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ABSTRACT 
 

Great apes (bonobos, chimpanzees, gorillas and orangutans) in zoological collections 

play an important role in conservation, and a better understanding of the health 

challenges they face is crucial. Cardiovascular disease (CVD) is a leading cause of 

morbidity and mortality, with particular concern arising from a prevalent and poorly 

understood phenotype: idiopathic myocardial fibrosis (IMF). This thesis investigates 

diagnostic biomarkers, disease pathways, and vitamin D status as a possible risk 

factor in CVD, particularly IMF, to address critical knowledge gaps and inform best 

practice for the management of great apes in human care. The literature review 

establishes the context for this work by exploring the prevalence and potential 

aetiopathogeneses of CVD in great apes, highlighting the pressing need for research 

into IMF. Chapter 1 identifies three potential serum biomarkers of IMF, with one marker 

in particular showing promise as a novel diagnostic tool, although further validation is 

required. Chapter 2 assesses the cardiac tissue proteome associated with IMF, 

showing significant alterations in proteins associated with calcium regulation, 

mitochondrial and contractile function, and extracellular matrix (ECM) remodelling, 

revealing key biological pathways involved in IMF progression for the first time. In 

chapter 3, myocardial gene expression is explored, targeting markers that have been 

implicated in fibrosis elsewhere. Key pre-analytical and methodological challenges are 

highlighted, which should be considered in any future work investigating the molecular 

drivers of IMF. Chapter 4 shifts focus to vitamin D, a potential modifiable risk factor for 

IMF, revealing widespread low vitamin D status in a large number of great apes in 

European zoos. UVB exposure, diet, and outdoor access are significant factors 

influencing vitamin D status in these animals, emphasising the importance of 

husbandry practices in mitigating potential health risks, though further species-specific 

investigation is needed. Together, the findings of this thesis advance our 

understanding of IMF in great apes considerably, and may contribute to the 

development of evidence-based strategies to improve their health and welfare. Future 

research should focus on validating novel diagnostic biomarkers and investigating 

disease pathways in a larger cohort, as well as exploring likely risk factors in 

conjunction with CVD outcomes more directly, in order to inform interventions to 

improve health outcomes for these endangered species in human care.  
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LITERATURE REVIEW 
 

I. The Great Apes: Ecology, Morbidity and Mortality 

 

The great apes (Hominidae) represent a taxonomic family of primates comprising Pan 

paniscus (bonobos), Pan troglodytes (chimpanzees), Gorilla gorilla (Western gorillas), 

Gorilla beringei (Eastern gorillas), Pongo pygmaeus (Bornean orangutans), Pongo 

abelii (Sumatran orangutans), Pongo tapanuliensis (Tapanuli orangutans), and Homo 

sapiens (humans). Populations of all non-human great apes are in decline, and are at 

risk of extinction in the wild. All species are classified as either Endangered or Critically 

Endangered by the International Union for Conservation of Nature (IUCN) due to 

habitat destruction, poaching, infectious diseases, and human-wildlife conflict (Maisels 

et al., 2018; Humle et al., 2016; Fruth et al., 2016; Ancrenaz et al., 2016; Singleton et 

al., 2017; Plumptre et al., 2019; Nowak et al., 2017).  

Given this threat to the survival of these species, managed care settings such as zoos 

and sanctuaries play a key role in conservation by providing safe environments, 

supporting breeding programs, and serving as genetic reservoirs (Rabb, 1994; Ballou 

et al., 2010). Animals in these settings serve as ambassadors for their species, 

encouraging public connection and support for their conservation and environmental 

initiatives (Kruger and Viljoen, 2023; Pearson et al., 2014). Additionally, given the high 

genetic and physiological similarity, studying health and diseases in great apes can 

provide models for understanding similar conditions in humans (and vice versa), as 

demonstrated in comparative medicine and “One Health” approaches (Lowenstine et 

al., 2016; Videan et al., 2009; Moresco et al., 2022). However, the responsibility of 

ensuring species survival in captivity also brings with it important considerations for 

their welfare. Animal welfare encompasses the physical, mental, and behavioural well-

being of animals, and is an ever-evolving science (Tallo-Parra et al., 2023; Freire and 

Nicol, 2019). Animal welfare is increasingly central to zoos' ethical responsibilities, 

conservation efforts, and educational missions, since it plays a key role in maintaining 

public trust and demonstrating zoos' commitment to the animals under their care 

(Fourage et al., 2023; Tallo-Parra et al., 2023). Continuous monitoring and modern, 

data-driven approaches (e.g., through behavioural observations and machine 
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learning) are considered crucial for identifying and addressing welfare concerns 

(Liptovszky, 2024; Brookes et al., 2022). Species with complex cognitive and foraging 

needs, such as great apes, are particularly vulnerable to poor welfare (Mellor et al., 

2021; Clark, 2011), and states of prolonged stress, also known as allostatic overload, 

are known to contribute to the onset of diseases (Golbidi et al., 2015; Edes, 2020; 

Edes et al., 2020c). The relationship between health and welfare in zoo animals is 

intricate, as improvements in veterinary care, husbandry practices, and nutrition can 

improve overall health and longevity, but this increased longevity also leads to a higher 

risk of age-related diseases and welfare challenges (Krebs et al., 2018; Ross et al., 

2022; Strong et al., 2017). The various health challenges faced by great apes will now 

be explored, beginning with non-cardiovascular conditions. Available information on 

wild populations is included for consideration and comparison.  

