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Abstract

The sustainability of captive cheetah populations is limited by high mortality due to chronic

renal disease. This necropsy study, conducted on 243 captive cheetahs from one institution,

investigated the relationships between focal palatine erosions, gastritis, enterocolitis, glo-

merulosclerosis, chronic renal infarcts, renal cortical and medullary fibrosis, and renal med-

ullary amyloidosis at death. Associations between the individual renal lesions and death due

to chronic renal disease and comparisons of lesion prevalence between captive bred and

wild born and between normal and king coated cheetahs were also assessed. All lesions

were significantly positively correlated with age at death. Renal medullary fibrosis was the

only lesion associated with the likelihood of death being due to chronic renal disease, and

cheetahs with this lesion were younger, on average, than cheetahs with other renal lesions.

Alimentary tract lesions were not associated with amyloidosis. All lesions, except for pala-

tine erosions, were more common in wild born than in captive bred cheetahs; the former

were older at death than the latter. Having a king coat had no clear effect on disease preva-

lence. These results suggest that age and renal medullary fibrosis are the primary factors

influencing the pathogenesis of chronic renal disease in captive cheetahs. Apart from amy-

loidosis, these findings are analogous to those described in chronic renal disease in domes-

tic cats, which is postulated to result primarily from repetitive hypoxic injury of renal tubules,

mediated by age and stress. Cheetahs may be particularly susceptible to acute renal tubular

injury due to their propensity for stress and their extended life span in captivity, as well as

their adaptation for fecundity (rather than longevity) and adrenaline-mediated high speed

prey chases. The presence of chronic renal disease in subadult cheetahs suggests that pre-

vention, identification and mitigation of stress are critical to the successful prevention of

chronic renal disease in captive cheetahs.

Introduction

Populations of free-ranging cheetahs (Acinonyx jubatus) are considered endangered primarily

by habitat loss, habitat fragmentation and conflict with livestock and game farmers. Road

PLOS ONE | https://doi.org/10.1371/journal.pone.0194114 March 7, 2018 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Mitchell EP, Prozesky L, Lawrence J

(2018) A new perspective on the pathogenesis of

chronic renal disease in captive cheetahs (Acinonyx

jubatus). PLoS ONE 13(3): e0194114. https://doi.

org/10.1371/journal.pone.0194114

Editor: Tatsuo Shimosawa, The University of

Tokyo, JAPAN

Received: October 12, 2017

Accepted: February 23, 2018

Published: March 7, 2018

Copyright: © 2018 Mitchell et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was funded jointly by the Ann

van Dyk Cheetah Centre (AvDCC) and annual core

operational funds from the National Zoological

Gardens of South Africa, a facility of the National

Research Foundation. The funders had no role in

the study design, analysis or preparation of the

manuscript. Ms Ann van Dyk and the staff of the

AvDCC participated in sample and data collection

and the decision to publish.

https://doi.org/10.1371/journal.pone.0194114
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194114&domain=pdf&date_stamp=2018-03-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194114&domain=pdf&date_stamp=2018-03-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194114&domain=pdf&date_stamp=2018-03-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194114&domain=pdf&date_stamp=2018-03-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194114&domain=pdf&date_stamp=2018-03-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194114&domain=pdf&date_stamp=2018-03-07
https://doi.org/10.1371/journal.pone.0194114
https://doi.org/10.1371/journal.pone.0194114
http://creativecommons.org/licenses/by/4.0/


traffic accidents, hunting and illegal trade also contribute to the decline in the free-ranging

cheetah population[1]. Cheetahs kept in captivity spare the free-ranging population by provid-

ing animals for conservation education and insurance populations in zoos and breeding pro-

grammes[2]. However, the sustainability of captive populations is limited by high mortality

due to veno-occlusive disease, lymphoplasmacytic gastritis and chronic renal disease (CRD)

[1,3–6]. Renal disease is also common in captive Canadian lynx (Lynx canadensis), clouded

leopards (Neofelis nebulosa), cougars (Puma concolor), jaguars (Panthera onca), ocelots (Leo-
pardus pardalis), leopards (Panthera pardus), lions (Panthera leo), snow leopards (Uncia
uncia) and tigers (Panthera tigris)[7,8]. Renal failure (as measured by inappetance, weakness,

vomiting, progressive azotemia, dehydration, polyuria and depression) is the most frequent

cause of death in cheetahs between 12 and 16 years old[3,6]. Chronic renal disease in cheetahs

is a heterogeneous entity characterized by variable combinations of glomerular disease medul-

lary amyloidosis, interstitial fibrosis, chronic renal infarcts, lymphoplasmacytic interstitial

nephritis, pyelonephritis and papillary necrosis.[5,9,10]. Mixed patterns of glomerular disease

are noted in most cheetahs: glomerular morphology consistent with membranous glomerulo-

nephritis was found in 77% of captive cheetahs, 85% of which also had focal to global glomeru-

losclerosis, and increased mesangial matrix and membranoproliferative glomerulonephritis

were also commonly seen (each 26%)[10].Chronic renal disease in cheetahs is associated with

progressive irreversible loss of renal function over months or years as measured by increasing

levels of azotemia[11]. Glomerulosclerosis and nephrosclerosis together were deemed respon-

sible for 26% of deaths in North American cheetahs over 1 month old[3]. Glomerulosclerosis

severity increases with age and occurs mainly in cheetahs over 7 years old[3]. Persistent hyper-

glycemia due to stress has been suggested as a factor in the pathogenesis of the glomerulo-

sclerosis, due to similarities with diabetic nephropathy in humans[12] and a strong association

between glomerulosclerosis and adrenal gland hyperplasia[3]. However, the typical vascular

lesions of systemic hypertension and diabetes mellitus are rarely seen in cheetahs[3,5,10] and

no association was found between glomerulosclerosis and three adrenal gland morphology

measurements[13]. Excessive dietary protein (through the omission of non-protein carcass

components), frequent feeding in captivity and a genetic predisposition have also been postu-

lated to affect the development of glomerulosclerosis[3,9], since glomerulosclerosis is a feature

of chronic progressive nephropathy in several strains of aging rats, the progression of which is

sensitive to dietary protein levels[14]. Despite the presence of membranous glomerulonephri-

tis, no evidence of immune complex deposition has been found[3,10].Renal failure was deter-

mined to be the sole or a contributing cause of death in 74% of adult North American cheetahs

with medullary amyloidosis[6]. Amyloid deposits in cheetahs occur predominantly in the

outer renal medulla and have been identified as the AA type[6]. Although the pathogenesis of

amyloid aggregation in tissues is incompletely understood, AA amyloidosis is often associated

with prolonged production of the acute-phase proteins, including serum amyloid A proteins,

during chronic inflammation[15–17]. In addition to chronic inflammation, systemic amyloid-

osis may be associated with age[17], stress[18,19] and genetic factors[20–22]. The possibility

that AA amyloidosis may be transmissible, like prion proteins, has also been explored.[23]

