited information is
available, it is suspected that gastrointestinal microflora may inhibit the processes that
are required for intestinal cellular absorption and transport of purines, including
dephosphorylation of nucleotides to nucleosides, potential oxidation of nucleosides to
free bases prior to cellular uptake, and both passive diffusion and active carrier-
mediated transport across intestinal brush-border cells.16: 56

Purine degradation

Purine degradation pathways differ depending upon the nucleotide. AMP is
dephosphorylated to the nucleoside adenosine, which is then deaminated to the
nucleoside inosine.®> 7 Inosine can also be produced directly by the dephosphorylation
of IMP. Inosine then is further degraded by purine nucleoside phosphorylase (PNP) to
hypoxanthine, which is then oxidized by xanthine oxidase to the nucleobase xanthine.
Guanine directly degrades to xanthine through deamination. It is at this point then that
the pathways are common - xanthine is oxidized once more by xanthine oxidase to
produce the waste product uric acid.6: 56 75

Purine metabolism occurs in all tissues and involves the action of several
essential enzymes to reduce the purine to excretory end products. The extent to which
purines are metabolized is based on the tissue location and concentration of
degradative enzymes, and is species dependent. For example, dogs and cows have the
greatest concentration of xanthine oxidase in the blood and lungs, whereas cats and

humans have no xanthine oxidase in blood and the greatest concentration in the liver.”®

32



There is also no xanthine oxidase in most human tissues, with the exception of the liver,
so hypoxanthine is the final end product of purine metabolism in human tissues. Uric
acid, however, is the final metabolic end product of purine metabolism in the human
liver because xanthine oxidase is present.®®

End-products of purine metabolism are excreted primarily in the urine, but also in
the feces, and are species-dependent.>® 56 61. 77 Uric acid is the primary excretory end-
product for human beings, non-human primates, insects, reptiles, and birds.® In most
other mammals, uric acid is oxidized by urate oxidase, or uricase, in the liver to
allantoin, a more soluble end product.”® Marsupials and monotremes are an exception
because, unlike placental mammals, these species have an extra gene for allantoinase
that likely makes allantoate from allantoin.” In teleost fish, allantoinase converts
allantoin to allantoic acid, and in cartilagenous fish and amphibians, allantoic acid is
converted to urea as the end product of purine metabolism. The enzyme urease, found
in marine invertebrates, is used to make the end product ammonium ion (NH4*).16

Bottlenose dolphins may be capable of de novo synthesis and salvage of
nucleotides, with a similar nucleotide degradation pathway to form uric acid like other
mammals; however, there have been no studies regarding dolphin purine biosynthesis
or metabolism to date. Uric acid concentrations in the urine of free-ranging common
bottlenose dolphins and dolphins under human care have been measured (Table 2-2).
Compared to dogs and cats with functional uricase, uric acid concentrations in the urine
of fasted healthy adult dolphins under human care are up to two times greater than uric
acid concentrations in the urine of beagle dogs fed a high protein growth diet, and are

70 to 300% greater than uric acid concentrations in the urine of domestic cats.? 3 80-82
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Furthermore, free-ranging dolphins with an unknown fed versus unfed status have
urinary uric acid concentrations two to six fold greater than the uric acid concentrations
in dog and cat urine.? The range of uric acid concentrations (0.114-0.478 mg/mL) in the
urine of managed and free-ranging dolphins, however, is more similar to the
concentration range (0.250-0.749 mg/mL) reported in the urine of human beings that do
not make functional uricase. Allantoin, however, has not been measured in the urine of
bottlenose dolphins. Allantoin concentrations in human urine are one-hundredth of the
concentrations excreted by other mammals, like cows, sheep, and mice. Thus, it is not
possible to conclude whether dolphins excrete primarily uric acid, like human beings,
until the presence of allantoin has been confirmed and it has been quantified in the
urine of bottlenose dolphins.

Purine relationship to ammonium urate stone development

A purine-rich diet is a risk factor for ammonium urate stone development in
human beings residing in countries with fish-based and shellfish-based diets. Greater
consumption of purines would lead to greater urinary uric acid concentrations. 4’
Nevertheless, ammonium urate stones occur infrequently in human beings. Ammonium
urate stones are, however, the most common form of urate-based stone in dogs and
cats. Some Dalmatian dogs have an underlying autosomal recessive genetic disorder
that causes circulating uric acid concentrations to be 2-4 times greater than in other
breeds, making them more sensitive to dietary purine content.” 8% 83,84 Specifically,
hepatic conversion of urate to allantoin in some Dalmatians occurs at a significantly
lower rate than in non-Dalmatians because of incomplete uric acid oxidation, despite
normal concentrations of uricase in the liver.8 8 |n addition, renal tubules in some

Dalmatians reabsorb less urate because of mutations in both SCL22A12 and SLC2A9
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transporters, causing elevated urinary uric acid excretion.®” 8 Therefore, some
Dalmatian dogs require a diet low in purine-containing proteins to help prevent stone
formation.®

Non-Dalmatian dogs and cats can also form ammonium urate stones because of
genetic defects, such as portal vascular anomalies, but even without these conditions,
consumption of purine-rich food can be a risk factor for increased uric acid excretion
and urate stone development. 83 8991 Ammonium urate stones also occur in young
Egyptian Mau, Birman, and Siamese cat breeds, but a specific underlying genetic or
heritable anomaly has not been identified.%?

Common Bottlenose Dolphins under Human Care

Historical Perspective

The first facility to maintain bottlenose dolphins under human care opened in
1938 and was located just south of St. Augustine, FL. Until the passage of the Marine
Mammal Protection Act (MMPA) in 1972, dolphins were routinely captured from the
ocean and brought into aquarium-type facilities where they lived out the rest of their
lives. The capture of marine mammals was allowed to continue under permits granted
by the National Marine Fisheries Service until the late 1980’s, after which all capture
was prohibited. Following passage of the MMPA in 1972, the standards of care
regarding minimum space allotted, water quality, and veterinary care, for animals in an
‘oceanarium’ setting were established.®® Today, there are 30 facilities within the U.S.
and Canada that are responsible for the care of 474 common bottlenose dolphins.®*
Dolphin nutrition and management within these facilities is based on our knowledge of
how this species lives in the wild and how closely we can replicate those living

conditions.
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Two of the largest populations of bottlenose dolphins cared for by people within
the United States are housed by the MMP and SeaWorld, Inc. Since 1962, the MMP
has housed and cared for bottlenose dolphins in open ocean enclosures primarily in
California. The MMP began in Point Mugu, CA, with wild dolphins obtained from
Gulfport, Mississippi, and then migrated to San Diego, CA.®? Until approximately the late
1980’s, the MMP continued to bring dolphins from the Gulf of Mexico region into their
population, but then transitioned to breeding MMP dolphins to generate a self-sustaining
population of animals.®® In 1964, SeaWorld opened its first park in San Diego, CA,
housing several marine mammal species including common bottlenose dolphins from
Florida. Following passage of the MMPA, SeaWorld also initiated breeding programs for
their dolphins. The population genetics for SeaWorld dolphins are now managed by the
Association of Zoos and Aquariums in order to ensure sustainable genetic diversity
within the managed dolphin population.

MMP and SeaWorld dolphins are provided with high-quality veterinary care that
includes preventive medicine programs.®® % The daily activities and feeding schedules
of the dolphins differ by facility. MMP dolphins are involved in a wide variety of activities,
including in-pen training and open-ocean exercises, which vary depending on the
individual dolphin and on the needs of the MMP. The feeding schedules then correlate
with the training or interaction sessions, so depending on the day’s activities, dolphins
are fed their total daily diet divided into 3 to 8 meals over the course of the day. For
SeaWorld dolphin activities include some combination of training, play, interactive
presentations and guest-interactions. The feeding schedule also correlates with a range

of activities, but SeaWorld dolphins are fed smaller, more frequent meals (maximum of
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20) over the course of a day.®” Both MMP and SeaWorld dolphins are typically fasted
overnight.

Diet of Managed Bottlenose Dolphins

The diet of common bottlenose dolphins under human care commonly consists of
whole fish with some squid. The fish species, size of fish, and relative proportions of
each species fed depends on the energy density of each species, commercial fish stock
availability, caloric needs for life stage, and facility training needs. Fish meals are
delivered to dolphins as a positive reward for training and encouraging activity
participation; therefore, the total daily diet is split and fed out into several smaller meals
in order to avoid satiety and overfeeding. At SeaWorld, for example, caretakers may
feed a greater proportion of smaller, leaner fish species to an individual dolphin
receiving 20 small meals per day based on its training and activity schedule. The wet
weight of fish or squid fed each day is adjusted, sometimes daily, to ensure dolphins are
taking in enough calories in their food to maintain normal body weight in adult dolphins
and acceptable growth in young dolphins. Alternatively, caretakers working with
veterinarians may choose to change the ratio of fattier or leaner fish species in a
dolphin’s diet in order to accommodate individual dolphin’s needs or to compensate for
seasonal changes in fish nutrient composition,%8-100

Managed bottlenose dolphins diets are composed primarily of 2 fish species,
capelin (Icelandic and/or Canadian, Mallotus villosus) and herring [Pacific (Clupea
pallasi) and/or Atlantic (Clupea harengus)]. In addition, dolphins are fed a smaller
percentage of other species, such as mackerel (Scomber spp.), Pacific sardine
(Sardinops sagax), and an invertebrate, west coast Loligo squid (Loligo opalescens),

depending on the facility. Fish and squid are caught during commercial fishing seasons.
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The timeframe of a commercial fishing season is generally set for a specific time of year
depending on the location and species being caught. Sometimes the fishing season can
include spawning, depending on the fish species. The species fed to the dolphins are
prepared for human consumption, so some type of brine solution may be applied prior
to sealing the packages and freezing the fish. The composition of the brine solution
depends on the commercial fishery but can include saline and/or electrolyte-based
solution.'®! The purpose of the brine is to preserve the fish by reducing the water
activity, protect the fish from freezer burn during storage, and to enhance palatability of
the fish, both in flavor and texture. 192-105

Following brine application, most species of fish and the squid are frozen in
blocks and packaged for frozen storage. Mackerel, however, differs in that it is generally
individually quick frozen and then packaged together for frozen storage. Dolphin
management facilities will store fish at -20°C typically for up to 1 year, but mackerel and
sardine may be stored frozen for a shorter period of time due to a greater histamine
content which hastens spoilage.1%

Enough fish are thawed each day to meet the dietary needs for all dolphins at a
facility. Thawing procedures also differ among facilities and involve either the sole use
of water, refrigerated air, or a combination of both. For a water thaw, frozen fish are
placed directly into large stainless steel sinks. The sinks are then filled with continuously
running tap water until the fish blocks can be broken apart into individual fish. During
this process, the water is kept below 4°C. For an air thaw, fish are transferred to a
refrigerated room (generally kept at 4°C) where they are allowed to thaw over 24 hours.

Using a combination of the two thawing methods, fish may undergo a refrigerated air
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thaw for 12-24 hours and then be rinsed well under tap water as a final step. Fish are
then transported in buckets to the area where individuals or groups of animals are to be
fed, and kept on ice in the buckets to maintain a temperature of 4°C or below until the
fish are fed to the dolphins.

Nutrient Content of Food Fed to Managed Bottlenose Dolphins

The nutrient content of fish varies widely and depends on species, season, and
location. A wide range of gross energy (GE) densities has been documented among
and within several of the species commonly fed to managed dolphins, including capelin
(4.5-6.7 kcal/g dry matter (DM)), Pacific herring (2.8-7.2 kcal/g DM), Atlantic herring
(5.5-6.7 kcal/g DM), Pacific mackerel (S. japonicus (4.5-6.0 kcal/g DM), and Loligo
squid (5.0-5.4 kcal/g DM) (Table 2-3).107-110 These differences may be related to
seasonal water temperature changes and spawning cycles.®® For example, capelin
undergoes an increase in fat content and a decrease in moisture content prior to
spawning and have the greatest energy density when they spawn in March and April.*%!

There are a few published reports describing the nutrient content of the whole
fish and squid species commonly fed to bottlenose dolphins (Table 2-3).108-110, 112,113
Based on these reports, fish were generally 20-40% dry matter (60-80% water ‘as fed’).
Furthermore, herring provided approximately 30% more dry matter than capelin and
squid, and thus herring provided less water than capelin and squid. The protein and lipid
contents varied within species, likely indicating some seasonal variation, and among
species. For example, herring had, on average, 75% more fat content relative to dry
matter than capelin and striped mullet.

Reports on the macromineral concentrations in capelin, herring, mackerel, and

squid also varied within species (Table 2-4), but mineral concentrations were
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comparable among analyses, with the exception of a few outliers, 109 110,112, 113 For
example, reported concentrations of phosphorous in capelin were similar among
analyses, ranging from 1.3-2.2% DM, except for one concentration reported by Corse,
et al., was comparatively low (0.3% DM). The macromineral concentrations in squid
were similar to the mineral concentrations of the fish species, except for lower calcium
concentrations in squid compared to fish. The lower Ca content of squid is likely due to
squid being an invertebrate species with no bones, whereas all other species reported
were teleost fish species, or bony fish species. Slifka, et al. (2013), were the only
authors to report the sulfur content of capelin and herring, which were comparable
among these two species (1% DM and 1.1% DM, respectively). Squid had a much lower
Ca DM content, as would be expected for an invertebrate and a markedly greater Cu
content (106-245 ppm), but was otherwise comparable with respect to the other
minerals.
Handling and Processing of Fish Fed to Managed Dolphins

The handling and processing that the fish undergo and the time spent in frozen
storage can have a significant impact on the concentrations of various nutrients. This
handling process begins with the brine application. The mineral content of the fish may
be affected by the composition of the brine solution and also whether or not fish are
thawed in water. The effect that the brine solution may have on the fish mineral content
is strongly suggested by the findings of Slifka, et al. 2013, with sodium and potassium
concentrations significantly greater in capelin and herring when compared to the fish
species commonly consumed by free-ranging bottlenose dolphins.*3

Freezing fish has also been well-documented to alter nutrient concentrations.

Fish are composed of 60-80% water (Table 2-3). Water forms sharp ice crystals when
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frozen that expand into surrounding tissue, causing remaining solutes, like proteins,
lipids, carbohydrates, and vitamins, to increase in concentration. This disrupts the
muscle fiber structure and causes cells to rupture.1%* Water then leaches out of the
tissue at rates dependent on length of frozen storage and temperature fluctuations,
resulting in dehydration of the fish tissue over time.''4 115 The faster the freezing
process, such as with individually quick frozen, the smaller the ice crystals will be and
thus the less tissue damage and water loss the fish will undergo.104. 116

Additionally, lipid oxidation occurs as a consequence of freezing, the degree to
which depends on the total fat content and fatty acid composition of the fish.117-119 Fish
with a greater fat content that contains a high percentage of polyunsaturated fats will
undergo more rapid oxidation. This oxidation hastens degradation of fat-soluble
vitamins and eventually leads to spoiling.?%122 The degree of fatty acid unsaturation
varies among fish species and location, with greater unsaturated fatty acid content in
cold water fish species, such as herring and capelint?® 124, Therefore capelin and
herring are likely to be more susceptible to rapid oxidation during frozen storage and
thawing.

The effect of frozen storage on purine metabolite degradation has not been
examined, but fish species, chilled storage methods and storage times impact post-
mortem purine metabolite concentrations in fish filleted for human consumption. 47 17,
125128 For example, salmon filets under refrigeration have baseline IMP concentrations
of 5 mmol/kg wet weight tissue and inosine and hypoxanthine concentrations of 0.5-1
mmol/kg wet weight tissue. By day 12 of chilled storage, IMP concentrations decreased

to less than 2 mmol/kg and hypoxanthine and inosine concentrations rose to greater
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than 2 mmol/kg. Salmon filets were depleted of IMP by day 24 of chilled storage,
whereas hypoxanthine and inosine concentrations peaked at 7 mmol/kg and 5 mmol/kg
wet weight tissue, respectively.'1” Another study reported hypoxanthine concentrations
in Atlantic mackerel stored in ice for 12 days rose from a baseline concentration of 0.7
mmol/kg wet weight tissue to 3 mmol/kg wet weight.'?® Thus, the concentrations of
purine metabolites, such as IMP, inosine, and hypoxanthine, in post-mortem fish tissue
may vary with species and storage methods, and these differences in total and
individual purine metabolite concentrations may affect urine purine and uric acid
concentrations.

Finally, the thawing process impacts nutrient content, the extent of which
depends on how fish and squid are thawed and the length of time the thaw takes. As
the fish and squid undergo an air thaw, thaw-drip loss takes place where the tissue
loses both water and denatured proteins.*'> 129 On the other hand, when fish and squid
are exposed to running water or placed into a bath of water during thawing, water loss is
hastened, taking with it proteins and water-soluble vitamins.3°

Free-ranging Common Bottlenose Dolphins Residing in Sarasota Bay, Florida
Life History Milestones, Morphologic Characteristics, and Environment

The common bottlenose dolphins residing in Sarasota Bay, Florida, were
selected to be the free-ranging control population for this dissertation research. This
dolphin population has been observed and studied by biologists and veterinarians since
1970, and more information is known about the life history, environment, breeding
activity, energetics, feeding behaviors, and diet of the Sarasota Bay dolphins than any

other population of free-ranging bottlenose dolphins.3% 132 The common bottlenose
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dolphins in Sarasota Bay, FL, are an inshore resident population that maintains a tight
home range within the shallower waters of the bay all year.'33

Free-ranging bottlenose dolphins are polymorphic, with variations in size, shape,
and body mass based on geographical location and corresponding water
temperatures.*34+137 Inshore common bottlenose dolphins like those in Sarasota Bay,
FL, are comparatively smaller than their pelagic counterparts with shorter beaks, which
are likely adaptations allowing for easier maneuverability in shallow inshore waters.3":
138 The temperate to subtropical water temperatures of Sarasota Bay fluctuate
seasonally, from 13°C in the winter to 35°C in the summer, causing the resident
dolphins to lay down up to 38% more blubber in the winter months, increasing their total
body mass.3!

All bottlenose dolphins are also sexually dimorphic with respect to body mass,
length, and girth. Generally, female bottlenose dolphins grow continuously for 10 years,
then their average weights plateau to between 175-200 kg, their lengths to between
227-250 cm, and their maximum girths to between 135-145 cm, once sexual maturity is
reached.13% 136,139, 140 Males continue to grow until about 25 years of age or until their
body mass is approximately 33-39% greater than females. Males reach an average
mature adult body weight of 240-250 kg, a length of 240-275 cm, and a maximum girth
of 145-155 cm. '35 136,139 Additional specific dimorphic characteristics for the Sarasota
Bay male dolphins are greater rostral girth and larger flippers and peduncles, when
compared with resident female dolphins.'4

The age at which females and males reach sexual maturity varies depending on

the subpopulation. Generally, females are considered sexually mature between 6-12
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years of age, at lengths of approximately 207-235 cm and weights of 150-200 kg.133 137,
139,142,143 Males are considered sexually mature between 10 and 13 years of age, at
lengths of 245 to 260 cm and weights of 200 to 275 kg.135 13°

The gestation period of a common bottlenose dolphin lasts 12 months.13% 144,145
A cow will give birth to a single calf generally weighing about 18 kg and ranging in
length from 84-140 cm. The calf grows rapidly during the first year of its life, weighing
between 63 to 87 kg by the time the calf is one year old.13> 146 The calf nurses for 1-3
years, or longer if the cow permits, and is weaned after reaching an average length of
170-180 cm, according to Barros et al., or a length of 225 cm and weight of 150 kg,
according to Wells et al.14”- 18 The calving interval for dolphins is about every 3 to 6
years. During this time, there is a strong bond between mother and calf, and the calf is
taught foraging techniques but may also continue to nurse until the next calf is born.*3%
142
Diet of Free-ranging Bottlenose Dolphins

Free-ranging resident common bottlenose dolphins in Sarasota Bay, FL,
consume a whole fish diet.**° Historically, dolphins were presumed to be opportunistic
feeders, foraging behind shrimp boats, stealing fishermen’s bait, and taking and
consuming any type of fish, seemingly with no preference, depending upon
availability.159-152 Opportunistic feeding may still be a foraging technique used by some
dolphins; however, research has demonstrated that bottlenose dolphins in Sarasota Bay
have specific foraging and prey selection strategies.

Dolphins in Sarasota Bay divide into fluid groups of 4 to 7 individuals, depending
on their sex and reproductive condition.'38 150 The social groups demonstrate high site

fidelity but are dynamic, sharing breeding associations and home ranges within

44



Sarasota Bay.133 138,150,153 Dolphins feed either on fish that are available within their
home-range year-round or on migratory species that move through that range.138 150, 154-
157 Bottlenose dolphin foraging behaviors depend upon water depth, bottom substrate,
proximity to shore, tide cycles, prey behavior, seasons, and individual preference.47-149
154,155 \Within the Sarasota Bay region, the dolphins often swim in shallow flats of depths
less than 2 meters, in open bays of depths less than 4 meters, and in channels or
passes less than 10 meters deep.138 14°

Foraging techniques of bottlenose dolphins in Sarasota Bay include
echolocation, acoustic communications, and passive listening.1%8 159 Dolphins foraging
in the shallows or seagrass beds of the bay use primarily acoustic communications and
passive listening to find prey because seagrass likely creates too much interference for
effective echolocation signaling.t58 160 161 For example, dolphins may remain within
acoustic distance of one another and produce loud, low-frequency sounds to disturb
prey from hiding places and alert other dolphins in the area of moving prey.%8 Dolphins
use passive listening to positively select for soniferous fish species, including sciaenids,
such as the spot croaker (Leiostomus xanthurus) and bottom-dwellers, including the
Gulf toadfish (Opsanus beta).148 149, 154, 161162 Toqdfish, for example, produce very long,
high frequency calls from their shelters or nests, which allows dolphins to seek them out
as a primary prey item.1%° Croaker calls can also be heard by dolphins from up to 630
meters away, a distance beyond the range of echolocation. Once the dolphin hears the
fish calls, echolocation can then be used to more efficiently survey the wide area and

pursue the prey.160
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The diet of Sarasota Bay resident dolphins is varied, as described by
observational studies, stomach content analyses, and prey abundance studies.32 149
161,162 One study, for example, reported that the stomach contents of 32 dolphins
contained 544 prey items representing 36 different taxa, 19 families (including 1 family
of cephalopods and 1 of elasmobranchs), 11 genera, and 20 species.%? Dolphins
consume some pelagic species, like striped mullet (Mugil cephalus) and lady fish (Elops
saurus), that school during different times of the year in association with spawning.4%
162 Mullet school and spawn during the fall months and historically were considered a
primary prey species for bottlenose dolphins, likely due to frequent observations of
dolphins feeding on jumping mullet. However, several studies have not confirmed
positive selection for mullet.148-150. 161,163 | ady fish are schooling, nocturnally active fish,
so bottlenose dolphins feed on them at night.149 164

Sarasota Bay dolphins also positively select for abundant species, like pinfish
(Lagodon rhomboides) and sheepshead (Archosargus probatocephalus), and
soniferous species, like Gulf toadfish, spot croaker, pigfish (Orthopristis chrysoptera),
and spotted sea trout (Cynoscion nebulosus).6! Seagrass beds are important to free-
ranging dolphins because this habitat provides a greater diversity of prey fish species
and offers protective shelter to solitary and juvenile fish, as well as to cows with nursing
calves.'%8 161 Fish commonly consumed by dolphins range in total length between 50-
300 mm, as reported by Barros et al. (1998), and up to 1,027 mm, as reported by
McCabe et al. (2010).148 149. 161 The smaller fish are juveniles that usually reside in
seagrass to seek shelter and find food, consuming primarily algae and grass. Fish then

venture into deeper water as they age.#°
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The energy density of the fish species consumed by free-ranging bottlenose
dolphins is not well-described overall but has been described for some whole fish
commonly consumed by dolphins in Sarasota Bay. Thirteen species, including spotted
sea trout, silver perch (Bidyanus bidyanus), mullet, pinfish, pigfish, spot croaker, red
drum (Sciaenops ocellatus), and Gulf toadfish had gross energy densities ranging from
1.0-1.86 kcal/g as fed. Seasonal variations in energy content both among and within
these fish species were not significant.'®> Nevertheless, seasonal changes in energy
density are likely if the fish is a pelagic species and thus susceptible to atmospheric and
thermal changes, and spawning cycles.!'!: 118. 166 \Whole mullet, for example, has been
documented to have an gross energy density of 0.9-1.7 kcal/g and up to 3.76 kcal/g as
fed, likely indicating seasonal variation. It is possible, however, that mullet in Sarasota
Bay experience less variability due to more stable water temperatures.%” 167 The effect
of stable water temperatures generating less seasonal variability in energy density
among bottom-dwelling species, like spot, that swim in deeper water, is reported and
was also true for the Sarasota species.*®

The nutrient concentrations for free-ranging dolphin diet fish species also have
rarely been reported, but the dry matter content, protein, fat, and ash contents, and the
macromineral content relative to dry matter were described by two reports for striped
mullet and by one report for pinfish and pigfish (Table 2-3 and 2-4).10° 113 Both of these
studies, however, report nutrient concentrations on a single sample, so no variability
within species can be accounted for. The dry matter content ranged from 25% for
pigfish to 36% for mullet; therefore pigfish would provide more moisture ‘as fed’ than

mullet or pinfish. Pigfish also provided the greatest protein and least fat content relative
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to dry matter among species, whereas pinfish provided the least protein and greatest fat
content relative to dry matter among species. The ash concentration relative to dry
matter for striped mullet was much greater as reported by Crissey et al. (1994) than by
Slifka et al. (2013). The reason for the discrepancy may be due to greater Mg, Na, and
K concentrations in mullet reported by Crissey et al., when compared to Slifka et al.,
contributed to the greater overall ash content. Slifka et al. also measured the sulfur
content of the fish species, whereas Crissey et al. did not, but inclusion of sulfur did not
impact the total ash content of the mullet. Among fish species, pigfish had the greatest
macromineral concentrations.

Slitka et al. further compared the nutrient analyses of the three free-ranging fish
species to two fish commonly fed to managed dolphins, capelin and herring. Capelin
and pigfish had similar protein and fat contents, whereas herring, mullet, and pinfish had
more comparable nutrient concentrations. Calcium and phosphorous concentrations
were greater in pinfish, pigfish, and mullet, whereas potassium and sodium
concentrations were greater in capelin and herring. Nutrient differences among the free-
ranging and managed diet fish species may be due to the fishes’ diet, catch season, fat
content, body size, bone density, or water quality, temperature, or salinity. Furthermore,
the handling, including freezing and thawing, of capelin and herring fed to managed
dolphins may also contribute to the variations among species, the extent to which may
depend on the fish distributor and dolphin facility.13

The study performed by Slifka et al. and Crissey et al. provided baseline
information on the nutrient content of a few free-ranging fish species commonly

consumed by dolphins in Sarasota Bay. Nevertheless, the few species and small
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sample sizes analyzed limits the practical use of this information to alter the diet of
dolphins under human care.

Energy Requirements of Bottlenose Dolphins

Free-ranging bottlenose dolphins consume a quantity of fish sufficient to provide
the energy required to maintain body condition while supporting basal metabolic
functions, thermoregulatory and locomotive costs, and, when applicable, growth,
pregnancy, and lactation. A few attempts have been made (Table 2-5) to determine the
minimal energy expended per unit time while dolphins are at rest, in an effort to
understand the metabolizable energy requirements of dolphins. The BMR of terrestrial
mammals has been measured under the assumption that four criteria are met: 1) the
animal is mature; 2) the animal is within its thermoneutral zone; 3) the animal is in a
post-prandial state; and 4) the animal is at rest.'®® These criteria are difficult to meet for
free-ranging or managed dolphins because dolphins are never truly at rest in their
aquatic environment.16°

Williams et al. (2001) measured the oxygen consumption of three post-prandial
adult male dolphins under human care exposed to various water temperatures while
maintained ‘at rest’ in a water-filled metabolic chamber.1’° The amount of oxygen
consumed by dolphins resting on the surface of the water was temperature-dependent.
Oxygen consumption was significantly greater when dolphins were kept for 2-3 hours in
water temperatures below 5°C and above 25°C, but consumption (5.8 to 10.1 ml O2-kg
L.mint) was stable between those temperatures. This is equivalent to 40 to 70 kcal-kg-
L.day?. A similar study performed by Yeates et al. (2008), however, found the low
critical water temperature to be slightly higher (7.8 and 10.6°C) and the resting

metabolic rate (RMR) measured by oxygen consumption to be substantially lower (3 to
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4.4 ml O2-kg*-min't or 21 to 30 kcal-kg*-day?).}"* The different values for minimal
metabolism obtained by these two studies can be attributed, however, to difference in
the method used for maintaining the dolphins and collecting respiratory gases, whether
dolphins were fasted versus fed, the age and maturity of the study dolphins, and the
body weights of study dolphins. Nevertheless, the values obtained by Williams et al. are
also slightly than what would be obtained using the Kleiber equation for a similar size
bottlenose dolphin (Table 2-5).

Nevertheless, as soon as dolphins move or are challenged in some way, the
BMR is surpassed and energy needs rise. For example, energy requirements increase
when bottlenose dolphins are outside of their thermoneutral zone, or the temperature
range for which no additional energy is needed, in order to maintain core body
temperature, and when moving around for foraging and feeding.*’> 13 Pregnancy and
lactation also increase a dolphin’s energy requirement —a cow’s average daily food
intake increases by 52% during the first year of lactation.44

To date, however, one research team has reported the field metabolic rate, or
FMR. Costa et al. (2013) measured FMR in free-ranging resident dolphins in Sarasota
Bay using doubly-labeled water. During the winter months when water temperatures
averaged 16.9°C, the FMR was 4.82 + 0.81 W/kg, or approximately 98 kcal-kg*-day.
The FMR was much greater (6.79 + 1.11 W/kg, or approximately 140 kcal-kg*-day),
however, during summer months when water temperatures averaged 26°C. Thus,
Costa et al. estimated that the FMR of dolphins residing in Sarasota Bay was 3.4 to
4.75 times the minimal energy requirements measured by other researchers in

managed bottlenose dolphins.t’4
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Maintenance energy requirements have also been determined for several
populations of dolphins under human care by monitoring caloric intake and body weight
responses. Cates et al. (1986) determined that a 150-170 kg dolphin between the ages
of 11 and 20 years maintained in the same facility for 7 years requires approximately 80
kcal gross energy-kg*-day!in order to maintain its body weight.1”® Individual animal
activities and physiologic conditions were not described, but this provides a rough
estimate that a 160kg dolphin likely needs approximately 12,800 kcal of gross energy
per day to maintain a stable body weight over time.