Detailed morbidity and mortality data in wild great apes remain limited due to the 

difficulty of ante-mortem diagnostics, as wild animals often hide clinical signs of 

disease to avoid predation and social conflicts or exclusion (Wobeser, 2006). 

Additionally, the vast and remote habitats of great apes complicate the retrieval of 

deceased individuals for post-mortem analysis, further restricting our understanding 

of their health and mortality (Terio et al., 2011; Leendertz et al., 2006; Wobeser, 2006). 

Most available information comes from habituated groups under long-term study. In 

reports from Gombe National Park in Tanzania, ‘illness’ accounted for 58% of deaths, 

with respiratory disease responsible for 48% and polio 12% (Williams et al., 2008), 

with parasitic infestations and degenerative joint disease notably common in older 

individuals (Terio et al., 2011). Simian immunodeficiency virus (SIV) was identified in 

4 of 11 chimpanzees that died over 6 years, with AIDS-like disease implicated in two 

cases (Terio et al., 2011). Similarly, disease was reported to have caused 48% of 

deaths at Mahale Mountains National Park in Tanzania (Nishida et al., 2003). 

Outbreaks of Bacillus anthracis, influenza, conjunctivitis, Ebola, and monkeypox have 

also been reported (Leendertz et al., 2004; Boesch and Boesch-Achermann, 2000). 

Respiratory disease outbreaks, particularly in habituated populations, are frequently 

linked to human-animal transmission (Kaur et al., 2008; Nishida et al., 2003; Leendertz 

et al., 2006; Hanamura et al., 2008). Conspecific aggression and trauma are also 

significant causes of mortality. At Mahale, 16% of deaths were attributed to aggression 

(Nishida et al., 2003). At Gombe, conspecific aggression accounted for 20% of deaths 
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(Williams et al., 2008), and in a later report, trauma was the leading cause of death 

over a 6-year period (Terio et al., 2011). In Taï National Park in Côte d'Ivoire, intra-

group aggression caused injuries in 30 individuals over 17 years, with inter-group 

aggression responsible for one case (Boesch and Boesch-Achermann, 2000). A large-

scale review of mortality across five chimpanzee communities – Gombe, Taï, Kibale 

(Uganda), Mahale, and Bossou (Guinea) – found males had higher overall mortality 

across all age groups, with only 27% reaching 15 years compared to 41% of females 

(Hill et al., 2001). 

In human care, captive great apes experience a variety of diseases, with changes in 

the leading causes of mortality over time likely reflecting improvements in husbandry 

practices. In earlier studies, gastrointestinal (GI) diseases were reported as a major 

cause of mortality in chimpanzees (Schmidt, 1978). GI parasitism and bacterial 

infections were important problems for orangutans, while arthritis and GI issues 

predominated in gorillas (Munson and Montali, 1990). A 22-year mortality review of a 

chimpanzee colony highlighted respiratory, GI, and trauma as major causes of death 

(Hubbard et al., 1991). Another review found infectious diseases to be the primary 

cause of death in captive chimpanzees prior to 1991, when improved husbandry likely 

reduced their prevalence (Varki et al., 2009). In aged (≥35 years old) great apes, 

reproductive and renal disorders were reported as significant chronic health issues, 

alongside obesity and type II diabetes (Nunamaker et al., 2012; Lowenstine et al., 

2016).  

Previous work within our wider research group included a systematic review of the 

literature surrounding captive great ape morbidity and mortality (Strong et al., 2016). 

This highlighted the diversity of health challenges faced by captive great apes, as well 

as great disparity between species in the number of publications – for example, 40% 

of the identified literature pertained to chimpanzees, while only 2% for bonobos. As 

reported, chimpanzees appeared susceptible to respiratory infections, often linked to 

respiratory syncytial virus (RSV), and GI diseases were a concern across all species. 

Orangutans were reported to be affected by zoonotic diseases such as RSV and 

varicella virus, reflecting their sensitivity to human-transmitted pathogens. Gorillas 

showed a higher reported prevalence of degenerative conditions, including arthritis 

and spondylosis. In a further review, specifically of gorilla mortality (Strong et al., 

2017), GI diseases (23%) and trauma (15%) were identified as major causes of death. 
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Trauma-related fatalities were most prevalent among younger apes, often due to 

conspecific aggression or maternal neglect. Moreover, the review noted an increased 

prevalence of chronic, age-related conditions that affect overall health and quality of 

life. In addition to the findings listed, the literature has increasingly highlighted the 

prominence of cardiovascular disease (CVD) in particular, which will now be 

addressed in more detail. 

 

  



22 
 

II. Cardiovascular Disease (CVD) in Great Apes 

 

Although CVD is reported relatively infrequently in wild great apes, it has been 

identified in some instances. Congestive heart failure was documented as the cause 

of death in an adult female chimpanzee in the Taï Forest (Leendertz et al., 2006). A 

mortality review from Gombe found cardiomyofibre changes and mild to moderate 

myocardial fibrosis in adult chimpanzees, though CVD was not deemed to be the 

cause of death (Terio et al., 2011). In one case of sudden death, post-mortem autolysis 

prevented a definitive diagnosis, but CVD could not be ruled out (Terio et al., 2011). 