Deposited amyloid fibrils disrupt tissue architecture and result in progressive renal dys-

function in humans[24], domestic cats[25] and cheetahs[5,6,9]. The most common inflamma-

tory condition in captive cheetahs is lymphoplasmacytic gastritis[5,6,9], although focal

palatine erosions, lymphoplasmacytic interstitial nephritis, enterocolitis, and various other

traumatic and infectious causes of inflammation are also recorded [5,9,13]. Captive cheetahs

suffer from inflammation of maxillary palatine clefts that may lead to chronically inflamed

focal palatine erosions and oronasal fistulae[26]. These have been ascribed to inadequate den-

tal wear as a result of the feeding of improper diets in captivity (particularly in growing
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animals)[26]. However, as they occur in free-ranging animals, especially juveniles, a genetic

predisposition to dental malocclusion may play a role in their development[27–29].

Gastritis is associated with Helicobacter spp. infection[30]. However, since free-ranging

cheetahs are similarly infected but rarely show gastritis, other factors including stress are

thought to account for the high prevalence of gastritis in captive cheetahs[31–33]. Strong mor-

phological and functional evidence of stress has been demonstrated in captive but not free-

ranging cheetahs[32]. Gastritis scores have been positively correlated with fecal glucocorti-

coids, temperament and suspected stress factors such as number of institutions in which the

animal has lived, degree of public exposure, cheetah density, small enclosures and lack of exer-

cise[33]. Affected gastric mucosa contains increased numbers of activated B cells and plasma

cells, suggestive of a Th1:Th2 shift[34], which is a feature of the influence of glucocorticoid

secretion in chronic stress in humans[35]. Diet in captivity also affects the incidence and prev-

alence of gastrointestinal tract disease in captive cheetahs[36,37]. Cheetahs are susceptible to

oxalate nephrosis which is not primarily caused by ethylene glycol exposure and is not linked

to concurrent glomerulosclerosis or medullary amyloidosis [38].

Given the susceptibility to CRD of captive cheetahs, the suspected role of alimentary tract

inflammation in the pathogenesis of CRD and the effect of CRD on the sustainability of captive

cheetah populations, we conducted a retrospective necropsy study to investigate the relation-

ships between alimentary tract and renal lesions; the association between individual renal

lesions and death due to CRD; and comparisons of lesion prevalence between captive bred and

wild born and between normal coated and king coated cheetahs in 243 captive cheetahs from

one institution.

Materials and methods

Acquisition, breeding, disease and mortality records as well as pathological descriptions were

examined for 243 cheetahs from a single cheetah breeding centre (1967–2014). All cases

included were animals submitted for necropsy examination to investigate the cause of death.

All cases included were animals submitted for necropsy examination to investigate the cause

of death so an ethical statement is not relevant. The project was approved by the University of

Pretoria Animal Ethics Committee (Project number VO63-14) and the National Zoological

Gardens of South Africa Research Ethics and Scientific Committee (Project number P13/27).

One author (E.P. Mitchell) conducted full necropsies and histological examinations of all tis-

sues apart from the eye and spinal cord on 231 of the cheetahs between 1996 and 2014 and

scrutinized the necropsy reports and, where available, histological slides from the remaining

12 cheetahs (S1 Table).

The following data were recorded: sex; date of birth (for captive bred animals) and esti-

mated date of birth (for wild born animals); whether or not the cheetahs had normal coats or

were king coat variants; and age at death. Based on published life history information[39], five

age groups were identified: neonates (up to 20 days old), juveniles (21 to 83 days old), subadult

cheetahs (84–810 days old), adults (811–3600 days old) and elderly cheetahs (3601+ days old).

The following information was also recorded: whether or not CRD caused death; presence or

absence of focal palatine erosions, enterocolitis and chronic renal infarcts at death; and scores

of gastritis, glomerulosclerosis, renal cortical fibrosis, renal medullary fibrosis and medullary

amyloidosis at death. Chronic renal disease was deemed to have caused death if the clinical

signs and clinical pathological data submitted with the carcass were compatible with renal fail-

ure (polyuria, polydipsia, dehydration, urea >10Ummol/L, creatinine>100umol/L and urine

specific gravity <1.035)[36,40]; severe renal lesions were present affecting over 60% of the

renal mass; parathyroid hyperplasia and metastatic mineralisation were present; and lesions in

The pathogenesis of chronic renal disease in captive cheetahs
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other organs were mild or absent. Chronic renal disease was not assigned as the cause of death

in cheetahs which had moderate or severe lesions in other organs. Data relating to oxalate

nephrosis were excluded as previous work had demonstrated no connection between this con-

dition and other renal parameters [38].

Histological examination was done on sections of formalin fixed paraffin embedded tissues

stained with hematoxylin and eosin, von Kossa and Masson’s trichrome stains[41], and a mod-

ified PAS-Trichrome stain[42] using celestine blue instead of Weigert’s hematoxylin. Scoring

of lymphoplasmacytic superficial atrophic gastritis and glomerulosclerosis was based on pub-

lished accounts of these lesions in cheetahs[5,9]. The term glomerulosclerosis was retained for

consistency and comparison with historical literature [3,5] in which the lesions described

encompass the combination of membranous glomerulonephritis and glomerulosclerosis more

recently documented in most captive cheetahs[10]. In addition, since the classification of glo-

merular morphology in felids is not well established[43] and kidney samples were from nec-

ropsy specimens with variable autolysis, transmission electron microscopy and detailed

classification of glomerular lesions in individual animals was not attempted. Glomerulosclero-

sis and cortical fibrosis were evaluated in areas of the renal cortex not affected by chronic renal

infarcts. Renal cortical fibrosis was evaluated as the proportion of the cortex containing colla-

gen between tubules in fine to broad radial streaks with or without sclerotic or obsolescent glo-

meruli: absent (0); 1–33% (1); 34–66% (2); and 67–100% (3). Renal medullary fibrosis was

evaluated as the proportion of the outer third of the medulla containing multifocal or diffuse

collagen deposits between tubules: absent (0); 1–33% (1); 34–66% (2); and 67–100% (3).

