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Abstract

:

Simple Summary


Kemp’s ridley turtle is the rarest species of sea turtle and is considered to be critically endangered. While the main habitat of adults is the Gulf of Mexico, juveniles forage off the northeastern United States during summer. However, when juveniles fail to leave this area in autumn before water temperatures fall below 10 °C, they become cold-stunned and strand on beaches. Every winter, there are coordinated efforts to rescue and rehabilitate these stranded sea turtles. Cold-stunned sea turtles require supportive care because they suffer from a variety of medical problems, including steatitis, or inflammation of fat tissue. The goal of this study was to further understand steatitis by investigating blood analytes involved with vitamin E metabolism, and investigating microscopic changes that occur in affected fat tissue. We found that various contributing factors may play a role in the development of steatitis. Based on these findings, we conclude that enhanced vitamin E supplementation and dietary modification during rehabilitation may be useful in preventing and treating steatitis. The results from this study will contribute to improving rehabilitation outcomes and successful release of this endangered sea turtle species.




Abstract


The pathogenesis of steatitis that infrequently occurs in cold-stunned Kemp’s ridley sea turtles (KRT; Lepidochelys kempii) has been undetermined. The objectives of this study were to investigate the clinical (n = 23) and histologic findings (n = 11) in cold-stunned KRT, and to compare plasma concentrations of α-tocopherol (vitamin E), thiobarbituric acid reactive substances (TBARS), and the TBARS to vitamin E (T/E) ratio (an assessment of oxidative stress) between cold-stunned KRT with clinically and/or histologically confirmed steatitis (n = 10) and free-ranging KRT (n = 9). None of the cold-stunned turtles had clinically detectable steatitis at admission, and the median number of days to diagnosis of steatitis was 71 (range 33–469). Histologic findings of affected adipose tissue included heterophilic (n = 9) and/or histiocytic (n = 5) steatitis, fat necrosis (n = 7), myonecrosis (n = 2), and intralesional bacteria (n = 6). Cold-stunned KRT had significantly lower plasma vitamin E concentrations (median = 3.5 nmol/g), lower plasma TBARS concentrations (median = 1.6 nmol/g), and higher T/E ratios (median = 0.50), than controls (62.3 nmol/g; 2.1 nmol/g; 0.03, respectively). These results suggest a multifactorial etiology for the development of steatitis in KRT during rehabilitation, including tissue injury, septicemia, and various factors resulting in imbalances of anti-/oxidative status. By highlighting the need to provide more effective vitamin E supplementation, and the need to re-assess specific components of the diet, this study may lead to reduced incidence and improved medical management of steatitis in cold-stunned sea turtles.
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1. Introduction


The Kemp’s ridley sea turtle (KRT; Lepidochelys kempii) is a critically endangered species that is primarily found within the Gulf of Mexico and waters of the northwest Atlantic Ocean [1]. The primary population threats are bycatch in various fisheries and poaching of eggs [2]. Their migratory habits and range predispose KRT to cold-stunning because a proportion of immature turtles spend the summer foraging in the waters off the coast of New England, and then migrate south to Cape Hatteras, North Carolina and beyond, in fall and winter [3]. Animals that do not migrate south prior to the onset of winter are at risk of hypothermia from exposure to cold water. As a result, hundreds to thousands of stranded turtles are found on the northeastern and Mid-Atlantic coast of the United States (US) every winter [3,4,5]. Although cold-stunning events are considered natural phenomena with early accounts dating to the 1800s [6], warming sea temperatures may be exacerbating their occurrence in the northeastern US [7].



Depending on the duration and severity of cold exposure, sea turtles are afflicted by acute (e.g., lethargy) and chronic effects (e.g., opportunistic infections) of hypothermia that may require veterinary intervention [8]. In the northeastern US, important sequelae are relatively common and include sepsis, osteomyelitis, ileus, and/or bacterial or fungal pneumonia [8,9,10,11]. In addition, the authors and others have occasionally observed steatitis accompanied by fat necrosis in cold-stunned KRT [12,13], a condition that is relatively uncommon in wild sea turtles that strand due to other causes. However, the cause(s) and lesions of steatitis in cold-stunned turtles have not been thoroughly documented.