CVD was diagnosed in two semi-wild bonobos from the Democratic Republic of Congo 

(DRC), where encephalomyocarditis virus (EMCV) was associated with cardiomegaly 

and myocardial fibrosis (Jones et al., 2005, 2011). A conference abstract noted CVD 

in six of eight necropsied wild Eastern lowland gorillas (Gorilla beringei graueri) over 

four years in the DRC (Kambale et al., 2014). For orangutans, evidence is sparse, with 

one report documenting a female with a systolic heart murmur during relocation 

(Kilbourn et al., 2003). Though it is likely that CVD in wild great apes is underreported, 

and true prevalence therefore unknown, there is currently no evidence to suggest that 

CVD is a prominent cause of morbidity and mortality in wild populations.   

In captive populations, CVD is commonly reported as a leading cause of mortality. 

Early studies identified congenital malformations, degenerative changes, inflammatory 

conditions, and vascular diseases as notable forms of CVD in chimpanzees (Schmidt, 

1978). Another report documented cardiac amyloidosis and arrhythmias in a 

chimpanzee, and cardiac fibrosis in orangutans (Munson and Montali, 1990). 

Cardiomyopathy resembling human familial arrhythmogenic right ventricular 

cardiomyopathy (ARVC) was also identified in young chimpanzees, as characterised 

by fibrofatty infiltration and ventricular wall thickening (Tong et al., 2014). Other work 

has shown an association between renal and cardiac disease in older chimpanzees, 

as characterised by concurrent myocardial fibrosis and glomerulosclerosis (Chilton et 

al., 2016). 

In the aforementioned work by Strong et al. (2016, 2017), CVD was identified as a 

prominent cause of death in zoo-housed great apes. A more detailed review of CVD 

epidemiology and pathology in great apes over a 10-year period provided additional 
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insights (Strong et al., 2018b). Cardiomyopathy was identified as the most common 

CVD phenotype, responsible for 54% of cardiovascular deaths overall. The term 

cardiomyopathy refers to refers to a group of diseases that affect the muscle tissue of 

the heart, often leading to structural and functional abnormalities. This can result in 

the heart becoming enlarged, thickened, or stiffened, impairing its ability to function 

effectively. There are various types, including dilated, hypertrophic, and restrictive 

cardiomyopathies, each with distinct pathophysiological features and clinical 

implications (Towbin and Jefferies, 2017). 

Chimpanzees appeared to exhibit a higher susceptibility to CVD at a younger age, 

with 19% of cases occurring before 20 years of age (Strong et al., 2018b). 

Chimpanzees also had the highest proportion of deaths due to cardiomyopathies, 

particularly among males. In gorillas, cardiomyopathies accounted for 47% of CVD-

related deaths, followed by arterial diseases such as aortic dissection (20%). Male 

gorillas were significantly more affected, with a risk of CVD mortality over eight times 

higher than that of females. Similarly, cardiomyopathies were a leading cause of CVD 

deaths in bonobos (54%), though arterial disorders were more prevalent in bonobos 

compared to other species. Orangutans exhibited the lowest proportion of CVD-related 

deaths (16%), with cardiomyopathies being relatively rare, comprising only 17% of 

their CVD mortalities. Among the cardiomyopathies, myocardial fibrosis was the most 

frequently reported, often associated with sudden death (42% of CVD-related deaths), 

peri-anaesthetic complications, and heart failure. Sudden death was observed across 

all species, underscoring the urgent need for proactive screening to identify at-risk 

individuals before the disease progresses to its terminal stages (Strong et al., 2018b).  

The aetiology of myocardial fibrosis in captive great apes is often unclear, and as such 

it has been suitably named idiopathic myocardial fibrosis (IMF) in much of the 

literature. Myocardial fibrosis is characterised by the progressive infiltration and 

replacement of normal myocardial tissue with excessive fibrous tissue, with resultant 

conduction abnormalities and arrhythmias eventually leading to sudden cardiac death 

(Lammey et al., 2008b, 2008a). This is in contrast to the most common forms of CVD 

in humans, which often involves coronary artery atherosclerosis and ischaemia (Varki 

et al., 2009). In one study, IMF was implicated in 52% of chimpanzee deaths, though 

diagnostic limitations were noted (Seiler et al., 2009; Sleeper, 2009). Similarities with 

human ARVC have been observed in some cases, further complicating diagnosis and 
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classification (Tong et al., 2014). Continued further investigations from within our 

research group identified IMF in 91% (30/33) of European zoo-housed, but 0% (0/25) 

of African sanctuary-housed, chimpanzees (Strong et al., 2020). IMF in these cases 

(and the cases used in the research chapters of this thesis) was characterised by two 

distinct histopathological patterns: interstitial fibrosis, marked by fibrous tissue 

deposition between intact myocardial cells (indicative of earlier disease stages), and 

replacement fibrosis, where cardiomyocytes were extensively replaced with dense 

fibrous tissue, often disrupting myocardial architecture (reflecting advanced disease 

stages). IMF was frequently associated with sudden death, contributing to a significant 

portion of cardiovascular-related deaths, as well as peri-anaesthetic deaths and heart 

failure. Other clinical and post-mortem findings of IMF often included cardiomegaly, 

ventricular thickening, and fibrofatty replacement, with histopathological evidence of 

myofibroblast activity contributing to excessive fibrosis (Strong et al., 2020). 