Although usually concordant, fibrosis of the inner medulla was not included in the parameter

medullary fibrosis. Renal medullary amyloidosis was evaluated as the proportion of the outer

third of the medulla containing multifocal or diffuse amyloid deposits between tubules: absent

(0); 1–33% (1); 34–66% (2); and 67–100% (3). Lymphoplasmacytic interstitial nephritis was

not evaluated as this multifocal usually mild lesion is considered to be secondary to glomerular

or tubular injury where this is present[5,13,43]. Lesions of uremic gastropathy (gastric arterio-

lar necrosis, infarction, ulceration and interstitial mineralization)[43] were excluded from the

parameter “gastritis”.

Statistical analyses were based on a set of ordinal variables. Hypotheses were tested using

generalized linear models and included variables with binomial distributions (the presence or

absence of focal palatine erosions, enterocolitis, chronic renal infarcts, and whether or not

CRD caused death); variables with Poisson distributions (scores of 0–3: gastritis, medullary

amyloidosis and fibrosis, glomerulosclerosis and cortical fibrosis); or a continuous (Gaussian)

variable (age in days). All analyses were carried out in R 3.13 (R Core Team 2015, https://www.

r-project.org/) using the library MASS for generalized linear models. In each case, models

were compared using Akaike’s Information Criterion adjusted for small sample sizes (AICc)

[44]. In each model set the minimum AICc value was subtracted from the value for each

model to estimate the ΔAICc. Models were accepted as best-fit models if the ΔAICc score was

<2[45]. For each analysis, generalized linear models were compared for best fit (ΔAICc) and

the statistical significance of each effect by examining generalized linear models with the rele-

vant factors as predictors (Effect 1), generalized linear models with linked factors (additive,

Effect 2) and generalized linear models with both as well as the interaction between them

(Effect 3). Significance levels were set at p<0.05.

Effects and covariates included in the generalized linear models varied according to the

nature of the question being examined. Four analyses were performed. Firstly, a hypothesis

that alimentary tract and renal lesions result in reduced survival was tested by comparing the

age at death (in days) of cheetahs with differing lesion scores. However, in all lesions, a higher

score was seen in older animals, indicating a direct relationship between pathology and age at

The pathogenesis of chronic renal disease in captive cheetahs
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death. Therefore, lesions were treated as dependent variables on age at death for further analy-

sis and the continuous variable age at death (in days) was used in all statistical hypotheses

tested. This was necessary not only to detect an influence of age on the data, but also to account

for any effects of age when testing influence/s of other variables. Secondly, generalized linear

models with and without age at death as a covariate and its interaction with various lesions,

were compared to examine the relationships between focal palatine erosions, gastritis, entero-

colitis, medullary fibrosis and amyloidosis, glomerulosclerosis, cortical fibrosis and chronic

renal infarcts. Due to autolysis obscuring details in various organs, comparisons had different

sample sizes so models were run using data subsets of equal size, including only those cheetahs

for which all factors present in a particular model had available data. Thirdly, to investigate the

association between renal lesions and death due to CRD, the effect of each lesion (with and

without age at death as a covariate) on death due to CRD was evaluated using generalized lin-

ear models for subsets of equal sample size. Lastly, two discrete variables were used as effects in

generalized linear models for each lesion to indirectly assess the effect of stress and genetic fac-

tors respectively: whether cheetahs were wild or captive born; and whether cheetahs had the

double recessive gene for the king coat variant or had normal coats. Age at death (Effect 1) and

its interactions with the main effect (Effects 2 and 3) were included in the stepwise modeling

procedure and models including both wild born and king coated cheetahs were also incorpo-

rated to test for interactive effects in these two factors.

Results

Affected kidneys were small, with multifocally pitted and indented cortical surfaces (Fig 1A),

with ill-defined radial pale tan streaks in the medulla that were variably associated with chronic

renal infarcts in the overlying cortex (Fig 1B). Histologically, global glomerulosclerosis (Fig

2A) and cortical fibrosis (Fig 2B) occurred in multifocal fine to broad cortical rays which coa-

lesced into chronic renal infarcts containing mainly obsolescent glomeruli and lymphoplasma-

cytic interstitial inflammation (Fig 2C). Renal medullary fibrosis and medullary amyloidosis

Fig 1. Macroscopic appearance of chronic renal disease in captive cheetahs (Acinonyx jubatus). A) pale misshapen kidney with a multifocally pitted and indented

capsular surface due to foci of renal cortical fibrosis; B) cut section of kidney showing linear rays of renal medullary fibrosis and amyloidosis extending from the

corticomedullary junction to the pelvis (arrowheads) which are variably associated with a narrowed overlying cortex due to chronic renal infarction(arrows).

https://doi.org/10.1371/journal.pone.0194114.g001
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were most common in the outer medulla; medullary fibrosis was more diffuse than medullary

amyloidosis (Fig 2D).

The number and age of cheetahs with and without alimentary tract and renal lesions and

death due to CRD are shown in Table 1. All lesions measured were significantly positively cor-

related with age at death (p<0.05) although variation was considerable. Enterocolitis was pres-

ent in all age classes. Gastritis, focal palatine erosions and renal lesions were seen primarily in

cheetahs that died as adult and elderly animals. The average age of cheetahs with gastritis, focal

palatine erosions and enterocolitis was over 6.5 years; and that of cheetahs with renal lesions

was over 7 years. Thirteen subadult cheetahs had medullary fibrosis and one subadult cheetah

had medullary amyloidosis.

The significant influence of age at death on the prevalence of all lesions documented in our

study complicated the assessment of the associations between focal palatine erosions, entero-

colitis, medullary amyloidosis, glomerulosclerosis and chronic renal infarcts with gastritis, cor-

tical and medullary fibrosis. After age was taken into account, significant associations were

found only between enterocolitis and gastritis, medullary amyloidosis and medullary fibrosis

and between chronic renal infarcts and cortical fibrosis (Table 2). Of the 89 cheetahs with gas-

tritis, 51 (57.3%) had enterocolitis, and this association was significant (p = 0.0011) and linear

(Fig 3A). Most of the cheetahs with medullary fibrosis had medullary amyloidosis (n = 89,

Fig 2. Histological appearance of chronic renal lesions in captive cheetahs (Acinonyx jubatus, Masson’s trichrome stain). A) glomerulosclerosis is characterized by

small glomeruli with thickened glomerular basement membranes and capsules (short arrows) compared to a normal glomerulus on the right. Note one shrunken,

eosinophilic, hypocellular (obsolescent) glomerulus (�),and lymphoplasmacytic inflammation (long arrow); B) diffuse cortical interstitial fibrosis consisting of blue

staining collagenous material between tubular loops (�); C) chronic renal infarct characterized by clustered obsolescent glomeruli, loss of tubules and secondary

lymphoplasmacytic interstitial inflammation (short arrows); D) diffuse renal medullary fibrosis consisting of blue staining collagenous material between tubules (�)

which have no tubular epithelium. Note an irregular purple staining focus of amyloid in the medullary interstitium (short arrow).

https://doi.org/10.1371/journal.pone.0194114.g002
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75.4%); this association was significant (p�0.0001) and linear with medullary amyloidosis

score increasing with medullary fibrosis score (Fig 3B). Most of the cheetahs with cortical

fibrosis had chronic renal infarcts (n = 83, 76.2%). This association was significant (p�0.0001)

and linear (Fig 3C). The prevalence of renal lesions was not significantly influenced by any ali-

mentary tract lesion. Thirty-six cheetahs had gastritis but no medullary amyloidosis at death.