Steatitis, in which subcutaneous and intra-abdominal adipose tissues become inflamed, has been reported in several taxa [14,15]. The pathogenesis is not fully understood, but proposed causes include infection, vasculitis, neoplasia, trauma, nutritional deficiencies, toxicosis, environmental factors, and/or immune-mediated disease [16,17]. Steatitis has been documented infrequently in reptiles, including captive American alligators (Alligator mississippiensis) with suspected nutritional α-tocopherol (vitamin E) deficiency [18], farmed and wild Nile crocodiles (Crocodylus niloticus) with various proposed causes (nutritional vitamin E deficiency, exposure to pollutants, blue-green algae toxicosis, and/or abnormally cold environmental temperatures) [17,19], captive olive ridley sea turtles (Lepidochelys olivacea) that were fed frozen-thawed fish without vitamin supplementation [20], and in a wild loggerhead sea turtle (Caretta caretta) attributed to possible pollutant-associated toxicosis [15]. It is possible that steatitis and fat necrosis in cold stunned KRT are associated with oxidation caused by vitamin E deficiency as in other species [12,17,19,20]; however, plasma vitamin E concentrations have not been reported and vitamin E is often orally administered during rehabilitation of cold-stunned turtles as part of their dietary supplementation [8].



To describe its occurrence and to investigate the pathogenesis of steatitis in cold-stunned KRT, we summarized the clinical findings, diagnostic imaging, and histologic lesions in a series of cases and evaluated their oxidative state by measuring plasma concentrations of vitamin E and thiobarbituric acid reactive substances (TBARS). As products of lipid peroxidation, TBARS concentrations in blood or tissue could serve as a useful indicator of oxidation in animals with steatitis [21]. In addition, the ratio of TBARS to vitamin E (T/E) may provide a measure of oxidative stress, which occurs when oxidative reactive species exceed the antioxidative capacity of an organism [22]. As these parameters have not been well-studied in sea turtles or other reptiles, we also measured them in free-ranging KRT for comparison to turtles with steatitis.




2. Materials and Methods


2.1. Ethical Statement


This study was conducted in accordance with Federal Section 10(a)(1)(A) permit 19621, GADNR Scientific Collection Permit (CN21303), FL Marine Turtle Permits MTP-19-163 and MTP 19-021, and UF IACUC# 202006823. Rehabilitation of sea turtles at New England Aquarium is authorized by the United States Fish and Wildlife Service, Permit TE-697823.




2.2. Study Animals


Cold-stunned KRT admitted to the New England Aquarium Animal Care Center were included in this study if they were diagnosed with steatitis based on palpation, histologic lesions, and/or computed tomography, and if frozen plasma was available (Table 1). Two turtles were diagnosed with steatitis at secondary facilities to which they had been transferred for completion of rehabilitation, including the Georgia Sea Turtle Center, Jekyll Island, GA, and the National Marine Life Center, Bourne, MA. All turtles received supportive care for cold-stunning per previously described routine protocols [8]. Antibiotics were administered at admission and during rehabilitation as indicated based on the clinical assessment of the attending veterinarian. Antibiotics included ceftazidime (n = 18), enrofloxacin (n = 13), oxytetracycline (n = 12), amikacin (n = 10), amoxicillin/clavulanic acid (n = 7), ampicillin (n = 7), metronidazole (n = 3), and/or tobramycin (n = 2). During rehabilitation, crab or shrimp were fed occasionally but most of the diet was composed of herring and squid, supplemented daily with Sea Tabs (Pacific Research Labs, Inc. Ramona, CA, USA), at a dose of 50 I.U. vitamin E (d-α-tocopheryl succinate) and 25 mg thiamine per kg of food. At the discretion of the attending veterinarian, three patients also received vitamin E injections during a later stage of treatment when steatitis was diagnosed, based on the suspicion that vitamin E deficiency may have been a contributing factor as seen in other species. These treatments included 1.4 mg vitamin E and 0.07 mg selenium/kg body mass intramuscularly once (one turtle), and once weekly for 3 doses (two turtles) [2.5 mg selenium and 50 mg vitamin E/mL (d-α-tocopheryl acetate), E-Se, Merck Animal Health, Kenilworth, NJ, USA].



The control group consisted of clinically healthy KRT from which plasma samples were obtained when KRT were caught in waters off North Carolina during a health assessment study.




2.3. Data Collection


A review of medical records from 2008 to 2018 was performed. Sea turtles were selected based on inclusion criteria for study animals as stated above. Given the retrospective study design, data and sample availability varied among turtles. Records were retrieved from TRACKS® software, and data were organized using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). The following data were obtained from the hospital record: mass (kg) and straight carapace length (cm) at admission, date of stranding, date of steatitis diagnosis, date of death/euthanasia or release, and, as applicable, physical examination findings, histologic results, and/or necropsy reports. Additional information included blood and tissue culture results, antimicrobial administration, and vitamin supplementations, as available.