Due to a growing interest in CVD in zoo-housed great apes, several key research 

groups have been formed. The USA-based Great Ape Heart Project, established in 

2010, focuses on addressing CVD in great apes through a centralised cardiac clinical 

diagnostic database. The UK-based International Primate Heart Project aims to 

establish cardiac health reference values and investigate the causes of CVD, 

enhancing diagnostic accuracy and understanding disease mechanisms. This PhD, 

however, is part of the Ape Heart Project (AHP) research group, building on previous 

work to improve our overall understanding of CVD, particularly IMF, in great apes. The 

AHP was formed over a decade ago at Twycross Zoo and its biggest strength is the 

consistent, detailed post-mortem examinations, including histopathology, carried out 

by a board-certified veterinary pathologist on a large number of great apes (now over 

100 animals examined). This, along with other clinical and pathology-based work, has 

contributed collaboratively to a growing body of important findings (Strong et al., 2016, 

2017, 2018a; Baiker et al., 2018; Strong et al., 2018b, 2018c; Moittié et al., 2020a; 

Strong et al., 2020; Moittié et al., 2020c; Baiker et al., 2020; Raindi et al., 2022; Drane 

et al., 2019, 2020; Moittié et al., 2022, 2020b; Bucknell et al., 2023).  

However, IMF still presents a major challenge for the health of captive great apes due 

to its high prevalence and strong association with sudden cardiac death. Its 

progressive nature and unclear aetiology underline the continued need for focused 

research to improve diagnostics, uncover its pathogenesis, and identify key risk 
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factors. Such efforts are essential to inform targeted management strategies and 

improve long-term health outcomes for these endangered species in human care. 
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III. Diagnostic Tools for CVD in Great Apes 

 

Post-mortem cardiac examinations, including histopathology, can be considered the 

most accurate and widely used diagnostic tool for CVD, particularly IMF, in great apes 

(Strong et al., 2020). Historically, post-mortem examinations in zoos lacked 

standardisation, with inconsistent reporting of pathological lesions complicating efforts 

to assess disease prevalence over time (Strong et al., 2016, 2017). The AHP 

addressed this issue by introducing standardised post-mortem protocols for 

macroscopic and histopathologic evaluations (Strong et al., 2018c), and continues to 

gather the largest pathological dataset for captive great apes through the systematic 

examination of formalin-fixed whole hearts. To date, the project has analysed the 

hearts of 59 chimpanzees, 29 gorillas, 20 orangutans, and 11 bonobos (total n=119). 

Previous doctoral theses and publications have extensively detailed the morphology 

of many of these hearts (Strong, 2017; Moittié, 2021; Strong et al., 2020; Moittié et al., 

2020a, 2020c). While the continued characterisation of cardiac phenotypes was not 

within the novel research focus of this thesis, Appendix A summarises the findings 

from recent cases examined during this PhD, undertaken by the author of this thesis 

in collaboration with the AHP’s board-certified veterinary pathology team. This 

information is included for interest, and to complement and further contextualise the 

main research chapters within the wider AHP framework. 

However, while post-mortem evaluation is highly accurate and useful in characterising 

CVD phenotypes, the overarching goal is to be able to improve health outcomes in 

these species. Reliable ante-mortem diagnostic tools are essential for early detection, 

clinical management and improved understanding of CVD, particularly IMF. Clinical 

diagnostic techniques such as blood pressure monitoring, implantable loop recorders 

(ILRs), electrocardiograms (ECGs), and echocardiograms are used to diagnose CVD 

in great apes, though their feasibility may be restricted in the zoo setting, with limited 

comparative data available from wild counterparts (Drane et al., 2019, 2020; Magden 

et al., 2016; Moittié, 2021). Blood pressure reference intervals for chimpanzees have 

been established, but depend on the anaesthetic agent used during data collection 

(Ely et al., 2011b, 2013). ILRs are rarely implemented due to cost and implantation 

complexities, while ECGs and echocardiograms normally require anaesthesia, which 

can confound results (Strong et al., 2018a; Bucknell et al., 2023). Modern approaches 
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for obtaining ECG readings on conscious animals are becoming more common, but 

can be less accurate due to movement artifacts and stress-induced variations (Olds 

et al., 2023; Cloutier Barbour et al., 2020). Additionally, arrhythmias detected due to 

IMF may indicate advanced disease stages, limiting its effectiveness as an 

intervention strategy. Other work has reported that diagnostic imaging accuracy varies 

due to differences in protocols, study duration, and the expertise of those interpreting 

the data (Shave et al., 2014; Boyd et al., 2019).  