Interestingly, addition of either gastritis or medullary fibrosis to the model greatly improved

the model fit for glomerulosclerosis, however, neither effect was statistically significant.

Of the cheetahs with CRD, medullary fibrosis was present in 53.4%, cortical fibrosis in

49.3%, medullary amyloidosis in 43.8%, chronic renal infarcts in 40.1% and glomerulosclerosis

in 19.2% of animals. Chronic renal disease caused death in 56 animals. Renal medullary fibro-

sis was the only factor significantly associated with death due to CRD (Table 2) and no

Table 1. Number and age of captive cheetahs (Acinonyx jubatus) with alimentary tract and renal lesions and that died due to chronic renal disease.

Age groupa

Lesion Score Neonate Juvenile Subadult Adult Elderly Total (%)b Mean agec

Gastritis (n = 183)d 0 20 7 25 20 9 81 (44.3) 2.92 ±3.78

1 0 0 7 16 9 32 (17.5) 6.81 ±4.16

2 0 0 3 14 13 30 (16.4) 8.31 ±4.25

3 0 2 2 19 17 40 (21.9) 8.14 ±3.97

Focal palatine erosions (n = 168) 0 23 10 22 46 45 147 (87.5) 5.87 ±5.05

1 0 0 1 11 9 21 (12.5) 8.60 ±3.15

Enterocolitis (n = 184) 0 17 7 22 37 19 102 (55.4) 4.55 ±4.56

1 5 3 18 27 29 82 (44.6) 6.51 ±4.77

Medullary fibrosis (n = 221) 0 29 12 32 23 7 103 (46.6) 2.06 ±3.20

1 0 0 7 16 11 34 (15.4) 7.20 ±4.34

2 0 0 4 19 25 48 (21.7) 8.95 ±3.42

3 0 0 2 17 17 36 (16.3) 9.21 ±3.84

Medullary amyloidosis (n = 235) 0 29 12 46 38 7 132 (56.2) 2.42 ±3.24

1 0 0 0 15 8 23 (9.8) 8.16 ±3.08

2 0 0 1 13 19 33 (14.0) 9.76 ±2.99

3 0 0 0 21 26 47 (20.0) 9.65 ±3.24

Glomerulosclerosis (n = 214) 0 29 12 45 61 26 173 (80.8) 3.93 ±4.20

1 0 0 2 12 9 23 (10.8) 8.35 ±3.64

2 0 0 0 5 7 12 (5.6) 10.32 ±3.28

3 0 0 0 1 5 6 (2.8) 12.13 ±2.25

Cortical fibrosis (n = 223) 0 29 12 39 23 10 113 (50.7) 2.29 ±3.49

1 0 0 4 34 19 57 (25.6) 7.92 ±3.67

2 0 0 2 19 24 45 (20.2) 9.49 ±3.38

3 0 0 0 2 6 8 (3.6) 10.24 ±3.12

Chronic renal infarcts (n = 232) 0 29 12 34 39 15 139 (59.9) 3.08 ±3.96

1 0 0 2 44 49 93 (40.1) 9.20 ±3.25

Death due to CRD (n = 236) 0 29 12 47 57 35 180 (76.3) 2.69 ±3.70

1 0 0 0 28 28 56 (23.7) 8.72 ±3.52

CRD: chronic renal disease
aAge at death: neonatal, 0–20 days; juvenile, 3–11 weeks; subadult, 3–27 months; adult, 2.25–10 years; elderly, 10+ years
bTotal number (and percentage) of cheetahs that were assigned to each lesion score.
cMean age at death with standard deviation
dThe number of cheetahs examined varied as data sets were not complete for all 243 cheetahs.

https://doi.org/10.1371/journal.pone.0194114.t001
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cheetahs died of CRD without having medullary fibrosis (Fig 3D). In contrast, CRD was

deemed to have caused death in cheetahs without glomerulosclerosis (n = 23), chronic renal

infarcts (n = 8), medullary amyloidosis (n = 4) and cortical fibrosis (n = 3).

Table 2. Best-fit (ΔAICc� 2) generalized linear models testing effects of age at death (age at death, in days) and pathological lesions on the severity of different kid-

ney lesions in captive cheetahs (Acinonyx jubatus).

Variable Model n K AICc ΔAICc

Enterocolitis Age at death�� + gastritis�� 74 3 93.26 0,00

Medullary amyloidosis Age at death���� + medullary fibrosis���� + interaction���� 85 4 192.68 0,00

Chronic renal infarcts Cortical fibrosis���� 85 2 74.09 0,00

Age at death���� + cortical fibrosis���� + interaction� 85 4 75.17 1,09

Glomerulosclerosis Age at death���� + gastritis 70 3 120.84 0,00

Age at death���� + medullary fibrosis 70 3 122.79 1,95

Death due to chronic renal disease RMF���� 43 2 41.31 000

n: number of observations; K: number of parameters. Models including age and gastritis accounted for a significant amount of the variability in enterocolitis prevalence.