2.4. Sample Collection


Adipose tissue samples had been previously collected as surgical incisional biopsies or during necropsy examinations. Samples were fixed in formalin, embedded in paraffin, and processed following standard histologic techniques and routine special stains as indicated.



Blood had been collected aseptically from cold-stunned KRT during rehabilitation at admission and during routine examinations using previously described standard protocols [4]. Briefly, blood was collected from the dorsal cervical sinus into heparinized tubes (Microtainer, Becton, Dickinson & Co, Franklin Lakes, NJ, USA). Within 10 min of collection, heparinized whole blood was centrifuged at 1500× g for five minutes, and plasma was transferred into cryovials, which were stored at −80 °C for two to nine years.



Blood from control KRT was similarly collected and centrifuged immediately (within <5 min) on the research vessel at 944× g for 5 min. Plasma was separated and stored in liquid nitrogen onboard until the end of multi-day overnight research cruises before storage in a shore-based −80 °C freezer for up to three months prior to sample shipment to the University of Florida in 2019. Plasma samples were transferred to a −80 °C freezer upon delivery and remained frozen until analysis.



Whole body computed tomographic imaging (CT) had been completed without sedation using a GE LightSpeed Ultra (GE Healthcare, Chicago, IL, USA), with a slice thickness of 1.3–2.5 mm and constructed in bone and soft tissue algorithms. No contrast agent was used for CT.




2.5. Sample Analyses


Vitamin E was quantified as previously described using high-performance liquid chromatography (HPLC) [23], and TBARS were measured with fluorescent spectrophotometry using established methods [24,25,26]. Samples were analyzed in duplicate and results were averaged. Samples that measured below the limit of detection for vitamin E of 7 nmol/g were defined as 3.5 nmol/g (50% of the detection limit) for statistical analysis.




2.6. Data Analysis


Plasma concentrations of vitamin E and TBARS, and T/E molar ratio from admission and from available time points during rehabilitation of KRT (n = 10) diagnosed with steatitis were compared with data from healthy turtles (n = 9). Plasma concentrations of vitamin E, TBARS, and T/E ratio, days to sample collection, and days to diagnosis of steatitis were reported as mean ± SD, or median (minimum, maximum) for non-normally distributed data. The values for mass, SCL, plasma vitamin E, TBARS, and T/E ratio were not normally distributed. The distributions for mass, SCL, and plasma vitamin E, TBARS concentrations, and T/E ratios, were compared between turtles with and without steatitis using Wilcoxon rank sum tests. In all analyses, values of p < 0.05 were considered significant.



Trends in vitamin E and TBARS concentrations were visually examined in sea turtles with a diagnosis of steatitis by constructing bar graphs for individual sea turtles sampled three to five times during rehabilitation. A statistical analysis to assess positive or negative linear trends of vitamin E or TBARS concentrations in sea turtles during rehabilitation was not conducted because the number of sea turtles sampled and tested ≥three times for vitamin E or TBARS during rehabilitation was small (9 and 7 sea turtles, respectively) and because the samples collected were not independent (i.e., collected from the same animal).





3. Results


Twenty-three KRT with steatitis were reported from 2008–2018, out of a total of 2241 live cold-stunned KRT admitted over that time period, resulting in a prevalence of 1%. Clinical data for each case are provided in Table 1.



Of 23 cold-stunned KRT, steatitis was diagnosed by one or more of the following methods: palpation (n = 18), surgical biopsy initiated after prior palpation (n = 4; of which two KRT had two biopsies), postmortem examination (n = 5, Figure 1), and/or computed tomography (n = 2, Figure 2). Banked plasma was available for 10 of 23 KRT with steatitis. Median number of days to diagnosis of steatitis was 71 (minimum = 33; maximum = 469). Suspected steatitis based on palpation was defined as discrete, firm, nodular subcutaneous swellings, ranging from 1–4 cm in diameter, which were sometimes multifocal (10 of 23), with either two locations (n = 7) or three locations (n = 3) affected. The cervical region was most commonly affected (n = 15), followed by the pre-scapular area (n = 9), and/or the inguinal or pre-femoral region (n = 8). One turtle had a firm, subcutaneous swelling in the area of the pectoral muscles. CT findings included diffuse heterogeneous mottling of fat within the cervical, pectoral, pre-scapular, and pre-femoral regions, with decreased delineation of normal fascial planes and adjacent muscular margins. In one turtle which had follow-up CT four months after treatment, these findings resolved (Figure 2).



Eighteen of 23 previously cold-stunned KRT were released after successful rehabilitation. Five of 23 turtles either died (n = 4) or were euthanized (n = 1) due to general clinical decline, and steatitis was considered an incidental finding at the time of death. All three turtles that were treated intramuscularly with vitamin E and selenium were successfully released.