While other forms of CVD may be detectable by the methods outlined, the ability to 

detect IMF ante-mortem is inherently more challenging. According to the literature, 

traditional diagnostic tools such as echocardiography are limited in detecting 

myocardial fibrosis due to its histological nature (Zhu et al., 2022; Ravassa et al., 

2023a). Advanced techniques like strain analysis and mechanical dispersion may offer 

indirect assessments but lack specificity and are operator-dependent (Zhu et al., 2022; 

Ravassa et al., 2023a). Cardiac MRI is the gold standard for non-invasive fibrosis 

detection in humans, with techniques like late gadolinium enhancement and T1 

mapping enabling precise assessment of replacement and interstitial fibrosis (Zhu et 

al., 2022; Shaw et al., 2016). However, its cost and technical requirements make it 

widely impractical for zoo-housed great apes (Zhu et al., 2022). Another method, 

endomyocardial biopsy (EMB), would provide histological confirmation, but its 

invasiveness and logistical constraints hinders its use in the zoo setting. Overall, this 

highlights the need for non-invasive, cost-effective diagnostic methods tailored to zoo-

housed great apes. 

Blood-based biomarkers present a promising alternative, as blood sampling is routine 

in zoo veterinary care, either under anaesthesia or through behavioural training for 

conscious sampling (Rivera and Leach, 2023). Biomarkers (biological markers) are 

measurable indicators of normal physiological or pathological processes and are 

widely used alongside other diagnostic tools in human and veterinary medicine (Myers 

et al., 2017). Their role in diagnosing CVD in humans and other species has been 

extensively explored, yet their utility in great apes, particularly for detecting IMF, 

remains an area of active investigation. 

The most commonly used cardiac biomarkers are cardiac troponins I and T (CTnI and 

CTnT) and N-terminal pro-brain-type natriuretic peptide (NT-proBNP). These 
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biomarkers have proven efficacy in diagnosing ischaemic heart disease and heart 

failure in other species (Oyama, 2013). Cardiac troponins are intracellular proteins 

associated with actin filaments in cardiomyocytes. When myocardial injury occurs, 

such as during prolonged ischaemia, troponins are released into the circulation 

(Antman et al., 2000). However, in great apes, their diagnostic application is limited 

due to the lack of validated reference intervals and differences in common disease 

presentations (Ely et al., 2011a; Varki et al., 2009). For instance, in one study, CTnI 

was elevated in a chimpanzee prior to sudden cardiac death, but the assay used was 

not species-validated (Feltrer et al., 2016). In other primates, CTnI levels rose in 

response to medical testing procedures that increased heart rate and blood pressure, 

suggesting that non-cardiac factors may influence biomarker levels (Reagan et al., 

2017). NT-proBNP is a marker of myocardial stretching and stress, released by the 

myocardium in response to increased cardiac wall tension (Tang et al., 2007). It is 

preferred over brain-type natriuretic protein (BNP) due to its greater stability and longer 

half-life in circulation (Oyama, 2013). Elevated NT-proBNP levels have been 

correlated with left ventricular dysfunction and heart failure in captive gorillas, though 

false positives occurred in cases of renal dysfunction (Murray et al., 2019). Similarly, 

a young male chimpanzee diagnosed post-mortem with arrhythmogenic 

cardiomyopathy had rising NT-proBNP levels in the two years prior to death (Flach et 

al., 2010; Tong et al., 2014). In another study, elevated NT-proBNP was observed in 

two chimpanzees who eventually succumbed to CVD (Raindi et al., 2022). Overall, 

though these commonly used markers are useful, they may not be specific enough to 

particular CVD phenotypes, such as IMF.  

Other biomarkers have been evaluated with varying success. For example, 

inflammatory markers such as C-reactive protein (CRP) and interleukin-6 (IL-6) have 

shown limited utility. Elevated CRP levels were useful in diagnosing and managing 

CVD in a female chimpanzee, facilitating treatment and return to clinical normality (Van 

Zijll Langhout et al., 2017). However, CRP and IL-6 did not significantly predict CVD 

or mortality in captive gorillas (Edes and Crews, 2019; Edes and Brand, 2021). Recent 

advances have evaluated biomarkers such as cortisol, IL-6, tumour necrosis factor-

alpha (TNF-α), albumin, and lipid profiles for their potential in predicting mortality and 

chronic disease risks in gorillas (Edes et al., 2020a, 2022), but species-specific 

differences in cytokine profiles highlighted the need for tailored diagnostic reference 
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ranges. Markers of oxidative stress and lipid profiles (e.g., cholesterol, triglycerides, 

HDL/LDL ratios) were successfully used to assess chimpanzees’ susceptibility to 

oxidative stress and CVD compared to humans (Videan et al., 2009). Markers of 

fibrosis, such as ICTP and PIIINP, have also demonstrated some promise. ICTP 

detected CVD in chimpanzees with concurrent renal disease, while PIIINP 

successfully detected trends in CVD severity (Ely et al., 2010). This demonstrates that 

the use of pathophysiology-specific markers, as well as longitudinal trend monitoring 

to account for inter-individual variability, is important.  