Both age and medullary fibrosis (and the interaction between the age and medullary fibrosis) significantly influenced variability in medullary amyloidosis. Two models

fitted for chronic renal infarcts–one where only cortical fibrosis was significant, and another where age, cortical fibrosis and the interaction between age and cortical

fibrosis accounted for the variability in chronic renal infarcts. The only factor significantly affecting glomerulosclerosis variability was age; and the only factor

significantly affecting whether or not cheetahs died of CRD was medullary fibrosis. Hypothesis tests for significance of effect variables

����p<0.0001

��p<0.01

�p<0.05

https://doi.org/10.1371/journal.pone.0194114.t002

Fig 3. Relationships between significantly associated alimentary tract and renal lesions and death due to chronic

renal disease in captive cheetahs (Acinonyx jubatus). The bar graphs show those associations between lesions that

were statistically significant. The proportion of cheetahs with enterocolitis increased in cheetahs with higher gastritis

scores. Chronic renal infarcts were rare in cheetahs without cortical fibrosis, and always present in those with severe

cortical fibrosis. The proportion of cheetahs with (and severity of) medullary amyloidosis was higher in cheetahs with

higher medullary fibrosis scores.None of the cheetahs without medullary fibrosis died of CRD, while the proportion of

those that died of CRD increased with severity of medullary fibrosis.

https://doi.org/10.1371/journal.pone.0194114.g003
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The number and percentage of wild born, captive bred, king coated or normal coated chee-

tahs with each lesion and the significance of CRD are shown in Table 3. Wild born cheetahs

were older at death (9.42 ± 3.65 years) than captive bred animals (4.64 ± 4.51 years) and

showed greater prevalences of all lesions except for focal palatine erosions. They were more

likely to die of CRD compared to captive bred cheetahs. King coated cheetahs were slightly

younger at death (4.69 ± 3.97) than normal coated cheetahs (5.62 00B1 4.82). More cheetahs

with the king coat had focal palatine erosions than those with normal coats but gastritis, med-

ullary fibrosis and amyloidosis, cortical fibrosis and chronic renal infarcts were present in

higher proportions of normal coated than king coated cheetahs. The proportion of king and

normal coated cheetahs that died of CRD was similar. Being wild born or captive bred and

having a king or normal coat were never present in the generalized linear models despite the

differences noted above.

Discussion

Lesion prevalence in the cheetahs described here was generally similar to that described in

other cheetah populations, with some differences that may have been due to different selection

criteria for animals surveyed, health management regimens and other management or envi-

ronmental differences[3,5,6,9,10,26,29,36]. Evaluation of associations between lesions, the pur-

pose of this study, was hampered by the paramount effect of age at death on lesion prevalence.

Examination of the additive and interactive effects of age at death on other parameters pro-

vided a solution to this. However, the AICc statistical approach to generalized linear model

selection penalises for the addition of parameters and selects models with the highest likeli-

hood: complexity ratio, which may not be fully appropriate given the heterogeneous nature of

CRD lesions in cheetahs. Therefore, factors that had a minor influence on lesion prevalence,

compared to age at death, may have been excluded from the models. For example, inclusion of

gastritis improved the model fit for glomerulosclerosis, suggesting that it may have a small

influence on glomerulosclerosis in addition to the significant effect of by age. Confirmation of

the associations between lesions, and between lesions and death due to CRD would require a

prospective lifelong study of age-matched cohorts with similar environmental and manage-

ment conditions, which is rarely feasible in endangered species.

Nonetheless, medullary fibrosis was the only renal lesion statistically associated with death

due to CRD in this population of captive cheetahs. It was more diffuse than medullary

Table 3. Number and percentage of wild born, captive bred, normal coated or king coated cheetahs (Acinonyx jubatus) examined that were diagnosed with alimen-

tary tract and renal lesions and in which chronic renal disease caused death.

Lesion present Wild born Captive bred King coat Normal coat

Gastritis 30/35 (85.7%)a 72/148 (48.7%) 8/20 (40.0%) 94/163 (57.7%)

Focal palatine erosions 4/39 (10.3%) 17/129 (13.2%) 3/15 (20.0%) 18/153 (11.8%)

Enterocolitis 20/36 (55.6%) 62/148 (41.9%) 7/17 (41.2%) 75/167 (44.9%)

Medullary fibrosis 35/43 (81.4%) 83/178 (46.6%) 9/21 (42.9%) 109/200 (54.5%)

Medullary amyloidosis 30/44 (68.2%) 73/191 (38.2%) 9/24 (37.5%) 94/211 (44.6%)

Glomerulosclerosis 16/39 (41.0%) 25/175 (14.3%) 4/22 (18.2%) 37/192 (19.3%)

Cortical fibrosis 34/43 (79.1%) 76/180 (42.2%) 9/21 (42.9%) 101/202 (50.0%)

Chronic renal infarcts 24/44 (54.6%) 69/188 (36.7%) 8/23 (34.8%) 85/209 (40.7%)

Death due to CRD 23/46 (50.0%) 33/190 (17.4%) 5/23 (21.7%) 51/213 (23.9%)

CRD: chronic renal disease.
aThe number of cheetahs examined varied as data sets were not complete for all cases.

https://doi.org/10.1371/journal.pone.0194114.t003
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amyloidosis, occurred in more cheetahs with CRD than any other renal lesion and no cheetah

died of CRD without medullary fibrosis. In contrast, some cheetahs that died of CRD did not

have medullary amyloidosis, glomerulosclerosis, cortical fibrosis or chronic renal infarcts. This

effect of medullary fibrosis is consistent with studies showing that renal fibrosis is the renal

lesion that most closely positively correlates with azotemia and, therefore, function of the

residual renal mass in humans[46] and domestic cats[47,48]. Renal medullary fibrosis appears

to precede other renal lesions in captive cheetahs because medullary fibrosis affected a higher

proportion of subadult cheetahs and the average age at death of cheetahs with medullary fibro-

sis was approximately a year lower than those with other renal lesions.

Apart from medullary amyloidosis, which is rare in domestic cats, the macroscopic and his-

tological findings in cheetahs in this and other[3,5,6] studies are similar to those described in

CRD in older domestic cats[11,49]. Acute renal injury due to hypoxia and or toxins, exacer-

bated by stress and age, is thought to be a key initiating factor leading to and perpetuating

CRD in cats[11,49], rats[50] and humans[51]. In an experimental model in cats[52], a single

episode of renal ischemia resulted in tubulointerstitial lesions that closely resemble those

described in domestic cats with CRD[49] as well as those seen in cheetahs. In our study medul-

lary fibrosis was most severe in the outer third of the renal medulla, where relative hypoxia is

greatest and metabolic activity highest[53]; repetitive subclinical hypoxic injury of renal med-

ullary tubules may, therefore, contribute to CRD in cheetahs.

Stress is thought to play a key role in mediating tubular hypoxia in CRD in domestic cats

which suffer from stress-related cystitis associated with stimulation of the sympathetic nervous

system without increased adrenal steroid production[54]. In humans, dogs and rats, stress-

related activation of the sympathetic nervous and renin angiotensin aldosterone (RAA) systems

results in constriction of both the glomerular afferent and efferent arterioles as well as of peri-

tubular capillaries which contributes to global glomerulosclerosis, medullary ischemia and

tubular hypoxia[55,56]. Activation of the sympathetic nervous and RAA systems results in pref-

erential perfusion of the brain, muscle and heart at the expense of other organs including the

kidney and liver[57,58]. The adaptation of cheetahs to bursts of high speed locomotion may

mean that they have highly active sympathetic nervous and RAA systems. Captive cheetahs

have resting serum cortisol levels similar to those of domestic cats stressed by visits to veterinary

hospitals, and cheetahs mount longer and higher responses to adrenocorticotrophic hormone

stimulation than domestic cats[59]. Captive cheetahs also have higher stress levels than free-

ranging ones[32]. Adrenocortical stress responses are well documented in captive cheetahs

[60,61] and have been strongly implicated in the pathogenesis of gastritis in this species[31–

33,60,62]. Stimulation of the sympathetic nervous and RAA systems as a result of chronic or

repetitive stress could, therefore, play a role in the development of CRD in cheetahs.