The most frequent histologic findings in lesions of adipose tissue in cold-stunned KRT were heterophilic inflammation (9/11), necrosis (7/11), intralesional bacteria (6/11), and histiocytic inflammation (5/11), with all cases having multiple histologic lesions (Table 2, Figure 3). Of the five turtles with necropsy evaluation, cause of death was attributed to pneumonia (n = 2); a combination of pneumonia, necrotizing hepatitis, and possible hemolytic anemia (n = 1); and presumptive septicemia with evidence of hemolytic anemia and coagulopathy (n = 2). One turtle with granulomatous vasculitis in the kidneys and granulomatous hepatitis was diagnosed with mycobacterial pneumonia based on tracheal wash, and one additional turtle was confirmed with Mycobacterium chelonae pneumonia via acid fast stain and PCR. Another turtle with fungal hepatitis had subacute to chronic pneumonia with Pseudomonas, Shewenella, and Vibrio isolated from an antemortem tracheal wash. Finally, one turtle had multiple pulmonary granulomas with acid-fast bacilli identified on lung biopsies taken at the same time as biopsies of adipose tissue, but culture and PCR were negative for Mycobacterium spp. Notably, one case with septicemia, coagulopathy, and necrosis of adipose tissue also had fat emboli. Additional relevant findings in muscle tissue in five turtles and not listed in Table 2 included myonecrosis (n = 3) and heterophilic fasciitis and phlebitis with intralesional bacteria (n = 1).



Samples of affected adipose tissue were submitted for culture in four of 23 cases (surgical biopsies n = 3; fine needle aspirate n = 1). Bacteria were isolated from surgical biopsies of two turtles, including Serratia marcescens from one turtle, and multi-drug resistant Escherichia coli, and Enterococcus faecalis from the other. Sixteen of 23 animals had one to multiple blood cultures submitted adding to a total of 20 cultures of which 10 were positive. Isolated bacteria included Serratia marcescens (n = 2), Enterococcus faecalis (n = 4), Citrobacter freundii (n = 2), Citrobacter braakii (n = 1), and Escherichia coli (n = 1). In one turtle, S. marcescens was the only isolated organism by concurrent culture of abnormal adipose tissue and blood culture. Culture of the adipose tissue was not repeated, but S. marcescens was isolated from two subsequent blood cultures.



Mass of cold-stunned KRT was significantly lower and SCL was significantly shorter in cold-stunned KRT, compared to controls; cold-stunned KRT also had lower vitamin E and TBARS concentrations, and higher T/E ratios compared to controls ≤ 0.01 (Table 3). Plasma vitamin E concentrations did not increase linearly during the rehabilitation of eight of nine sea turtles with steatitis that had sufficient volume of plasma banked to measure serial vitamin E concentrations (Figure 4). Plasma TBARS concentration increased linearly during rehabilitation in all seven sea turtles that had enough plasma banked to measure serial TBARS concentrations (Figure 5).




4. Discussion


This study reports clinical, histologic, and CT findings in cold-stunned KRT with steatitis, and differences in plasma vitamin E and markers of oxidation between cold-stunned and healthy control KRT. This novel information advances our understanding of the pathophysiology of steatitis in cold-stunned KRT and provides a basis for clinical management decisions during rehabilitation and for future studies.



Based on the circumstances of presentation, clinical, and histologic findings, three potential processes or a combination thereof may contribute to the occurrence of steatitis in cold-stunned KRT. Panniculitis (i.e., steatitis limited to subcutaneous adipose tissue) has been reported in humans exposed to cold temperatures, presumably resulting from vasospasm with consequent impaired blood flow and tissue ischemia [27]. Reperfusion may then lead to lipid peroxidation, oxidative damage, and necrosis [14,28]. Similar mechanisms may cause steatitis in cold-stunned KRT as turtles are gradually warmed at admission and during rehabilitation. Necrotic fat could provide an optimal substrate for colonization by bacteria in turtles with septicemia, a condition that is frequently observed in cold-stunned KRT, thus accounting for concurrent bacterial steatitis [10]. In addition, septicemia secondary to cold-stunning with associated vasculitis and (local or systemic) intravascular coagulation may result in vascular injury or embolic infection that leads to fat necrosis. This is supported by ten positive blood cultures in six turtles and histologic confirmation of bacterial emboli and associated fat necrosis in one turtle. An additional turtle had the same bacteria cultured from adipose and blood (Serratia marcescens). Notably, previous or current antimicrobial administration in KRT may have masked the detection of bacteria in histologic sections and/or culture, thus infections may have been underreported. Lastly, vitamin E and TBARS data herein provide evidence that oxidative stress due to cold exposure and/or nutritional deficiency also may contribute to the development of steatitis.