Given the wide scope and variability of potential biomarkers of CVD, modern 

techniques such as mass spectrometry and high-throughput immunoassays can be 

utilised to identify novel biomarkers or biomarker signatures, that are sensitive and 

specific to a particular disease, in a particular species (Fu and Van Eyk, 2006; Geyer 

et al., 2017; Petrera et al., 2021; Shing et al., 2023). There are no published studies 

of this kind in great apes, but a proteomic investigation in other primates identified 

three serum proteins (SAA, A1AGP, Apo A1) as significantly altered in animals with 

cardiac injury (Song et al., 2014), while no alteration in cardiac troponins was found. 

In humans, multiplex immunoassays frequently identify novel disease biomarkers, and 

are growing in popularity (Assarsson et al., 2014a; Skau et al., 2023; Sonnenschein 

et al., 2021; Braadt et al., 2023; Shaw et al., 2016).  

By leveraging advances in biomarker discovery, it may become possible to detect 

incipient CVD in great apes before clinical signs appear, enabling timely therapeutic 

interventions. Ultimately, tailored biomarker signatures that reflect the unique 

pathophysiology of IMF, but that are practical for real-time monitoring in zoo-housed 

great apes, hold the greatest promise for improving clinical outlook in these species. 
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IV. Possible Aetiopathogeneses of Idiopathic Myocardial Fibrosis (IMF) in Great 

Apes 

 

As one of the leading causes of mortality in zoo-housed great apes, understanding the 

possible risk factors and molecular mechanisms underpinning IMF is vital for 

developing targeted prevention and intervention strategies. This section explores the 

potential aetiopathogeneses of IMF, incorporating insights from humans and other 

species where necessary, since very little is currently known about this in great apes. 

Age is a well-known risk factor for the development of CVD, with older individuals more 

commonly affected (Strong et al., 2016, 2017; Edes and Brand, 2021). Ageing is 

known to exacerbate CVD risk factors such as hypertension and cardiorenal disease 

(Ely et al., 2013; Chilton et al., 2016). Fibrosis is also considered to be part of the 

normal ageing process, as the myocardium adapts to long-term mechanical stress 

(Lakatta, 1993). However, IMF as observed in great apes does not appear to align 

with normal age-related changes, in that it is more severe, and younger individuals are 

also affected (Strong et al., 2020). Captive chimpanzees in particular have been 

reported to die of CVD at young ages (Strong et al., 2016), including in other cases 

linked to genetic conditions like ARVC (Flach et al., 2010; Tong et al., 2014).  

Males appear more at risk of severe CVD, and an earlier onset of CVD, than females 

(Strong et al., 2016, 2017, 2018b). This sex disparity may result from factors such as 

higher systolic blood pressure, hormonal influences (discussed in more detail below), 

and genetic traits linked to the Y chromosome (Seiler et al., 2009; Lammey et al., 

2008a; Strong et al., 2018b; Dennis et al., 2019). Male chimpanzees, in particular, also 

experience elevated metabolic and psychosocial stress, increasing their vulnerability 

to sudden cardiac events (Lammey et al., 2008a; Sleeper et al., 2005; Wittig et al., 

2015). 

Hormonal pathways, particularly involving aldosterone and cortisol, contribute to blood 

pressure regulation and may promote cardiac fibrosis by activating fibroblasts and 

increasing collagen synthesis (Meredith et al., 2015). Chronic stress, which alters 

adrenal hormone production, may exacerbate these effects in zoo-housed great apes 

(Videan et al., 2009). Stress has well-documented effects on cardiovascular health in 
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humans and animal models, increasing sympathetic activity and promoting pro-fibrotic 

pathways (Golbidi et al., 2015; Ramzan et al., 2020).  

Hypertension is a well-documented condition in captive great apes, particularly 

chimpanzees, and it likely contributes to IMF through pressure overload mechanisms. 

In chimpanzees, hypertension has been identified as a risk factor for cardiac disease, 

including myocardial fibrosis and sudden cardiac death, with studies reporting 

systemic hypertension in affected individuals (Lammey et al., 2008a; Seiler et al., 

2009). Cardiac arrhythmias and myocardial fibrosis has also been observed in 

chimpanzees, with systemic hypertension implicated as a key driver of these 

conditions (Lammey et al., 2008a; Ely et al., 2013). Chronic hypertension can result in 

left ventricular hypertrophy and eventual cardiac dysfunction, driven by mechanical 

stress-induced activation of fibroblasts and extracellular matrix (ECM) deposition via 

angiotensin II and endothelin-1 signalling pathways (Wynn, 2008; González et al., 

2002; Barallobre-Barreiro et al., 2016b; Shaw et al., 2016). Evidence from gorillas 

further highlights the risks associated with untreated hypertension, with chronic 

systemic hypertension in a Western lowland gorilla linked to myocardial fibrosis and 

eventual heart failure (Miller et al., 1999). The accumulation of collagen in the ECM, 

particularly types I and III, is a hallmark of IMF and contributes to cardiac stiffness and 

impaired contractility (Wynn, 2008; Lammey et al., 2008a). Proteomic studies in 

humans have demonstrated changes in the phosphorylation states of sarcomeric 

proteins as biomarkers of cardiac injury, suggesting that similar approaches in non-

human primates could elucidate the molecular adaptations associated with 

mechanical stress in IMF (Paola Gómez-Mendoza et al., 2021). 