Global glomerulosclerosis is thought to be an ischemic change in humans[63] and is the

lesion seen in domestic cats[48,64] and cheetahs[3]. Inclusion of medullary fibrosis improved

the model fit for glomerulosclerosis, so both lesions may be mediated by hypoxia. Cortical

fibrosis and chronic renal infarcts occurred together, formed a continuum and were signifi-

cantly associated in this study supporting a prior theory that they have a common patho-

genesis[5]. Renal cortical lesions, regardless of their etiology, appear to be less important

contributors to fatal CRD than medullary lesions in captive cheetahs since they did not con-

tribute significantly to the risk of dying due to CRD in the generalized linear models. Similar

findings have been reported in other studies[5,9]. A primary glomerular lesion is unlikely to be

responsible for CRD in cheetahs since they rarely suffer from glomerular amyloid deposition,

genetic kidney diseases and diabetes mellitus[5,9,10,31]. The role of immune-complex medi-

ated glomerular disease in the development of CRD in cheetahs has not yet been clarified

[3,10].
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Chronic renal disease is a common age-related disease in many species including domestic

cats[47,49,64], dogs[65], Island foxes[66], the great apes[67] and naked mole-rats[68]. As in

humans[69], older cats have more CRD, interstitial fibrosis, sclerotic glomeruli and fewer

nephrons than younger cats[48]. Age was the primary factor affecting both lesion prevalence

and death due to CRD in captive cheetahs in this and other studies[3,5,6,9,13]. From an evolu-

tionary perspective, cheetah life history emphasizes fecundity (young age of breeding, large

litters) over longevity, a trade-off that may favor a shorter life span[70]. Cheetahs live signifi-

cantly longer in captivity than in the wild[71] so captive cheetahs may be susceptible to age-

related CRD.

Dietary factors have been postulated to play a role in the initiation and progression of CRD

in cats[11,49]. Interstitial fibrosis and lymphoplasmacytic interstitial nephritis have been

described in cats fed a high protein, low potassium diet[72]. Kittens fed a vitamin B6 deficient

diet developed tubular lesions, oxalate crystals and periglomerular and peritubular fibrosis that

extended radially from the corticomedullary junction[73]. Captive cheetah diets may not ade-

quately fulfill the nutritional requirements of even healthy animals[36,37,74,75] and further

research into the role of diet in the pathogenesis and the need for added requirements for chee-

tahs with CRD is needed.

Prior episodes of alimentary tract disease may influence the initiation and progression of

CRD in humans[76] and cats[11,77]. AA amyloidosis in cheetahs is associated with chronic

inflammation[6]. Although gastritis is reportedly the most common inflammatory lesion in

cheetahs[5,6,9,17,31] no statistically significant association was found between alimentary

tract and renal disease in this population of cheetahs. Lymphoplasmacytic nephritis but not

gastritis has been shown to have a strong positive correlation with amyloidosis in cheetahs,

Island foxes and Abyssinian cats [13,66,78]. Medullary fibrosis is closely associated with med-

ullary amyloidosis in cheetahs[6,13] as well as in Abyssinian cats[78] and Shar Pei dogs[79].

Fibroblasts may act as both a nidus and a template for amyloid deposition[80] and elevated

urea concentrations facilitate amyloid deposition[16]. Both these factors may explain the amy-

loid deposits, in cheetahs, in the outer renal medulla where medullary fibrosis occurs earlier

and more extensively than the inner medulla. Medullary amyloidosis may contribute to CRD

in cheetahs through exacerbation of tubular hypoxia and compromised urine concentrating

ability[6]. Since not all animals or cheetahs with amyloidosis have chronic inflammatory

lesions[6,19,78,81], age[19], stress[6,18,19] as well as genetic[20,21] and environmental factors

such as the possibility that amyloidosis is transmissible[23] may also play a role in the patho-

genesis of medullary amyloidosis in cheetahs.

The predominant effect of age at death, differing ages between groups, and unequal group

sizes limited robust statistical comparison of lesion prevalence in wild born and captive bred,

and king and normal coated cheetahs. Further research to determine whether these apparent

differences are related to age, differing genetic diversity, or to stress levels will be hampered by

the relatively small numbers of wild born and king coated cheetahs available for research.

Conclusions

Our results suggest that CRD in our population of captive cheetahs was primarily due to med-

ullary fibrosis. We found no evidence to support a link between alimentary tract lesions and

medullary amyloidosis. Medullary fibrosis and glomerulosclerosis in cheetah may be associ-

ated with age and or stress related tubular and glomerular hypoxia. The presence of CRD in

subadult cheetahs suggests that prevention, early identification and mitigation of stress may be

critical to the successful prevention of CRD in this species in captivity.
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21. Franklin AD, Schmidt-Küntzel A, Terio KA, Marker LL, Crosier AE. Serum Amyloid A Protein Concentra-

tion in Blood is Influenced by Genetic Differences in the Cheetah (Acinonyx jubatus). J Hered 2016; 107

(2):115–21. https://doi.org/10.1093/jhered/esv089 PMID: 26585380

22. Garner MM, Raymond JT, Brien TDO, Robert W, Russell WC. Amyloidosis in the black-footed ferret

(Mustela nigripes). J Zoo Wildl Med. 2007; 38(1):32–41. https://doi.org/10.1638/06-023.1 PMID:

17469273

23. Zhang B, Une Y, Fu X, Yan J, Ge F, Yao J, et al. Fecal transmission of AA amyloidosis in the cheetah

contributes to high incidence of disease. Proc Natl Acad Sci U S A. 2008; 105(20):7263–8. https://doi.

org/10.1073/pnas.0800367105 PMID: 18474855

24. Dember LM. Amyloidosis-associated kidney disease. J Am Soc Nephrol. 2006; 17(12):3458–71.

https://doi.org/10.1681/ASN.2006050460 PMID: 17093068

25. Van der Linde-Sipman JS, Niewold TA, Tooten PCJ, Neijs-Backer M de, Gruys E. Generalized AA-amy-

loidosis in Siamese and Oriental cats. Vet Immunol Immunopathol. 1997; 56(1/2):1–10.