Estimating caloric requirements, however, based on the gross energy content of
the diet may overestimate the dolphin’s energy requirements because some of the
energy consumed will be lost to the feces and urine. Thus, it is more accurate to
estimate maintenance energy requirements based on metabolizable energy, which
accounts for the portion of energy provided by the food that is lost to feces and urine.17®
Reddy et al. (1994) calculated the metabolizable energy content of the whole fish fed to
5 male and 11 female dolphins under human care assuming 95% digestibility. The
dolphins’ maintenance energy requirements were then determined over the course of 3
years based on maintenance of a stable body weight while being fed a consistent fish
diet.!”” The dolphins were separated into life stage categories, including subadults,
adults, pregnant females, and lactating females. Male and female subadult dolphins
required more energy (53-81 kcal/kg body weight) than male and female adult (12+
years of age) dolphins (34-67 kcal/kg). Pregnant females required 36-89 kcal/kg, not
increasing intake until just before gestation was reached. Lactating females required the

greatest energy intake of 88-153 kcal/kg.1’” Based on Reddy’s data, the maintenance
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digestible energy requirements for an average 160 kg adult dolphin may be between
5,000 to 10,700 kcal/day. A similar study was performed for another group of dolphins
under human care by Kastelein et al. (2002), and dolphins consumed on average 2 to
4% of their body mass (kg) in wet weight of fish, which equates to 6,500 to 18,900 kcal
as fed/day for an average daily diet caloric content of 2100 kcal/kg of fish as fed.1"®
Thus, the average 160 kg dolphin may consume between 6,700 kcal and 13,000 kcal
per day according to Kastelein. The maximum caloric intake was greater for this
population of dolphins than what is reported by Reddy, but this may be in part due to the
presence of lactating females and ad libitum feeding practices.

Based on the preliminary data from Costa et al. (2013), a 160kg dolphin would
consume 15,600 kcal/day in the winter months and up to 22,000 kcal/day in the summer
months. Thus, it is likely that managed dolphins in most facilities have a lower
maintenance energy requirement than free-ranging dolphins. Reasons for this possible
discrepancy include differences in activities performed and the time spent engaging in
activity over course of the day, reproductive status, and water temperatures.

Ammonium Urate Nephrolithiasis in Managed Bottlenose Dolphins
Prevalence and Potential Etiologies

Ammonium urate kidney stones develop in common bottlenose dolphins under
human care, but are rarely found in free-ranging bottlenose dolphins. The MMP and the
NMMF have reported a prevalence as high as 35% in the Navy dolphin population, after
thorough investigation using ultrasound and computed tomographic (CT) imaging.* The
cause of ammonium urate stones in managed dolphins is unclear. In other mammals,
urate urolith development has been attributed to the nutrient composition of the diet,

genetic derangements in purine metabolism, dehydration, and/or underlying disease
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such as obesity, inflammatory bowel disease, or compromised liver function.*2 Thus,
there are likely several contributing factors to the development of ammonium urate
urolithiasis in bottlenose dolphins, but this research focused on two potential factors:
nutrient differences between the free-ranging dolphin diet and the diet fed to managed
dolphins, and purine metabolic by-products excreted in the urine of both dolphin
populations.
Signs, Diagnosis, Sequelae, and Treatment

Bottlenose dolphins under human care that have ammonium urate stone
nephrolithiasis may be asymptomatic for an extended period or may have clinical signs
including lethargy, inappetance, hematuria, stranguria, and ureteral or urethral
obstruction.3 17°

Diagnostics performed on dolphins with suspected kidney stones include blood
chemistry and urine analyses. Radiographs and ultrasound examination are the first
techniques utilized to make a definitive diagnosis, and computed tomography (CT) may
be used to make a more complete evaluation. Blood chemistry abnormalities that may
worsen with advanced disease and indicate a loss of appropriate renal function include
azotemia, anemia, and reduced estimated glomerular filtration rate (GFR), estimated
using a serum-based predictive equation of GFR used in human medicine.3: 180-182
Nevertheless, the mean urine specific gravity was not different between dolphins with
and without nephrolithiasis.? 183 184 QOther urine analysis findings in dolphins with stone
disease include hematuria, urinary pH ~6, hypocitraturia, and urate urinary crystals with
advanced disease. 2 2 The number and size of stones and related collecting duct
dilation, hydronephrosis, and hydroureter vary.' 2 17® Nephroliths are commonly found

bilaterally but the number of stones may depend on the severity of the disease. Venn-
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Watson et al. (2010) classified mild disease as dolphins with 1-19 stones and advanced
disease as dolphins with > 20 stones.?

Several treatment modalities are utilized in order to provide supportive care,
prevent further stone formation, and dissolve or break apart existing stones. At the
discretion of the veterinary team, oral hydration and medications to treat pain and
underlying infections are prescribed. Hydration therapy may be administered either
subcutaneously, intravenously, or orally. Oral fluids may be administered by voluntary
orogastric intubation in the form of either fresh water, saline, or electrolyte solution. The
volume of fluid delivered varies from 1 to 4 L per day, depending on the age and size of
the dolphin and the severity of its underlying renal disease.

Prevention and dissolution of ammonium urate nephroliths is reported to be
possible at an alkaline pH, both in vitro and in vivo in human beings and dogs.'858" |n
an in vitro study, ammonium urate solubility was affected by both solution pH and buffer
ion strength.'® Ammonium urate was more soluble with a sodium buffer and a pH range
of 9-10.8 than with a citrate-phosphate buffer and pH range of 6-8. Increasing the ionic
strength of the phosphate buffer to 150 mM improved solubility within that pH range.
Nevertheless, no solution completely dissolved the stones and promoting an alkaline
urine may predispose to other types of stone formation.86

In human beings, treatment with oral potassium citrate, sodium citrate, or sodium
bicarbonate (60 mEq per day) increases urine pH, decreases urine ammonium
concentrations, increases urine citrate concentrations, and prevents uric acid stone
formation.187-18% Assuming a human being consumes about 2 Mcal ME per day, these

treatments would increase DCAD by 30 mEg/Mcal.
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In managed dolphins, the effective dose of a urinary alkalinizing agent that would
raise the relative cation to anion ratio enough to increase the pH of managed dolphin
urine is currently unknown. Ammonium urate stone dissolution has been attempted with
oral potassium citrate (60-200 mEq of potassium per day) and sodium bicarbonate
(approximately 10 g or 120 mEq of sodium per day); however, neither medication
altered serum or urine uric acid concentrations or urine pH over time in the dolphins.3
The effect of sodium citrate has not been evaluated in dolphins to date. Dolphins under
human care consume approximately 8 Mcal/day, so these doses would provide
approximately 7.5-25 mEg/Mcal of potassium and 15 mEqg/Mcal of sodium, i.e. slightly
less than the effective doses taken by human beings relative to energy intake.

Allopurinol is another medication used in human beings and dogs to prevent
ammonium urate stone formation.*® 91 Allopurinol inhibits the xanthine oxidase
enzyme that converts xanthine into uric acid; but xanthine stones have formed in dogs
and managed dolphins when allopurinol has been used without limiting purine intake.%*
Limiting purine intake would likely be important, therefore, if allopurinol is to be used in
dolphins.? 3 Thus, urine alkalinizing agents, at the doses previously administered, and
allopurinol are not considered successful management tools for management or
prevention of ammonium urate nephrolithiasis in managed dolphins.

Surgical intervention methods used in managed bottlenose dolphins with
ammonium urate nephrolithiasis have included cystoscopy and ureteroscopy with laser
lithotripsy and urethral stent placement while under sedation or general anesthesia.’®
192 These methods have been effective for removal of existing stones that were causing

acute obstruction and post-renal insufficiency.'”® 192 Nevertheless, the potential
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underlying causes for ammonium urate stone development, including ammonium ion
and uric acid excretion, urine pH, urine supersaturation, etc., persist, so surgical
interventions would not help to prevent future stone development.

Risk Factors for Stone Development in Bottlenose Dolphins under Human Care

The cause of ammonium urate nephrolithiasis in managed dolphins has not been
determined. Nevertheless, several risk factors for stone formation in other species have
been implicated by comparing managed dolphin populations afflicted with stones with
free-ranging dolphin populations with no evidence of the disease.

Dietary related factors

The diet of managed bottlenose dolphins differs from the free-ranging dolphin
diet, which may play a role in stone development. Free-ranging dolphins consume a
great variety of live, temperate water fish and invertebrate species, whereas dolphins
under human care are fed a lesser variety of frozen, stored, and thawed cold water fish
and squid species. Thus, the nutrient composition is likely to differ between the two
diets, with particular respect to water, protein, fat, mineral, and purine contents, as
previously mentioned.

Furthermore, the feeding frequency differs between free-ranging and managed
dolphins which may play a role. Free-ranging bottlenose dolphins consume fish in
smaller, more frequent meals throughout both the day and night, whereas some
managed dolphins are fed 3-10 meals over the duration of an 8-9 hour day.8? 132 193, 194
Meal size and frequency, therefore, is also likely a risk factor. Bolus fish meals
consumed by managed dolphins may provide a large dose of protein and purines that

must be digested and metabolized over a shorter time period.
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The whole fish diet of dolphins is rich in purines and sulfate-containing amino
acids.® 19 As the protein is metabolized, sulfur is oxidized to sulfate and purines are
degraded to their byproducts. Additionally, oxidized protein produces urea which is
converted into ammonium and excreted in the urine.'® 19 |n human beings, these
processes precipitate a decrease in urinary pH and result in hypercalciuria,
hyperuricosuria, and hypocitraturia.1®”-1°° Furthermore, the total quantity of cations and
anions consumed by dolphins with their fish meal may impact urine pH as the ions are
metabolized and excreted. The relative proportions of these ions in the diet may be
impacted by fish species and the relative proportions of species fed, and post-mortem
handling methods.*® In other mammals, urine will tend to be more acidic if the relative
proportion of anions consumed with the diet is greater than cations.!> 32

In response to acidosis, urinary citrate is one of the buffers excreted or
reabsorbed by the kidney in order stabilize the pH of the urine or blood, respectively.2%°
Human beings consuming high protein and purine diets and those with renal tubular
acidosis, renal hypercalciuria, idiopathic nephrolithiasis, gastrointestinal malabsorption,
chronic metabolic acidosis, and insulin resistance tend to have low concentrations of
urinary citrate. These conditions generate an overall acidosis to which the human body
responds by increasing tubular reabsorption of citrate by renal cortical m-aconitase
activity via the Na*-citrate co-transporter, in an effort to regulate blood pH.*®7 201

Managed bottlenose dolphins experience hypocitraturia like human beings, but
free-ranging bottlenose dolphins do not. The urine citrate concentrations reported in fed
and unfed managed dolphins were comparable (2+1 mg/g creatinine), whereas reported

urine citrate concentrations in free-ranging dolphins were much greater (150+28 mg/g
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creatinine).? Smith et al. (2014) confirmed the comparable urinary citrate concentrations
among unfed and fed managed dolphins, reporting no rise in the post-prandial urine
citrate concentrations in fed managed dolphins.®? The reason why managed dolphins
excrete much lower urinary citrate concentrations compared with free-ranging dolphins
may in part be a consequence of bolus-style feeding in managed dolphins, compared
with the smaller, more frequent meals consumed by free-ranging dolphins. Feeding a
large bolus of high-protein and high-purine fish provides managed dolphins with a large
dietary acid load that must be metabolized and excreted. This may induce an overall
acute metabolic acidosis, which then the kidney must compensate for by reabsorbing
urinary citrate in order to buffer the blood pH.? 82

Larger and less frequent meals fed to managed dolphins may also increase
urinary ammonium and uric acid concentrations, comparatively more so than is true for
free-ranging dolphins consuming smaller, more frequent meals.®? Bottlenose dolphins
under human care excrete increased concentrations of urinary ammonium ions in
response to a fish meal and subsequent dietary acid load.8? The post-prandial rise in
urine ammonium results in a more alkaline urine, rather than acidic urine, due to the
ions’ buffering capacity.'® 82 The quantity of ammonium excreted in the urine of post-
prandial managed dolphins is much greater than all other excreted cations, like sodium
and potassium, which results in an elevated ammonium urate supersaturation index. It
is likely, therefore, that urate in the urine of managed dolphins would more readily bind
to ammonium and form an insoluble complex, as occurs in human beings, rather than

binding with sodium or potassium forming more soluble complexes.?%? Elevated urinary
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ammonium and uric acid concentrations are both found in human beings with
ammonium urate stones.> 82

A post-prandial alkaline tide occurs in dolphins following consumption of a fish
meal, when release of acid into the stomach causes a temporary systemic alkalosis
which results in excretion of a more alkaline urine (pH 6.15) when compared to the
unfed urine pH (pH 5.94).82 This post-prandial alkaline tide should increase ammonium
urate solubility. Thus, free-ranging dolphins consuming smaller, more frequent meals
may spend more time excreting an alkaline urine than managed dolphins, which would
reduce the risk of ammonium urate stone formation in free-ranging dolphins. Managed
dolphins consuming larger, less frequent meals may excrete more alkaline urine after
each meal but will excrete a more acidic urine for a longer period of time between meals
than free-ranging dolphins consuming smaller meals. A more acidic urine would favor
precipitation of uric acid, and, therefore, lower concentrations of ammonium ions would
be needed to facilitate ammonium urate stone formation in the urine once a nidus has
formed.® Unfortunately, it is unknown how post-prandial urinary ammonium ion and
urate concentrations compare between managed and free-ranging dolphins with respect
to their different meal sizes.

Energy intake

Like other carnivores, bottlenose dolphins consume energy dense foods, and the
energy provided by their diet then limits the quantity of food dolphins need to maintain a
lean body condition.?%3: 204 The amount of fish, therefore, a dolphin consumes in a day to
meet its energy needs dictates the total nutrient concentrations consumed, metabolized,

and subsequently excreted.
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As previously addressed, an average 160 kg non-lactating, non-pregnant adult
dolphin may have an average daily energy requirement ranging from approximately 16
Mcal/day in the winter to 22 Mcal/day in the summer, according to preliminary data by
Costa et al. (2013).174 On the other hand, non-pregnant, non-lactating adult dolphins
cared for at one resort facility consume on average about 10 Mcal/day when
maintaining a stable body weight, and individual animals may consume between 25%
less to 45% more than that amount.(Ardente, unpublished data) In another facility, a
160 kg non-pregnant, non-lactating adult dolphin would consume approximately 5.5 to
10.5 Mcal/day, or if that dolphin was still growing, approximately 8.5 to 13 Mcal/day."’

Although there is considerable variability among individual managed dolphins,
overall it appears that free-ranging dolphins have greater maintenance energy
requirements than managed dolphins. The difference in maintenance energy
requirements between free-ranging and managed dolphin populations is likely a
consequence of different activity levels, water temperatures, and reproductive status.
Free-ranging dolphins may be consuming, metabolizing, and excreting up to twice the
amount of nutrients as some managed dolphins. This might make ammonium urate
stone formation in dolphins more likely to occur in free-ranging dolphins, which we know
is not the case. It is important, therefore, to consider the energy requirements, food
intake, and overall nutrient intake of the whole diet offered to managed dolphins when
assessing the risk factors for stone development.

Water intake and electrolyte homeostasis

Hydration is an important consideration in the development of ammonium urate
stones because the concentration of total solutes in urine depends on the amount of

free water excreted by the kidney. Although surrounded by water, the ocean
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environment is akin to that of a desert, with a lack of free water available for
consumption.83 Thus, marine mammals have adapted unique mechanisms for handling
water and electrolytes, which may play an important role in the development of
ammonium urate stones in managed dolphins. Common bottlenose dolphins can
tolerate a wide range of salinities, from the ocean, to estuaries, to fresh water rivers.38
150,151 Qcean water contains 450 mEg/L of Na* and 540 mEq/L of CI- and has an
osmolarity of greater than 800 mOsm/kg.2%>-207 Despite their hyperosmolar environment,
the plasma osmolality of bottlenose dolphins is only slightly greater than that of human
beings, 325 mOsm/kg and 280-295 mOsm/kg, respectively.18% 298 Furthermore,
bottlenose dolphins maintain circulating sodium and chloride concentrations similar to
those of other mammals, 150-158 mEg/L Na* and 108-125 mEg/L Cl-.209.210

The kidney is the primary organ responsible for regulating urine volume and
concentration. Bottlenose dolphins have reniculated kidneys that are comprised of
hundreds of individual units called renules.?!! Each renule contains a separate cortex,
thick medulla, papilla, calyx, and blood supply.?'? Contrary to the seemingly efficient
renal anatomy, unfed dolphins concentrate their urine similarly to human beings, with a
urine:plasma ratio of 3.8 compared to 4.6, respectively.'8% 213 After consumption of a
fish meal, however, dolphins excrete Na and CIl concentrations equal to or greater than
those of sea water, increasing their urine:plasma osmolality ratio to 5.0.1% 183 These
increases in urine osmolality and Na and CI concentrations indicate that the dolphins’
physiologic response to a meal is likely to conserve free water available from its food

and excrete excess salt in the urine; therefore, the osmoregulatory capacity of the
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dolphin kidney likely depends on the extent of salt intake, via the diet and sea water
ingestion. 183

Another organ by which dolphins can potentially regulate water and electrolyte
balance is the skin. One study performed by Hui et al. (1981) suggested that free water
flux is possible through the skin but that electrolytes cannot travel percutaneously.?%®
Hui et al. used percutaneous transfer of tritiated water to measure the total rate of bi-
directional flow of water through the skin, which was approximately 4 L/day for fasting
dolphins. The experiment, however, was performed on only one dolphin, and several
factors were not considered in the experimental design, including the salinity of the
water surrounding the dolphin, possible variations in water flux depending on body
region, the degree of subdermal vascularization, and other variable active processes
on-going in the skin.2% This type of experiment was also not repeated or published by
any other authors to date, so the role of skin in total body water balance in dolphins has
yet to be truly established.

Water loss is also regulated by excretion in the feces; therefore the
gastrointestinal tract also plays a role in water balance. The fecal moisture content for
dolphins ranges from 60 to 85%, but electrolytes excreted in the feces are isotonic with
stable plasma concentrations. Thus, the gut can affect the amount of water lost but has
little effect on the regulation of plasma osmolarity.?*4 Other means of water loss include
respiratory evaporation, tear production, and milk production in lactating females.83 214
Respiratory water loss has not been quantified for marine mammals, but it is estimated
that a variable amount, approximately 30 to 75% less than that which is lost by

terrestrial mammals of similar size, contributes to water flux. Lower evaporative loss is
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likely another strategy to assist in water conservation.?'®> Water lost to tear production is
thought to be minimal because tears are viscous, and only a small amount is secreted
for corneal lubrication. Lastly, the milk of T. truncatus is composed of approximately
70% water, which is higher than in other marine mammals. The high water and lower fat
content of bottlenose dolphin milk may reflect a lesser need for fat deposition in their
subcutaneous blubber layer considering their temperate to subtropical habitats,
compared to other marine mammals.?%4 216, 217

Dolphins may take in water by drinking seawater or consuming whole fish which
provides moisture both by its water content and as generated as a byproduct of fat and
protein metabolism. Dolphins reportedly consume 12-14 mL/kg, or up to 1.5 L per
dolphin, of seawater per day, but it is not well understood whether the water is actively
ingested or passively consumed during foraging for fish.2%% 214 To gain free water from
ingestion of seawater, however, dolphins need to excrete concentrations of Na* and CI-
greater than those in the ocean. Concentrations of electrolytes in dolphin urine are
similar to those in seawater, which makes any physiologic advantage for seawater
consumption unclear.83. 209,218

The whole fish and invertebrate species consumed by free-ranging bottlenose
dolphins vary in water, protein, and fat content, depending on the species, season, sex,
age, and location.'? Pinfish, pigfish, and striped mullet consumed by Sarasota Bay
dolphins consist of 65 to 75% moisture ‘as fed’, so dolphins acquire most of their daily
water needs directly from the fish they eat. Furthermore, these fish species contain 53-
63% protein and 10-20% fat relative to dry matter, so in addition to providing a direct

source of water, metabolic water is derived from the digestion of those energy-
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containing nutrients.'® More metabolic water is produced from the digestion of fat than
from protein or carbohydrate, so a diet higher in fat, with a greater percentage of pinfish
for example, would provide a greater indirect source of water. 13 219

Like dolphins, saltwater fish are hypotonic to their environment, whereas
invertebrates are isotonic with seawater.83 In pinfish, pigfish, and mullet, sodium
content varies from 0.15 to 0.5% relative to dry matter. This can be compared to the

much greater sodium content of West Coast Loligo squid (Loligo opalescens) which is

2% sodium relative to dry matter.''3 Generally, the species fed to managed dolphins,

including squid, herring (Clupea spp.), and capelin (Mallotus spp.), have a considerably

more sodium content compared to free-ranging fish species, ranging from 0.75 to 2%
relative to dry matter. The discrepancy in sodium content between fish species
consumed by free-ranging dolphins and fish species fed to managed dolphins is likely
the result of the processing in which a brine solution is applied before freezing and
storing the fish for human consumption.1°-103 Nevertheless, when related to water, ‘as
fed’ water-to-sodium ratios were lower in pigfish, capelin, and squid, compared to
pinfish, mullet, and herring, which indicates that dolphins would have to excrete more
sodium in order to obtain free water after pinfish, mullet, and herring were consumed.13
Because dolphins can excrete concentrations of sodium and chloride that are equal to
or greater than the concentrations in ocean water, an increased sodium and chloride
content in certain fish species may not pose a problem for dolphins maintaining water
and electrolyte homeostasis.8°

The way in which bottlenose dolphins regulate and process different quantities of

consumed water, protein, and electrolytes has been studied by Ridgway et al. (1972,
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2010) and Ortiz et al (2010). 8% 214,220 Ridgway's trials, however, were performed on
dolphins cared for by the MMP that were trained to accept placement of an indwelling
urinary catheter; therefore, data could be collected over 16-24 hours to better determine
the effects of fasting, fresh and sea water ingestion, and meal consumption on urine
flow rate, urine volume, plasma and urine osmolality, and electrolyte and urea excretion.

Fresh water is not available to free-ranging dolphins, but fresh water may be
administered by staff to dolphins under human care for hydration purposes or be
accessible within the dolphins’ environment. Oral administration of fresh water to
managed dolphins results in excretion of a more dilute urine (820 mOsm/kg) at a
greater flow rate, with lower concentrations of sodium, chloride, and potassium when
compared to the urine of unfed control dolphins. Small decreases in plasma osmolality
and plasma electrolyte concentrations also occur, indicating a likely total body diuresis.
Thus, there may be a dose effect for oral administration of fresh water, where the
dolphins’ kidneys can conserve electrolytes and excrete free water to a point before
causing a total body diuresis with potential health implications.8°

Ingestion of salt water also increased the urine flow rate, but the urine osmolality
was greater than that of ocean water (~1,700 mOsm/kg) with similar sodium and
chloride concentrations. No change in plasma osmolality was observed, but the plasma
sodium concentration increased just slightly beyond the upper limit of the reference
range for bottlenose dolphins (>159 mEg/L). Thus, if dolphins are naturally consuming
ocean water, it is likely consumed in smaller, more frequent amounts as they forage for

fish, rather than in one large bolus, in order to avoid hypernatremia.&
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Unlike the effect of saltwater alone, ingestion of a fish meal also resulted in
sustained elevations in plasma osmolality and plasma sodium concentrations, indicating
a mild hypernatremic effect.18 Ortiz et al. (2010), however, did not report an increase in
plasma sodium concentrations in fed dolphins, so the increase in urine sodium
concentrations found by Ridgway was likely due the additional bolus of sea water
accompanying the fish meal.18% 220 The concentration of sodium and chloride in the
urine also increased, however, to a concentration greater than that of ocean water (798
mEQg/L Na and 823 mEqg/L Cl) when dolphins ingested a fish meal and saltwater
together. Additionally, post-prandial urine potassium and urea concentrations were
elevated. In other mammals, greater excretions of urea produce osmotic medullary
diuresis, which facilitates excretion of all other solutes, including electrolytes, and
results in a greater urine osmolality.?20-224

The increased solute concentrations in the urine may also be a consequence of
free water conservation, considering the dolphins’ need to hydrate in their hyperosmotic
environment. Nevertheless, the effect of a meal on osmotic and electrolyte balance
resolved 5-10 hours post-prandially, which is a more rapid return to homeostasis than is
found in terrestrial mammals.?%> 226 Thus, dolphins ingesting a large bolus of a high salt
fish meal or salt water, rather than smaller, more frequent meals, may impact the
relative solubility of ammonium and urea from increased solute excretion, and therefore
be an important risk factor in the development of ammonium urate stones.

Purine metabolism

Fish are rich in purines, but the total purine content of the fish and squid species
commonly consumed by free-ranging dolphins and fed to managed dolphins are not

known. Furthermore, as previously described in human beings, ingestion of certain
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individual purine metabolites, like adenine and hypoxanthine, may cause more uric acid
to be excreted in the urine of dolphins when compared to other purine metabolites. The
total purine content and individual metabolite concentrations in fish can vary depending
on species and post-mortem handling methods. Thus, it is reasonable to consider that
the purine content of the frozen, stored, and thawed cold water species fed to managed
dolphins may differ from the live temperate water fish species consumed by free-
ranging dolphins, and therefore may be a risk factor for ammonium urate stone
development in managed dolphins.

Considering the purine-rich diet consumed, it is important to understand how
purines are metabolized by bottlenose dolphins. It is unknown whether the primary
excretory end-product of purine metabolism in dolphins is uric acid or allantoin because
allantoin has never been measured in the urine of dolphins. This is an important
consideration because if dolphins excrete uric acid in greater concentrations than
allantoin in their urine, ammonium urate stone development may be more likely given
greater saturation of urine with the more insoluble end-product uric acid.

The extent to which purine metabolism has been studied in free-ranging and
managed bottlenose dolphins is limited, but urinary uric acid concentrations have been
guantified and compared among dolphins in both populations. One study reported lower
uric acid concentrations relative to creatinine in the urine of fasted managed dolphins
(mean of 142 mg/g creatinine) than in the urine of fed managed dolphins (392 mg/g
creatinine) and free-ranging dolphins of unknown feeding status (349 + 41 mg/g
creatinine).? The effect of a purine-rich meal on post-prandial urinary uric acid

concentrations in managed dolphins was also confirmed by Smith et al. (2014).82 Thus,
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the rise in urinary uric acid concentrations following a fish meal may indicate that
hepatic uricase is overwhelmed in fed managed dolphins by the large quantity of
purines consumed with bolus-style feedings.®? Nevertheless, the similarity between uric
acid concentrations in the urine of fed managed and free-ranging dolphins may further
indicate that purines are metabolized via the same mechanisms in both populations,
and either 1) hepatic uricase is not functional in dolphins and therefore allantoin is not
produced; 2) bottlenose dolphins have a unique purine metabolic pathway and/or
osmoregulatory mechanism that predisposes post-prandial hyperuricosuria; or 3)

bottlenose dolphin renal tubules fail to reabsorb uric acid from acidic urine.??
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Table 2-1. Chemical structures” of purine nucleotides, nucleosides, nucleobases, and
two excreted by-products of purine metabolism.

Nucleotides Nucleosides Nucleobases By-products
Adenine monophosphate Adenosine Adenine Uric acid
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N XN XN
a «f /f .
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Inosine monophosphate Guanosine Guanine Allantoin
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Table 2-2. Comparison of reported” mean concentrations (mg/mL) of purine metabolites and end-products in the urine of

mammals

Species/condition Adenine Guanine Hypoxanthine Xanthine Uric acid Allantoin
Humans

Healthy adults @ 0.250 — 0.749 0.0009 - 0.002

Healthy adults, low-protein diet 0.336

Healthy adults, high-protein diet ° 0.562
Dairy cow, healthy adults ¢ ND (< 1.36e*)  ND(<1.52e%  0.136-0.501 1.15-2.91
Sheep, healthy adults © 0.047 - 0.100 0.003 - 0.007 0.049 — 0.150 0.275 - 0.364
Rats, healthy adults, purine-free diet 0.005 0.016 0.032 0.004
Mice, healthy juveniles € 0.400 2.20
Dogs

Healthy adult beagles, urinary care diet | 0.046

Healthy adult beagles, growth diet f 0.160
Cats

Healthy males ¢ 0.087

Healthy females ¢ 0.066
Common bottlenose dolphins

Managed healthy adults " 0.114

Managed healthy adults, fasted 0.269

Managed adults, fasted 't 0.156

Managed adults, 6-hours post-prandial 't 0.432

Managed healthy adults, post-prandial | 0.314

Managed adults, mild nephrolithiasis " 0.223

Managed adults, adv. nephrolithiasis " 0.071

Free-ranging healthy adults | 0.478

" References: 2 Kim et al. 2009 J. Chrom. B.; ° Fellstrom et al. 1983 Clin. Sci.; ¢ Shingfield et al. 1999 J. Chrom. B.; ¢ Clifford et al. 1976 J. Nutr.; ©
Wu 1994 Proc. Natl. Acad. Sci. USA; f Bartges et al. 1995 AJVR; ¢ Cottam et al. 2002 J. Nutr.; " Venn-Watson et al. 2010 Dis. Aquat. Organ.; |
Smith et al. 2014 J. Urol.; } Venn-Watson et al. 2010 Comp. Med.

T Fifty-percent of the dolphins included in this analysis were healthy and fifty-percent had nephrolithiasis (total n=8).
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Table 2-3. Reported” gross energy density and protein, fat, and ash concentrationsT relative to dry matter for species
commonly fed to managed dolphins and species commonly consumed by free-ranging dolphins.