As above, ECM dysregulation is a hallmark of myocardial fibrosis, characterised by 

excessive deposition of collagens and other structural proteins (Wynn, 2008; Varki et 

al., 2009). Dysregulation of ECM turnover, driven by imbalances between matrix 

metalloproteinases (MMPs) and their inhibitors (TIMPs), has been reported as central 

to fibrosis progression (Wynn, 2008). Comparative studies have revealed increased 

myocardial collagen in chimpanzees compared to humans, even in clinically healthy 

individuals, highlighting the increased risk for the onset of IMF (Varki et al., 2009). 

Histopathological evaluations of IMF cases have demonstrated excessive interstitial 

collagen deposition and fibrosis-associated ECM remodelling, with evidence of both 

interstitial and replacement fibrosis (Strong et al., 2020; Baldessari et al., 2013; 
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Lammey et al., 2008a; Seiler et al., 2009). The involvement of connective tissue 

growth factor (CTGF) in enhancing collagen synthesis and ECM remodelling has been 

highlighted, which further underscores the role of ECM-specific molecular mediators 

in IMF pathogenesis (Koitabashi et al., 2007). Transforming growth factor-β1 (TGF-

β1) is likely another key mediator, by regulating ECM protein synthesis and inhibiting 

protease activity to prevent ECM degradation (Lijnen et al., 2000). An increased ratio 

of type I to type III collagen and cross-linking of collagen fibres is known to exacerbate 

ECM rigidity, contributing to impaired diastolic function and left ventricular stiffness 

(Ravassa et al., 2023a; Henderson et al., 2020).  

Chronic inflammation and oxidative stress may also be involved in IMF. Cytokines 

such as interleukin-6 (IL-6) and galectin-3 (GAL-3) act as both biomarkers and 

mediators of fibrosis in human CVD (Van Linthout and Tschöpe, 2017; Lok et al., 

2010). TGF-β1 not only promotes fibroblast activation but also mediates downstream  

effectors like IL-11, further amplifying inflammatory and fibrotic responses (Schafer et 

al., 2017). IMF cases in great apes often exhibit mild to moderate inflammatory cell 

infiltration, including macrophages and T-cells, suggesting a role for inflammation in 

disease progression (Strong et al., 2020; Seiler et al., 2009). Elevated levels of 

allostatic load biomarkers, including cortisol and interleukin-6, support the link between 

stress-induced inflammation and CVD in great apes (Edes et al., 2020b, 2020c; Edes, 

2020; Edes et al., 2020a). Additionally. reactive oxygen species (ROS) may 

exacerbate IMF by promoting oxidative damage, impairing mitochondrial function, and 

activating profibrotic signalling pathways such as TGF-β1 and nuclear factor-κB (NF-

κB) (Dietl and Maack, 2017; Mongirdienė et al., 2022). Elevated oxidative stress 

biomarkers have highlighted the susceptibility of chimpanzees to oxidative damage 

and premature CVD compared to humans (Videan et al., 2007a, 2007b). Further 

studies also suggest a role for inflammatory markers such as cardiotrophin-1 and its 

interaction with galectin-3 in worsening fibrosis through profibrotic pathways 

(Martínez-Martínez et al., 2019). 

Nutritional factors may also play an important role, especially in the zoo context. Zoo 

diets, often high in energy-dense foods like cultivated fruits and primate kibble, 

contrast sharply with wild diets by being lower in fibre and higher in sodium and 

carbohydrates (Cabana et al., 2018; Van Mulders et al., 2024). A recent review by Van 

Mulders et al. (2024) highlighted that great ape zoo diets that are high in sodium and 
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low in fibre contribute significantly to risk factors for IMF by promoting hypertension, 

metabolic disturbances, and oxidative stress. They noted that excessive sugar intake 

leads to hyperglycaemia and glycation, impairing vascular function and promoting 

inflammation, while imbalanced omega-3 to omega-6 ratios in the diet also increase 

chronic inflammation (Van Mulders et al., 2024). Elsewhere, obesity and excess 

dietary sodium have been specifically linked to hypertension in chimpanzees (Ely et 

al., 2013; Elliott et al., 2007). Moreover, higher body mass index (BMI) has been 

correlated with increased inflammatory biomarkers in chimpanzees, similar to findings 

in humans, and further linking nutritional factors to CVD risk (Obanda et al., 2014). 

Another study demonstrated that low-sugar, high-fibre diets can improve oxidative 

stress markers and reduce behavioural abnormalities like regurgitation and 

reingestion, while also reversing prediabetic states in great apes (Cabana et al., 2018).  

Finally, vitamin D deficiency has emerged as a possible important factor in IMF 

aetiopathogenesis. In humans, vitamin D plays a cardioprotective and regulatory role 

in myocardial fibrosis by inhibiting TGF-β1-mediated myofibroblast activation, 

reducing collagen synthesis and fibrosis (Meredith et al., 2015). Vitamin D has also 

been shown to regulate the renin-angiotensin-aldosterone system (RAAS), reducing 

angiotensin II activity and mitigating hypertension, a key risk factor for myocardial 

fibrosis as described above (González et al., 2002; Jia et al., 2014; Rostand, 1997; 

Pilz et al., 2009). Environmental considerations that increase vitamin D synthesis, 

alongside reducing dietary sugars and increasing fibre, could provide systemic 

benefits by reducing oxidative stress, regulating blood pressure, and mitigating 

profibrotic pathways (Cabana et al., 2018). In zoo-housed great apes, lower serum 

vitamin D concentrations have been specifically linked to IMF, with levels correlating 

to seasonal variations in UV exposure (Strong et al., 2020; Van Mulders et al., 2024).  