26. Fitch HM, Fagan DA. Focal palatine erosion associated with dental malocclusion in captive cheetahs.

Zoo Biol. 1982; 310:295–310.

27. Phillips JA, Worley MB, Morsbach D, Williams TM. Relationship among diet, growth and occurrence of

focal palatine erosion in wild-caught captive cheetahs. Madoqua. 1993; 18(2):79–83.

28. Marker LL, Dickman AJ, Gannon WL. Dental anomalies and incidence of palatal erosion in namibian

cheetahs (Acinonyx jubatus jubatus). J Mammal 2004; 85(1):19–24.

29. Zordan M, Deem SL, Sanchez CR. Focal palatine erosion in captive and free-living cheetahs (Acinonyx

jubatus) and other felid Species. Zoo Biol 2012 Mar; 31(2):181–8. https://doi.org/10.1002/zoo.20392

PMID: 21541986

The pathogenesis of chronic renal disease in captive cheetahs

PLOS ONE | https://doi.org/10.1371/journal.pone.0194114 March 7, 2018 13 / 16

https://doi.org/10.1177/030098589703400602
http://www.ncbi.nlm.nih.gov/pubmed/9396135
https://doi.org/10.1177/0300985810382089
http://www.ncbi.nlm.nih.gov/pubmed/20876911
http://www.ncbi.nlm.nih.gov/pubmed/10572855
https://doi.org/10.1638/2015-0260.1
http://www.ncbi.nlm.nih.gov/pubmed/27691976
https://doi.org/10.1016/j.cvsm.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27461408
https://doi.org/10.1002/zoo.21341
http://www.ncbi.nlm.nih.gov/pubmed/28026881
https://doi.org/10.1080/13506120600722621
http://www.ncbi.nlm.nih.gov/pubmed/16911963
https://doi.org/10.1056/NEJMra023144
http://www.ncbi.nlm.nih.gov/pubmed/12904524
https://doi.org/10.1177/0300985813511128
http://www.ncbi.nlm.nih.gov/pubmed/24280941
https://doi.org/10.1354/vp.45-3-393
http://www.ncbi.nlm.nih.gov/pubmed/18487501
http://www.ncbi.nlm.nih.gov/pubmed/2652158
https://doi.org/10.1093/jhered/esr105
http://www.ncbi.nlm.nih.gov/pubmed/21987659
https://doi.org/10.1093/jhered/esv089
http://www.ncbi.nlm.nih.gov/pubmed/26585380
https://doi.org/10.1638/06-023.1
http://www.ncbi.nlm.nih.gov/pubmed/17469273
https://doi.org/10.1073/pnas.0800367105
https://doi.org/10.1073/pnas.0800367105
http://www.ncbi.nlm.nih.gov/pubmed/18474855
https://doi.org/10.1681/ASN.2006050460
http://www.ncbi.nlm.nih.gov/pubmed/17093068
https://doi.org/10.1002/zoo.20392
http://www.ncbi.nlm.nih.gov/pubmed/21541986
https://doi.org/10.1371/journal.pone.0194114


30. Eaton KA, Radin MJ, Kramer L, Wack R, Sherding R, Krakowka S, et al. Epizootic gastritis associated

with gastric spiral bacilli in cheetahs (Acinonyx jubatus). Vet Pathol. 1993; 30(1):55–63. https://doi.org/

10.1177/030098589303000107 PMID: 8442328

31. Munson L, Terio KA, Worley M, Jago M, Bagot-Smith A, Marker L. Extrinsic factors significantly affect

patterns of disease in free-ranging and captive cheetah (Acinonyx jubatus) populations. J Wildl Dis.

2005; 41(3):542–8. https://doi.org/10.7589/0090-3558-41.3.542 PMID: 16244064

32. Terio KA, Marker L, Munson L. Evidence for chronic stress in captive but not free-ranging cheetahs (Aci-

nonyx jubatus) based on adrenal morphology and function. J Wildl Dis. 2004; 40(2):259–66. https://doi.

org/10.7589/0090-3558-40.2.259 PMID: 15362825

33. Terio KA, Whitham J, Chosy C, Sanchez L, Marker L, Wielebnowski N. Associations between gastritis,

temperament and management risk factors in captive cheetahs (Acinonyx jubatus). In: American Asso-

ciation of Zoo Veterinarians Annual Conference. Orlando, Florida; 2014. p. 107.

34. Terio KA, Munson L, Moore PF. Characterization of the gastric immune response in cheetahs (Acinonyx

jubatus) with Helicobacter-associated gastritis. Vet Pathol. 2012; 49(5):824–33. https://doi.org/10.1177/

0300985811412620 PMID: 21730348

35. Elenkov IJ, Chrousos GP. Pro / Anti-inflammatory cytokines and susceptibility to disease. Trends Endo-

crinol Metab 1999; 10(9):359–68. PMID: 10511695

36. Lane EP, Miller S, Lobetti R, Caldwell P, Bertschinger HJ, Burroughs R, et al. Effect of diet on the inci-

dence of and mortality owing to gastritis and renal disease in captive cheetahs (Acinonyx jubatus) in

South Africa. Zoo Biol. 2012; 31(6):669–82. https://doi.org/10.1002/zoo.20431 PMID: 22083933

37. Whitehouse-Tedd KM, Lefebvre SL, Janssens GPJ. Dietary factors associated with faecal consistency

and other indicators of gastrointestinal health in the captive cheetah (Acinonyx jubatus). PLoS One.

2015 Apr 1; 10(4):1–20.

38. Mitchell E, Church M, Nemser SM, Yakes BJ, Evans ER, Reimschuessel R, et al. Pathology and epide-

miology of oxalate nephrosis in cheetahs. Vet Pathol. 2017; https://doi.org/10.1177/

0300985817728556 PMID: 28891390

39. Augustus P, Cadasavant K, Troxel N, Rieches R, Bercovitch F. Reproductive Life History of South Afri-

can Cheetahs (Acinonyx jubatus jubatus) at the San Diego Zoo Wild Animal Park, 1970–2005. Zoo Biol.

2006; 25:383–90.

40. Hudson-Lamb GC, Schoeman JP, Hooijberg EH, Heinrich SK, Tordiffe ASWW. Reference intervals for

selected serum biochemistry analytes in cheetahs (Acinonyx jubatus). J S Afr Vet Assoc 2016 Feb 26;

87(1):e1–6.

41. Gamble M. The Hematoxylins and Eosin. In: Bancroft JD, Gamble M, editors. Theory and Practice of

Histological Techniques. Philadelphia, USA: Churchill Livingstone; 2008. p. 121–260.