Vitamin E concentrations for control turtles in this study were comparable to other sea turtle species, and provided a baseline for comparison to cold-stunned turtles [29,30,31]. The observed lower plasma vitamin E concentrations in cold-stunned KRT compared to healthy KRT suggest that reduced antioxidative capacity in the face of heightened oxidative stress likely contribute to the onset of steatitis in KRT. Vitamin E is a potent antioxidant that reduces lipid peroxidation in human and animal models [32]. There are several potential explanations for the lower plasma vitamin E concentrations in cold-stunned KRT with steatitis compared to controls. Vitamin E may become diminished during the initial cold-stunning event as tissues respond to diffuse oxidative stress from ischemic damage, similar to reports in humans [33]. Dietary intake of vitamin E may be decreased before cold-stunning events due to reduced food availability or feeding activity in autumn, associated with colder temperatures. Involution of the intestinal mucosa may occur in response to reduced food intake, which would also explain the persistently low vitamin E concentrations despite oral vitamin E supplementation during rehabilitation. In addition, cold-stunned turtles often have gastrointestinal abnormalities, such as ileus, gastritis, and/or enteritis, that may affect absorption of vitamin E [8,9]. Reduced hepatic function is another consideration and is a suggested cause for low blood albumin and BUN concentrations commonly found in cold-stunned KRT at admission [4,34]. Impaired hepatic function may reduce transfer of vitamin E into lipoproteins and thus diminish transport to fatty tissue [35]. Lipoprotein concentrations may also be lower in malnourished animals. Variations in these functional derangements caused by malnutrition may have contributed to the variations in plasma vitamin E concentrations observed during rehabilitation. Returning function with resolution of anorexia could explain in turn, the dramatic increase in vitamin E observed in one turtle which did not receive supplemental vitamin E (Figure 4) [4].



Vitamin E deficiency has been associated with steatitis in various species being fed diets high in poly-unsaturated fatty acids (PUFAs) and deficient in vitamin E, including domestic cats (Felis catus) [14,36,37], fish [38,39,40], birds [41,42,43,44], European wild rabbits (Oryctolagus cuniculus) [45], marmosets (Callithrix spp.) [46], Amazon river dolphins (Inia geoffrensis) [47], Nile crocodiles (Crocodylus niloticus) [17,19], and olive ridley sea turtles (Lepidochelys olivacea) [20]. The proposed mechanism of vitamin E deficiency-associated steatitis is that free radicals are produced when PUFAs are metabolized in the absence of sufficient vitamin E to quench the production of free radicals and, as a result, proteins, DNA, and fat become oxidized. The captive diet of KRT while in rehabilitation may contribute to low vitamin E concentrations and oxidative stress, either by direct deficiency of dietary vitamin E, or inappropriate dietary levels of other nutrients that may affect vitamin E metabolism, such as vitamin A. Free-ranging KRT primarily consume mollusks and crustaceans in their natural diet, which contain relatively low concentrations of polyunsaturated and other fats, so the amount of vitamin E needed to prevent oxidation may be low in free-ranging turtles [3,48]. During rehabilitation, however, KRT are commonly fed herring, containing 3–12 g crude fat (on a fed basis), and 2.1 g PUFA/100 g, whereas crab contain 0.9–1 g crude fat, 0.4 g PUFA/100 g and clams contain 0.6 g crude fat, 0.2 g PUFA/100 g) [48,49,50,51]. Feeding herring increases a turtle’s requirement for vitamin E to prevent oxidation of the polyunsaturated bonds in PUFA.



Cold-stunned KRT had significantly higher T/E ratios compared to controls because vitamin E concentrations were lower than controls, not because TBARS concentrations were high. On the contrary, TBARS concentrations in cold stressed KRT were significantly lower than in controls, increased only a small amount during rehabilitation and never increased above plasma TBARS concentrations of healthy turtles. These findings suggest poor tissue perfusion at admission and/or that lipid peroxidation may have developed during rehabilitation and was not present at admission. The increase in TBARS concentrations over time may reflect reperfusion injury secondary to improved tissue perfusion after admission. It is possible also that vitamin E supplementation was sufficient to reduce TBARS concentrations but total plasma concentrations of vitamin E did not increase because vitamin E was consumed in the process. It is also possible that TBARS in plasma is a poor marker of lipid peroxidation in reptiles. The observed lower plasma concentrations of vitamin E and TBARS in cold-stressed KRT compared to controls may have resulted from differences in environment and activity. Healthy turtles were larger in mass and size, sampled at sea during summer months when they were metabolically active, feeding on their natural diet, and thus were in optimal metabolic condition, whereas cold-stressed turtles were sampled in captivity in autumn and winter when turtles may have been less metabolically active and feeding on a captive diet.