Species Sample size GE?# Dry matter  Crude protein  Crude fat Ash
kcal/100g DM* % DM % DM % DM % DM
Managed diet species
Capelin (Mallotus villosus)* 16 494 — 592 15-23 56 — 76 7-23 8-12
Capelin? 1 472 25 72+1 17+1 9+0.6
Capelin, female? 2 503 23 69 + 2 21+2 8+04
Capelin, male? 2 452 19 74+ 4 14+4 11+04
Capelin® 45 21 67 19 10
Capelin* ND# 555 19 59 14
Capelin® ND 20 69 12 7
Herring (Clupea spp.)* 10 513 -673 24 -33 46 — 69 13-43 7-14
Herring® 71 28 59 31 10
Herring* ND 633 28 45 34
Herring® ND 26 62 22 6
Atlantic herring (Clupea harengus)* 5 545 - 641 21-29 44 - 70 16 - 38 7-11
Mackerel (Scomber spp.)® 13 27 66 18 10
Pacific mackerel (Scomber japonicus)* 3 446 — 594 24 - 34 43 -79 3-37 7-13
Squid (Loligo spp.)* 2 542 — 544 15-19 65— 77 8-11 4-6
Squid? ND 495 19 71+3 204 8+0.7
Free-ranging diet species
Striped mullet (Mugil cephalus)?® ND 29 58+5 167 23+6
Striped mullet® ND 36 56 14 7
Pinfish (Lagodon rhomboides)® ND 33 53 20 8
Pigfish (Orthopristis chrysoptera)® ND 25 62 11 10

"References: Bernard et al. 2002 N.A.G. handbook; 2Van Pelt et al. 1997 Comp. Bio. Phys. A; 3Corse et al. 1999 N.A.G. proceedings; “Crissey et
al. 1994 A.Z.A. penguin husbandry manual; 5Slifka et al. 2013 Int. J. Vet. Med.

TValues represent reported means or ranges.

*GE, gross energy; DM, dry matter; ND, not described
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Table 2-4. Reported” macromineral concentrations? relative to dry matter for species commonly fed to managed dolphins
and species commonly consumed by free-ranging dolphins.

% DM#
Species Sample size Ca P Mg Na K S
Managed diet species
Capelin (Mallotus villosus)* 16 1.1-22 1.3-2.2 0.08-0.2 03-17 0.7-19
Capelin? 14 15+0.6 20+06 0101 14+04
Capelin® ND¥ 1.6 0.3
Capelin* ND 15 1.8 0.09 0.7 1.7 1.1
Herring (Clupea spp.)* 6 16-6.4 12-23 0.09-0.2 03-10 1.1-17
Herring? 18 1.8+0.9 1.7+06 0201 1.0+x04
Herring® ND 1.6 0.3
Herring* ND 15 15 0.12 1.2 1.7 1.0
Atlantic herring (Clupea harengus)* 5 15-18 1.0-21 0.1-0.2 0.3-0.8 09-19
Mackerel (Scomber spp.)? 8 20+£0.9 20+£05 05+£0.7 1.0+£0.3
Pacific mackerel (Scomber japonicus)! 3 15-3.0 1.2-26 0.09-0.2 03-112 0.7-1.6
Squid (Loligo spp.)* 2 0.11-0.17 11-12 0.21-0.23 0.8-0.9 06-1.1
Free-ranging diet species
Striped mullet (Mugil cephalus)® 3 45+05 27+06 021008 08+04 1.1+0.06
Striped mullet* ND 3.1 2.2 0.07 0.19 0.70 0.82
Pinfish (Lagodon rhomboides)* ND 3.9 2.7 0.06 0.16 0.50 0.85
Pigfish (Orthopristis chrysoptera)* ND 4.8 3.3 0.10 0.40 0.90 1.1

"References: Bernard 2002 N.A.G. husbandry manuals; ?Corse 1999 N.A.G. proceedings; 3Crissey 1994 A.Z.A. penguin husbandry manual;

4Slifka 2013 Int.J.Vet.Med.

TNutrient concentrations are reported as means + one standard deviation or ranges.
DM, dry matter; Ca, calcium; P, phosphorous; Mg, magnesium; Na, sodium; K, potassium; ND, not described
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Table 2-5. Reported equations used to determine the energy requirements for common
bottlenose dolphins.
Equation Reference Average dolphin energy
requirement (kcal/day)”

Resting metabolic rate’

70 kcal-kg®7.d*? Kleiber 1932 3,150

21 - 30 kcal-kg?-d* Yeates 2008 3,360 — 4,800

40 - 70 kcal-kg?*-d* Williams 2001 6,400 — 11,200
Field metabolic rate

Winter: 98 kcal-kg?-d* Costa 2013 98 - 160 = 15,680

Summer: 140 kcal-kg*-d? Costa 2013 140 - 160 = 22,240

"Sample calculation was performed assuming a common bottlenose dolphin weighing 160 kg.
Tkg, body weight
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Figure 2-1. Degradation and salvage pathways of purines compiled from several
resources (Green 1972; Datta 1994; Voet 2011; Nicholson 2013; Jurecka
2015). Black solid lines represent degradation pathway and black dotted lines
represent salvage pathway. AMP, adenine monophosphate; IMP, inosine
monophosphate; XMP, xanthine monophosphate; GMP, guanine
monophosphate; APRT, adenosine phosphoribosyl transferase; HGPRT,
hypoxanthine-guanine phosphoribosyl transferase; PNP, purine nucleoside

phosphorylase.
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CHAPTER 3
INVESTIGATING THE DIET OF BOTTLENOSE DOLPHINS

Introduction

Bottlenose dolphins, Tursiops truncatus, are carnivores that consume a diet of
whole fish and invertebrates. The nutrient composition of the managed dolphin diet may
differ from the free-ranging dolphin diet because fish nutrient content varies with
species, sex, and age of the fish, and the season and location where fish are caught. %
118 In particular, the energy density can vary between fish species because the amount
of fat and water can vary widely among fish. Water provides no energy, and fat
provides more than twice the energy per gram as protein or carbohydrate. Additionally,
fish fed to managed dolphins are frozen, stored and thawed, which may cause water
and vitamin loss and fat oxidation.'17 119, 227,228 \Water lost during processing may impact
the dolphins’ hydration status because sea water has a high salt content and the diet is
an important alternative source of water.113 209,214,229 Changes in the energy density
and nutrient content of fish consumed could affect body condition, the intake of vitamins
and other essential nutrients, and the overall health of managed dolphins.? 96. 230,231
Thus, it is important to accurately represent differences in nutrient composition among
fish fed to managed dolphins.

The nutrient composition of diets can be reported in three ways: either “as fed”,
relative to dry matter (DM), or relative to metabolizable energy (ME).?32 “As fed”

analyses report nutrient composition relative to the total weight of the food with water

This chapter has been previously published: Ardente AJ, Hill RC. The nutrient composition of the diet of
bottlenose dolphins (Tursiops truncatus) is better assessed relative to metabolizable energy than dry
matter. J of Zoo Wild Med. 2015; 46(2): 198-204.
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included, but “as fed” nutrient comparisons can be misleading because water ‘dilutes’
nutrients to varying degrees among foods. Dry matter analyses take account of
differences in water content and are useful for comparing forage-based herbivore diet
that differ in water content but not ME density. Herbivore diets are also bulky and
provide little energy so DM intake limits energy intake. In contrast, carnivores consume
energy dense foods of variable ME density. Thus, ME intake, not DM, limits the amount
of food that can be consumed if animals are to maintain a lean body condition.?%3 294 |n
carnivores, therefore, comparing nutrient concentrations relative to ME, not DM,
provides the best measure of differences in nutrient composition of food.?%3

Reporting the nutrient composition relative to ME has become standard practice
when evaluating the diets of dogs, cats, and human beings, but most published reports
have compared the nutrient composition of whole fish fed to dolphins on a DM basis.%
110,112,113 These reports of fish composition do not account for ME density differences
among fish and how those differences may alter nutrient intake depending on the
amount of food a dolphin is consuming.

Thus, the first purpose of this paper is to illustrate that the ME content varies
widely among fish consumed by dolphins and must be considered when determining
how many fish by weight should be fed to dolphins to maintain a lean body condition.
Secondly, this paper will demonstrate that that the nutrient composition of fish
consumed by dolphins should be compared relative to ME, not DM, in order to more
accurately determine the nutrient content of the diet. By adopting such a practice,
managers will be better able to assess the diet and maintain the health of the dolphins

under their care.
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Materials and Methods

Two studies were selected which compared fish nutrient composition on a DM
basis. The first study compared proximate analyses of two fish species commonly fed to
managed dolphins, capelin (Mallotus sp.) and herring (Clupea sp.), and two fish species
consumed by free-ranging dolphins, inland silverside (Menidia beryllina) and striped
mullet (Mugil cephalus).**? The second study compared the nutrient content of herring
and capelin with three fish species commonly consumed by free-ranging dolphins in
Sarasota Bay, Florida: pinfish (Lagodon rhomboides), pigfish (Orthopristis chrysoptera),
and mullet.113

Ash content was not reported in the second study and carbohydrate was not
measured in either study. To estimate the ME content of fish, therefore, two preliminary
calculations had to be performed. Firstly, in the second study, total ash content was
estimated as the sum of all reported mineral concentrations.** Secondly, in both
studies, the carbohydrate content was estimated as nitrogen free extract (NFE), by
subtracting the weight of crude protein, crude fat, ash and moisture from the total weight
of the diet. The ME density of each fish species was then calculated using Atwater
factors that are used for estimating the ME density of human food. These factors
assume that protein provides 4 kcal ME/g crude protein, fat provides 9 kcal ME/g crude
fat, and carbohydrate provides 4 kcal ME/g NFE.?%3 204 The ME density was calculated
both relative to wet weight, i.e., “as fed”, and relative to DM, and then the nutrient
content of each fish was calculated relative to ME.

In order to make nutrient content comparisons between fish species, the percent
change in nutrient composition between fish species was calculated for both DM and

ME analyses. Then, the percent change for each nutrient was compared between DM
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and ME analyses to ascertain the magnitude of nutrient content discrepancies between
the two methods of analysis. Statistical comparisons were not performed because only
a single percent change was obtained for each nutrient compared.

To limit the number of comparisons while still illustrating the discrepancies
between DM and ME analyses, the percent change in nutrient content for each fish
species is compared with one baseline species, herring, in Tables 3-1 and 3-2. Herring
was chosen as the baseline species because it was included in both reviewed studies
and is a fish commonly fed to managed dolphins. Also, herring had the highest ME
relative to DM and, therefore, best illustrates the difference between DM and ME
analyses.

Finally, to better represent the water available to dolphins consuming fish, the
total water provided by each fish species was calculated as the sum of the tissue
moisture and the metabolic water generated during the oxidation of major nutrients.2%
Metabolic water was estimated as the sum of 0.41 mL/g crude protein, 1.07 mL/g crude
fat, and 0.6 mL/g NFE.?!° The water provided by each fish species was then also
reported relative to ME.

Results

The ME densities, total water content, and nutrient composition of fish from the
two studies are reported in Tables 3-1 and 3-2. The percent difference in nutrient
content for each fish species relative to herring is also shown.

The “as fed” ME density was greatest for herring (1.5 and 1.3 Mcal/kg, in the two
studies respectively) and lowest for capelin (0.9 and 0.8 Mcal/kg, respectively). Herring
contained more fat and less moisture than the other species, which contributed to its

greater ME content. The ME density relative to DM was also greatest in herring (5.3 and
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4.8 Mcal/kg DM, in the two studies respectively), lower in capelin (4.7 and 4.3 Mcal/kg
DM, respectively) and lowest for inland silverside (3.8 Mcal/kg DM). Thus, capelin and
other fish species contained up to 37% less ME/kg “as fed” and up to 28% less ME/kg
DM than herring.

Total water available relative to ME was greatest for capelin (860 and 990
mL/Mcal ME, in the two studies respectively) and least for mullet (570 and 420 mL/Mcal
ME, respectively). Herring also provided comparatively little total water (490 and 600
mL/Mcal ME, in the two studies respectively). Thus, capelin provides 64-74% more total
water than herring on an ME basis but only appeared to provide 8-10% more moisture
when these fish species were compared on an as fed basis.

For nutrient content comparisons between fish species, the disparity in percent
difference between the DM and ME analyses was proportional to the difference in ME
density relative to DM. When the ME density relative to DM was the same among fish
species, the percent difference in nutrient content was the same for DM and ME
analyses. However, the percent difference was often substantially different between DM
and ME analyses when ME density relative to DM differed markedly between fish
species. For example, in the second study, both pinfish and capelin provide about 4.3
Mcal/kg DM and therefore percent differences between DM and ME analyses were
comparable. The calcium content on a DM basis was 15.9 g/kg DM in capelin and 39
g/kg DM in pinfish, a percent increase of 145%. A similar percent increase of 141% was
found when the calcium content was compared on an ME basis (from 3.7 g/Mcal ME in
capelin to 8.9 g/Mcal ME in pinfish). In the first study, however, the ME density relative

to DM was 28% less in inland silverside than in herring because there was 69% less
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crude fat and 162% more ash on a DM basis in inland silverside than in herring. As a
consequence, the percent difference in nutrient content between herring and inland
silverside differed substantially on an ME basis from that on a DM basis. For example,
inland silverside contained only 8% more crude protein than herring on a DM basis but
50% more protein on an ME basis.

If a fish species contained more of a certain nutrient than herring on a DM basis,
the percent difference was even greater when ME density was taken into account. For
example, in the second study, the ME density relative to DM was up to 15% greater in
herring than other fish species, with the greatest difference between herring and pigfish.
As a consequence, pigfish contained 3.2 times more calcium than herring on a DM
basis, but 3.8 times more calcium on an ME basis; pigfish also contained 14% more
sulfur than herring on a DM basis but contained 34% more sulfur on an ME basis.

On the other hand, if a fish species contained less of a certain nutrient than
herring, then the greater ME density of herring reduced the percent difference between
the two fish species. For example, pigfish contained 63% less sodium, 25% less
potassium, and 11% less magnesium than herring on a DM basis but contained only
56% less sodium, 12% less potassium, and 5% more magnesium than herring on an
ME basis.

Discussion

This comparison revealed the marked differences in ME density of fish fed to
managed and free-ranging dolphins because water, ash and fat content differed among
different fish species. Capelin, for example, contained one third less energy per gram
than herring because it contained one third less fat (DM basis) and 10% more water

(“as fed” basis) than herring. Thus to meet a dolphin’s energy requirement, managers
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must feed more capelin by weight if capelin are substituted for herring in the diet.
Energy density can also vary between fish of the same species because nutrient
composition changes with handling practices and the season and location where fish
are caught.'1% 18 The ME density of fish fed to dolphins at one facility over a 3 year
period varied from 0.7-1.4 Mcal ME/kg “as fed” for capelin and 1.2-1.6 Mcal ME/kg “as
fed” for herring. (Ardente, A.J. unpubl. data) It is important, therefore, to obtain a
proximate analysis of each batch of fish and to calculate the average as fed ME density
using Atwater factors before deciding how much to feed.

The ME density of fish was estimated using Atwater factors that are used for
estimating the ME density of foods consumed by people and dogs.?%3 204233 These
factors assume 91% digestibility for protein and 96% digestibility for fat and
carbohydrate.?03 204,233 The digestibility of whole fish fed to dolphins and the amount of
energy dolphins retain from their food has yet to be determined. Nevertheless, dolphins
have a similar gastrointestinal anatomy to pinnipeds and pinnipeds digest protein and
fat with similar efficiency to domestic dogs fed an unprocessed diet.1% 234-236 |t seems
reasonable, therefore, to estimate the ME density of fish fed to dolphins using Atwater
factors.

This paper also shows that changes in ME density can markedly affect nutrient
intake and that a DM analysis does not necessarily give a good representation of
nutrient intake. The ME requirement of a dolphin, not DM, determines how many Mcal
must be taken in to maintain body condition, so changes in ME density relative to DM
will greatly affect DM intake. Thus, comparing nutrient composition relative to ME gives

a better representation of differences in nutrient intake than comparisons on a DM
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basis. This paper shows that there is a marked discrepancy between nutrient percent
differences on a DM versus ME basis when the ME density relative to DM differs
between the two fish. To give a practical example, the difference in crude protein
content between inland silverside and herring was only 8% on a DM basis, which
substantially underestimated the 50% difference evident on an ME basis. Thus, an
average healthy adult dolphin consuming 10 Mcal/day would consume 1.1 kg protein if
fed exclusively herring and 1.7 kg protein (i.e. 50% more protein) if fed exclusively
inland silverside. Such discrepancies need to be recognized because they may be
metabolically important. More protein produces more urea and acid, which subsequently
must be excreted in the urine.176 203 237 Similarly, differences in the calcium, magnesium
and sulfur content between pigfish and herring were substantially underestimated when
assessed relative to DM. These minerals may be absorbed and then excreted in the
urine, so changes in dietary amounts could impact urine pH and saturation and thus the
potential for urolith formation. An average adult dolphin consuming 10 Mcal/day, for
example, would ingest 31 g of calcium daily if fed exclusively herring but as much as
118 g of calcium if fed only pigfish.

This report also shows that sodium and water content relative to ME differs
markedly among fish species. Bottlenose dolphins live primarily in a hyperosmotic
environment. Unless dolphins frequent estuaries and rivers, they do not have access to
freshwater. Water can only be obtained, therefore, from the moisture in food, from the
metabolism of food, or by ingestion of sea water.'8° This water intake has to
compensate for water excreted in the urine or lost through the skin by osmosis.? Any

sodium and chloride taken in by mouth in the diet or as seawater also has to be
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excreted in urine or feces.® Any seawater consumed is entirely excreted causing
diuresis; therefore the amount of free water from food and its relative proportion to
protein and minerals in the diet is critically important.180 183,238 This study shows that the
amount of dietary water varied widely relative to ME. For example, an average healthy
adult dolphin consuming 10 Mcal of fish per day would obtain approximately 5 L of
water from its food per day if it was fed exclusively herring or approximately 9 L of water
per day if fed exclusively capelin. This difference may affect the concentration of solutes
in the urine, but can only be appreciated using an ME based comparison.

This paper also confirmed that fish species fed to managed dolphins contain
more sodium and potassium relative to ME than the fish consumed by free-ranging
dolphins. Slifka et al. attributed these differences to several factors, including the fish
processing methods, but the DM analysis did not accurately represent the degree of
difference. Fish distributors generally apply a brine solution to the fish during processing
prior to packaging and freezing.*'3 Brining is a common practice because salt acts as a
preservative and increases palatability and tenderness.%? This difference between
managed diet fish species and free-ranging diet fish species is potentially important
because free-water has to be excreted with any sodium and chloride consumed.8 A
dolphin consuming 10 Mcal/day of a 50:50 capelin: herring diet (average 1 Mcal/kg)
would consume 20 g sodium and approximately 8 L of water; however, the same
dolphin consuming a diet of capelin and mullet (average 1.2 Mcal/kg) would consume
only 12 g sodium and 7 L of water.

In summary, this comparative analysis shows that fish differ markedly in “as fed”

ME density because water, ash and fat content varies greatly among fish. The ME
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density determines how much a dolphin must consume to maintain body condition so
managers must adjust the weight of fish fed to dolphins to accommodate changes in the
“as fed” ME density of fish. In addition, nutrient comparisons made on a DM basis often
do not accurately represent differences evident when nutrient concentrations are
evaluated relative to ME. Differences in the nutrient content relative to ME of fish fed to

managed dolphins may have important health implications.
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Table 3-1. Metabolizable energy and nutrient comparisons among fish fed to managed dolphins and fish consumed by free-ranging dolphins, on as ‘as fed’, dry matter, and energy basis (Reference Corse

et al. data)
Herring Capelin Inland Silverside Striped mullet
Proximate analysis Nutrient content Nutrient content Percent change Nutrient content Percent change from Nutrient content Percent change from
from herring herring herring

/kg as fed /Mcal ME /kg as fed /Mcal ME as fed ME  /kg asfed /Mcal ME as fed ME /kg as fed /Mcal ME as fed ME
Metabolizable energy (ME, Mcal) 1.49 0.94 -37% 1.01 -33% 1.28 -15%
Dry matter (DM, g) 282 189 202 214 -28% 13% 262 261 -7% 38% 287 225 2% 19%
Moisture (g) 718 481 799 846 11% 76% 738 733 3% 53% 713 559 -1% 16%
Metabolic water (mL) 17 11 10 11 -38% -1% 12 12 -28% 6% 15 11 -13% 2%
Total water (mL) 735 492 809 857 10% 74% 750 745 2% 51% 725 570 -1% 16%

/kg DM /Mcal ME /kg DM /Mcal ME DM ME /kg DM /Mcal ME DM ME /kg DM /Mcal ME DM ME

Metabolizable energy (ME, Mcal) 5.3 4.7 -12% 3.8 -28% 4.4 -16%
Crude protein (g) 594 112 673 144 13% 28% 643 168 8% 50% 580 131 -2% 17%
Crude fat (g) 310 58 191 41 -38% -30% 95 25 -69% -58% 160 36 -48% -38%
Ash (g) 95 12 100 15 6% 25% 248 27 162% 129% 235 20 148% 70%
Nitrogen free extract (g) 2 7 36 14 1685% 121% 14 42 610% 536% 25 39 1155% 489%

Table 3-2. Metabolizable energy density and nutrient comparisons among fish fed to managed dolphins and fish consumed by free-ranging dolphins, on as ‘as fed’, dry matter, and energy basis
(Reference Slifka et al. data)

Managed Diet Fish Species Free-ranging Diet Fish Species
Herring Capelin Pinfish Pigfish Mullet
Water and Mineral Content Nutrient content Nutrient content Percent change Nutrient content Percent change Nutrient content Percent change Nutrient content Percent change
from herring from herring from herring from herring
/kg as fed /Mcal ME /kg as fed /Mcal ME as fed ME /kg as fed /Mcal ME as fed ME /kg as fed /Mcal ME as fed ME /kg as fed /Mcal ME as fed ME
Metabolizable energy (Mcal) 1.25 0.83 -34% 1.42 13% 1.00 -20% 1.58 27%
Dry matter (DM, g) 258 191 -26% 324 26% 244 -5% 35 38%
Moisture (g) 742 594 809 981 9% 65% 676 478 -9% -20% 756 752 2% 27% 645 407 -13% -31%
Metabolic water (mL) 14 11 9 11 -34% -0.4% 18 13 27% 12% 11 11 -19% 1% 18 12 32% 4%
Total water (mL) 756 605 818 992 8% 64% 694 490 -8% -19% 767 764 2% 26% 663 419 -12% -31%
/kg DM /Mcal ME /kg DM /Mcal ME DM ME /kg DM /Mcal ME DM ME /kg DM /Mcal ME DM ME /kg DM /Mcal ME DM ME
Metabolizable energy (Mcal) 4.8 4.3 -11% 4.4 -10% 4.1 -15% 4.5 -8%
Calcium (g) 151 3.1 15.9 3.7 6% 18% 39 8.9 158% 186% 48.6 11.8 222%  279% 31.2 7.0 107% 124%
Phosphorous (g) 15.8 3.3 18.9 4.4 20% 34% 27.2 6.2 72% 90% 334 8.1 111%  148% 22.4 5.0 42% 54%
Sodium (g) 12.1 2.5 7.4 1.7 -39%  -31% 1.6 0.4 -87%  -86% 4.5 11 -63% -56% 1.9 0.4 -84% -83%
Potassium (g) 13.1 2.7 17.6 4.1 34% 51% 5.7 1.3 -56% -51% 9.8 24 -25% -12% 7.1 1.6 -46% -41%
Magnesium (g) 1.2 0.2 0.9 0.2 -23%  -14% 0.6 0.1 “A47%  -41% 1.0 0.3 -11% 5% 0.7 0.2 -35% -30%
Sulfur (g) 10.1 2.1 11.1 2.6 9% 23% 8.6 2.0 -15% -6% 11.5 2.8 14% 34% 7.6 1.7 -25% -18%
Zinc (g) 0.08 0.02 0.08 0.02 1% 13% 0.05 0.01 -35%  -28% 0.05 0.01 -31% -19% 0.06 0.01 -26% -20%
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CHAPTER 4
NUTRIENT DIFFERENCES BETWEEN DIETS CONSUMED BY FREE-RANGING
COMMON BOTTLENOSE DOLPHINS (TURSIOPS TRUNCATUS) AND COMMON
BOTTLENOSE DOLPHINS UNDER HUMAN CARE MAY EXPLAIN WHY SOME
DOLPHINS ARE PRONE TO DEVELOP AMMONIUM URATE NEPHROLITHS

Introduction

Nephroliths composed of 100% ammonium urate have been reported to affect
common bottlenose dolphins, Tursiops truncatus, managed under human care in
facilities across the United States, but nephroliths are rare in free-ranging bottlenose
dolphins.t These nephroliths can cause azotemia, ureteral and urethral obstruction,
hydronephrosis, and renal failure. Nephroliths have been identified using ultrasound
and computed tomography (CT) imaging in 35% of dolphins in one managed
population.! The reason for the difference in prevalence of nephroliths between
managed and free-ranging dolphins is unknown, but the nutrient composition of the diet
can influence ammonium urate urolith formation in other mammals, and may also affect
urate stone formation in dolphins.> 8

The tendency for ammonia and urate to complex and precipitate as ammonium
urate crystals is determined by the relative concentrations of these solutes in urine, as
well the presence of other solutes, and urine pH.# 10185 Given enough time and
appropriate conditions, crystals may then aggregate to form stones.° Uric acid is a
product of purine metabolism and whole fish, which comprise the bulk of the dolphin diet
and are purine-rich.23® Ammonium ions, produced by the action of glutaminase on
glutamine, provide a mechanism by which protons are excreted by the kidney. In
acidosis, the kidney excretes greater amounts of ammonia in urine to eliminate
protons.1® 1% The relative proportions of anions and cations from the diet that are

excreted in the urine affects the number of protons and, thus, ammonium ions excreted
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in urine. Absorption and excretion of positively charged cations, such as sodium,
potassium, calcium, and magnesium, tend to make urine more alkaline, whereas
excretion of negatively charged anions, such as chloride, phosphate, and sulfate, tend
to make urine more acidic.'®> 32 Thus, consumption and metabolism of increased dietary
protein, which generates sulfate and phosphate anions, makes urine more acidic.197-1%°
It is possible, therefore, to obtain an indication of how a change in diet might affect the
average pH of urine and excretion of ammonium ions by comparing the relative
concentration of cations and anions in the diet and hence, the risk of forming uroliths.
This dietary cation-anion difference (DCAD) has also been called the dietary anion gap
(DAG) or potential renal acid load (PRAL).5 37 It has been used to design diets that
alter urine pH to reduce the risk of urolith formation in cats, dogs, and people, and also
to create diets that facilitate the release of calcium from bone in lactating cows.3": 240, 241
It is possible, therefore, that an increase in anions relative to cations (a decrease in
DCAD) in the diet of bottlenose dolphins under human care could increase proton and
ammonium ion excretion, and increase the risk of ammonium urate nephrolith
development.

All bottlenose dolphins consume a diet consisting primarily of whole fish, but fish
nutrient content varies with species, sex, and age of the fish, and the season and
location where fish are caught.'% 18Different fish are fed to managed dolphins than
those consumed by free-ranging dolphins: managed dolphins are primarily fed a few
cold-water species that are commercially caught during specific times of year, frozen,
stored and then thawed before feeding, whereas free-ranging dolphins consume a wide

variety of live, temperate water fish species across all seasons.49 161242 A prine
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solution is also often applied to commercial fish fed to managed dolphins before the fish
are sealed in packages and frozen. The fish are caught primarily for human
consumption and brine is applied to protect the fish from freezer burn during frozen
storage and to enhance the flavor, texture and palatability of the fish.192 1%4The liquid
applied depends on the commercial fishery and can consist of tap water, sodium
chloride, or electrolyte-based solution and could affect the DCAD of the diet.10% 243 All of
these handling and storage processes are well-documented to effect water content,
protein and fat oxidation, mineral content, and vitamin loss in food.*”- 222 Urine solute
concentrations are also affected by the amount of water excreted in urine, which is
dependent on the amount of water consumed either with food, by drinking, or from
metabolism of dietary protein, fat, and carbohydrate.?* Sodium in the diet and urea, from
the metabolism of dietary protein, can also influence the amount of water excreted and
may affect urine solute concentrations. 10 244

Differences in the nutrient composition of the diets consumed by the two dolphin
populations may explain, therefore, why managed dolphins are prone to form
ammonium urate nephroliths; however, the nutrient composition of whole fish consumed
by free-ranging dolphins is unknown. Furthermore, the few reports of the nutrient
composition of whole fish fed to dolphins under human care do not report enough
information to assess DCAD.11% 113 Thus, the purpose of this study was to measure and
compare the nutrient composition of fish and one invertebrate typically consumed by the
two populations of dolphins. Our hypothesis was that nutrient composition of a typical
diet consumed by managed dolphins differs from that of a typical diet consumed by

free-ranging dolphins, particularly with respect to metabolizable energy, protein, fat,
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water, minerals, and DCAD. Further, we hypothesized that nutrient differences would
follow trends that might promote ammonium urate nephrolith formation in dolphins
under human care.

Methods
Sample Collection and Processing

Fish samples were collected by the Chicago Zoological Society’s Sarasota
Dolphin Research Program under approvals by the Mote Marine Laboratory and
University of Florida (UF) Institutional Animal Care and Use Committees.

The eight fish species most commonly consumed by free-ranging bottlenose
dolphins residing in Sarasota Bay, FL (‘free-ranging species’), including four abundant
and four soniferous species (Table 4-1), were selected to represent the free-ranging
dolphin diet.148: 161. 245 Sgmples of these fish were caught between May and September
2013 from the waters off the west coast of Florida using a rod and reel, crab trap, cast
net, or with a purse-seine net in Sarasota Bay. To mimic the rapid death of fish
consumed by wild dolphins as closely as possible, fish were euthanized humanely by
immersion in a bath containing 500ppm tricaine methanesulfonate (MS 222, Western
Chemical, Ferndale, WA 98248). When death was confirmed by cessation of opercular
movement for 10 minutes, fish were weighed and length was measured. Fish were then
individually bagged and transported in dry ice to the UF laboratory where fish were
stored at -80°C for a maximum of 6 months before further processing.

Six fish species and one species of squid commonly fed to dolphins under
human care (‘managed species’) were supplied by two bottlenose dolphin management
facilities (Table 4-2). Fish and squid had been caught during one commercial fishing

season, wrapped in plastic and frozen stored at -18°C for 6 to 9 months. Then they were
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shipped overnight on dry ice to the UF laboratory where they were stored at -20°C, for a
total frozen stored time of 6 to 9 months before further processing.