42. Brodsky S V., Albawardi A, Satoskar AA, Nadasdy G, Nadasdy T. When one plus one equals more than

two—A novel stain for renal biopsies is a combination of two classical stains. Histol Histopathol. 2010;

25(11):1379–83. https://doi.org/10.14670/HH-25.1379 PMID: 20865661

43. Cianciolo RE, Mohr FC. Urinary System. In: Maxie M, editor. Jubb, Kennedy and Palmer’s Pathology of

domestic animals. 6th ed. St Louis, USA: Elsevier Inc.; 2016. p. 425–6.

44. Akaike H. Information measures and model selection. In: Proceedings of the 44th session. Bulletin of

the International Statistical Institute; 1983. p. 277–90.

45. Burnham K, Anderson DR. Model selection and multimodel inference: a practical information-theoretic

approach. New York: Springer-Verlag; 2002. p. 111–119.

46. Liu Y. Cellular and molecular mechanisms of renal fibrosis. Nat Rev Nephrol. 2011; 7(12):684–96.

https://doi.org/10.1038/nrneph.2011.149 PMID: 22009250

47. Chakrabarti S, Syme HM, Elliott J. Clinicopathological variables predicting progression of azotemia in

cats with chronic kidney disease. J Vet Intern Med. 2012; 26(2):275–81. https://doi.org/10.1111/j.1939-

1676.2011.00874.x PMID: 22269057

48. McLeland SM, Cianciolo RE, Duncan CG, Quimby JM. A comparison of biochemical and histopatho-

logic staging in cats with chronic kidney disease. Vet Pathol 2015; 52(3):524–34. https://doi.org/10.

1177/0300985814561095 PMID: 25516066

49. Brown CA, Elliott J, Schmiedt CW, Brown SA. Chronic kidney disease in aged cats: Clinical features,

morphology, and proposed pathogeneses. Vet Pathol. 2016 Mar; 53(2):309–26. https://doi.org/10.

1177/0300985815622975 PMID: 26869151

50. Cowgill LD, Polzin DJ, Elliott J, Mb V, Sac C, Nabity MB, et al. Is Progressive chronic kidney disease a

slow acute kidney injury? Vet Clin North Am—Small Anim Pract. 2016; 46:995–1013. https://doi.org/10.

1016/j.cvsm.2016.06.001 PMID: 27593574

51. Kaissling B, Lehir M, Kriz W. Renal epithelial injury and fibrosis. Biochim Biophys Acta. 2013; 1832

(931–9). https://doi.org/10.1016/j.bbadis.2013.02.010 PMID: 23466594

The pathogenesis of chronic renal disease in captive cheetahs

PLOS ONE | https://doi.org/10.1371/journal.pone.0194114 March 7, 2018 14 / 16

https://doi.org/10.1177/030098589303000107
https://doi.org/10.1177/030098589303000107
http://www.ncbi.nlm.nih.gov/pubmed/8442328
https://doi.org/10.7589/0090-3558-41.3.542
http://www.ncbi.nlm.nih.gov/pubmed/16244064
https://doi.org/10.7589/0090-3558-40.2.259
https://doi.org/10.7589/0090-3558-40.2.259
http://www.ncbi.nlm.nih.gov/pubmed/15362825
https://doi.org/10.1177/0300985811412620
https://doi.org/10.1177/0300985811412620
http://www.ncbi.nlm.nih.gov/pubmed/21730348
http://www.ncbi.nlm.nih.gov/pubmed/10511695
https://doi.org/10.1002/zoo.20431
http://www.ncbi.nlm.nih.gov/pubmed/22083933
https://doi.org/10.1177/0300985817728556
https://doi.org/10.1177/0300985817728556
http://www.ncbi.nlm.nih.gov/pubmed/28891390
https://doi.org/10.14670/HH-25.1379
http://www.ncbi.nlm.nih.gov/pubmed/20865661
https://doi.org/10.1038/nrneph.2011.149
http://www.ncbi.nlm.nih.gov/pubmed/22009250
https://doi.org/10.1111/j.1939-1676.2011.00874.x
https://doi.org/10.1111/j.1939-1676.2011.00874.x
http://www.ncbi.nlm.nih.gov/pubmed/22269057
https://doi.org/10.1177/0300985814561095
https://doi.org/10.1177/0300985814561095
http://www.ncbi.nlm.nih.gov/pubmed/25516066
https://doi.org/10.1177/0300985815622975
https://doi.org/10.1177/0300985815622975
http://www.ncbi.nlm.nih.gov/pubmed/26869151
https://doi.org/10.1016/j.cvsm.2016.06.001
https://doi.org/10.1016/j.cvsm.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27593574
https://doi.org/10.1016/j.bbadis.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23466594
https://doi.org/10.1371/journal.pone.0194114


52. Schmiedt CW, Brainard BM, Hinson W, Brown SA, Brown CA. Unilateral renal ischemia as a model of

acute kidney injury and renal fibrosis in cats. Vet Pathol 2016; 53(1):87–101. https://doi.org/10.1177/

0300985815600500 PMID: 26319781

53. Shoji K, Tanaka T, Nangaku M. Role of hypoxia in progressive chronic kidney disease and implications

for therapy. Curr Opin Nephrol Hypertens. 2014; 23(2):161–168. https://doi.org/10.1097/01.mnh.

0000441049.98664.6c PMID: 24378776

54. Buffington CAT, Pacak K. Increased plasma norepinephrine concentration in cats with interstitial cysti-

tis. J Urol. 2001 Jun; 165(6):2051–4.

55. Meuwese CL, Carrero JJJ. Chronic kidney disease and hypothalamic-pituitary axis dysfunction: the

chicken or the egg? Arch Med Res. 2013 Nov; 44(8):591–600. https://doi.org/10.1016/j.arcmed.2013.

10.009 PMID: 24215784

56. Mitani S, Yabuki A, Taniguchi K, Yamato O. Association between the intrarenal renin-angiotensin sys-

tem and renal injury in chronic kidney disease of dogs and cats. J Vet Med Sci 2013;127–33. PMID:

22986274

57. Chida Y, Sudo N, Kubo C. Psychological stress impairs hepatic blood flow via central CRF receptors in

mice. Life Sci. 2005 Feb 25; 76(15):1707–12. https://doi.org/10.1016/j.lfs.2004.08.032 PMID:

15698849

58. Steffens A, de Boer S. Impact of stress on animal intermediate metabolism. In: Balm P, editor. Stress

Physiology in Animals. Sheffield: Sheffield Academic Press; 1999. p. 108–29.
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