The diagnosis of steatitis was made, on average, when turtles were two months into rehabilitation. It is possible, therefore, that the effects from reperfusion injury and/or oxidative damage may take time to manifest after admission, depending on the severity and extent of insult to adipose tissue. It was notable that two turtles were diagnosed with steatitis at least 14 months into rehabilitation. This may suggest a slowly developing, subclinical nutritional component in addition to other predisposing factors. Other potential contributing factors include inflammation secondary to venipuncture of the vasculature of the neck, administration of subcutaneous fluids, or injection of antibiotics and other medications [52]. These factors, though, do not adequately explain the occurrence of steatitis in regions that had not been used for injections, regions distant from injection sites (e.g., retrocoelomic fat), nor the lack of steatitis reports from facilities in warmer geographic locations that also give numerous injections to sea turtles.



Steatitis is often found concurrently with additional pathologic findings in other species, including myopathy, encephalomalacia, and hepatic necrosis [39,42,46]. In dogs and humans, panniculitis can occur with concurrent pancreatitis or pancreatic neoplasia; leakage of pancreatic enzymes into the systemic circulation has been suspected to be associated with these conditions but this remains unconfirmed [53,54,55]. Pancreatic atrophy resulting in fat malabsorption has been suggested as the cause of vitamin E deficiency and resulting steatitis in non-human primates [46]. In contrast to these observations in mammals, pancreatitis was absent in all five KRT which were examined post-mortem in this report. In addition to systemic pathologic findings, steatitis lesions are thought to potentially be painful, since cats [14], fish [40] and crocodiles [19] with steatitis have been reportedly lethargic, anorexic, and reluctant to move or swim. Thus, steatitis may contribute to clinical debilitation in affected turtles.



Many of the cases reported here were not confirmed by histopathology. Histopathology was pursued most often earlier in the timespan covered by this study. Upon acquiring clinical experience with histologically confirmed cases, clinicians often made the presumptive diagnosis of steatitis based on clinical presentation, avoiding biopsy. It cannot be determined whether any of these presumptive cases were truly steatitis versus other types of lesions, such as granulomas or injection site reactions. Nonetheless, based on the similarity of presentation of the presumptive cases and the confirmed cases, the presumptive diagnosis was likely to be accurate.



The limited availability and duration of storage of previously collected and banked plasma samples in KRT with steatitis are important limitations of this study. Whereas medical record data were available for 23 turtles, there was only sufficient banked plasma to measure paired vitamin E and TBARS in 10 turtles. In addition, there was a difference in storage time between the samples in KRT with steatitis (2–10 years) and control turtles (5–6 months). However, vitamin E reportedly remains stable in plasma for up to 15 years when stored at −70 °C or colder, and the oldest sample in this study was stored for up to 10 years [56,57]. Thiobarbituric acid reactive substances have been shown to be stable for at least 30 days when samples are kept frozen [58] and have been stable for at least three years when samples were kept at −80 °C (personal observation KCS). It is possible that lower plasma TBARS in steatitis turtles resulted from some degree of degradation during storage, but vitamin E concentrations should not have been affected. There were no overt trends of vitamin E or TBARS concentrations associated with length of sample storage. Future studies using fresh plasma samples from KRT with steatitis may be useful to further understand TBARS dynamics in turtles affected by this condition.



It is important to note that this study did not evaluate vitamin E and TBARS concentrations in cold-stunned turtles that were not diagnosed with steatitis. It is possible that low vitamin E and TBARS concentrations occur in cold-stunned turtles, in general, not only those affected by steatitis. However, the low prevalence of 1% in cold-stunned KRT suggests that multiple factors contribute to the development of steatitis. Evaluation of vitamin E and TBARS concentrations in a larger cohort of cold-stunned turtles would be worthwhile, including turtles with no evidence of steatitis. Measurement of adipose tissue concentrations of vitamin E and TBARS may also provide additional information.