Five separate samples of each species were analyzed. To provide sufficient
material to perform all the analyses on every sample, a minimum of 2 individual fish (or
squid) were included in each sample; however, the number of individual fish (or squid)
included in each sample varied depending on the size of the species so that each
sample of smaller species contained more individuals than samples of large species.
The five samples of each species were individually ground using commercial meat
grinders with 4.5 and 10 mm plates (Biro 6642, Marblehead, OH 43440, and 1.5 HP,
LEM Products, West Chester, OH 45011).

Free-ranging fish species were thawed the minimum amount needed to allow
grinding, whereas managed diet fish species were thawed more completely using the
standard operating procedure of one dolphin management facility. Free-ranging fish
species were air thawed in a temperature controlled cold room (11-12°C) for
approximately 1 hour, until fish thawed to a firm, slightly malleable texture. Managed
diet species were air thawed in the cold room (11-12°C), wrapped in plastic, for
approximately 20 hours. Then individuals of each species were removed from their
plastic bags and rinsed with cold water (approximately 16°C). Both minimally and well-
thawed fish or squid were then transported to a grinder in a cooler containing ice.
Grinder equipment was thoroughly rinsed with water between each sample. Ground
samples were homogenized by hand and stored in sample bags (Whirl-Pak® bags,
Nasco, Fort Atkinson, WI 53538) at -80°C until shipped overnight on dry ice to each

laboratory for analysis.
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Nutrient Analysis

Gross energy and nutrient analyses were performed by a commercial laboratory
(Dairy One, Ithaca, NY 14850). Gross energy (GE) density (kcal/g) was measured using
a bomb calorimeter (IKA C2000 basic Calorimeter System, IKA Works, Inc., Wilmington,
NC). Crude protein (CP) was measured with a nitrogen/protein analyzer (AOAC 992.15,
Leco FP-528, Leco Corporation, St. Joseph, Ml 49085). Crude fat (CF) was measured
by ether extraction (AOAC 2003.05), ash by combustion (AOAC 942.05), and moisture
(dry matter) by oven drying (AOAC 930.15). When these macronutrients were added
together, the total obtained was greater than 100% of the analyzed sample in all
species. This suggested that the method used to measure CP over-estimated protein
content and that all species contained negligible amounts of carbohydrate. Protein
content was calculated, therefore, by difference from 100% and carbohydrate content
was assumed to be zero. Calcium (Ca), phosphorus (P), magnesium (Mg), sodium (Na),
potassium (K), and sulfur (S), were determined using an Inductively Coupled Plasma
(ICP) Radial Spectrometer (Thermo iCAP 6300, Fisher Scientific, Waltham, MA 02454)
after microwave digestion in a Microwave Accelerated Reaction System (CEM,
Matthews, NC 28106). Chloride (CI) was measured by potentiometric titration with silver
nitrate and a silver electrode (Brinkmann Metrohm 716 Titrino Titration Unit, Metrohm
USA, Riverview, FL 33578). The laboratory was blind as to the source of each sample
duplicate.

The metabolizable energy (ME) density of each fish species was calculated using
Atwater factors?4® and then the nutrient content of each fish was calculated relative to

ME. Total water (TW) content was calculated by adding moisture in food to metabolic
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water, calculated as the sum of 0.41 mL/g protein and 1.09 mL/g fat.?°® Ratios (v/w) of
total water to protein and sodium content were also calculated.

The DCAD (mEg/Mcal) was calculated using four equations (Table 4-3). The first
two equations, DCADshort and DCADiong, have been found to have utility in several
species but do not take account of differences in absorption of minerals.33 34, 36
DCADnuman, Which uses absorption coefficients derived from human studies, has been
used to estimate the potential renal acid load (PRAL) in people. This equation was
modified slightly because the sulfur in the fish and squid species analyzed was
measured directly rather than being estimated from the sulfur-containing amino acid
content of the diet.3” Protein, from which most sulfur is probably derived, appears to be
well digested by marine mammals, which is why Atwater factors were used to calculate
ME.?*6 The absorption of sulfur was assumed, therefore, to be the same (91%), as the
digestibility of protein on which the Atwater factor for protein is based.?°® Human beings
are not pure carnivores like dolphins, however, so a fourth equation was used to
calculate DCADcat, using values for the apparent absorption of minerals obtained from
studies of another pure carnivore, the domestic cat. Specifically, absorption of sodium,
potassium, and chloride are reported to be greater than 90% in adult cats and 95% in
human beings, so an absorption coefficient of 95% was used for these minerals.37 203
Absorption of sulfur was again assumed to be 91%. The absorption coefficients of 25%
for Ca and 35% for P were obtained from linear regression equations correlating the
concentration of dietary Ca and P to absorption in adult cats.?*” The Mg absorption

coefficient was assumed to be 25% because the calcium content of whole bony fish is
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high, and Mg absorption decreases in adult cats from 40% to 25% with increasing
calcium in the diet.2%

Model Dolphin Diets

Two model managed dolphin diets were formulated based on the relative
proportions of fish species fed by two dolphin management facilities (Table 4-4).
Facilities vary the total amount of fish or squid fed to dolphins to provide enough
calories to maintain body weight or growth rate but wet weight of fish determines the
relative proportion of each species that makes up the total diet.?*¢ To determine the
proportion of the total ME of the diet provided by each species, therefore, the percent as
fed weight (g/100g of diet) of each species was multiplied by the average ‘as fed’ ME
density of that species. The ME contribution of each species was then calculated as a
percent of the total Mcal provided by all the species in 100g of diet.

A model free-ranging bottlenose dolphin diet (Table 4-5) was derived from the
proportions of fish species reported to be consumed by bottlenose dolphins in Sarasota
Bay, FL.13? Investigators have reported the number of each fish species or family group
of fish as a percentage of the total number of fish consumed based on stomach content
analyses, observation, and prey abundance studies conducted over more than 20
years.'3? Such reports have grouped some fish species into families. For example,
Atlantic threadfin herring and menhaden have been grouped together as the Clupeid
family, and pinfish and sheepshead have been grouped under the Sparid family. For the
model diet, Atlantic threadfin herring and menhaden were assumed to contribute equally
to the total number of Clupeid fish consumed, whereas 35% of pinfish and 3.1% of
sheepshead were assumed to make up the total Sparid fish consumed because 11

times more pinfish are generally consumed than sheepshead.'4® 161.162 |n addition,
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percentages of all of the fish species added together gave a total of only 85%. The
additional 15% probably represents other unnamed species in the diet. For the model
diet, the percent of each documented fish species was increased proportionately so that
the total percent of all of the fish was 100. The ME provided by each fish species to the
diet was then calculated by multiplying the percentage of each species in the diet by the
average weight (g) of that fish species caught for this study and by the average ME
density of that fish species (Mcal/kg as fed). The ME provided by each fish species was
then calculated as a percentage of the total ME provided by all of the fish.

Statistical Analysis

Statistical comparisons were performed using statistical software (SAS® for
Windows software version 9.4, SAS Institute Inc., Cary, NC, 27513) Concentrations
were compared among fish species nested within either managed or free-ranging
groups using a general linear model design (SAS procedure glimmix). Multiple
comparisons were performed with a Tukey-Kramer correction. Least square means
were used to compare nutrient contents among model diets (SAS procedure
Ismestimate).

Results

Species consumed by free-ranging dolphins contained more DM, protein and
ash, less fat and TW, and the ME density was greater (p < 0.05) than in species fed to
dolphins under human care (Tables 4-6 and 4-9). Nutrient concentrations also varied
widely among individual fish and squid species (p < 0.05; Table 6). Spot and Pacific
herring provided up to three-fold more ‘as fed’ ME, up to five-fold more CF and up to

three-fold less protein relative to ME than other species. Gulf toadfish and Loligo squid
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were the least energy dense and contained five-fold less CF and three-fold more protein
relative to energy than other species.

All mineral concentrations, except S, differed significantly between the two
groups of fish species (p < 0.0001) (Tables 4-7 and 4-9). The Ca and P concentrations
were four and three-times greater, respectively, in free-ranging diet fish species than in
managed diet fish species. Managed diet species contained 60% more Cl and 20%
more Na than free-ranging species. In particularly, Canadian capelin contained up to
three-fold more Na and up to eight-fold more Cl compared with other managed and
free-ranging species.

The managed diet species provided more water relative to energy and crude
protein compared to the free-ranging diet species, whereas the free-ranging diet
species provided more water relative to sodium (p < 0.05; Tables 4-8 and 4-9). Total
water relative to ME, protein, and Na also varied widely among individual species (p <
0.05; Table 4-8). Specifically, Loligo squid and Gulf toadfish provided up to 4 times
more water per Mcal ME than other species, and spot, mullet, and Atlantic herring
provided the least amount of water per Mcal ME. Mullet and spotted sea trout provided
approximately twice the amount of water relative to sodium than was provided by
Atlantic herring and Canadian capelin.

The DCAD calculated using the DCADshort, DCADiong, and DCADcat equations
was more positive in free-ranging diet species than for managed diet species, whereas
DCADnuman Was more positive for the managed diet species than free-ranging diet

species (p < 0.05; Table 8). The DCAD also varied widely among fish species within
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groups depending on the equation used, but DCADiong Was notable for being positive for
all free-ranging diet fish species and negative for all managed diet species (Figure 4-1).

The managed and free-ranging model diets had comparable gross and
metabolizable energy densities; however, the free-ranging model diet contained 8 to
25% more protein and 8 to 22% less fat (p < 0.05) than the managed model diets (Table
4-9). The free-ranging model diet also contained up to 400% more Ca and 150% more
P than the model managed diets. On the other hand, ‘Managed diet #2’ contained
approximately 60% more Na and Cl than the other managed diet and 40% more Na and
100% more ClI than the free-ranging model diet. ‘Managed diet #2’ also had 25-30%
less TW relative to Na than the other two diets, and the model free-ranging diet had 13
to 20% less TW relative to protein than the model managed diets.

DCAD results varied depending on the equation used (Table 4-9). The DCADiong
was strongly positive for the model free-ranging dolphin diet but strongly negative for
both model managed diets. All other DCAD equations gave negative DCAD values for
both managed and free-ranging diets, but DCADcat was 14-30% less negative for the
model free-ranging diet compared to the model managed diets and DCADshort Was 25%
less negative for the free-ranging diet than ‘Managed diet #2’ (p < 0.05). On the other
hand, DCADnuman Was 10-20% more negative for the model free-ranging diet compared
to the model managed diets. Furthermore, the nutrient content varied significantly for
almost all nutrients between the managed model diets and the average managed diet
and for the free-ranging model diet and the average free-ranging diet (p < 0.05).
‘Managed diet #1’ for example, was as much as 20% lower in protein and higher in fat

than the average managed diet.
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Discussion

To our knowledge, this study is the first to compare the nutrient content of the
free-ranging dolphin diet to that of two diets commonly fed to dolphins under human
care. Furthermore, previous studies have only compared the nutrient content of a few
individual fish consumed by each group of dolphins and have not taken into account
individual variation within a fish species or the relative proportions of each fish species
in the total diet.*1% 113 We measured the nutrient composition of five samples of a wide
range of species commonly consumed by dolphins in Sarasota Bay, FL. This enabled
us to create a model diet based on the documented frequency that the fish species are
found in the stomach of dolphins in that location. We also measured the nutrient
composition of five samples of a range of fish and squid species fed to two large groups
of dolphins under human care, which allowed us to establish the nutrient content of
model diets fed at those two facilities and compare their composition to that of the
model free-ranging diet. Comparison of the model diets allowed us to evaluate whether
differences among the diets could explain why ammonium urate nephrolithiasis has
been found in managed but not free-ranging bottlenose dolphins. The nutrient
requirements of dolphins are currently unknown but the free-ranging model diet also
provides an indication of what constitutes an adequate intake of essential nutrients.
Thus, the nutrient content of the free-ranging model diet can be used as a guide to
determine how the species or proportions of species fed within the managed diet should
be changed in order to approximate the nutrient composition of the free-ranging model
diet.

This study confirmed previous observations that the nutrient composition differs

between the fish commonly consumed by free-ranging common bottlenose dolphins and
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species fed to dolphins under human care. Nevertheless, individual differences among
species were either magnified or minimized, depending on the percentage of each
species in the model diets. Thus, the free-ranging model diet provided more ME, less
total water, and greater protein than both managed dolphin model diets because it was
comprised of more lean fish species, like pinfish, and fewer higher fat fish species, like
spot and sheepshead. On the other hand, the managed model diets provided more fat
than the free-ranging model diet because the managed diet species, like Pacific herring,
generally contained more fat and contributed a larger percentage of calories to the
whole diet than the fatty fish in the free-ranging diet. These changes in macronutrient
composition would not be expected to decrease the risk of nephrolith formation,
however, because the greater protein and less water in the free-ranging model diet
would be expected to result in a more concentrated, more acidic urine containing more
ammonia.

The tendency to form ammonium urate stones is also impacted, however, by
mineral concentrations excreted in the urine. Mineral concentrations compared among
fish species revealed comparatively greater concentrations of Ca and P for free-ranging
species and higher concentrations of Na and CI for managed diet species. These
discrepancies in Ca, P, and Na content are similar to differences previously reported
when small samples of pinfish, pigfish, and mullet were compared to capelin and
herring, but Cl and consequently DCAD has not been compared previously.''® Free-
ranging fish species tend to be more bony and have teeth which would contribute to
their greater Ca and P concentrations when compared to managed diet species. The

greater Na and Cl content of managed diet species are likely caused by application of a
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brine solution.*® The composition of this brine solution, and the concentration in which it
is applied, varies depending on the fishery, but generally contains sodium chloride at a
concentration up to 25% (w/v).248 249 The greater Na and Cl concentrations of the
managed model diets are accompanied by greater total water concentrations. For
example, a large percentage of ‘Managed diet #2’ is comprised of Canadian capelin,
which is the species with the greatest total water content and Na and Cl contents
compared with all other species. Thus, the second managed model diet would generate
an enhanced post-prandial diuresis as additional Na, Cl, and water are excreted in the
urine, which may help to prevent ammonium urate nephrolith formation.8°

The differences in Ca, P, Na, and Cl among free-ranging and managed diet
species significantly impact the DCAD of the model diets but the value obtained
depends on the equation used to calculate DCAD because each equation differs
regarding the assumed relative absorption of minerals. The longest equation, DCAD ong,
assumes 100% apparent absorption of all macrominerals, whereas the shortest
eqguation assumes 100% absorption of Na, K, Cl, and S, but does not account for
absorption of Ca, Mg, and P. It is unlikely, however, that minerals are either completely
absorbed or not absorbed at all, so we also evaluated two additional equations: the
DCADnuman equation, which uses human mineral absorption coefficients; and, a DCADcat
eguation based on macromineral absorption in adult domestic cats, which are also
obligate carnivores like bottlenose dolphins.3” 203247 Several authors have developed
alternative equations for predicting the urine pH of cats by regressing dietary mineral
and amino acid concentrations in the diet against urine pH.2%% 251 These alternative cat

eguations were not used because the coefficients imply more than 100% absorption of
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some minerals, and the cat diets used in these studies include absorbable sources of
sulfur and phosphorus that are added to the diet to lower urine pH.

The apparent gastrointestinal absorption of minerals in dolphins is unknown, so
the DCAD values obtained must be interpreted very cautiously. Nevertheless, three of
the equations predict that the managed diets would tend to produce on average a more
acidic urine than the free-ranging diet. A more acidic urine would tend to result in more
ammonium ion excretion and might explain why managed dolphins form ammonium
urate nephroliths. The DCADiong provides the most striking difference because DCADiong
was strongly positive for all but one of the free-ranging diet fish species, and the model
diet was strongly negative for all of the managed diet species and model diets (Figure
1). This is partly because capelin, Pacific mackerel, and sardines fed to managed
dolphins contain much more Cl than Na compared to any of the free-ranging species.
More importantly, however, there was more Ca and P in the free-ranging fish, and the
Ca:P ratio was about 1.6:1 for the free-ranging fish species, but only 1:1 in the managed
species. The DCADuong reflects these differences because it assumes complete
absorption of both Ca and P, whereas the other three equations reduce the effect of the
increased Ca relative to P in the diet because they assume Ca and P are either not
absorbed or only partly absorbed. Although DCADiong correlates well with urine pH in
cats fed some feline diets, DCADiong suggests that 225 mEg/Mcal ME more cations than
anions must be added to the managed model diets in order to match the free-ranging
model diet DCADiong.®* In contrast, the DCADshort and DCADcat equations suggest that a
more reasonable addition of 10-30 mEqg/Mcal ME of cations relative to anions would be

sufficient achieve a similar DCAD among managed and free-ranging model diets. The
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DCADnuman suggests the opposite (DCAD is more negative in the free-ranging diet),
because DCADnuman assumes that intestinal absorption of P is three times greater than
Ca absorption. When combined with the increased amount of both Ca and P in the fish
consumed by free-ranging dolphins, the contribution of P anion to the diet is strongly
favored over the Ca cation contribution. Unfortunately, only measuring mineral
absorption in the intestine of dolphins under human care or measuring the total urinary
excretion of minerals and urine pH over 24 hours during a controlled feeding trial will
decide which of these DCAD equations best represents the effect of dietary acid-base
balance on urine pH.

The study has several limitations. The nitrogen content of the fish measured as
crude protein was likely overestimated, perhaps due to non-nitrogen sources including
purines. Because the carbohydrate content of fish is negligible, we assumed the
carbohydrate content of all fish species was zero and calculated the protein content
based on the difference from 100, less the fat content.?>? It is likely that the nutrient
content of fish depends on the location where fish are caught, as well as the species.
Fish nutrient content can also vary considerably with season and frozen storage time.
Within a given season, the protein and fat composition of fish changes based on water
temperatures and spawning cycles.% % Due to financial constraints, nutrient analyses
were only able to be performed on fish caught during one season, which was
determined by practical considerations for free-ranging species collection and when
commercial fisheries are active. The two managed dolphin model diets are relatively
standard among management facilities, but nutrient analysis was limited to one lot, or

one catch date, of each type of fish also because of financial constraints. Thus,
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differences between fish lots caught at different times within a commercial catch season
could not be determined, and this study did not account for seasonal variations in fish
body composition. Furthermore, frozen storage time was set at 6-9 months for managed
diet fish species. Frozen storage has been well-documented to affect the nutrient
content of fish, particularly with respect to fatty acid oxidation and water loss; therefore,
it is possible that storage times less than 6 months or greater than 9 months may have
yielded different results for managed diet fish composition.11 253

The free-ranging model diet also made assumptions regarding the species and
relative proportions that are consumed by free-ranging dolphins. The free-ranging
model diet was inferred from previous reported data because it is impractical to
measure the actual intake of free-ranging dolphins but it is specific to inshore bottlenose
dolphins residing in Sarasota Bay, FL.'3% 161 This population of dolphins was chosen as
an example of a free-ranging population because they have been studied for more than
45 years, and there are more published reports of the fish consumed by these dolphins
than any other free-ranging population. Nevertheless, this model diet does not account
for individual variation based on age, sex, reproductive status, or prey preference, and
other populations of free-ranging dolphins may consume diets with a different
composition. It is also possible that the fish caught for this study were not representative
of fish consumed by dolphins at different times of year. Nevertheless, all fish lengths fell
within the reported range (50-300 mm, up to 1,027 mm) for fish consumed by free-
ranging dolphins.156. 161

The model diets comparisons also assume an equal caloric intake among

dolphin populations, whereas preliminary data suggest that free-ranging dolphins may
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have higher energy requirements than managed dolphins. An average 160 kg free-
ranging dolphin in Sarasota Bay, FL, has an average daily energy requirement
(measured using double labelled water method) ranging from approximately 16
Mcal/day in the winter to 22 Mcal/day in the summer.t’#* Among dolphins under human
care at one facility, however, non-pregnant, non-lactating adults have been reported to
consume approximately 8.5 to 12 Mcal/day and growing male and female dolphins to
consume approximately 8.5 to 16 Mcal/day.'’” These differences in energy
requirements are likely a consequence of different activity levels, water temperatures,
and reproductive status. Nutrient intake is affected by the amount of food consumed as
well as the nutrient composition of the diet, so free-ranging dolphins may be consuming,
metabolizing, and excreting more of some nutrients than some managed dolphins even
when the managed diet contains less of those nutrients on an equal caloric basis.

In conclusion, this study was the first to compare model diets consumed by free-
ranging common bottlenose dolphins and fed to dolphins under human care. By
examining the total diet, it is possible to better understand the daily nutrient intake of
dolphins relative to the energy they are consuming. Several nutrient differences
between free-ranging and managed dolphin model diets may contribute to ammonium
urate nephrolith development in dolphins under human care, including total protein, fat,
water, and DCAD. Further studies are warranted in managed dolphins to determine
whether altering those nutrients would affect solute excretion and saturation, urine pH,

and ammonium urate stone development.
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Table 4-1. Fish species commonly consumed by free-ranging dolphins, the size of fish caught and location where fish
were caught

Fish species Catch location Wet weight (g)° Length (mm)”
Abundant species
Pinfish (Lagodon rhomboides) Sarasota Bay, FL 70 (7-174) 143 (68-209)f
Striped mullet (Mugil cephalus) Sarasota Bay, FL 615 (195-875) 333 (242-400)t

Roberts Bay, FL
Gulf of Mexico, FL
Sheepshead (Archosargus probatocephalus) Sarasota Bay, FL 310 (165-560) 236 (188-294)t
Ladyfish (Elops saurus) Sarasota Bay, FL 285 (134-919) 339 (253-600)t
Gulf of Mexico, FL
Soniferous species

Pigfish (Orthopristis chrysoptera) Sarasota Bay, FL 65 (3-171) 143 (65-220)f

Spot croaker (Leiostomus xanthurus) Sarasota Bay, FL 200 (132-310) 224 (202-260)t
Gulf of Mexico, FL

Spotted sea trout (Cynoscion nebulosus) Sarasota Bay, FL 293 (40-670) 313 (158-440)%
Gulf of Mexico, FL

Gulf toadfish (Opsanus beta) Sarasota Bay, FL 119 (8-520) 157 (85-300)*

Gulf of Mexico, FL

"Values are medians with ranges in parentheses.
TFork length measured from most anterior point of head to the deepest notch in tail fin.
*Straight length measured from most anterior point of head to most caudal point of tail fin.
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Table 4-2. Fish species commonly fed to managed dolphins, the location where fish were caught, and the date fish were

caught
Fish and squid species Catch location Catch date
Pacific herring (Clupea pallasii) Pacific coast, USA December 2013
Atlantic herring (Clupea harengus) East coast, USA November 2013
Icelandic capelin (Mallotus villosus) Iceland March 2014
Canadian capelin (Mallotus villosus) East coast, Canada June 2014
Pacific mackerel (Scomber japonicus) Pacific coast, USA April 2014
Pacific sardine (Sardinops sagax) Pacific coast, USA October 2013
West coast Loligo squid (Loligo opalescens) Pacific coast, USA October 2013

Table 4-3. Mineral molecular weights, valences, and absorption coefficients used to calculate dietary cation-anion
differences

Mineral Molecular weight Valence Absorption coefficient
(g/mol) Human” Cat?
Na 22.990 1+ 0.95 0.95
K 39.098 1+ 0.8 0.95
Ca 40.078 2+ 0.25 0.20
Mg 24.305 2+ 0.32 0.25
Cl 35.450 1- 0.95 0.95
S 32.060 2- 0.91% 0.91*
P 30.974 1.8- 0.63 0.35

"Absorption coefficients are those used by Remer et al., 1995 to estimate the potential renal acid load in human beings, with the
exception of sulfur.

TAbsorption coefficients were based on mineral absorption in domestic cats reported by NRC, 2006 for Na, K, Mg, and Cl, and by
Mack et al., 2015 for Ca and P.

*Absorption coefficient for sulfur was assumed to be 91%, which is the digestibility of protein predicted by Atwater factors.
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Table 4-4. Proportions of fish and squid species in model managed common bottlenose dolphin diets

Fish and squid species % ‘as fed’ weight % Mcal ME
Managed diet #1
Icelandic capelin 60 54.0
Pacific herring 20 31.9
Pacific mackerel 10 8.7
West coast Loligo squid 10 54
Managed diet #2
Canadian capelin 60 47.4
Atlantic herring 10 15.2
Pacific herring 10 17.2
Pacific mackerel 10 9.4
Pacific sardine 10 10.8

Table 4-5. Proportions of fish species in a model free-ranging common bottlenose dolphin diet

Fish species % total fish % Mcal ME
Pinfish 41 27.1
Gulf toadfish 40 24.0
Sheepshead 4 9.2
Spot 3 114
Pigfish 3 1.6
Mullet 2 19.3
Ladyfish 2 29
Spotted sea trout 2 2.6
Menhaden 1 1.9
Atlantic threadfin herring 1 0.2
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Table 4-6. Energy and macronutrient content of fish and squid commonly consumed by free-ranging and managed

dolphins”
Fish and squid GE ME?* DM# Protein* Fat® Ash#
species Mcal/kg ‘as fed’ Mcall/kg ‘as fed’  g/kg ‘as fed’ g/Mcal ME g/Mcal ME g/Mcal ME
Free-ranging diet?
Pinfish 1.49 +0.07° 1.24 +0.07¢ 286 + 5¢d 136 + Q¢ 51 + 49 46 + 6°¢
Gulf toadfish 0.87 +0.04 0.66 + 0.03¢ 201 + 14"9h 218 + 62 14 + 3N 68 + 123P
Mullet 1.89 +0.08° 1.67 +0.08%¢ 334 + 82 101 = 6' 66 + 3° 33 + 39¢
Spot 2.26 £0.122 2.06 £ 0.08? 348 + 112 73 +3.5" 79 + 22 18 + 19N
Sheepshead 1.17 £0.13¢%¢ 0.96 + 0.108 272 + 15¢%4e 174 + 16 34 + 78f 82+ 112
Ladyfish 1.15 +0.12¢4¢ 0.89 +0.11°f 238 + 15°f 208 +21%b¢ 19+ gfoh 38 + 4¢d
Spotted sea trout 1.01 + 0.05° 0.78 + 0.05 216 + 129 214 + 73P 16 + 39N 44 + gPcd
Pigfish 1.42 +0.12¢4 1.18 £ 0.12¢4¢ 259 + 149¢ 134 £11° 52 + 5d 34 + 4cde
Managed diet
Canadian capelin 1.10 + 0.021° 0.83 +0.01f 190 + 3" 156 +0.7¢ 42 +0.3° 28 + 0.8¢8f
Icelandic capelin 1.27 +0.05¢ 1.02 £ 0.05¢ 201 + 49h 122 + 3¢ 57 + 2¢ 19+ 19
Pacific herring 2.11 £ 0.022 1.82 +0.04° 313 £ 4P 85 + 39 73 +1° 12+0.3
Atlantic herring 1.89 + 0.02° 1.61 £0.01° 291 + 2¢ 96 + 2f 69 + 1°¢ 16 +0.7"
Pacific mackerel 1.34 +0.02¢ 0.99 +£0.01° 246 + 1° 188 £ 5°¢ 28 + 2 28 + 1°f
Pacific sardine 1.49 +£0.04° 1.14 + 0.06%¢ 265 + 84 168 + 7¢d 37 + 3¢f 26 + 2f
Loligo squid 0.81 + 0.03f 0.61 +£0.01°¢ 150 + 1! 206 + 2°°¢ 20 +0.9%9 14+0.4

"Values are means * one standard deviation. GE, gross energy; ME, metabolizable energy; DM, dry matter.

TFree-ranging diet species are listed in order of greatest to least percent contribution to the total energy content of the diet.
*Nutrient concentrations were greater for free-ranging diet species than for managed diet species (p < 0.05).

SEnergy content or nutrient concentrations were greater for managed diet species than free-ranging diet species (p < 0.05).
abedefghil Nytrient concentrations with different superscripts within a column are different among species (p < 0.05).
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Table 4-7. Mineral concentrations of fish and squid consumed by free-ranging and managed dolphins”

Fish and squid species Ca¥ P* Mg* K* Nas CI S
g/Mcal ME g/Mcal ME g/Mcal ME g/Mcal ME g/Mcal ME g/Mcal ME g/Mcal ME
Free-ranging diet"
Pinfish 11.2+0.9> 6.9+05° 043+0.03° 25+02%¢ 14+02%¢ 1.8=+0.2¢ 2.1+0.1°
Gulf toadfish 17.1+3.2%* 105+2.0* 0.69+0.05% 3.7+03* 26+0.3* 35+0.7°¢ 3.0+0.1°
Mullet 6.6 +0.7¢ 4.1+05%  0.24+0.02¢" 15+0.1° 0.7+0.63% 0.7 +0.2¢f 1.3 +0.06°f
Spot 4.3 +0.6°f 2.8+0.3"9 0.19+0.02"¢ 1.2+0.077 0.7+0.05° 0.3+0.09f 1.0 £0.05¢
Sheepshead 22.7 £3.0% 12.3+1.9% 0.61+0.08** 29+0.2> 19+0.3" 24+0.3%¢ 26+0.2°°
Ladyfish 9.0 +1.3¢d 6.8+0.9>¢ 0.46+0.05"¢ 3.8+05* 15+0.3%¢ 22+04% 32+0.6"°
Spotted sea trout 10.3+£1.9>¢d 77+1.0° 0.45+0.02°¢ 4.1+042 1.7+0.07¢ 25+0.05¢ 29+0.2°
Pigfish 9.4 +0.9¢d 5.8+ 0.6° 0.36 £0.04° 25+04%¢ 15+0.2°¢ 22+0.2°¢ 2.0+0.3%
Managed diet
Canadian capelin 3.6+0.2 3.7+0.07¢ 050+0.01° 23+0.06% 3.1+0.1° 5.8+0.1% 2.1 £0.07°
Icelandic capelin 2.6 £0.29 29+0.1f 0.26 £0.01° 2.3+0.08¢ 15%0.4% 27+0.06° 1.6+0.06°
Pacific herring 20+0.1" 24+0.019 0.16+0.01¢ 1.7+0.05° 0.7+0.02° 0.9+0.04° 1.2+0.04
Atlantic herring 2.4 +£0.29 2.4 +0.19 0.28+£0.01¢ 1.7+0.07® 1.7+0.06° 2.6=+0.1° 1.3+£0.03¢
Pacific mackerel 4.0 £0.1¢8f 4.4+0.19 0.45+0.01°¢ 3.3+0.08"° 1.7+0.03° 3.4%0.04>¢ 25+0.06°¢
Pacific sardine 45 +0.4° 4.2+0.2¢ 0.37£0.02° 2.7+0.06° 1.4+0.09% 25=+0.2° 2.2 +0.07°¢
Loligo squid 0.3 +0.03' 29+0.2 0.44 £0.05"¢ 25+0.15°¢ 2.4+0.08° 4.4+0.7° 45+0.3

*Values are means + one standard deviation. Ca, calcium; P, phosphorus; Mg, magnesium; K, potassium; Na, sodium; Cl, chloride; S, sulfur.
TFree-ranging diet species are listed in order of greatest to least contribution to the total energy content of the diet.
*Nutrient concentrations are significantly greater in free-ranging diet species than in managed diet species (p < 0.05).
$Nutrient concentrations are significantly greater in managed diet species than in free-ranging diet species (p < 0.05).

abcdefg Nytrient concentrations with different superscripts within a column are significantly different (p < 0.05) among species.
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Table 4-8. Total water relative to energy, protein, and sodium and dietary cation-anion differences among fish and squid
species”
Fish and squid species TWmiMEmea?  TWmiCPgT TWmiNagt ~ DCADshor®® DCADiong®  DCADhuman™  DCADcart

Free-ranging diet¥

Pinfish 586 + 39¢ 4.3+0.15% 416 + 35° -59+19¢  136+13  -161 + 8°f -70 + 8¢°d
Gulf toadfish 1230 + 77° 5.6 £ 0.26° 477 £ 7330b¢ 76 £ 249ef 223 +332b 232 +299h .94 + 25def
Mullet 413 + 259 4.1 +0.05%" 620+ 352 -31+£0.6°¢ 75+5¢ -96 + 2°¢ -40 £ 1P
Spot 329 £17" 4,5+ 0.25% 468 + 34°¢ -13 £ 22 53+9° -60 £ 62 -21 £52
Sheepshead 776 + 954¢ 45 +0.15% 399 + 20¢ -71 +13%ef 400 + 162 -221 + 15%9 =71 +13¢4de
Ladyfish 877 +116°¢  4.2+0.16%" 592 + 462 -101+38" 124149 228 +5'9h 128 + 4ef
Spotted sea trout 1020 + 83P¢ 4.8 +0.249 615 + 592 -72 £ 18%ef 32 + 76°4 -218 + 32f9 -106 + 208ef
Pigfish 645 + 85%¢ 48+0.269 423 +20° -61 + 39¢ 102 + 5b¢ -147 + 39¢ -69 + 3¢4d
Managed diet
Canadian capelin 983 + 17°¢ 6.3+0.13> 317 +10¢ -96 + 7°f -92 199  -173+17%%9  -116 + 9°f
Icelandic capelin 792 + 449 6.5+0.332b 521 + 208 -48 + 249 -62 +21°¢ -116 £ 40%¢ -G8 + 27¢d
Pacific herring 392 + 109 4.6 +0.08¢ 586 + 72 -27 £10° -54 + 59¢ -88 + 59 -49 + 14b¢
Atlantic herring 454 + 4f 4.7 +£0.10¢ 263 + 8¢ -39 + 5°¢ -33 + 144 90+ 7" -52 + 5°¢
Pacific mackerel 773 £11%¢ 4.1 +0.09%" 466 +7° -101 + 3f -123+159  -203+11%9  -131+5f
Pacific sardine 660 + 424¢ 3.9 +0.14f 490 + 6ab -79 + 2¢8f -69 * 41°ef -169 + 1168f -103 + 4¢f
Loligo squid 1400 + 402 6.8 +0.212 576 + 82 -236 + 4¢¢ -352 + 11" -312 + 10" -259 + 59

"Values are means + one standard deviation. TW, total water; ME, metabolizable energy; CP, crude protein; Na, sodium.

TNutrient concentrations are significantly greater, or DCADs are more positive, in managed diet species than in free-ranging diet species (p <
0.05).

*Nutrient concentrations are significantly greater, or DCADs are more positive, in free-ranging diet species than in managed diet species (p <
0.05).

SDCAD, dietary cation-anion difference calculated using four equations: DCADshot = (Na + K) — (Cl + S); DCADiong = (Na + K + Ca + Mg) — (Cl + S
+ P); DCADcat = (0.95Na + 0.95K + 0.2Ca + 0.25Mg) - (0.95CI + 0.35P + 0.91S); and DCADhuman = (0.95Na + 0.8K + 0.25Ca + 0.32Mg) - (0.95CI +
0.63P + 0.91S) where Na, K, Ca, Mg, Cl, S and P represent the mEg/Mcal metabolizable energy of sodium, potassium, calcium, magnesium,
chloride, sulfur and phosphorus, respectively.

¥Free-ranging diet species are listed in order of greatest to least contribution to the total energy content of the diet.

abedefgh Nytrient concentrations with different superscripts within a column are significantly different (p < 0.05) among species.
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Table 4-9. Energy and nutrient content, nutrient ratios, and dietary anion-cation differences for model managed and free-
ranging diets*

Nutrient Managed model Managed model Free-ranging Managed diet Free-ranging diet
diet #1 diet #2 model diet species species
/kg ‘as fed’
GE (Mcal) 1.52 £0.012 1.46 +0.01° 1.45 +0.01° 1.43 +0.005" 1.41 +0.021
ME (Mcal) 1.25+0.012 1.17 +0.01° 1.23+0.012 1.15 + 0.0057 1.18 +0.011
DM (g) 238 + 12 240 +£0.92 276 + 2b 237 +0.77 269 + 21
/Mcal ME
TW (L) 0.70 £ 0.012 0.75 + 0.04° 0.72 £ 0.01® 0.78 + 0.0057 0.73+0.01
Protein (g) 120+ 0.92 139 +0.5° 150 £ 1.5° 146 +0.71 157 + 1.87
Fat (g) 58 £ 0.42 49 +0.2° 45 +0.7°¢ 46 + 0.3t 41 +0.81
Ash (g) 17 £0.32 23+0.2° 48 £ 1.5° 20 +0.2f 45 +1.07
Ca (g) 2.4 £0.042 3.3+0.04° 11.9+0.4° 2.8 +£0.03f 11.3+£0.3
P (9) 2.9 +£0.032 3.4 +£0.02° 7.3+0.2° 3.3+0.02f 7.1+0.2
Mg (9) 0.25 + 0.0037 0.39 + 0.003° 0.44 +0.008° 0.35 + 0.0047 0.43 £ 0.0077
K (9) 2.2 £0.022 2.3+0.018 2.6 +£0.04° 2.4 +0.01f 2.8 £0.057
Na (g) 1.3+0.012 2.1+0.03° 1.5 +0.04° 1.8 +0.01f 1.5+0.03
Cl (g9) 2.3+£0.022 3.8+0.03° 1.9 +0.09¢ 3.2 £0.05" 2.0 £0.06
S(9) 1.7 £0.028 1.9+0.02° 2.1+0.02° 2.2 +£0.021 2.3 +0.041
TW (mL): Protein (g) 5.7 +0.082 5.3+0.03° 4.6 £0.04° 5.3+0.03 4.6 £0.03
TW (mL) : Na (g) 540 + 52 388 + 2P 487 + 10° 460 + 21 5017
mEqg/Mcal ME
DCADshortt -56 = 12 -74 +2° -55 + 22 -90 + 2t -60 + 27
DCADiong? -80 £ 32 -77 £ 38 152 + 9P -112 + 37 126 + 67
DCADhuman? -125 + 28 -149 + 2° -163 £ 4° -165 + 27 -170+ 4
DCADcart -78 + 12 -95 + 2P -67 +2° -111 + 2F 75+ 21

"Values are means * standard error. Mean and standard error values for managed and free-ranging diet species are shown for comparison. GE,
gross energy; ME, metabolizable energy; DM, dry matter; TW, total water; Ca, calcium;, P, phosphorous; Mg, magnesium; K, potassium; Na,

sodium; Cl, chloride; S, sulfur.

acNutrient concentrations with different superscripts across rows are different among model diets (p < 0.05).

TNutrient concentrations are different between managed diet species and free-ranging diet species (p < 0.05).

*DCAD, dietary cation-anion difference calculated using four equations: DCADsnart = (Na + K) — (Cl + S); DCADiong = (Na + K + Ca + Mg) — (Cl + S
+ P); DCADca = (0.95Na + 0.95K + 0.2Ca + 0.25Mg) - (0.95CI + 0.35P + 0.91S); and DCADhuman = (0.95Na + 0.8K + 0.25Ca + 0.32Mg) - (0.95CI +
0.63P + 0.91S) where Na, K, Ca, Mg, Cl, S and P represent the mEg/Mcal metabolizable energy of sodium, potassium, calcium, magnesium,
chloride, sulfur and phosphorus, respectively.
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Figure 4-1. Individual DCADuong Values for managed and free-ranging diet fish species.
(DCADiong = (Na + K + Ca + Mg) — (Cl + S + P)). Solid bars represent
managed diet species and textured bars represent free-ranging diet species.
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CHAPTER 5
A TARGETED METABOLOMICS ASSAY TO MEASURE EIGHT PURINES IN THE
DIET OF COMMON BOTTLENOSE DOLPHINS, TURSIOPS TRUNCATUS

Introduction

Purines contribute to the structure of deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA), adenine triphosphate (ATP) and guanine triphosphate (GTP).
Purines are either made by the body, salvaged and recycled, or absorbed from food.
They are metabolized to uric acid, which is excreted in the urine (Figure 5-1) 1355 60,239,

Dietary purines are found in high concentrations in organ meat and seafood.5% 254
Consumption of a purine-rich diet increases the production and excretion of uric acid.
When the concentration of uric acid in the urine reaches a threshold, uric acid
precipitates out of solution and can aggregate to form urate-based stones in the urinary
tract. These urate uroliths can be composed of uric acid, ammonium urate, monosodium
urate, sodium calcium urate, or potassium urate. Human beings primarily develop uric
acid uroliths, and the incidence of these uroliths has increased internationally as a
consequence of increased consumption of meat 2% 2% Individuals living in Taiwan, for
example, experience a high rate of uric acid stones as a consequence of consuming
purine-rich diets that include seafood and specifically grass shrimp 4’. Some Dalmatian
dogs have a genetic predisposition to develop ammonium urate uroliths because of
altered purine metabolism. For both species, consumption of a purine-restricted diet
minimizes uric acid excretion and the risk of forming urate uroliths.

Foods are currently classified according to their total purine content, defined as
the sum of the four nucleobases, adenine, guanine, hypoxanthine, and xanthine 47 €0,
However, individual metabolites have different propensities for causing hyperuricosuria

and individual metabolite concentrations may vary widely among purine-rich foods 83 8%
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90,257 Human beings, for example, fed a diet supplemented with adenine and
hypoxanthine excreted greater urinary uric acid concentrations than when fed a diet
supplemented with guanine and xanthine.®® Thus, it may be more important to describe
the individual purine metabolite composition of food rather than total purine content,
when determining a food’s uricogenic potential.

It also may not be sufficient to describe just the nucleobase content of foods.
Additional metabolites, including nucleotides adenine 5’-monophosphate (AMP), inosine
5’-monophosphate (IMP) and the nucleoside inosine (Figure 1) are absorbed by the
mammalian gastrointestinal tract and may also increase urinary uric acid concentrations
66,258,259 Furthermore, the concentrations of purine metabolites are affected by food
source and storage conditions #7-126. 260 For example, hypoxanthine concentrations
progressively increase over time in pork stored at 2°C, but this effect is delayed at lower
storage temperatures 258, Also, IMP, hypoxanthine, xanthine, and inosine
concentrations in fish fileted for human consumption have been demonstrated to vary
with water temperature where fish were caught, cooking methods, storage methods and
duration, and among species 47 117:127.228 Thys, it would seem important to measure
more purine metabolites than the four nucleobases that are usually measured and also
to report individual concentrations, when considering a food items’ uricogenic potential.

This is particularly relevant when considering purines in whole fish and squid
commonly consumed by dolphins. Common bottlenose dolphins (Tursiops truncatus)
managed under human care develop ammonium urate kidney stones, but these stones
rarely occur in free-ranging dolphins % 2. Why ammonium urate nephroliths form in

managed dolphins is unclear, but the purine-rich whole fish diet may contribute to
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nephrolith development because the diets of free-ranging and managed bottlenose
dolphins differ 110. 254,

The total purine content of the fish species consumed by dolphins has not been
previously reported. The purine content of the filets of some fish species has been
measured using high-performance liquid chromatography (HPLC) with ultraviolet
detection but the authors are aware of only one study that has measured purines in a
whole fish (gilted sea bream) 261, Fish organs, including the liver and skin, are reported
to be rich in purines; therefore, purines measured only in the muscle of fish may
underestimate total purine content of whole fish.25% 262

We sought, therefore, to develop an expanded assay using HPLC with tandem
mass spectrometry (MS/MS) that would accurately identify and quantify a broader range
of purine metabolites in both fresh frozen fish commonly consumed by free-ranging
dolphins and in stored frozen and thawed fish and squid commonly consumed by
managed dolphins. We also hypothesized that it would not be possible to predict the
total purine content obtained with the new assay using an assay that only measures
four nucleobases. In particular, we suspected that the concentration of some of the
additional metabolites would be lower and hypoxanthine concentrations would be higher
for the frozen stored and thawed species fed to managed dolphins.

Materials and Methods

Chemicals

The stock solutions used for the mobile phase and for purine standards were
prepared freshly at least monthly. The water used for mixing all solutions was HPLC-
grade. These stock solutions included: 0.1% acetic acid (glacial) in water, 10% formic

acid in water, 10 mM ammonium (NHa) acetate in water, and 2 mM ammonium
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hydroxide (NH4OH) in water. All chemicals were purchased from Fisher Scientific
Company, LLC (Suwanee, GA 30024).

Individual standard solutions were freshly prepared before each run. Purine
metabolite solubility is highly pH dependent. Thus, AMP, IMP, adenine, and inosine
were dissolved in 10mM NH4 acetate (pH 6.5), whereas uric acid and xanthine were
dissolved individually and hypoxanthine and guanine were dissolved together in 2 mM
NH4OH (pH 12, Sigma-Aldrich, St. Louis, MO). Each solution was then sonicated in a
heated (35°C) water bath for 10-15 minutes to achieve complete dissolution. The
individual standard purine solutions in NH4 acetate were combined to generate one
mixed standard solution with final concentrations of 0.01 mM for adenine, 0.02 mM for
IMP, 0.05 mM for AMP, and 0.15 mM for inosine. Individual standard solutions
dissolved in NH4OH were also combined to generate another mixed standard solution
with final concentrations of hypoxanthine and guanine at 0.23 mM, xanthine at 0.22 mM,
and uric acid at 0.01 mM. An internal standard, °N2-xanthine (Cambridge Isotopes
Laboratory, Inc., Tewksbury, MA 01876), was mixed with 2mM NH4OH to achieve a
concentration of 1.3 mM. The final concentrations of the individual metabolites in the
combined solutions were half their original starting concentration.

Fish Sampling and Processing

Fish samples were collected by the Chicago Zoological Society’s Sarasota
Dolphin Research Program under the Mote Marine Laboratory and University of Florida
(UF) Institutional Animal Care and Use Committees.

Eight fish species commonly consumed by free-ranging bottlenose dolphins and
six fish species and one squid species commonly fed to dolphins under human care

were analyzed for purine metabolite content (Table 5-1).161: 245 Free-ranging fish
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samples were caught between May and September 2013 from the waters off the FL
west coast by local fisherman using a rod and reel, crab trap, cast net, or with a purse-
seine net during field surveys conducted by the SDRP team in Sarasota Bay. To mimic
the rapid death of fish consumed by dolphins in the wild as closely as possible, fish
were euthanized humanely by immersion in 500ppm tricaine methanesulfonate (MS
222, Western Chemical, Ferndale, WA 98248) in sea water.263 264 Death was confirmed
by cessation of opercula movement for 10 minutes, and then fish were weighed, length
was measured, and samples of fish were individually bagged, placed into a cooler of dry
ice and transported to the UF nutrition laboratory where fish were stored at -80°C until
further processing.

Boxes containing six fish species and one species of squid commonly fed to
dolphins managed under human care (‘managed species’) were supplied by two
bottlenose dolphin management facilities (Table 5-2). Fish and squid were caught
during one commercial fishing season, frozen stored at -18°C for 6 to 9 months, and
then shipped overnight on dry ice from the dolphin management facilities to UF. Upon
arrival, fish were stored at -20°C until further processing.

Five separate samples of each species were analyzed. To provide sufficient
material to perform all the analyses on every sample, a minimum of 2 individual fish (or
squid) were included in each sample; however, the number of individual fish (or squid)
included in each sample varied depending on the size of the species so that each
sample of smaller species contained more individuals than samples of large species.

The five samples of each species were individually ground using commercial meat
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grinders with 4.5 and 10 mm plates (Biro 6642, Marblehead, OH 43440, and 1.5 HP,
LEM Products, West Chester, OH 45011).

Free-ranging fish species were thawed the minimum amount needed to allow
grinding, whereas managed diet fish species were thawed more completely using the
standard operating procedure of one dolphin management facility. Free-ranging fish
species were air thawed in a temperature controlled cold room (11-12°C) for
approximately 1 hour, until fish thawed to a firm, slightly malleable texture. Managed
diet fish were removed from the cardboard boxes, maintained wrapped in plastic, and
air thawed in the cold room for approximately 20 hours. Fish were then removed from
the plastic and rinsed with cold water (approximately 16°C). Both minimally and well-
thawed fish were then transported to the grinder in a cooler containing ice. Grinder
equipment was thoroughly rinsed between each sample to prevent contamination
between samples. Ground samples were homogenized by hand and stored in sample
bags (Whirl-Pak® bags, Nasco, Fort Atkinson, W1 53538) at -80°C until shipped
overnight on dry ice to each laboratory for analysis.

Fish Extraction

For each fish purine extraction, a 25g sample bag was removed from the -80°C
freezer where it had been stored and immersed in water at room temperature for 30-60
minutes until thawed. The aqueous extraction method previously published by Clariana,
et al., was followed, but required several modifications.?%° Thawed fish tissue was
mixed by hand by massaging the sample bag, and 2 g of mixed sample was transferred
into a beaker with 20 mL of ultra-pure water and 500 pL of the internal standard
solution. Following homogenization, sonication, heating, and cooling, as described by

Clariana, et al., the extract supernatant was filtered through Whatman #1 filter paper
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(Whatman Inc., Clifton, NJ 07014) with a glass funnel. In all subsequent steps, extract
and solvent volumes were doubled to provide a greater final volume for standard
additions to be performed. Thus, a 10 mL aliquot of the filtrate was combined with 10
mL of HPLC-grade hexanes (Fisher) and centrifuged at 6,500 rpm for 7 minutes at
20°C. A 4 mL aliquot from the bottom layer of fluid was removed and combined with 4
mL of HPLC-grade methanol (Fisher), 4 mL of HPLC-grade acetone (Fisher), and 80 pL
of 10% formic acid in water. Samples were centrifuged at 18,100 rpm for 17 minutes at
15°C. Five aliquots of 1,500 pL each were pipetted into 5 mL conical snap-top tubes
(Eppendorf, Fisher).

Standard additions were used to quantify individual purine concentrations in the
fish extract. Thus, for each fish sample, the first 1,500 pL aliqguot was considered the
blank fish extract sample. To the remaining 4 aliquots, the NH4 acetate mixed purine
standard solution and the NH4OH mixed purine standard solution were added in
increasing quantities to provide standard additions of 2x, 4x, 6x, and 8x purine
concentrations. Conical tubes were centrifuged at 3,000 rpm for 5 minutes at room
temperature and then dried while heating to 35°C under a stream of nitrogen gas
(MULTIVAP, Organomation, Berlin, MA 01503) for approximately 5-6 hours.

The dried samples were reconstituted with 500 pL of 10 mM NHa4 acetate.
Conical tubes were centrifuged at 4,000 rpm for 15 minutes. Following centrifugation, if
the extract had a distinct pellet at the bottom of the conical tube, supernatant was
transferred to a 2 mL LC vial (Thermo Scientific, Waltham, MA 02451) for HPLC
analysis. If the sample had floating particulate matter, the extract was re-mixed,

transferred to a 2 mL microcentrifuge 0.22 um nylon filter tube (Corning Incorporated,
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Corning, NY 14831), and centrifuged at 11,884 rpm for 5 minutes. The supernatant was
then transferred to a 2mL LC vial for HPLC-MS/MS analysis.
Chromatographic Conditions

Purine metabolite separation was carried out with an auto-sampler (Accela Open,
Thermo) and HPLC system (Accela 1250, Thermo). Several HPLC columns were tested
(Table 2) under various conditions, manipulating column and sample stack temperature
and using several mobile phase solvent combinations, including 10 mM NHa4 acetate in
water (pH adjusted with acetic acid from 4-6), 10mM NH4 acetate in 90:10 acetonitrile in
water, 100% acetonitrile, 90:10 acetonitrile in water, 0.1% acetonitrile in water, 0.1%
formic acid in water, 0.1% acetic acid in water, 0.1% NH4+OH in water, and 100%
methanol.

The column and compartment were maintained at ambient temperature. The
injection volume was 10 pL with a flow rate of 500 pL/min. The elution conditions for
separation of AMP, IMP, inosine, adenine, guanine, hypoxanthine, xanthine, and uric
acid began with 97% A (0.1% acetic acid, pH 3.5) and 3% B (methanol) for 2 minutes,
gradually decreased to 90% A and increased to 10% B from 2 to 4 minutes, 70% A and
30% B from 4 to 5.5 minutes, 50% A and 50% B from 6 to 8 minutes, with a final rapid
return back to the original conditions at 8.5 minutes. The column was maintained under
these conditions for re-equilibration for a further 6.5 minutes. In addition to testing
different columns, several mobile phases were tested to determine which combination
of solvents and timing of transitions achieved the best separation of the metabolites with
similar masses. The maximum number of injections per day, including duplicate sample
injections and blanks, was 84; therefore, the maximum daily run time was approximately

22.5 hours. To optimize the lifespan of the column, particularly considering the potential
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for particulate build-up on the column, the column was flushed at the end of every long
run with methanol at 500 pL/min for approximately 15-20 minutes. Additionally the guard
column was changed after approximately 400 injections. For column storage between
runs, the column was flushed at 500 pL/min with 65% acetonitrile and 35% water for at
least 10 column volumes.
Mass Spectrometry Analysis

Purine metabolites were identified by mass and retention time with a triple
guadrupole mass spectrometer (TSQ Quantum Access Max, Thermo) with heated
electrospray ionization (HESI). The HESI source was operated in negative-ion mode
with the following settings: spray voltage 4000V, vaporizer temperature 250°C, sheath
gas pressure 50 arb, ion sweep gas pressure 0.0 arb, auxillary gas pressure 10 arb,
and capillary temperature 300°C. Compounds were identified by comparing the
retention time and selected reaction monitoring (SRM) pairs (Table 5-3) during one scan
event with a 20 msec scan time, as well as through the addition of purine standards.
Data was processed using computer software (Xcalibur Quan Browser, Thermo).
Purine Standard Stock Solution Stability

The stability of purine standard stock solutions was assessed by first preparing
combined stock solutions as described above and spiking the solutions into 1000 uL of
10 mM NH4 acetate to achieve equivalent 2x, 6x, and 8x standard addition
concentrations. Samples were analyzed in triplicate immediately then stored at -80°C
for 24 hours. Samples were then permitted to thaw for at least 1 hour until they
approximated ambient temperature, vortexed, and re-analyzed in triplicate alongside
freshly prepared standard solutions. This procedure was repeated once more for a total

of 2 freeze/thaw cycles at 24 and 48 hours. In addition, stability over 24 hours while at
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ambient temperature was assessed for standard stock solutions and fresh prepared
Pacific herring and mullet samples, prepared using the method described above.

Method Validation

Repeatability was assessed on pooled samples of Pacific herring and striped
mullet that were divided into separate bags and frozen at -80°C. Purines were analyzed
in these samples over 4 separate days to determine between-day variability.
Additionally, 4 extracts were prepared from one sample bag for each fish species and
analyzed on the same day to determine within-day variability.

Purine Concentration Quantification

For each sample, the ratio of peak area relative to internal standard was
regressed against the concentration of purine metabolite after standard additions. The
purine metabolite concentration (mM) in the fish extract was obtained from the absolute
value of the x-intercept of the regression line. Total purine content (mM) was calculated
either as the sum of adenine, guanine, hypoxanthine, and xanthine, representing the
commercially available four-metabolite assay (TP4), or as the sum of those four
metabolites plus uric acid, AMP, IMP, and inosine, representing the total obtained using
this expanded eight-metabolite assay (TP8).

Statistical Analysis

Statistical comparisons were performed using statistical software (SAS® for
Windows, version 9.4, Cary, NC, 27513). The coefficient of variation for within and
between days (n=4) was calculated for individual samples of Pacific herring and striped
mullet. The correlation between TP4 and TP8 was compared between groups of
species using a general linear model procedure (SAS proc glm). A similar analysis was

performed using logarithms of TP4 and TP8. The ratio of TP8:TP4 and the ratio of
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inosine to hypoxanthine were compared among fish species’ nested within species
group using a general linear model (SAS glimmix) and post-hoc comparisons of least
square means were performed with a Tukey-Kramer correction applied. Results are
reported as means with ranges in parentheses.

The primary endpoint was to determine whether there is a 50% increase in the
concentration of hypoxanthine and other purines during frozen storage. Based on
previous reports of the variability in concentrations of hypoxanthine and other purines in
filleted fish during storage, comparing five samples of each species gave an 80% power
to detect a 50% change in hypoxanthine concentration with a type | error of 0.05 #7265

266

Results

Purine metabolites were separated by mass and retention time using this
HPLC/MS-MS method (Figure 5-2). Several of the metabolites were of similar mass:
adenine and hypoxanthine, guanine and xanthine, and AMP and IMP. The reverse
phase 100 A, 150 mm x 3.0 mm column (Luna 5um PFP(2), Phenomenex, Torrance,
CA 90501) with a guard column (SecurityGuard for PFP HPLC, Phenomenex) provided
the best metabolite separation and most stable retention times when used with the
method conditions described above. This column also had sufficient lifespan (~800
injections) for fish tissue purine identification. All other columns did not achieve desired
results (Table 5-2). Standard additions verified the location of each metabolite,
particularly when concentrations in the fish extract were low. Each metabolite
concentration in the fish extract was quantified as the x-intercept of the regression of
concentration after standard additions with area ratio relative to that of the internal

standard (Figure 5-3).
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There was a 15-30% decrease in signal for all metabolites after the first 24 hour
freeze and thaw cycle. There was no signal for adenine, AMP, and IMP following the
second freeze/thaw cycle and the signal for the other metabolites decreased by an
average of 25%. During a single 24 hour run, the signal for neat standards decreased
by up to 90% for adenine, between 20-40% for AMP, IMP, and uric acid, and between
5-15% for all other metabolites. The decrease in signal for metabolites in the fish extract
was less than 20% over a 24 hour run.

The coefficient of variation, measured both within and between days, for the
Pacific herring and mullet samples were much greater for metabolites contained in
minimal concentrations, like AMP, adenine, IMP, but was mostly below 20% for
metabolites in greater concentration, like guanine and hypoxanthine (Table 5-4). The
ratio of TP8:TP4 differed between fresh frozen free-ranging diet species and managed
species [1.9 (1.1-2.6)] which had been frozen stored for several months and then
thawed [1.5 (1.1-2.1)] and among individual fish species (p < 0.0001; Figure 4). The
slope of linear correlations of TP8 to TP4 was steeper for fresh frozen fish commonly
fed to free-ranging dolphins than in stored and thawed species commonly fed to
managed dolphins (p = 0.01). Regression of the logarithm of TP8 with the logarithm of
TP4 improved the fit, and the logTP8:logTP4 regression slopes were almost identical for
both groups of fish (0.963 and 0.969, respectively, Figure 5-5). Values for TP8 were on
average 24% higher relative to TP4°96 in free-ranging diet species than in managed
diet species but variation was substantial. The difference between TP8 and TP4 was

largely due to a change in the ratio of inosine to hypoxanthine, which was on average
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greater for the free-ranging species [3.70 (0.1-9.2)] than for managed species [1.67
(0.2-4.9); p < 0.0001].
Discussion

This study describes a new method that quantified eight purine metabolites
contained in whole fish and a squid commonly consumed by bottlenose dolphins. The
four metabolites in greatest concentration were guanine, hypoxanthine, xanthine, and
inosine, and the method provided satisfactory, repeatable results for those purines.
Inosine is not measured by the four-nucleobase commercial assay, so the whole fish
total purine content would be underestimated if only the usual four nucleobases,
adenine, guanine, hypoxanthine, and xanthine, were measured.

The total purine content from eight metabolites cannot be predicted by measuring
just four metabolites because the ratio of the total obtained from eight versus the total
from four metabolites varied widely among species. The difference in ratio between the
two groups of species may be due to inherent species differences in total purine content
but differences in handling are more likely to be responsible. Inosine and IMP degrade
to hypoxanthine during frozen storage and storage conditions can markedly affect
purine degradation rates.'?% 227 |n this study, fresh frozen fish had a greater inosine to
hypoxanthine ratio than frozen, stored, and thawed fish. This likely represents the
degradation of inosine to hypoxanthine over the six to nine month frozen storage time of
managed diet species, whereas degradation was probably minimal for the free-ranging
fish species that were quickly frozen at -80°C after being euthanized.

These findings confirm our initial hypothesis that it is important to measure more
than just four purine metabolites when comparing the purine intakes of managed and

free-ranging bottlenose dolphins. All of the metabolites measured are absorbed through
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the mammalian intestinal tract; however, the uricogenic importance of inosine is not
well-described. In rats, it is suspected that intestinal absorption of inosine is saturable,
but the threshold for saturation has not been established 6. This may be important
because even though fish concentrations of inosine are large, when compared to other
purine metabolites, a limit to absorption may limit its impact on urine uric acid excretion.
In dolphins, very little is known about purine metabolism. To our knowledge, this is the
first attempt to quantify the purine content of the diet of dolphins, and the relationship
between diet and uric acid excretion has not been established 2 3. At this time,
therefore, all purine metabolites must be considered equally important in assessing the
dolphin diet.