5. Conclusions


The findings of this study suggest that steatitis in cold-stunned KRT may be a multifactorial disease process that includes tissue injury, septicemia, and imbalances of anti-oxidative status. Plasma vitamin E concentrations were consistently low despite supplementation; thus, there is need to develop more effective vitamin E supplementation protocols for cold-stunned turtles (i.e., evaluation for effective dose, formulation [e.g., products with or without selenium], route, and frequency) and to further investigate other potentially contributing factors (e.g., immunosuppression, altered microbiome). Dietary adjustment to reduce PUFA intake may also be warranted. Further collaboration between clinicians and veterinary nutritionists is warranted to improve captive sea turtle diets.
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Figure 1. Gross appearance of steatitis in the right cervical region of a Kemp’s ridley sea turtle (Lepidochelys kempii) during necropsy. Discolored, necrotic adipose tissue is shown. The turtle is in dorsal recumbency with the head to the right of the image. 
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Figure 2. Transverse computed tomographic studies showing heterogeneous soft tissue density (yellow circled areas) consistent with steatitis in the cranial cervical region (A) and pre-scapular region (B) of two Kemp’s ridley sea turtles (Lepidochelys kempii). (C) The same turtle shown in (B) at approximately the same anatomic location after resolution of disease four months later. Black arrowhead: esophagus, white arrowhead: trachea. 
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Figure 3. Tissue sections of fat from Kemp’s ridley sea turtles (Lepidochelys kempii) with steatitis. Hematoxylin and eosin. (A) A cluster of bacteria (arrowhead) is present within an area of necrotic fat and degenerate heterophils (asterisks). Hematoxylin and eosin. ×40 objective. Scale bar = 50 µm. (B) Heterophils and macrophages surround necrotic fat (asterisk). A more chronic area of steatitis is present in the lower left as a granuloma composed of multinucleated giant cells formed around ceroid. Hematoxylin and eosin. ×20 objective. Scale bar = 150 µm. (C) A bacterial embolus (arrowhead) is within an area of fat necrosis, hemorrhage, and heterophilic inflammation (asterisks). ×20 objective. Scale bar = 170 µm. 
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Figure 4. Vitamin E plasma concentrations over time in individual cold-stunned Kemp’s ridley sea turtles (Lepidochelys kempii) with steatitis. The X-axis is days of rehabilitation, and the Y-axis is plasma vitamin E concentrations in nmol/g. * represents the day of diagnosis of steatitis. # represents the day of injectable vitamin E administration for patients that received this treatment (n = 2). 
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Figure 5. Thiobarbituric acid reactive substances (TBARS) plasma concentrations over time in individual cold-stunned Kemp’s ridley sea turtles (Lepidochelys kempii) with steatitis. The X-axis is days of rehabilitation, and the Y-axis is plasma TBARS concentrations in nmol/g. * represents the day of diagnosis of steatitis. 
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Table 1. Overview of cold-stunned Kemp’s ridley sea turtles (Lepidochelys kempii) admitted for rehabilitation with diagnosis of steatitis included in this study. NP = not performed; NEG = negative; POS = positive; B = biopsy; PM = post-mortem tissue sample.
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	ID
	Steatitis Diagnosis by Palpation (Y/N)
	Histopathology
	Day of Steatitis Diagnosis after Admission
	Blood Culture
	Tissue Culture
	Plasma Vitamin E (Y/N)
	Plasma TBARS (Y/N)
	Paired Vitamin E and TBARS Samples (Y/N)
	Outcome