Measuring more purines with this assay may also be relevant for human
medicine. Purine-rich foods are classified based on the total nucleobase content.
Human beings susceptible to developing gout or uric acid stones are advised to avoid
foods containing increased purines. This study shows that foods may be misclassified
as to total purine content if the additional purines that are known to be absorbed by the
mammalian intestinal tract are not measured. In particular, this study suggests that the
total purine content may be underrepresented by the traditional assay especially in fresh
foods that are not frozen and stored for long periods.

This method of analysis has some limitations. Fish were pooled and ground for
analysis, and there was an inherent heterogeneity of the samples of some species
because whole fish are composed of diverse tissues that respond differently to grinding.
This was particularly true for some of the smaller, bonier species like pinfish, where it

was challenging to ensure ground sample was well homogenized. The aqueous purine
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extraction method was also very time consuming. Acid-hydrolysis is a more commonly
used method for purine extraction partly because it takes less time; however, acid-
hydrolysis extraction was found to reduce sensitivity of this HPLC-MS/MS method
because it resulted in lower MS/MS signals for purine metabolites, including guanine
and inosine, in a Pacific herring sample when compared to the aqueous extraction
method.

The fish matrix seemed to have a protective factor and stabilized purine
metabolites in the extracted sample. Nevertheless, lower MS signals for neat standards
following the frozen storage and thawing experiments meant that purine standard stock
solutions had to be prepared fresh for each experiment and added to experimental
samples within 24 hours. Thus, each analytical run had to be completed within 24
hours. It was also necessary to use standard additions to quantify purine
concentrations, which increased the number of runs necessary to analyze each sample
and thus reduced the number of samples that could be analyzed in any one day.
Standard additions were used for two important reasons. First, purines were soluble at
different pH: AMP, IMP, inosine, and adenine dissolved only at a pH of approximately 7
(NH4 acetate solvent), whereas guanine, hypoxanthine, xanthine, and uric acid
dissolved at a pH of approximately 10 (NH4OH solvent). Thus, the aqueous extraction
conditions of this method did not provide soluble conditions for all purine standards.
Additionally, the retention times of neat individual purine standards prepared in NH4
acetate and NH4OH solutions differed from retention times of purines found in the whole
fish tissue; therefore, the matrix effect of this specific tissue type also did not permit

accurate use of a standard calibration curve and isotopically labeled internal standards
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for each compound were not available. Thus, standard additions of four increasing
concentrations were used to verify and quantify metabolites present in the fish.

The purines included in this analyses were selected based on available
information on their ability to be intestinally absorbed in mammals. While this is an
expanded assay in comparison to the one that is commercially available, it is not
inclusive of every metabolite in the purine degradation pathway that may lead to uric
acid formation. The solubility of purine metabolites varies considerably depending on
the pH of solution, making it especially difficult to include all purines in the analysis.
Therefore, purine metabolites were selected for inclusion based on their reported
abundance in fish tissue, their ability to be intestinally absorbed, and/or their uricogenic
potential. On the adenine side of the degradation pathway, adenine was measured
instead of adenosine because adenine is metabolized differently than all other purines
and is known to be more uricogenic than its nucleoside or nucleotide forms 267,
Adenosine 5’-diphosphate (ADP) and adenosine triphosphate (ATP) were initially
included in the analysis but were removed because concentrations in whole fish were
below the assay’s limit of detection (< 7.2 ymol/L). On the guanine side of the
degradation pathway, guanine rather than guanosine was measured because of its
abundance in the metallic scales of fish 262, Guanine 5’-monophosphate (GMP) has
been demonstrated to be intestinally absorbed. Nevertheless, IMP production in
mammalian cells is under allosteric control preferring conversion from AMP rather than
GMP. Any GMP is either trapped and either degraded to guanine or guanosine for

intestinal absorption or readily converted to carbon dioxide 66 75
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In conclusion, this method enables accurate and reproducible identification and
guantification of the individual purine metabolites contained in whole fish. Furthermore,
the inclusion of additional metabolites more accurately quantifies the total purine
content of a food item and may more accurately represent a foods’ uricogenic potential.
In particular, accurately assessing differences in the purine content of diets consumed
by managed and free-ranging bottlenose dolphins may help explain why managed

dolphins are predisposed to forming ammonium urate nephroliths.
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Table 5-1. Fish and squid species commonly consumed by free-ranging and managed

bottlenose dolphins

Free-ranging diet species Managed diet species

Pinfish (Lagodon rhomboids) Pacific herring (Clupea pallasii )

Striped mullet (Mugil cephalus) Atlantic herring (Clupea harengus)
Sheepshead (Archosargus probatocephalus) Icelandic capelin (Mallotus villosus)
Ladyfish (Elops saurus) Canadian capelin (Mallotus villosus)

Pigfish (Orthopristis chrysoptera) Pacific mackerel (Scomber japonicus)

Spot croaker (Leiostomus xanthurus) Pacific sardine (Sardinops sagax)

Spotted sea trout (Cynoscion nebulosus) West coast Loligo squid (Loligo opalescens)

Gulf toadfish (Opsanus beta)

Table 5-2. Columns tested for separation of purines and observed results

Manufacturer Column

Chromatographic results

Waters Corporation Acquity UPLC HSS T3 1.8 ym,150x2.1
(Milford, MA 01757) mm, with HSS T3 1.8 um Vanguard
Symmetry C18 3.5 ym, 150x2.1 mm

ACE Excel C18-PFP 2 um, 100x2.1 mm
(Aberdeen, Scotland)  Excel C18-amide 2 ym 100x2.1 mm
Excel UltraCore Super PhenylHexyl
2.5 um, 75x2.1 mm
HALO-PFP 2.6um, 150x2.1mm
HALO-HILIC 2.6um, 150x2.1mm

Phenomenex Prodigy ODS 3 pm, 100x2 mm
(Torrance, CA 90501)
Luna PFP(2) 3um, 150x3.0 mm?

Failed after ~800 injections
Poor retention

Poor separation
Poor elution AMP”, IMP*
Poor metabolite retention

Poor elution adenine
Poor elution AMP”, IMP*

Low sensitivity, except for
AMP’, IMP”

Sufficient retention and
separation, good sensitivity

*AMP, adenine 5’-monophosphate; IMP, inosine 5’-monophosphate
T Column selected for purine metabolite separation
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Table 5-3. Purine metabolite mass spectrometer identification parameters

Metabolite Precursor mass  Product mass Collision energy Tube lens
(g/mol) (g/mol) (eV) V)
Adenine 134.00 107.0 24 74
Hypoxanthine 135.05 65.3 29 74
95.2 18 74
Guanine 150.00 108.0 18 74
Xanthine 151.02 80.3 26 78
108.2 18 78
5N, - Xanthine 152.95 80.9 32 66
109.2 18 66
Uric acid 167.00 124.2 16 65
Inosine 267.02 108.2 41 100
135.2 25 100
AMP’ 345.99 79.3 42 98
134.2 39 98
IMP” 346.96 79.3 37 90
135.1 34 90

"eV, electron volts; AMP, adenine 5’-monophosphate; IMP, inosine 5’-monophosphate
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Table 5-4. Purine metabolite concentrations and assay variability for two whole ground

fish samples
Within day Between day
Mean + SD” CVv Mean + SD* CcVv
Metabolites (umol/L) (%)* (umol/L) (%)*
Pacific herring (Clupea pallasii)
AMP’ 546 £ 3.51 64 297 +£3.21 108
Adenine 0.32 £ 0.09 27 0.14£0.17 122
Guanine 201 £0.02 0 241 + 40 17
IMP” 0.25+0.36 147 0.10+0.23 225
Inosine 228 + 21 9 262 + 63 24
Hypoxanthine 156 + 24 15 166 £ 30 18
Xanthine 31.1+48 15 344 +13.6 39
Uric acid 0.00 £ 0.00 N/A 0.04 £0.13 316
Striped mullet (Mugil cephalus)
AMP’ 0.70 £ 0.09 13 0.77 £0.28 36
Adenine 1.34+£0.19 14 1.17 £0.50 43
Guanine 152 +17 11 165+ 21 13
IMP* 0.95+1.41 147 1.84+£2.16 117
Inosine 180 + 15 8 191 +18 9
Hypoxanthine 35925 7 41.8+£6.7 16
Xanthine 12.2+1.6 14 11.2+25 22
Uric acid 0.00 £ 0.00 N/A 0.00 £ 0.00 N/A

"AMP, adenine 5’- monophosphate; IMP, inosine 5’-monophosphate; N/A, not applicable because
concentration is zero
TPurine metabolite mean variability was calculated within day (n=4) and between days (n=4).
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Figure 5-1. Degradation and salvage pathways of purines compiled from several
sources (Green 1972; Datta 1994; Voet 2011; Nicholson 2013; Jurecka
2015). Black solid lines represent degradation pathways and black dotted
lines represent salvage pathways. AMP, adenine monophosphate; IMP,
inosine monophosphate; XMP, xanthine monophosphate; GMP, guanine
monophosphate; APRT, adenosine phosphoribosyl transferase; HGPRT,
hypoxanthine-guanine phosphoribosyl transferase; PNP, purine nucleoside
phosphorylase.
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Figure 5-2. Chromatographic separation of eight purine metabolites in striped mullet
with the addition of the 8x concentration standard. Time (minutes) and relative
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metabolite is labeled with purine name, precursor mass, and product
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Figure 5-3. Example of a standard addition curve that shows the relationship between

concentration and the ratio of peak area of xanthine to that of the internal
standard that was used to establish the xanthine concentration in extract from
a ground sample of striped mullet. Values are plotted either when no external
standard was added or when increasing concentrations (2x, 4x, 6x, and 8x) of
xanthine external standard were added to the fish extract. The xanthine
concentration in the fish extract was calculated as the absolute value of the x-
intercept of the linear regression line. Thus, for this curve x=(y-32.18)/949.6
(R?=1.00) and xanthine concentration in the extract was determined to be |-
32.18/949.6|=0.0339 mmol/L.
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Figure 5-4. Ratios of the sum of concentrations of eight purine metabolites versus four
purine metabolites in extracts of fish and squid samples of species commonly
consumed by free-ranging dolphins and dolphins under human care. Boxes
represent the range, the solid lie represents the median, and the dotted line is
the mean. Free-ranging diet species overall have a greater ratio than
managed diet species (p < 0.05), and ratios of individual species with different
letter superscripts are significantly different (p < 0.05; n=5).
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CHAPTER 6
PURINE METABOLITES IN FISH, SQUID, AND MODEL DIETS COMMONLY
CONSUMED BY MANAGED AND FREE-RANGING COMMON BOTTLENOSE
DOLPHINS, TURSIOPS TRUNCATUS

Introduction

Common bottlenose dolphins (Tursiops truncatus) managed under human care
develop ammonium urate kidney stones; however, these stones rarely form in free-
ranging bottlenose dolphins.! The prevalence of nephroliths has not been determined in
most facilities taking care of bottlenose dolphins, but one facility reports 35% prevalence
among dolphins in their population.® The cause of nephrolith development in managed
bottlenose dolphins is unknown, but it may be related to the fact that dietary purines
absorbed through the gastrointestinal tract are metabolized to uric acid, which is
excreted in urine.>® In other mammals, a purine-rich diet can promote urate urolith
formation.

Organs and seafood contain more purines than other foods, and the diet of
bottlenose dolphins consists primarily of purine-rich whole fish.8% 254 Nevertheless, the
species of fish consumed by free-ranging bottlenose dolphins differ from the species fed
to managed dolphins, and we hypothesized that purine metabolite composition may
differ between the two groups of species. Free-ranging dolphins consume a great
variety of whole live fish and invertebrates that are available within their temperate and
subtropical environment.'32: 161 On the other hand, dolphins under human care within
the United States are fed frozen, stored, and thawed cold-water fish and squid species
of less variety.% 119 Purine content is reported to differ among fish species, and post-
mortem changes in purine metabolite concentrations have been documented in fish

filleted for human consumption.*?”: 227 Specifically, concentrations of inosine 5'-
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monophosphate (IMP), inosine, hypoxanthine, and xanthine in cold-stored fish, vary
greatly with species, storage temperature, and storage time.*1". 125126 Thys, it is
possible that the purine composition of the diet of managed dolphins may differ both in
the relative proportions of purine metabolites and in total purine content when compared
with the free-ranging dolphin diet. To date, there are no reports of either the total purine
content or individual purine metabolite concentrations of the whole fish species
consumed by dolphins.

Most commonly when the purine content of a food is reported, the concentrations
of the four nucleobases, adenine, guanine, hypoxanthine, and xanthine, are measured
and summed to provide the total purine content. This total is used to determine whether
the food is rich, moderate, or low in purines, and it is commonly advised that foods rich
in purines are avoided by individuals prone to urate stone development.4’: 60. 239
Nevertheless, other purine metabolites, in particular IMP, inosine, and adenine 5’-
monophosphate (AMP), are absorbed from the diet by other mammals, and can be
metabolized to uric acid and excreted in urine.'® 55 77 Thus, purine content reported as
the sum of only four nucleobase concentrations may not accurately represent the total
potential purine load ingested by dolphins.

Furthermore, total purine content may not accurately represent the uricogenic
potential of a food source because metabolism of individual purines varies. For
example, adenine and hypoxanthine affect the amount of uric acid excreted by human
being more so than guanine and xanthine.®® It is not known how dolphins metabolize
purines, but measuring a range of individual purine metabolites as well as the total

purine content of fish species consumed by the two groups of dolphins should give a
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better appreciation of their uricogenic potential. Our first objective, therefore, was to
guantify and compare individual and total concentrations of eight purine metabolites
among fresh frozen fish species consumed by free-ranging dolphins and frozen stored
species fed to managed dolphins.

The total daily purine intake of free-ranging and managed bottlenose dolphins
depends on the amount of each species consumed as well as the purine content of
each individual species. The quantity of fish dolphins consume is determined by the
metabolizable energy (ME) dolphins need to maintain body condition. To determine how
many purines dolphins are consuming, therefore, the purine content of each species
was determined relative to ME and the relative proportions of ME provided by each
species were estimated to generate model diets for managed and free-ranging
dolphins.?#6 Model managed dolphin diets were based on the relative proportions of
species fed by two dolphin management facilities and a model free-ranging dolphin diet
was based on proportions of fish species reported to be consumed by bottlenose
dolphins in Sarasota Bay, FL (see Chapter 4). Our second objective, therefore was to
compare individual metabolite concentrations and total purine content among model
diets typically consumed by managed and free-ranging dolphins. We hypothesized that
concentrations would vary among fish species and that hypoxanthine concentrations
would increase relative to inosine and IMP in frozen stored managed diet species when
compared to fresh frozen free-ranging diet species. Furthermore, we hypothesized that
the managed dolphin model diets would contain more purines than the free-ranging
model diet, which may provide a reason why managed dolphins are prone to forming

urate nephroliths.
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Materials and Methods
Fish Sampling and Processing

Fish samples were collected by the Chicago Zoological Society’s Sarasota
Dolphin Research Program under the Mote Marine Laboratory and University of Florida
(UF) Institutional Animal Care and Use Committees.

All fish sample procurement and processing methods were performed as
described by Ardente et al. (see Chapter 4). The eight fish species most commonly
consumed by free-ranging bottlenose dolphins residing in Sarasota Bay, FL (‘free-
ranging species’, Table 6-1) were selected to represent the free-ranging dolphin diet.148
161,245 Fish were caught, humanely euthanized, weighed, length measured, individually
bagged, and transported in dry ice to the UF laboratory where fish were stored at -80°C
until further processing. Six fish species and one species of squid commonly fed to
dolphins under human care (‘managed species’) were supplied by two facilities that care
for bottlenose dolphins (Table 6-2). Fish and squid had been caught during one
commercial fishing season, wrapped in plastic and frozen stored at -18°C for 6 to 9
months. Then they were shipped overnight on dry ice to the UF laboratory where they
were stored at -20°C until further processing.

Five separate samples of each species were analyzed. To provide sufficient
material to perform all the analyses on every sample, a minimum of 2 individual fish (or
squid) were included in each sample; however, the number of individual fish (or squid)
included in each sample varied depending on the size of the species so that each
sample of smaller species contained more individuals than samples of large species.
The five samples of each species were processed, thawed, and ground as described by

Ardente et al. (see Chapter 4). Ground samples were homogenized by hand and stored
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in sample bags (Whirl-Pak® bags, Nasco, Fort Atkinson, W1 53538) at -80°C until purine
analysis was performed. All samples were analyzed by a researcher who was blind as
to their origin.
Purine Analysis

Purine metabolites were extracted, separated and quantified using high
performance liquid chromatography mass spectrometry as previously described, using
both an internal standard and standard additions of external standards (see Chapter 5).
Purine concentrations (mmol/Mcal ME) were reported relative to the metabolizable
energy (ME) content of the fish and squid species. The metabolizable energy (ME)
density of each species was calculated using the protein and fat contents previously
reported for each fish and squid species (see Chapter 4) and Atwater factors (4 kcal
ME/g of protein and 9 kcal ME/g of fat).?*¢ The total purine content was calculated as
the sum of adenine, guanine, hypoxanthine, xanthine, uric acid, AMP, IMP, and inosine.

Model Dolphin Diets

Two model managed bottlenose dolphin diets (Table 6-3) fed to dolphins at two
dolphin management facilities were compared with a model free-ranging bottlenose
dolphin diet (Table 6-4) derived from the proportions of fish species reported to be
consumed by bottlenose dolphins in Sarasota Bay, FL.1*?

Statistical Analysis

Values are reported as means +/- one standard deviation. Comparisons among
fish and diets were performed with statistical software (SAS® System for Windows 9.4,
SAS Institute Inc., Cary, NC, USA). Individual purine metabolite concentrations were
compared among fish species nested within either managed or free-ranging groups

using a general linear model design (SAS procedure glimmix). Multiple comparisons
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were performed with a Tukey-Kramer correction. Least square means were used to
compare individual and total purine contents among model diets (SAS procedure
Ismestimate).

The primary endpoint was to determine whether there is a 50% increase in the
concentration of hypoxanthine and other purines during frozen storage. Based on
previous reports of the variability in concentrations of hypoxanthine and other purines in
filleted fish during storage, comparing five samples of each species gave an 80% power
to detect a 50% change in hypoxanthine concentration with a type | error of 0.05.47: 265

266

Results

Concentrations of adenine, uric acid, hypoxanthine, xanthine, AMP, and inosine
were greater (p < 0.05) in managed diet species than free-ranging diet species,
whereas IMP concentrations were greater in free-ranging diet species than managed
diet species (Table 6-5 and Table 6-6). Purine metabolite concentrations also differed (p
< 0.05) among individual species (Table 6-5). Adenine, uric acid, IMP and AMP
concentrations were present in very small to negligible amounts in almost all species,
with a few exceptions, like ladyfish which contained at least twice the IMP content of all
other species. Guanine and inosine were present in high concentrations in all species
except for Loligo squid and toadfish which contained almost no guanine. The
concentration of hypoxanthine was greater than xanthine in all species, and up to four
times greater in some species. Icelandic capelin, Canadian capelin, and Loligo squid
among managed diet species and Gulf toadfish of free-ranging species contained the

most hypoxanthine.
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The total purine content was greater (p < 0.05) for managed diet species when
compared with free-ranging diet species, but also varied among individual fish species
(p < 0.05) within each group (Table 6-5 and Table 6-6). Among managed diet species,
total purine content was greatest in Canadian capelin and Pacific mackerel, and three-
fold more than in herring and Loligo squid, which contained the least purines. Of the
free-ranging diet species, the total purine content of ladyfish was three-fold higher than
the total purine content of spot and mullet.

The median total purine content was two-fold greater for the model managed
dolphin diets (6.96 and7.82 mmol/Mcal ME, respectively) than the model free-ranging
dolphin diet (3.91 mmol/Mcal ME; p < 0.0001) (Figure 6-1 and Table 6-6). The two
model managed diets had similar individual purine metabolite contents except that
managed diet #1 contained more IMP, and less adenine and xanthine than managed
diet #2. The free-ranging model diet contained more IMP but less guanine, inosine,
hypoxanthine, and xanthine than the managed model diets.

Discussion

To our knowledge, this study is the first to quantify eight purine metabolites in a
wide range of fish species consumed by dolphins and to estimate the difference in total
purine intake of managed and free-ranging dolphins. The purine content of the model
free-ranging dolphin diet also provides a guide as to the amount of purines that can be
consumed by dolphins without inducing nephrolith formation. It also may be possible to
reduce the uricogenic potential of managed dolphin diets by feeding species that have a
lower total purine content. Not surprisingly, fish with the highest ME density (free-

ranging species mullet and spot and managed species herring) contained the least
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purines relative to ME and therefore could be a substitute for species in the managed
dolphin diet that are less energy dense and contain more purines.

The uricogenic potential of dietary purines varies, however, among species
consuming the food. In rats, for example, dietary hypoxanthine and xanthine result in
greater allantoin concentrations in the urine but uric acid concentrations remain
unchanged.?®” Human beings, however, excrete more urinary uric acid when fed a diet
supplemented with adenine, hypoxanthine, AMP, and IMP, but do not have an increase
in urinary uric acid concentrations when fed a diet supplemented with guanine.®: 259 |t
may be important, therefore, to consider the contribution of each purine metabolite, to
the production of urinary uric acid in dolphins, but it is not known how readily each
metabolite is absorbed from the dolphin’s intestine. For example, inosine content of all
managed and free-ranging diet species was greater than the concentrations of all other
metabolites. It has been speculated, however, that the gastrointestinal epithelial
absorption of inosine is saturable in rats because luminal inosine concentrations
increased with increasing oral doses of AMP. Thus, it may be possible that very high
concentrations of dietary inosine are inconsequential to urinary uric acid production in
dolphins if inosine transport is also saturable.®* Nevertheless, gastrointestinal
absorption of inosine in dolphins is not known, and inosine can be converted readily to
absorbed hypoxanthine during frozen storage; therefore, the uricogenic potential of
inosine must not be discounted. Guanine concentrations were also greater than most
other metabolites in all fish species, likely due to the presence of metallic scales which
are rich in guanine.?%* 268 Gulf toadfish and Loligo squid were the only two species with

much lower guanine content than the other species, which is most likely due to their
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lack of metallic scales covering their skin. Thus, if guanine is well absorbed through the
dolphins’ gastrointestinal tract and has a greater uricogenic potential in dolphins than in
people, the guanine content of the diet may be of particular concern. Loligo squid or
toadfish could then be fed to dolphins in greater proportions in order to decrease the
total guanine content of the diet. Canadian and Icelandic capelin provide another
example because they contained twice as much hypoxanthine as Atlantic and Pacific
herring. Hypoxanthine is uricogenic in people, so replacing capelin, which often
represents a large proportion of the managed diet, with herring may help decrease
urinary uric acid excretion.®® In this way, it may be possible to alter the species fed to
managed bottlenose dolphins in order to both reduce the concentrations of certain
targeted metabolites and the total purine content until the diet more closely
approximates the free-ranging dolphin diet.

It is important to remember however, that individual purine metabolites may have
different uricogenic potential in dolphins than in human beings because dolphins
metabolize purines to a different end-point than people. Dolphins excrete urinary
allantoin in concentrations that are a thousand-fold greater than allantoin concentrations
in the urine of people but are comparable to allantoin concentrations in the urine of
dogs.(Ardente, under review; see Chapter 7 and 8) This suggests that dolphins, like
dogs but unlike human beings, have functional uricase, the enzyme that oxidizes uric
acid to allantoin. Nevertheless, uric acid concentrations relative to allantoin
concentrations increase after a meal in managed dolphins; therefore, although uricase
may be functional, it is possible that its ability to convert uric acid to allantoin is

saturable following ingestion of a purine rich meal (see Chapter 8). Further studies are
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needed to determine how changes in purine intake affect uric acid concentrations in
dolphin urine.

As expected, handling and frozen storage appeared to affect concentrations of
purine metabolites in the managed diet species compared with the free-ranging diet
species.??’” Concentrations of IMP have been reported to be greater in fresh fish and to
decrease over time, degrading to inosine and then hypoxanthine, as fish is maintained
in chilled storage.?%° In our study, concentrations of IMP and the ratio of inosine to
hypoxanthine were greater in free-ranging species than managed species even though
concentrations of hypoxanthine and inosine were greater among managed species than
free-ranging species. There were two species, however, where purine metabolite
concentrations did not follow the same pattern as that observed in other species within
their group. The first was ladyfish which had at least twice the IMP content of all other
managed and free-ranging diet species. Ladyfish fought vigorously when they were
caught and died more rapidly than other species — often these fish appeared dead
before being placed in the MS-222 bath. During supramaximal anaerobic activity, an
additional ATP and AMP can be generated from two adenosine diphosphate (ADP)
molecules, whereupon AMP is broken down to IMP, inosine, and eventually
hypoxanthine.® Vigorous muscle movements in the ladyfish may have utilized more
ATP, therefore generating more IMP. Then rapid freezing may have prevented further
metabolism. The other exceptional species was Gulf toadfish, which contained
hypoxanthine at a concentration that was comparable to that in capelin, the managed
diet species with the greatest hypoxanthine content, and much greater than that in any

other free-ranging species. Toadfish were the only fish caught in crab pots by local
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commercial crabbers. The fish were then transported alive back to shore in five gallon
buckets of sea water, where they were processed like the other fish. It is possible that
the stress of being contained in a bucket of water with no supplemental dissolved
oxygen resulted in hypoxemia, increased utilization of ATP, and generation of more
hypoxanthine.?”0

This study has some limitations. All fish and squid species were pooled and
ground for analysis, and there was an inherent heterogeneity of the samples of some
species because whole fish are composed of diverse tissues that respond differently to
grinding. This was particularly true for some of the smaller, bonier species like pinfish,
where it was challenging to ensure ground sample was well homogenized. Furthermore,
free-ranging species varied in size and sex based on availability; whereas commercially
caught fish species are sorted for uniform size and sex, which may have led to more
variability among free-ranging species compared to managed species.'°? Seasonal
variations in protein and fat are reported to occur in other species, but all species in this
study, from both diets, were caught during one season; therefore, any seasonal
variations that may affect protein content, and in turn possibly purine content, were not
considered.® % 11° For the managed diet species, the duration of frozen storage was
fixed at 6-9 months, to represent the typical duration that fish fed to dolphins are stored
prior to feeding. Frozen storage has been well-documented to affect the nutrient content
of fish, so it is possible that storage times less than 6 months or greater than 9 months
may have yielded different results.?"!

The percentages of each species included in the model diets may not be

representative of the diets consumed by all managed or free-ranging dolphins. The
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relative proportions of fish and squid varies within and among facilities, depending on
the requirements of individual dolphins. The free-ranging dolphin model diet was based
on published information from one population of free-ranging inshore dolphins residing
in the Sarasota Bay region of FL. The species consumed by these and other dolphin
populations probably changes with season, habitat (inshore vs. pelagic), individual prey
preferences, age, sex, reproductive state, and overall health.

Direct comparisons of the model diets also assumes that any dolphin, whether
free-ranging or under human care, is consuming the same total number of calories in a
day. In reality, there is almost certainly great variation in the energy needs of any
individual or group of dolphins depending on activity levels, water temperature, and life
stage. Preliminary data suggests that free-ranging dolphins may have higher energy
requirements than managed dolphins. An average 160 kg free-ranging dolphin in
Sarasota Bay, FL, has been reported to have an average daily energy requirement
(measured using double labelled water method) ranging from approximately 16
Mcal/day in the winter to 22 Mcal/day in the summer.*’#* Among dolphins under human
care at one facility, however, non-pregnant, non-lactating adults have been reported to
consume approximately 8.5 to 12 Mcal/day and growing male and female dolphins to
consume approximately 8.5 to 16 Mcal/day.'’” Total purine intake is ultimately affected
by the amount of food consumed, so free-ranging dolphins may be consuming,
metabolizing, and excreting more purines than some managed dolphins, even when the
free-ranging diet may contain less purines than the managed diets on an equal caloric

basis.
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In conclusion, the individual purine metabolites differ significantly between the
fish species fed to managed bottlenose dolphins and those consumed by free-ranging
bottlenose dolphins. Additionally, the managed dolphin model diets have a greater total
purine content than the model free-ranging dolphin diet. These differences in individual
and total purine concentrations may affect urate nephrolith formation, but further
investigation is necessary to determine the uricogenic potential of purine metabolites in
dolphins and whether consumption of a managed diet with greater total purine
composition results in greater urinary uric acid concentrations than concentrations of
uric acid that would be excreted if a diet with a lower total purine content similar to the

free-ranging diet is fed to managed dolphins.
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Table 6-1. Fish species commonly consumed by free-ranging dolphins, the size of fish caught and location where fish
were caught between May and September 2013

Fish species Catch location Wet weight (g)° Length (mm)”
Abundant species
Pinfish (Lagodon rhomboides) Sarasota Bay, FL 70 (7-174) 143 (68-209)f
Striped mullet (Mugil cephalus) Sarasota Bay, FL 615 (195-875) 333 (242-400)t

Roberts Bay, FL
Gulf of Mexico, FL
Sheepshead (Archosargus probatocephalus) Sarasota Bay, FL 310 (165-560) 236 (188-294)t
Ladyfish (Elops saurus) Sarasota Bay, FL 285 (134-919) 339 (253-600)t
Gulf of Mexico, FL
Soniferous species

Pigfish (Orthopristis chrysoptera) Sarasota Bay, FL 65 (3-171) 143 (65-220)f

Spot croaker (Leiostomus xanthurus) Sarasota Bay, FL 200 (132-310) 224 (202-260)t
Gulf of Mexico, FL

Spotted sea trout (Cynoscion nebulosus) Sarasota Bay, FL 293 (40-670) 313 (158-440)%
Gulf of Mexico, FL

Gulf toadfish (Opsanus beta) Sarasota Bay, FL 119 (8-520) 157 (85-300)*

Gulf of Mexico, FL

"Values are medians with ranges in parentheses.

TFork length measured from most anterior point of head to the deepest notch in tail fin.

*Straight length measured from most anterior point of head to most caudal point of tail fin. All fish lengths fell within the reported
range (50-300mm, up to 1,027mm) for fish consumed by free-ranging dolphins (McCabe 2010, Allen 2001).
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Table 6-2. Fish species commonly fed to managed dolphins, the date and location

where fish were caught

Fish and squid species

Catch location

Catch date

Pacific herring (Clupea pallasii)
Atlantic herring (Clupea harengus)
Icelandic capelin (Mallotus villosus)
Canadian capelin (Mallotus villosus)
Pacific mackerel (Scomber japonicus)
Pacific sardine (Sardinops sagax)

West coast Loligo squid (Loligo opalescens)

Pacific coast, USA
East coast, USA
Iceland

East coast, Canada
Pacific coast, USA
Pacific coast, USA
Pacific coast, USA

December 2013
November 2013
March 2014
June 2014

April 2014
October 2013
October 2013

Table 6-3. Proportions of fish and squid species in model managed common bottlenose

dolphin diets
Fish and squid species % ‘as fed’ weight % Mcal ME
Managed diet #1
Icelandic capelin 60 54.0
Pacific herring 20 31.9
Pacific mackerel 10 8.7
West coast Loligo squid 10 54
Managed diet #2
Canadian capelin 60 47.4
Atlantic herring 10 15.2
Pacific herring 10 17.2
Pacific mackerel 10 9.4
Pacific sardine 10 10.8

Table 6-4. Proportions of fish species in a model free-ranging common bottlenose

dolphin diet

Fish species % total fish % Mcal ME
Pinfish 41 27.1
Gulf toadfish 40 24.0
Sheepshead 4 9.2
Spot 3 114
Pigfish 3 1.6
Mullet 2 19.3
Ladyfish 2 29
Spotted sea trout 2 2.6
Menhaden 1 1.9
Atlantic threadfin herring 1 0.2
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Table 6-5. Metabolizable energy content and purine metabolite concentrations” in fish and squid species consumed by managed and free-ranging common bottlenose dolphins

Species ME ADT GN UAT HXAT XAT AMPT IMP# INOT Total®
Mcal/kg" ---- mmol/Mcal ME

Managed diet
Icelandic capelin ~ 1.0+0.02¢ 0.09+0.02°¢ 2.5+0.28 0.003+0.0012P 2.0+0.22 1.6+0.1° 0.02+0.0044%¢ 0.1+0.02¢4 2.0+0.09°¢ 8.5+0.72P
Canadian capelin ~ 0.8+0.01 0.20+0.032 1.4+0.22 0.003+0.0032 2.7+0.22 3.7+0.48 0.01+0.003¢%¢ 0.0002+0.0002¢  2.2+0.1P¢ 10.5+0.92
Pacific herring 1.8+0.02° 0.001+0.001¢ 1.3+0.052 BLD" 0.8+0.03° 0.2+0.02%¢  0.0006+0.0004¢ 0.0008+0.0003¢ 1.5+0.1° 3.940.1¢¢
Atlantic herring 1.6+0.01°¢ 0.0004+0.0002¢ 1.4+0.082 0.003+0.0023P 1.0+0.04° 0.2+0.02%¢  0.002+0.001° 0.003+0.00¢ 1.6+0.1° 4.4+0.2¢¢
Pacific mackerel 1.0+0.01¢ 0.03+0.002° 2.7+0.48 0.004+0.0008%P  1.4+0.23P 1.3+0.1°¢ 0.1+0.012 0.02+0.006°¢ 4.4+0.22 10.1+0.62
Pacific sardine 1.1+0.03%¢  0.002+0.0008%¢  2.1+0.22 0.01+0.0072P 0.7+0.06° 0.5+0.06°¢  0.06+0.01°¢¢ 0.03+0.01¢ 2.6+0.2b¢ 6.1+0.52b¢
Loligo squid 0.6+0.01¢ 0.002+0.0007%¢  0.01+0.008° 0.01+0.0043P 2.6+0.18 0.8+0.05°¢ 0.1+0.009P 0.03+0.01¢¢ 0.7+0.04° 4.4+0.2¢4

Free-ranging diet
Pinfish 1.2+0.03¢ 0.002+0.0019¢ 1.5+0.12 0.01+0.0042P 0.5+0.05° 0.2+0.03%¢  0.08+0.009%P¢ 0.1+0.03¢%d 2.2+0.1°b¢ 4.9+0.3¢%4
Gulf toadfish 0.7+0.01¢ 0.1+0.013P 0.1+0.04° 0.04+0.0092 2.1+0.12 0.1+0.01¢ 0.01+0.007¢%¢ 0.007+0.003¢¢ 1.240.3¢ 3.9+0.2¢d
Sheepshead 1.0+0.04%"  0.03+0.003¢ 1.6+0.092 0.001+0.0009° 0.5+0.02° 0.1+0.01%"  0.07+0.012bcd 0.3+0.03° 1.5+0.09°¢ 4.3 +0.1°4
Spot 2.0+0.042 0.01+0.002°¢ 0.8+0.042 0.0004+0.0002°  0.2+0.01° 0.04+0.0027 0.04+0.01bcde 0.2+0.06¢ 0.9+0.08°¢ 2.4+0.19¢
Pigfish 1.2+0.05%¢  0.04+0.005° 1.8+0.22 0.01+0.0072P 0.3+0.06°¢  0.2+0.04%¢  0.03+0.01¢¢® 0.06+0.02¢d 2.2+0.1°P¢ 5.0+0.4¢4
Mullet 1.7+0.03>¢  0.01+0.001°¢ 0.9+0.12 0.001+0.0005° 0.3+0.05°¢  0.1+0.01%"  0.002+0.0006° 0.01+0.008¢4 1.3+0.1° 2.7+0.49¢
Ladyfish 0.9+0.05%"  0.01+0.002¢¢ 2.4+0.18 0.005+0.0012P 0.9+0.1° 0.2+0.02%¢  0.03+0.01¢9¢ 0.7+0.072 2.7+0.52bc  7.240.83P¢
Spotted sea trout  0.8+0.02f 0.02+0.001° 1.9+0.082 0.002+0.001° 0.6+0.09° 0.09+0.01%"  0.02+0.002%¢ 0.2+0.05P¢ 2.8+0.13b 5.8+0.2b¢

"Values are means * one standard deviation. ME Mcal/kg relative to ‘as fed’. AD, adenine; GN, guanine; UA, uric acid; HXA, hypoxanthine; XA, xanthine; AMP, adenosine monophosphate; IMP, inosine monophosphate; INO, inosine; BLD =

below limit of detection
abcdefg \/alues with different superscripts within a column are significantly different (p < 0.05).
TManaged diet species have greater purine metabolite content than free-ranging diet species (p < 0.05).
*Free-ranging diet species have greater IMP content than managed diet species (p < 0.05).
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Table 6-6. Purine metabolite concentrations for model managed and free-ranging diets”

Purine metabolite (mmol/Mcal) Managed Managed model Free-ranging Managed diet Free-ranging diet
model diet #1  diet #2 model diet species species
AMPT 0.04 +0.00? 0.04 £ 0.002 0.05 £ 0.002 0.07 £ 0.00* 0.05 £ 0.00
IMPT 0.07 £ 0.022 0.01 +0.00° 0.15+0.01° 0.03 + 0.00* 0.24 £0.02
Adenine 0.06 +0.012 0.14 +0.02° 0.05 £ 0.00% 0.06 + 0.01* 0.04 £ 0.00
Guanine 2.01+0.162 1.63+0.112 1.09 +0.05° 1.66 £ 0.09 1.45+£0.05
Inosine 1.98+0.06® 2.19 +0.082 1.61 +0.10° 2.12 + 0.05% 1.86 +0.09
Hypoxanthine 1.70+0.132  1.92 +0.152 0.91 +0.05° 1.73+0.08* 0.75+0.03
Xanthine 1.14 +0.08? 2.06 +0.22° 0.14 +0.01° 1.23 £ 0.01% 0.16 £ 0.01
Uric acid 0.00 £ 0.00? 0.00 £ 0.002 0.02 +0.00° 0.01 + 0.00* 0.02 £ 0.00
Total purines, 4 metabolites® 492 +0.35% 5.74+0.41?3 2.20 £ 0.09° 4.69+0.19% 2.40+0.08
Total purines, 8 metabolites® 7.02 +£0.38?2 7.98 + 0.462 4.03 +0.13° 6.92 + 0.21% 4.56 +0.14

"Values are means = standard error.

TAMP, adenine 5’-monophosphate; IMP, inosine 5’-monophosphate

*Purine metabolite concentrations are different between managed diet species and free-ranging diet species (p < 0.05).

ac pyrine concentrations with different superscripts across rows are different among model diets (p < 0.05).

5Total purines obtained using the traditional method of summing the content of four metabolites: adenine, guanine, hypoxanthine, and xanthine.
Total purines obtained by summing the content of eight metabolites measured reported here.
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CHAPTER 7
URINE PURINE METABOLITES EXCRETED BY FREE-RANGING COMMON
BOTTLENOSE DOLPHINS

Purine nucleotides from DNA, RNA, and ATP are metabolized to uric acid, which
is then oxidized in most mammals to allantoin by uricase. Human beings lack a
functional gene for uricase, and excrete uric acid in urine in much higher concentrations
compared to other mammals. Excretion of uric acid is only favored over allantoin in
other mammals when there is a defect in purine catabolism. For example, in Dalmatian
dogs, a hereditary defect results in reduced oxidation of uric acid by uricase and
reduced reabsorption of uric acid by renal tubules.8’: 8

As a result of increased urinary uric acid excretion, some human beings form uric
acid uroliths and some Dalmatians form ammonium urate uroliths. Common bottlenose
dolphins (Tursiops truncatus) under human care also develop ammonium urate
nephroliths, but free-ranging common bottlenose dolphins do not, and the reason for
this difference is unknown.! Both dolphins under human care and free-ranging dolphins
consume a purine-rich diet of whole fish. Bottlenose dolphins excrete uric acid, but it is
not known whether they excrete allantoin.® 272 We sought, therefore, to determine
whether allantoin is present in urine of free-ranging bottlenose dolphins and to compare
urinary uric acid and allantoin concentrations with those of non-Dalmatian dogs, which
are known to convert uric acid to allantoin. The purine metabolites, hypoxanthine and
xanthine, were also measured because they are excreted in urine by some species.®°

Urine samples were collected by catheterization from 15 free-ranging bottlenose
dolphins during health assessments performed during 2014 and 2015 by the Chicago
Zoological Society’s Sarasota Dolphin Research Program in Sarasota, FL.24% All

dolphins had fish matter identified in their forestomach by ultrasound examination. Urine
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samples were collected from 5 unfed (for 12 hours) healthy dogs by free-catch.
Samples were collected under the National Oceanic and Atmospheric Administration’s
National Marine Fisheries Service Scientific Research Permit No. 15543, and the
auspices of Mote Marine Laboratory and University of Florida (UF) Institutional Animal
Care and Use Committees.

Purine analysis was conducted in the UF Southeast Center for Integrated
Metabolomics (SECIM) Core Laboratory (Gainesville, FL) using a high-performance
liquid chromatography with tandem mass spectrometry (Thermo Accela 1250 with
Thermo TSQ Quantum Access, Thermo Scientific, Waltham, MA, USA). Allantoin, uric
acid, hypoxanthine, and xanthine were identified by mass and retention time, and
metabolites were quantified using external standard concentration curves. Creatinine
was measured using a chemistry analyzer (Dimension® Xpand® Plus, Siemens,
Malvern, PA, USA) with a reagent cartridge (Dimension® Flex®, Siemens). Statistical
analysis was performed using statistical software (SAS® 9.4 for Windows, SAS Institute
Inc., Cary, NC, USA). Urine concentrations and relative ratios were compared between
bottlenose dolphins and dogs using a Kruskal-Wallis test with a 5% probability of error
when rejecting the null hypothesis. Concentrations were also compared to previously
reported means in other species.8 82 273277

Mean uric acid concentrations and uric acid to creatinine ratios were 2.5 and 5
times greater, respectively, in dolphin urine than in dog urine (p < 0.01). Dog values
were similar to, or greater than, previously reported mean concentrations of uric acid in
urine from dogs, cats, sheep, cows and human beings consuming a low protein diet, but

similar to concentrations in urine from human beings fed a high protein diet (Table 7-1).
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There was no evidence that creatinine or allantoin concentrations or the ratio of
allantoin to creatinine differed between dogs and dolphins. The mean ratio of uric acid
to allantoin was on average four-fold higher in dolphin urine than in dog urine (p <
0.001) (Figure 7-1). Hypoxanthine and xanthine concentrations in dolphin urine were
small and below the limit of detection in dog urine.

Urine allantoin concentrations in common bottlenose dolphins were comparable
to concentrations in species that make uricase and thousand-fold higher than have
been previously reported in urine from human beings that do not make uricase. The
greater uric acid concentrations in dolphin urine than dog urine may be because
dolphins had eaten and dogs had not or because of differences in purine content of food
consumed by dolphins and dogs. Bottlenose dolphins consume primarily whole fish
which contain considerable amounts of protein and purines and almost no
carbohydrate.*® The dogs in this study were being fed commercial dry adult dog food
containing substantial amounts of carbohydrate, which dilutes protein and purines in the
diet. When compared with dog urine, the greater uric acid concentrations relative to
allantoin concentrations in bottlenose dolphin urine suggest that either uricase is
saturated or operating at a reduced rate in dolphins, or that the capacity of the kidney to
reabsorb uric acid may be reduced in dolphins. In animals consuming a high purine diet,
reduced retention may be a normal adaptive response in order to excrete excess uric
acid. The mean fractional excretion of uric acid has been reported in healthy rats (17%),
dogs consuming a meat-based diet (27%), and in healthy men (7%) and women (10%),
and has been shown to increase in people with increased uric acid production.

Bottlenose dolphins, however, appear to have a mean fractional excretion of uric acid
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that is substantially higher (63% unfed and 89% post-prandial). (Bartges and others
1994;82, 278-280

In conclusion, free-ranging common bottlenose dolphins excrete allantoin, like
most other mammals with functioning uricase. Nevertheless, the dolphins’ capacity to
metabolize and excrete uric acid as allantoin in the urine appears to be limiting, which
may explain why dolphins consuming a high purine diet are at risk of developing urate

nephroliths under certain circumstances.
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Table 7-1. Urine creatinine and purine metabolite concentrations” of common bottlenose dolphins and dogs, with published values in other species

Species Creatinine Hypoxanthine Xanthine Uric Acid® Allantoin UA.CR™# AL:CR?*
e ———————————— mmol:mmol-----------

Free-ranging bottlenose 12.9 (4.6-37.9) 1.5(0.9-5.0) 0.3(0.2-1.0) 3.3(1.0-6.1) 6.6 (4.1-14.1) 0.3 (0.05-0.6) 0.5 (0.2-0.9)

dolphins, post-prandial

Dogs, un-fed 24.0 (17.5-31.7) ND¥ ND# 1.3(1.0-1.9) 8.4 (6.5-18.2) 0.06 (0.03-0.08) 0.4 (0.2-0.8)

Bottlenose dolphins under 14.2 0.9 0.06

human care, fasted?

Bottlenose dolphins under 9.4 2.6 0.28

human care, post-prandial®

Human beings, low-protein diet® 8.4 21 0.24

Human beings, high-protein diet® 8.8 3.3 0.38

Human beings® 0.008 + 0.002

Dog¢ 18.6 (2.6-28.4) ND# ND# 1.2 (0.3-2.4) 0.08 (0.05-0.1)

Dog*® 0.05 (0.01-0.38) 1.0 (0.16-7.9)

Cat, males' 16.2 (4.8-32.3) 0.52 (0.01-1.35) 0.04 (0.001-0.11)

Cat, females' 12.0 (3.3-27.8) 0.39 (0.01-0.98) 0.04 (0.002-0.09)

Cow? 57+1.8 ND# ND# 19+1.1 12.8+55

Sheep® 3.2+13 05+0.2 0.03+0.02 0.6+0.3 1.7+0.6

& Smith (2014) J. of Urology; °: Fellstrom (1983) Clin. Sci.; ®: Kim (2009) J. Chrom. B; ¢: Gow (2011) Vet Record; ®: Rivara (2013) Vet. Record; ": Cottam (2002) J. Nutr.; 9 Shingfield (1999) J. Chrom. B.
"Values are medians with range in parentheses or means * one standard deviation.

TUric acid concentration and UA:CR are significantly different between free-ranging bottlenose dolphins and dogs (p < 0.01).

*UA:CR, uric acid to creatinine ratio; AL:CR, allantoin to creatinine ratio; LOD, limit of detection (Hypoxanthine 0.012 mmol/L, Xanthine 0.005 mmol/L); ND, not detected

158



0.9

0.8

0.7

0.6

0.5

0.4

0.3

mmmol Uric acid:mmol Allantoin

0.2

0.1

®
| |
——
Free-ranging common bottlenose Dogs
dolphins

Figure 7-1 Uric acid to allantoin ratios in urine from bottlenose dolphins and dogs. The

white line represents the median; boxes represent the 25th and 75th
percentiles; whiskers represent the range. Bottlenose dolphins have greater
urine uric acid concentrations relative to allantoin concentrations than dogs (p
< 0.05).
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CHAPTER 8
URINARY PURINE AND ALLANTOIN CONCENTRATIONS IN COMMON
BOTTLENOSE DOLPHINS, TURSIOPS TRUNCATUS, UNDER HUMAN CARE

Introduction

Some common bottlenose dolphins (Tursiops truncatus) managed under human
care develop ammonium urate nephroliths; however, these nephroliths rarely form in
free-ranging bottlenose dolphins.! The prevalence of nephrolithiasis among managed
bottlenose dolphins is poorly documented, but one facility reports 35% of their dolphins
are affected.! The reason for nephrolith formation in managed dolphins is unknown, but
the composition of the diet can influence ammonium urate urolith formation in other
mammals, and may also affect urate stone formation in dolphins.> 8

The tendency for ammonia and urate to complex and precipitate as ammonium
urate crystals is determined by the relative concentrations of ammonium and urate ions
in urine, as well the presence of other solutes, and urine pH.# 1% 185 Given enough time
and appropriate conditions, crystals may then aggregate to form stones.° Uric acid is a
product of purine metabolism. Purines contribute to the structure of deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA), adenine triphosphate (ATP) and guanine
triphosphate (GTP). Purines are either made by the body, salvaged and recycled, or
absorbed from food.'3 55 60.239 Foods that are purine-rich include organ meat and
seafood.5% 254 In most mammals, uric acid is excreted in urine but can be further
oxidized to allantoin by uricase. Allantoin is more soluble in urine and excreted in much
higher concentrations than uric acid.'” Uric acid excretion is only favored over allantoin
in mammals when there is a defect in purine catabolism. Human beings, for example,
lack the functional gene for uricase, and excrete uric acid in much greater

concentrations compared to other mammals. Some Dalmatian dogs also excrete
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greater concentrations of uric acid than allantoin in their urine because they have a
hereditary defect which causes inefficient oxidation of uric acid by uricase and reduced
uric acid reabsorption by the renal tubules.8’ 88

Consumption of a purine-rich diet is a risk factor for urolith formation in human
beings and dogs.? 273 276 Whole fish, which comprise the bulk of the managed and free-
ranging dolphin diet, are purine-rich®: 23° but the concentrations of purine metabolites
excreted in the urine of dolphins has not been well documented.

We have recently reported that the urine of free-ranging bottlenose dolphins with
food in their stomachs contains allantoin in concentrations that are comparable to
concentrations in the urine of unfed (non-Dalmatian) dogs, a species which makes
uricase. The concentrations of allantoin in dolphin urine were also much greater than
those in the urine of human beings, a species which lacks functional uricase.?8*
Furthermore, fed free-ranging dolphins had greater urinary uric acid concentrations
relative to allantoin concentrations than were observed in the urine of unfed dogs.?8'A
post-prandial rise in urinary uric acid concentrations has been reported to occur in
managed dolphins,®? and could explain why allantoin and uric acid concentrations were
greater in free-ranging dolphins that had recently consumed a meal when compared
with unfed dogs. Also, the whole fish consumed by bottlenose dolphins is much richer in
purines than the commercial dry kibble diet of dogs so we hypothesized there may be
saturation or decreased functional efficiency of uricase or a decreased capacity for uric
acid reabsorption by the renal tubules after a meal in dolphins.?8!

Nevertheless, free-ranging dolphins rarely develop urate nephroliths, so it is

possible that purine concentrations may be different in the urine of managed bottlenose
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dolphins. Free-ranging and managed dolphins both consume whole fish, but free-
ranging diet fish species contain less total purines relative to energy intake than
managed dolphin diet species. Free-ranging dolphins also consume smaller, more
frequent meals than managed dolphins. Thus, free-ranging dolphins likely consume less
purines per meal than managed dolphins, which may be a reason why free-ranging
dolphins do not develop nephrolithiasis (see Chapter 6).

It is also not known why some, but not all, dolphins under human care at a given
facility develop ammonium urate nephrolithiasis. No risk factors have been identified
that might explain the difference in disease prevalence among individuals in the same
managed population, so there is likely a continuum of nephrolith risk among all
managed dolphins.? 2 8 Managed dolphins with nephrolithiasis do excrete greater
concentrations of uric acid, however, than healthy managed dolphins.® The greater
concentrations of uric acid may be due to the resulting kidney disease that occurs in
dolphins with nephrolithiasis, reducing the ability of the renal tubules to reabsorb urate.

We also noted the presence of hypoxanthine and xanthine in addition to allantoin
and uric acid in the urine of fed free-ranging dolphins. Hypoxanthine and xanthine are
also products of purine metabolism but are usually metabolized to uric acid. Both
hypoxanthine and xanthine have been reported in the urine of other species, including
cows, sheep and rats, and in some instances have been associated with derangements
in purine metabolism.%% 277 For example, a genetic mutation causing hypoxanthine-
guanine phosphoribosyl transferase deficiency in human beings results in greater
concentrations of hypoxanthine and xanthine in the urine.?®? Another genetic mutation in

people and Cavalier King Charles spaniels causes xanthine dehydrogenase deficiency
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and therefore greater concentrations of xanthine to be excreted in the urine compared
to uric acid.283 284

Thus, our first objective was to determine whether managed dolphins with or
without nephrolithiasis experience a post-prandial increase in allantoin and other purine
concentrations in the urine. We hypothesized that post-prandial allantoin concentrations
in the urine of fed managed dolphins may not increase to the same extent as urinary
uric acid concentrations, and that concentrations might be different before and after
feeding between managed dolphins with and without nephrolithiasis. We hypothesized,
also, that fed managed dolphins might excrete greater concentrations of urinary uric
acid relative to allantoin than fed free-ranging dolphins, because they may consume a
more purine-rich diet.

Materials and Methods
Study Population

Urine samples from managed dolphins were a subset of samples collected for a
larger research endeavor examining the pathophysiological basis for ammonium urate
nephrolithiasis in bottlenose dolphins owned and cared for by the Navy Marine Mammal
Program (MMP).8? The Secretary of Navy Instruction 3900.41G directs that Navy marine
mammals be provided the highest quality care. The MMP is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care International
and adheres to the national standards of the United States Public Health Service Policy
on the Humane Care and Use of Laboratory Animals and the Animal Welfare Act.
Further, all samples were collected under a protocol approved by the MMP’s
Institutional Animal Care and Use Committee (IACUC) and the Navy’s Bureau of

Medicine. Urine sample handling and processing was approved by the University of
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Florida’s IACUC. The study population and study design have been described in detail
previously, but are summarized here.8?

The study population of managed dolphins included four, two male and two
female, sexually mature healthy (non-stone forming) bottlenose dolphins and four, two
male and two female, sexually mature stone forming bottlenose dolphins of similar body
weight. Dolphins were considered to be healthy non-stone formers if they had no
evidence of azotemia within the last 10 years and had no nephroliths detected with
routine ultrasound examination; whereas stone forming individuals had previously
developed azotemia and nephroliths had been detected with ultrasound, but were not
currently azotemic. All dolphins were housed by the MMP in open-ocean enclosures
within San Diego Bay, CA.

Urine was collected continuously for six hours from each dolphin, including two
hours before and four hours after a meal. Prior to sample collection, dolphins were
fasted for 12 hours overnight and then were lightly sedated with diazepam or
midazolam. The bladder was catheterized, emptied and a closed collection system was
attached to the catheter for continuous urine collection. While the urinary catheter was
in place, dolphins were suspended in water within fleece-lined stretchers. Urine that was
collected for the first two-hour period was analyzed as the unfed sample. The dolphins
were then fed one-third (1.8-2.7 kg) of their total daily diet of frozen thawed whole fish,
consisting of one-third Pacific herring (Clupea pallasii) and two-thirds Icelandic capelin
(Mallotus villosus) (by as fed weight). Urine was then collected for four hours after the
meal, and the aliquot taken two to four hours after feeding was analyzed as the post-

prandial sample. All urine samples collected were frozen and stored at -80°C. Samples
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were shipped overnight on dry ice to the University of Florida (UF) College of Veterinary
Medicine where they were maintained frozen at -80 °C until the analysis was performed.

Purine metabolite concentrations and ratios were measured in each urine
sample. Metabolite concentrations and ratios in the urine of the fed managed dolphins
was also compared to previously reported concentrations and ratios of urine from 15
apparently healthy free-ranging bottlenose dolphins. Free-ranging dolphin urine
samples were collected during health assessments performed during May 2014 and
2015 by the Chicago Zoological Society’s (CZS) Sarasota Dolphin Research Program
(SDRP) in Sarasota, FL.?*> 281 During health assessments led by the CZS SDRP,
bottlenose dolphin body condition, morphometrics, genetics, life history and health data
were obtained through capture-release research.?*® Selected dolphins were encircled
with a 500m long x 4m deep seine net in the shallow, sheltered Sarasota Bay waters.
One at a time, individual dolphins were placed in a sling, lifted aboard a specialized
veterinary examination vessel, and placed on a shaded pad. The dolphin was kept wet
with bay water while its behavior, respiratory pattern, and heart rate were continuously
monitored. The dolphin was first weighed, measured for standardized lengths and
girths, and ultrasonic measurements of blubber thickness were made at standardized
sites. A full physical examination was then performed by experienced marine mammal
veterinarians, which included ultrasound examination of internal organs and sex
determination by examination of the genital region. Blood, urine, feces, milk,
microbiological swabs, and biopsy samples were routinely collected. Upon completion
of the physical examination and sample collection, the dolphin was marked with a

freeze brand or tagged as appropriate, photographed, and released. For this study, 2
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mL aliquots of urine were collected via sterile catheterization from 15 free-ranging
dolphins. Urine samples were frozen in liquid nitrogen and stored at -80°C until purine
analysis was performed. Fish matter was identified in the forestomach by ultrasound
examination of all 15 free-ranging study dolphins. All samples, including the urine
samples used in this study, were collected from dolphins under the National Oceanic
and Atmospheric Administration’s National Marine Fisheries Service Scientific Research
Permit No. 15543, with approval by Mote Marine Laboratory’s IACUC.

Purine Analysis

Chemical reagents

A 0.01mM sodium hydroxide (NaOH, pH 11.8, Fisher Scientific Company,
Suwanee, GA 30024) solution and artificial urine were prepared freshly at least once
every month. Artificial urine (pH ~5) was prepared by dissolving the following chemicals
in water: potassium chloride, sodium chloride, urea, potassium phosphate, sodium
hydroxide, sodium bicarbonate, and sulfuric acid (Fisher); and citric acid, ascorbic acid,
and creatinine (Sigma-Aldrich, St. Louis, MO 63103).28 A solution of 2% acetonitrile
and 0.1% sodium azide (Fisher) in water was also prepared. The mobile phase solution
0.1% acetic acid (Fisher) in water was prepared at least every 48 hours. The water used
for mixing all solutions and all solvents was HPLC-grade (Fisher Scientific Company,
LLC, Suwanee, GA, USA).

All purine metabolites for external calibration standards were purchased from
Sigma. Because purine metabolite solubility is highly pH dependent, separate stock
solutions were prepared by dissolving allantoin in artificial urine, whereas uric acid,
xanthine, and hypoxanthine were dissolved together in 0.01 mM NaOH. All solutions

were heated (35°C) in a water bath and sonicated for 10-15 minutes for complete
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dissolution. These two solutions were then combined to produce a stock solution
containing final concentrations of allantoin at 0.425 mg/mL (2.7 mM), uric acid at 0.025
mg/mL (0.15 mM), xanthine at 0.025 mg/mL (0.16 mM), and hypoxanthine at 0.05
mg/mL (0.37 mM).

Internal standard stock solutions were prepared by dissolving 15N2-xanthine
(Cambridge Isotopes Laboratory, Inc., Tewksbury, MA, USA) to a final concentration of
0.04 mg/mL (0.26 mM) in 0.01mM NaOH and DL-allantoin-5-13C, 1-1°5N (ISOTEC®, St.
Louis, MO, USA) to a final concentration of 0.5 mg/mL (3 mM) in the 98% water/2%
acetonitrile solution. Both external and internal standard solutions were prepared, then
frozen in aliquots at -80°C, and a fresh aliquot was thawed to room temperature each
day an analysis was performed.

Calibration standards and sample preparation

A 150 pL aliquot of either undiluted or 1:2, 1:8, and 1:16 dilutions of the external
standard stock solution in artificial urine was combined with 25 pL of allantoin internal
standard, and 25 pL of xanthine internal standard, and then diluted to 1 mL ina 2 mL
Eppendorf tube (Eppendorf, Fisher) to establish a calibration curve. Dolphin urine
samples were thawed to room temperature in tap water. Creatinine concentrations in an
150 L aliquot of urine was measured using a chemistry analyzer (Dimension® Xpand®
Plus, Siemens, Malvern, PA, USA) with a reagent cartridge (Dimension® Flex®,
Siemens). Urine samples were diluted either 1:4, 1:15, 1:30 or 1:60 with 98% water and
2% HPLC-grade acetonitrile (Fisher) solution and then 150 yL was mixed with 25 pL of
each internal standard solution and diluted to 1 mL in a 2 mL Eppendorf tube. Samples
and standards were vortexed for 30 seconds and then for each individual standard

solution or sample, a 480 pL aliquot was transferred to a 500 pL centrifuge tube with a
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0.2 ym nylon filter insert (Costar® Spin-X®, Corning, NY 14831) and centrifuged at
5,000 rcf for 5 minutes (Eppendorf centrifuge 5417R, Sigma).

Urine from one adult male-neutered dog (collected free-catch) was analyzed
alongside every dolphin urine analysis to ensure the method was working consistently.
Aliquots of dog urine were frozen at -80°C and thawed similarly to dolphin urine
samples. A 20 yL aliquot of urine was added to 930 uL of water/acetonitrile and 25 pL of
each internal standard solution in a 2 mL conical tube. The dog urine sample was then
processed the same way as dolphin urine samples.