	1
	Y
	NP
	72
	NEG
	NP
	Y
	N
	N
	Released



	2
	N
	PM
	33
	NP
	NP
	Y
	N
	N
	Died



	3 2
	Y
	NP
	51
	NEG
	NP
	Y
	N
	N
	Released



	4
	Y
	NP
	50
	POS
	POS
	N
	N
	N
	Released



	5
	N
	PM
	469
	NP
	NP
	Y
	Y
	Y
	Euthanized



	6
	N
	PM
	84
	NP
	NP
	N
	Y
	N
	Died



	7 1
	Y
	NP
	71
	NEG
	NP
	Y
	Y
	Y
	Released



	8
	Y
	NP
	65
	NEG
	NP
	Y
	Y
	Y
	Released



	9
	Y
	NP
	70
	POS
	NP
	N
	N
	N
	Released



	10
	Y
	B (n = 2)
	55
	NEG
	POS
	Y
	Y
	Y
	Released



	11 1
	Y
	B
	49
	NEG
	NP
	Y
	Y
	N
	Released



	12
	Y
	NP
	85
	NEG
	NP
	Y
	Y
	Y
	Released



	13
	Y
	NP
	36
	NP
	NEG
	Y
	N
	N
	Released



	14
	Y
	NP
	45
	NP
	NP
	Y
	N
	N
	Released



	15
	Y
	NP
	92
	POS
	NP
	Y
	Y
	Y
	Released



	16
	Y
	NP
	84
	NEG
	NP
	Y
	Y
	Y
	Released



	17
	Y
	NP
	58
	NP
	NP
	Y
	Y
	Y
	Released



	18 2
	Y
	B (n = 2)
	115
	POS (n = 2)
	NEG
	Y
	N
	N
	Released



	19
	N
	PM
	437
	NP
	NP
	N
	N
	N
	Died



	20 2
	Y
	B
	75
	NEG
	NP
	Y
	N
	N
	Released



	21
	Y
	NP
	95
	POS (n = 3)
	NP
	Y
	Y
	Y
	Released



	22
	Y
	NP
	45
	NEG
	NP
	Y
	Y
	Y
	Released



	23
	N
	PM
	89
	POS (n = 2)
	NP
	N
	N
	N
	Died







1 Diagnosis of steatitis via computed tomography. 2 Vitamin E supplementation (injectable).
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Table 2. Histopathologic findings in steatitis lesions of nine cold-stunned Kemp’s ridley sea turtles (Lepidochelys kempii) examined by surgical biopsy (n = 6) or post-mortem (n = 5).
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	Histopathology

ID #
	Patient #
	Necropsy or Biopsy
	Heterophilic Inflammation
	Necrosis of Adipose Tissue
	Bacteria Present
	Histiocytic Inflammation
	Myo-

Necrosis
	Thrombi
	Minerali-Zation





	1
	1
	Biopsy
	Y
	Y
	Y
	Y
	N
	N
	N



	2
	1
	Biopsy
	Y
	Y
	Y
	Y
	N
	N
	N



	3
	2
	Biopsy
	N
	Y
	N
	N
	Y
	N
	Y



	4
	3
	Biopsy
	Y
	Y
	N
	N
	N
	N
	N



	5
	3
	Biopsy
	N
	Y
	Y
	N
	N
	N
	N



	6
	4
	Biopsy
	Y
	N
	N
	Y
	N
	N
	N



	7
	5
	Necropsy
	Y
	N
	Y
	N
	Y
	Y
	N



	8
	6
	Necropsy
	Y
	N
	N
	Y
	N
	N
	N



	9
	7
	Necropsy
	Y
	N
	Y
	Y
	N
	N
	N



	10
	8
	Necropsy
	Y
	Y
	Y
	N
	N
	N
	N



	11
	9
	Necropsy
	Y
	Y
	N
	N
	N
	N
	N



	Total
	
	
	9
	7
	6
	5
	2
	1
	1
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Table 3. Mass, straight carapace length, and plasma concentrations of α-tocopherol (vitamin E), thiobarbituric acid reactive substances (TBARS), and TBARS to vitamin E ratios of cold-stunned Kemp’s ridley sea turtles (Lepidochelys kempii) affected with steatitis compared to those of free-ranging immature control turtles.
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	Variables
	Cold-Stunned Turtles with Diagnosis of Steatitis
	Free-Ranging Immature Control Turtles
	Z
	p





	Mass (kg)
	
	
	
	



	N
	10
	8
	
	



	Mean ± SD
	2.9 ± 0.9
	17.9 ± 7.8
	
	



	Median (minimum, maximum)
	3.1 (1.6, 4.1)
	18.1 (3.4, 28.0)
	3.20
	<0.01



	Straight carapace length (cm)
	
	
	
	



	N
	10
	8
	
	



	Mean ± SD
	27.5 ± 3.1
	46.1 ± 8.7
	
	



	Median (minimum, maximum)
	28.5 (22.6, 31.4)
	47.7 (27.0, 55.3)
	2.98
	<0.01



	Vitamin E * nmol/g
	
	
	
	



	N
	10
	9
	
	



	Mean ± SD
	3.6 ± 0.7
	61.2 ± 23.3
	
	



	Median (minimum, maximum)
	3.5 (2.3, 5.5)
	62.3 (25.3, 90.9)
	3.67
	<0.01



	TBARS nmol/g
	
	
	
	



	N
	10
	9
	
	



	Mean ± SD
	1.8 ± 0.6
	2.5 ± 0.7
	
	



	Median (minimum, maximum)
	1.6 (1.2, 3.2)
	2.1 (1.8, 3.9)
	2.41
	0.01



	TBARS to vitamin E ratio
	
	
	
	



	N
	10
	9
	
	



	Mean ± SD
	0.52 ± 0.18
	0.05 ± 0.03
	
	



	Median (minimum, maximum)
	0.50 (0.28, 0.92)
	0.03 (0.02, 0.10)
	3.63
	<0.01







* The lowest measurable quantity of vitamin E was 7.0 nmol/g. Samples that measured below the level of detection were defined as 3.5 nmol/g.
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