Chromatographic analysis

Purine metabolite separation in urine was performed with high performance liquid
chromatography (Accela 1250 HPLC system, Thermo Scientific, Waltham, MA 02451)
using a reverse phase Luna 5um PFP(2) column (100 A, 150 mm x 3.0 mm,
Phenomenex, Torrance, CA 90501) with guard column (SecurityGuard for PFP HPLC,
Phenomenex). The column and compartment were maintained at ambient temperature.
The injection volume was 10 pL with a flow rate of 500 uL/min. The elution conditions
for separation of purine metabolites began with 97% A (0.1% acetic acid in water, pH
3.5) and 3% B (methanol) for 2 minutes, gradually decreased to 90% A and increased
to 10% B from 2 to 4 minutes, 70% A and 30% B from 4 to 5.5 minutes, 50% A and 50%
B from 6 to 6.5 minutes, with a final return to the original conditions at 9 minutes. The
column was maintained under these conditions for re-equilibration for a further 6.5
minutes. For column storage between runs, the column was flushed at 500 pL/min with

65% acetonitrile and 35% water for at least 10 column volumes.
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Mass spectrometry analysis

Purine metabolites were identified by mass and retention time (TSQ Quantum
Access Max, Thermo) with a triple quadrupole mass spectrometer with heated
electrospray ionization (HESI). The HESI source was operated in positive-ion mode for
detection of allantoin, with the following settings: spray voltage 4000 V, vaporizer
temperature 250°C, sheath gas pressure 50 arb, ion sweep gas pressure 10 arb,
auxillary gas pressure 10 arb, and capillary temperature 300°C. The HESI source was
operated in negative-ion mode for detection of uric acid, hypoxanthine, and xanthine,
with the following settings: spray voltage 2500 V, vaporizer temperature 350°C, sheath
gas pressure 50 arb, ion sweep gas pressure 0.0 arb, auxillary gas pressure 10 arb,
and capillary temperature 350°C. Compounds were identified by comparing the
retention time and selected reaction monitoring (SRM) pairs (Table 1) during one scan
event with a 20 msec scan time, as well as through the addition of purine standards.
Data was processed using computer software (Xcalibur Quan Browser, Thermo).
Statistical Analysis

SAS® software, Version 9.4 of the SAS System for Windows (Cary, NC, USA)
was used to perform all statistical analyses. Differences in metabolite concentrations
between unfed and fed managed dolphins, either healthy or with nephrolithiasis or for
both groups of dolphins combined, were evaluated using a Wilcoxin Signed Rank test.
Metabolite concentrations and ratios were also compared between unfed and fed
healthy managed dolphins and unfed and fed dolphins with nephrolithiasis using a
Wilcoxin Rank Sum exact test. Differences in metabolite concentrations and ratios were
compared between fed managed dolphins (with or without nephrolithiasis) and fed free-

ranging dolphins with a Wilcoxin Rank Sum exact test. A Bonferroni correction was
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applied to each experiment to maintain type 1 experiment-wise error <0.05. Thus, for
example, only values <0.01 were considered significant when comparing values before
or after feeding in managed dolphins with or without nephrolithiasis.

Results

Separation of purine metabolites hypoxanthine and xanthine, breakdown
products uric acid and allantoin, and xanthine and allantoin internal standards was
achieved with this HPLC-MS method (Figure 8-1). There was no evidence of a change
in concentrations or concentration ratios of purines to creatinine or uric acid to allantoin
for fed or unfed healthy managed dolphins compared with fed or unfed managed
dolphins with nephrolithiasis (p = 0.1; Table 8-2). When both healthy dolphins and
dolphins with nephrolithiasis were considered together, however, there was a trend
towards a decrease in concentration of creatinine (p = 0.05) after a meal. Purine
concentrations did not change to the same degree (p = 0.01) after the meal, and as a
result, the ratio of the concentrations of xanthine, hypoxanthine, and uric acid to
creatinine increased (p < 0.008), and there was a trend towards an increase in the ratio
of allantoin to creatinine concentrations (p = 0.015) after a meal. Excretion of other
purines increased more than allantoin, however, so the ratio of the concentration of uric
acid and of the combined concentrations of hypoxanthine and xanthine relative to
allantoin were higher post-prandially than before a meal (p < 0.008; Table 8-3). The
ratio of the combined concentrations of xanthine and hypoxanthine to uric acid
decreased after a meal (p < 0.008). There was no evidence of a difference in urine
concentrations or ratios between managed dolphins and free-ranging dolphins after a

meal (p = 0.1), except that post-prandially, free-ranging dolphins had greater
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concentrations of hypoxanthine in their urine than managed dolphins (p < 0.04; Table 8-
2).
Discussion

This study demonstrated that there was a post-prandial increase in uric acid,
hypoxanthine and xanthine concentration relative to creatinine and allantoin
concentrations in the urine of managed dolphins. These findings provide support for our
previous suggestion that the oxidation of uric acid to allantoin by uricase and/or the
efficiency of the renal tubules to reabsorb uric acid may be overwhelmed or saturated in
dolphins, in this instance, following the intake of a purine-rich meal.?®! Consumption of a
purine-rich meal has the potential, therefore, to increase urinary uric acid concentrations
making urolith formation more likely, even though dolphins make allantoin. Furthermore,
this study determined that hypoxanthine and xanthine concentrations relative to
creatinine increase following a meal. Hypoxanthine and xanthine concentrations
combined increase more than allantoin concentrations in fed dolphin urine, which may
indicate xanthine oxidase, the enzyme responsible for converting hypoxanthine to
xanthine and then xanthine to uric acid, is also overwhelmed or saturated. On the other
hand, the concentration of hypoxanthine and xanthine to uric acid decreased which
suggests that uricase not xanthine oxidase is the primary bottle-neck.

Fed free-ranging dolphins had similar uric acid and allantoin concentrations in
their urine when compared with fed managed dolphins which suggests that there may
be no difference, genetic or metabolic, in how free-ranging and managed dolphins
metabolize dietary purines. Nevertheless, the response to a meal has not been
assessed in free-ranging dolphins, and the post-prandial concentration of uric acid

excreted in the urine may be affected by the size and frequency of the meal and the
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relative quantities of purines ingested. Free-ranging bottlenose dolphins consume fish in
smaller, more frequent meals throughout both the day and night, whereas managed
dolphins are fed 3-8 meals over the duration of a 8-9 hour business day.8? 132,193, 194
Thus, larger fish meals consumed as a bolus by managed dolphins may provide a
larger dose of purines that must be digested and metabolized over a shorter time
period. This bolus of purines may cause uric acid to be excreted in greater quantities in
the urine at one time compared to concentrations of uric acid in the urine of free-ranging
dolphins that are consuming small frequent meals.

This study was also the first to quantify and compare the urine purine metabolite
concentrations among healthy bottlenose dolphins and dolphins with nephrolithiasis
under human care.?* Though urine concentrations of creatinine, hypoxanthine,
xanthine, and uric acid appeared to be lower in dolphins with nephrolithiasis than in
healthy managed dolphins, sample size was very small, which limited the capacity to
detect a difference even if one had been present. Nevertheless, in other mammals,
nephrolithiasis can cause kidney damage and limit the capacity to concentrate urine.?8
It is plausible, therefore, that dolphins with nephrolithiasis had chronic kidney disease
and were unable to concentrate their urine.

It is also interesting to note that hypoxanthine and xanthine are consistently
present in the urine of both unfed and fed managed dolphins and free-ranging dolphins.
Hypoxanthine and xanthine are not found in the urine of healthy people, dogs, and cats,
but are present in cow, sheep and rat urine.®% 277. 281 Dolphins, however, have urinary
concentrations of hypoxanthine that are 20 to 50 fold greater and xanthine that are 55 to

70 fold greater than concentrations in the urine of cows, sheep, and rats.?®! Thus,
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dolphins may have adapted to their purine-rich diet and excrete hypoxanthine and
xanthine in their urine as a way of minimizing the amount of uric acid excretion.

The greatest limitation of this study design was the small sample size of
managed dolphins. Many of the differences observed in urine creatinine and purine
metabolite concentrations and relative ratios among dolphin populations were not
statistically significant, but differences may have been detected if the population sample
sizes were larger. Only a few dolphins were studied because each dolphin had to be
acclimated to a smaller pool and trained to accept catheterization for continuous
collection of urine over six hours.

In conclusion, managed bottlenose dolphins experience a greater post-prandial
rise in urinary uric acid concentrations than allantoin concentrations, which suggests
that the metabolic pathway for conversion to allantoin may be overwhelmed by a the
large intake of purines consumed with a fish meal. Nevertheless, fed managed
bottlenose dolphins excrete similar concentrations of uric acid and allantoin in their urine

as free-ranging dolphins.
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Table 8-1 Purine metabolite mass spectrometer identification parameters

Metabolite Precursor mass  Product mass  Collision energy  Tube lens
(g/mol) (g/mol) (ev" V)
Positive ion mode
Allantoin 159.067 73.3 18 79
116.1 5 79
DL-allantoin-5-3C, 1-5N  161.10 61.5 10 79
74.3 18 79
118.1 5 79
Negative ion mode
Hypoxanthine 135.05 65.34 29 74
95.22 18 74
Xanthine 151.02 80.28 26 78
108.16 18 78
15N,-xanthine 152.95 80.95 32 66
109.20 18 66
Uric acid 167.00 124.24 16 65

*eV, electron volts
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Table 8-2. Urine creatinine and purine metabolite concentrations” of common bottlenose dolphins.

Dolphin population Sample size (n) Unfed/Fed Nephroliths Creatinine Hypoxanthine Xanthine Uric Acid Allantoin
Managed 4 Unfed No 29 (16.5-31.9) 1.4(0.96-1.9) 0.42(0.35-0.67) 2.4(1.5-3.5) 8.3(5.8-11.5)
4 Fed No 14 (2.9-17.9) 1.3 (0.33- 0.35(0.09-0.61) 4.0(1.1-4.5) 6.6(1.8-9.1)
2.1)t
4 Unfed Yes 12 (8.7-16.1) 0.6 (0.45- 0.22 (0.15-0.27) 1.4(1.0-2.2) 7.3(3.6-8.5)
0.85)
4 Fed Yes 9 (5.6-15.2) 0.9 (0.82- 0.30 (0.22-0.42) 3.5(2.8-3.9) 6.0 (4.7-8.3)
1.0t
Free-ranging® 15 Fed No 13 (4.6-37.9) 1.5(0.9-5.0)' 0.31(0.18-0.95) 3.3(1.0-6.1) 6.6 (4.1-14.1)

*Values for concentrations (mmol/L) are medians with ranges in parentheses.
Fed free-ranging dolphins have greater concentrations of hypoxanthine in the urine than fed managed dolphins, including both healthy dolphins and dolphins with nephrolithiasis (p < 0.04).
Reference Ardente 2016 Aquatic Mammals (under review)

Table 8-3. Relative ratios of urine creatinine and purine metabolites*of managed common bottlenose dolphins.

Status N AL:CR UA:CR HXA:CR XA:CR UA:AL HXA+XA:AL HXA+XA:UA

Unfed 8 0.42(0.19-0.87) 0.11(0.08-0.14)®> 0.06 (0.04-0.07)2 0.02 (0.01-0.02)2 0.25 (0.13-0.60)> 0.15(0.1-0.37)2  0.68 (0.47-0.92)?

Fed 8 0.56(0.32-0.86) 0.31(0.23-0.61)® 0.11 (0.06-0.15)* 0.03 (0.02-0.04)° 0.55(0.39-0.91)* 0.22 (0.16-0.40)° 0.38 (0.30-0.64)°
"Values for molar ratios are medians with ranges in parentheses. Managed dolphins included both healthy dolphins (n=4) and dolphins with nephrolithiasis (n=4). CR, creatinine; AL, allantoin; UA, uric acid; HXA, hypoxanthine; XA, xanthine.
a Medians with different superscripts within a column are significantly different (p < 0.008).
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Figure 8-1. Chromatographic separation of hypoxanthine, xanthine, uric acid, allantoin,
and internal standards in urine from a bottlenose dolphin under human care.
Time (minutes) and relative abundance are represented along the x-axis and
y-axis, respectively. Each metabolite is labeled with purine name, precursor
mass, and product mass(es). The retention time (RT) and the area under the
curve (AA) are noted above each metabolite peak.
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CHAPTER 9
CONCLUSIONS, LIMITATIONS, AND FUTURE DIRECTIONS

This dissertation research explored the role nutrition may play in the
development of ammonium urate kidney stone disease in common bottlenose dolphins
under human care. The nutrient content relative to ME of fish and squid species most
commonly fed to managed dolphins was compared with that of fish species commonly
consumed by free-ranging bottlenose dolphins in Sarasota Bay, FL. This study,
therefore, was the first to provide a comprehensive review of the nutrient intake of free-
ranging bottlenose dolphins. This study was also the first to develop and compare
model diets for managed and free-ranging dolphins, taking into consideration the
relative proportions of fish in the whole diet, in order to better assess total nutrient
intake. The free-ranging model diet provided an indication of what constitutes an
adequate intake of essential nutrients and therefore can be used as a guide to
determine how the species or proportions of species fed within the managed diet could
be changed in order to approximate the total nutrient composition of the free-ranging
dolphin model diet. Furthermore, little is known about how dolphins metabolize their
purine-rich whole fish diet, so this research quantified the purine metabolites excreted in
the urine of free-ranging dolphins, healthy managed dolphins, and managed dolphins
with nephrolithiasis because greater concentrations of urinary uric acid may promote
ammonium urate stone development.

Nutrient analyses focused on the key nutrients of concern in the development of
ammonium urate stones, including water, protein, macromineral, and purine content.
Nutrient concentrations were compared relative to metabolizable energy, which is more

appropriate than comparing nutrients relative to dry matter for carnivorous species, like
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dolphins, for which food intake is limited by its energy needs to maintain body condition.
The fish and squid species fed to managed dolphins contained more total water and fat
relative to energy compared with the free-ranging diet fish species, whereas the free-
ranging fish species were more energy dense, containing more dry matter, protein, and
ash than the managed diet species. In light of ammonium urate kidney stone disease,
these nutrient findings did not provide a potential reason for development of stones in
managed dolphins over free-ranging dolphins. The greater water and lesser protein
contents of the managed dolphin diet would, in theory, provide for a more dilute, less
saturated urine compared to the urine of free-ranging dolphins consuming a more
energy dense diet with a greater protein content.

The macromineral content differences between the species consumed by
managed and free-ranging dolphins and the model diets may provide a reason for stone
development in dolphins under human care. Species fed to managed dolphins provided
more sodium and chloride relative to energy than free-ranging diet species, which was
likely a consequence of brining prior to frozen storage. On the other hand, free-ranging
diet species provided more calcium and phosphorous relative to energy than managed
diet species, which was likely due to their leaner and more bony composition.

The mineral contents of the fish and squid species were then put into context for
how they may contribute to ammonium urate stone development by calculating the
dietary cation-anion gap for both individual species and for the model dolphin diets.
DCAD may contribute to ammonium urate stone formation if more anions are provided
by the diet relative to cations, resulting in excretion of a more acidic urine. To buffer the

acidic urine, it is possible that dolphins will excrete more ammonium ions in the urine,
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promoting supersaturation and crystallization of ammonium with urinary uric acid. Four
equations were used to calculate and describe the DCAD for individual fish species and
the model diets. Managed diet species and the model managed dolphin diets had a
more negative DCAD than free-ranging diet fish species (providing more anions relative
to cations), except when DCAD was calculated using the human mineral absorption
coefficients. The human equation for DCAD assumes that two-thirds more phosphorous
is absorbed than calcium. Because the extent to which minerals are absorbed through
the gastrointestinal tract of dolphins is unknown, it is difficult to state with certainty which
eqguation would be most appropriate to predict the effect diet may have on urine acid-
base balance. The DCADiong equation provided the starkest contrast between free-
ranging and managed diet species and model diets, with a very positive DCAD for the
free-ranging diet (152 + 9 mEg/Mcal) and very negative DCAD for the managed diets (-
77 to -80 £ 3 mEqg/Mcal). DCADiong, however, assumes equal absorption of all anions
and cations, which is unlikely to be true based on reports in human beings, dogs, and
cats of mineral absorption efficiencies being less than 100%.3% 203.247 Thus, it seems the
better equation to predict DCAD for the dolphin diet may be DCADcat, which takes into
account mineral absorption in a cat, a carnivorous species like the dolphin. DCADcat
predicted a negative DCAD for both the managed (-78 to -95 £ 2 mEqg/Mcal) and free-
ranging (-67 + 2 mEg/Mcal) diets, but the DCAD of the managed diets was still 15-30%
more negative compared to the free-ranging diet DCAD, indicating that the managed
diets may indeed promote excretion of a more acidic urine.

Thus, it may be possible to make the DCADca: more positive for the managed

dolphin diets by substituting managed diet species with free-ranging species that have a
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more positive DCAD. For example, mullet and spot might be good alternatives to
Canadian capelin, Pacific mackerel, or Pacific sardines. If mullet replaces two-thirds of
the capelin in ‘Managed Diet #2’, the DCADcat is -70 £ 1 mEqg/Mcal, which is much
closer to the free-ranging diet DCADcat. It is important, therefore, to account for the
relative proportions of fish when assessing the DCAD* for the whole diet, and also to
keep in mind that altering fish species and proportions may affect the concentrations of
other important nutrients in the whole diet. Urinary alkalinizers, like potassium or sodium
citrate and sodium bicarbonate, could also be used to bring the DCADcat of the
managed diets closer to that of the free-ranging diet. Managed dolphins can consume
about 8 Mcal/day, depending on the individual and the facility, so alkanizing agents
need to be dosed based on that average daily caloric intake. Potassium citrate and
sodium bicarbonate are available in tablet form which could easily be hidden inside of
food fish and fed to dolphins. Nevertheless, potassium citrate provides 10mEq of alkali
per 1080mg tablet, so approximately 22 tablets per day would be required to
approximate the DCADca: 0Of the free-ranging diet for the managed diet for a dolphin fed
8 Mcal/day. One 650mg tablet of sodium bicarbonate provides 7.7 mEq of alkali, so
approximately 29 tablets of sodium bicarbonate would be needed to alter the managed
diet DCADcat if the dolphin is consuming 8 Mcal/day. Thus, it may not be practically
feasible or cost effective to administer the number of tablets required of either
alkalinizing agent to alter the DCADca: 0of the managed dolphin diet to approximate that
of the free-ranging diet. Sodium citrate is another alkalinizing agent that is available in a
powder form, so a paste could be made for oral administration to dolphins; however,

administration could be challenging depending on the consistency and quantity of the
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paste and the individual animal’s willingness to accept the medication. Sodium citrate
provides 98 mg/mEq of sodium, so approximately 220 g of powder would be required to
adjust the DCADcat of the managed diet to that of the free-ranging diet. Nevertheless,
the efficacy of these urinary alkalinizers is still dependent on the efficiency of mineral
absorption through the intestinal tract. Further research would be needed to investigate
the dose effect of each urinary alkalinizer on actual urinary pH.

The purine content of the fish and squid commonly fed to managed dolphins and
fish commonly consumed by free-ranging dolphins was measured with a new assay
developed by this research team. The four metabolites in greatest concentration were
guanine, hypoxanthine, xanthine, and inosine, and the method provided satisfactory,
repeatable results for those purines. We confirmed our hypothesis that it is important to
measure more than just four purine metabolites, as measured by the commercially
available assay, when comparing the purine intakes of managed and free-ranging
bottlenose dolphins. The commercial assay measures only four nucleobases, so would
underestimate the whole fish total purine content. Furthermore, we justified use of this
expanded analysis because it would not be possible for one to predict the total purine
content from the measurement of just four metabolites because the ratio of the total
purine content obtained from eight versus four metabolites varied among species and
was greater for free-ranging species than for managed species. This difference in ratio
between the two groups of species may be explained by species differences in the total
purine content and by handling and processing method differences among managed

and free-ranging diet species.
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In this study, the individual and total purine contents varied among species and
between free-ranging and managed diet groups. As expected, handling and frozen
storage appeared to affect concentrations of purine metabolites in the managed diet
species compared with the free-ranging diet species. Concentrations of IMP were
greater in free-ranging species than managed species, whereas concentrations of
hypoxanthine and inosine were greater among managed species than free-ranging
species. Furthermore, fresh frozen free-ranging diet fish species had a greater inosine
to hypoxanthine ratio than frozen, stored, and thawed managed diet species, likely
representing the more rapid degradation of inosine to hypoxanthine over the six to nine
month frozen storage time of managed diet species. This may be important if
hypoxanthine is more readily absorbed than inosine.

We also compared the total purine content among the model managed and free-
ranging dolphin diets. The total purine content of the free-ranging dolphin diet was
approximately half the total purine content of the model managed dolphin diets. Thus,
the model free-ranging diet could provide a guide for the amount of purines that can be
consumed by dolphins without inducing nephrolith formation. In order to lower the total
purine content of the managed dolphin diet, species commonly fed to managed dolphins
could be replaced, or their proportion in the diet decreased, by substituting a free-
ranging or managed diet species with a less uricogenic profile or a lower total purine
content. Dietary hypoxanthine, for example, produces excretion of more urinary uric
acid in human beings and rats. Thus, managed diet species with high concentrations of
hypoxanthine relative to ME, like capelin, could be replaced with species containing

lower quantities of hypoxanthine relative to ME, like managed diet species Pacific
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sardine or free-ranging diet species like pinfish. Nevertheless, it is unknown how
dolphins absorb dietary purines through their gastrointestinal tracts and the extent to
which those metabolites may affect excreted concentrations of urinary uric acid;
therefore, it is likely that the uricogenic potential of all metabolites must be equally
considered until further research is performed to determine otherwise. The total purine
content of the managed dolphin diet, however, could be reduced to better approximate
the total purine content of the model free-ranging diet. Fish with the highest ME density,
like free-ranging diet mullet and spot and managed diet herring, contained the least total
purine content relative to ME and therefore could be a substitute for species in the
managed dolphin diet that are less energy dense and contain more purines, like capelin.
For example, if the species and proportions of the managed diet were adjusted to
provide 18% of Icelandic capelin, 16% of Pacific herring, 6% Loligo squid, and 60%
mullet relative to Mcal of ME, the total purine content of the managed diet would be 4.07
mmol/Mcal ME, which would be equivalent to the total purine content of the model free-
ranging diet (4.03 mmol/Mcal ME). Nevertheless, further research would be needed to
determine how this addition of mullet to the managed diet may affect all other nutrients
of concern and whether obtaining mullet in that quantity would be logistically feasible.
Considering the purine-rich whole fish diet of bottlenose dolphins, the last aim of
this research was to determine whether dolphins excreted greater concentrations of
allantoin than uric acid in their urine, like other carnivorous mammals and unlike people,
and also to quantify the other purine metabolites excreted in the urine of dolphins. We
therefore began by measuring and comparing uric acid, allantoin, hypoxanthine, and

xanthine concentrations and relative ratios in the urine of free-ranging common
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bottlenose dolphins and dogs. Free-ranging common bottlenose dolphins excrete
allantoin in concentrations that are similar to dogs that have functioning uricase and
much greater than human beings who do not have functional uricase. Nevertheless,
when compared with dog urine, dolphins had greater uric acid concentrations in their
urine relative to allantoin concentrations, which is suggestive that either uricase is
saturated or operating at a reduced rate in dolphins, or that the capacity of the kidney to
reabsorb uric acid may be reduced in dolphins. Furthermore, the greater ratio of uric
acid to allantoin in dolphin urine compared with dog urine may explain why dolphins
consuming a high purine diet are at risk of developing urate nephroliths under certain
circumstances.

We then compared the purine metabolite concentrations found in the urine of
free-ranging dolphins with concentrations in the urine of managed dolphins, and further
compared the effect nephrolithiasis and feeding on urine purine concentrations among
managed dolphins. Urine concentrations of creatinine, hypoxanthine, xanthine, and uric
acid appeared to be lower in dolphins with nephrolithiasis than in healthy managed
dolphins, but the sample size was very small, limiting our capacity to detect a difference
even if one had been present. Nevertheless, post-prandial increases in uric acid,
hypoxanthine, and xanthine, but not allantoin, were evident in the urine of managed
dolphins and were comparable to concentrations in the urine of fed free-ranging
dolphins. This finding provided further support that the oxidation of uric acid to allantoin
by uricase is likely overwhelmed by a large dietary purine load and/or the efficiency of
the renal tubules to reabsorb uric acid after dolphins consume a purine-rich meal is

limited. Similar urine purine contents of fed free-ranging and fed managed dolphins
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indicates that there may be no difference, genetic or metabolic, as to how the two
populations of dolphins metabolize dietary purines. Furthermore, consumption of a
purine-rich meal has the potential to increase urinary uric acid concentrations making
urolith formation more likely, even though dolphins make allantoin.

There were several limitations that affected various components of this research.
All nutrient analyses in this study were performed on fish caught during one season and
for the managed diet species, was further limited to one lot of fish. Thus, seasonal
differences within species could not be determined. Furthermore, free-ranging species
varied in size and sex based on availability of what was caught; whereas commercially
caught fish species are sorted for uniform size and sex, which may have led to more
variability among free-ranging species compared to managed species. Frozen storage
and thawing practices also impact nutrient content of fish, and for this study, the frozen
storage time for the managed diet species was set at 6-9 months. With respect to
processing fish samples prior to nutrient analysis, all fish and squid species were pooled
and ground for analysis, so there was an inherent heterogeneity of the samples of some
species because whole fish are composed of diverse tissues that respond differently to
grinding. This was particularly true for some of the smaller, more bony species like
pinfish, where it was challenging to ensure ground sample was well homogenized.

The model free-ranging diet also had limitations based on assumptions that had
to be made regarding the species and relative proportions that are consumed by free-
ranging dolphins. Furthermore, the model diet was based on the fish species and
proportions consumed by free-ranging dolphins in Sarasota Bay, FL, which may or may

not be representative of what all other inshore bottlenose dolphins or pelagic bottlenose
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dolphins consume. The model diet does also not account for individual variation based
on age, sex, reproductive status, or prey preference (species and size) and other
populations of free-ranging dolphins may consume diets with a different composition.

The model diet comparisons also assume an equal caloric intake among dolphin
populations. Preliminary data, however, suggest that free-ranging dolphins may have
higher energy requirements than managed dolphins, likely a consequence of different
activity levels, water temperatures, and reproductive status of the managed dolphins
selected for this research. Nutrient intake is affected by the amount of food consumed
as well as the nutrient composition of the diet so free-ranging dolphins may be
consuming, metabolizing, and excreting more of some nutrients than some managed
dolphins even when the managed diet contains less of those nutrients on an equal
caloric basis.

Fish meal size and feeding frequency differ between managed and free-ranging
dolphin populations, which may also impact total nutrient intake at a given time and
affect the ability of dolphins to metabolize their purine-rich diet. Free-ranging bottlenose
dolphins consume fish in smaller, more frequent meals throughout both the day and
night, whereas managed dolphins are fed larger, less frequent meals over the course of
daylight hours. Thus, larger fish meals consumed as a bolus by managed dolphins may
provide a larger dose of nutrients all at once. For example, if a bolus feeding of
Canadian capelin is fed to a managed dolphin, the high sodium and purine content of
that fish species would likely result in an increased excretion of sodium, chloride, urea,

and uric acid in the urine and greater overall urine osmolality, as was evident in the
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Ridgway et al. studies.® Thus, it is probable that feeding method is a risk factor for
development of ammonium urate stones in dolphins under human care.

Lastly, the greatest limitation of the urine purine analysis study design was the
small sample size of managed dolphins. Urine concentrations of creatinine,
hypoxanthine, xanthine, and uric acid appeared to be lower in dolphins with
nephrolithiasis than in healthy managed dolphins, but due to the small sample size, the
ability to detect a significant difference was limited. If the sample size had been larger,
the trends toward a more dilute urine excreted by dolphins with nephrolithiasis may
have been confirmed, indicating that dolphins may be experiencing chronic renal failure
secondary to kidney stone disease that limits their urine concentrating ability, similar to
what is seen in other mammals. On the other hand, it also may have been possible to
prove that urine purine concentrations did not differ among managed healthy dolphins
and dolphins with nephrolithiasis, indicating that there is a continuum of risk present for
all managed dolphins to develop nephrolithiasis.

Future directions of this research, therefore, could begin by analyzing the urine
purine content in a greater number of managed dolphins with nephrolithiasis and
compare concentrations to purine concentrations excreted in the urine of healthy
managed dolphins in order to determine whether nephrolithiasis alters the ability for the
dolphin kidney to concentrate the urine and/or reabsorb uric acid. Furthermore, in order
to better understand how the meal size, feeding frequency, energy intake, and nutrient
content of the managed dolphin diet affects ammonium urate stone development,
feeding trials could be performed in at least one population of managed dolphins. One

feeding trial could test the effect of meal size and feeding frequency using the current
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fed diet, in order to determine the effect of feeding smaller, more frequent meals over a
24-hour time frame on urine pH and uric acid excretion. A follow-up trial then could be
performed to test a trial diet formulated to provide a greater moisture content, lesser
protein and purine content, and a more positive DCADca: relative to ME. The urine of
dolphins receiving the trial diet could then be collected pre- and post-feeding to
determine whether there is a decrease in ammonium urate supersaturation. Although
the studies may be difficult to conduct, logistically, more information is also needed on
the nutrient digestibility of dolphins, particularly with respect to mineral and purine
metabolite absorptions, and on the energy requirements of dolphins, both free-ranging
and managed populations. The only way to really compare the diets of the two
populations is to understand the quantity of nutrients they are actually consuming
relative to their total energy intake.

In summary, we now have a better understanding of the nutrients provided by the
free-ranging and managed dolphin diets, particularly with respect to nutrients that may
promote development of ammonium urate nephroliths. We also know that dolphins
excrete allantoin, as other mammals, but excrete greater concentrations of uric acid
relative to allantoin, which suggests a potential difference in their purine metabolic
pathway compared to other mammals. Thus, it is will be possible in future studies to
manipulate the managed dolphin diet to approximate the model free-ranging diet, which
may help in the prevention or treatment of ammonium urate nephrolithiasis in dolphins

under human care.
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