Although literature points towards IMF being a complex condition influenced by many 

factors (age, sex, hormonal imbalances, ECM dysregulation, chronic stress, 

hypertension, inflammation, diet and environment), the exact aetiopathogeneses 

remain unclear and require investigation. Explorations of proteomic and molecular 

signatures in the IMF phenotype would provide important insights. Vitamin D and its 

potential role in IMF will now be explored in greater detail. 
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V. Vitamin D: Importance and Potential Role in IMF in Great Apes 

 

Vitamin D comprises a collection of fat-soluble secosteroids, and its main source in 

humans and animals is dependent on direct, unfiltered sunlight. Cholecalciferol 

(vitamin D3) is synthesised when UVB radiation from the sun interacts with 7-

dehydrocholesterol in the skin (Holick et al., 1980). Ergocalciferol (vitamin D2) is 

synthesised by plants and fungi, and obtained by humans and animals from dietary 

sources (Holick et al., 1980). Both vitamin D2 and D3 are inactive forms that are 

hydroxylated by the liver and converted into the major circulating metabolite: 

calcifediol. Otherwise known as 25-hydroxyvitamin D (25-OHD), calcifediol is the 

biomarker used to measure vitamin D status and is relatively stable with a half-life of 

2-3 weeks (Jones et al., 1998; Lund et al., 1980). Finally, 25-OHD is converted by the 

kidneys into the active form of vitamin D – calcitriol (1,25[OH]2D).This active form 

interacts with cells by binding to the vitamin D receptor (VDR) in the cytoplasm, which 

then translocates to the nucleus, , and is thought to directly regulate over 200 genes 

(DeLuca, 2004; Kongsbak et al., 2013).  

Vitamin D primarily impacts the musculoskeletal system by facilitating intestinal 

absorption of essential minerals like calcium, magnesium, and phosphorus, which are 

crucial for healthy bone function (Jones et al., 1998; Holick, 2004a). Severe vitamin D 

deficiency can cause osteoporosis, osteomalacia, and rickets (Holick, 2004a). Beyond 

this, vitamin D plays a role in immunomodulation, with deficiencies linked to 

autoimmune diseases such as rheumatoid arthritis and multiple sclerosis (Szodoray 

et al., 2008), and higher intake associated with reduced incidence of influenza, 

periodontal disease, and post-operative infections (Schwalfenberg, 2011). It may also 

influence other aspects of health, with potential links to schizophrenia, Parkinson’s 

disease, type 1 diabetes, and certain cancers, though these associations remain 

largely correlational and require further randomised control trials (Holick, 2004a, 

2004b; Deluca et al., 2013; Jorde and Grimnes, 2015). Conversely, excessive vitamin 

D can lead to hypercalcaemia, causing soft tissue calcification and renal toxicity (The 

Scientific Advisory Committee on Nutrition, 2016). Despite growing knowledge about 

the importance of vitamin D in overall health, establishing universal vitamin D intake 

recommendations is challenging, due to large individual variations in synthesis and 

metabolism (The Scientific Advisory Committee on Nutrition, 2016).  
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Vitamin D’s cardioprotective role is well-documented, including its involvement in 

regulating hypertension via the RAAS, improving endothelial function, and reducing 

vascular inflammation, all of which are implicated in CVD (Rostand, 1997; Pilz et al., 

2009). Epidemiological studies in humans have highlighted the association between 

vitamin D deficiency and increased CVD risk. For instance, blood cholesterol and 

blood pressure tend to be higher in winter and at higher latitudes, mirroring patterns 

of vitamin D deficiency (Grimes et al., 1996; Rostand, 1997). Another large patient 

analysis found that vitamin D deficiency was significantly associated with risk factors 

such as diabetes and hypertension, as well as outcomes including myocardial 

infarction and stroke (Anderson et al., 2010). Similarly, a meta-analysis of multiple 

studies reported an inverse relationship between vitamin D status and CVD risk, 

although causality remains uncertain (Wang et al., 2012). In animal studies, VDR 

knockout mice developed cardiac hypertrophy and hypertension (Bouillon et al., 2008), 

and vitamin D supplementation in rats reduced oxidative stress and inflammatory 

markers linked to CVD (Farhangi et al., 2017).  

In chimpanzees, the potential role of vitamin D deficiency in IMF has been highlighted. 

Zoo-housed chimpanzees with IMF were found to have lower serum vitamin D levels, 

particularly during periods of low UV exposure, and three individuals with IMF had 

notably lower levels at or before the time of death compared to those without IMF 

(Strong et al., 2020). A recent review further supported the hypothesis that vitamin D 

deficiency may contribute to IMF development in great apes, particularly those housed 

in northern regions with limited UV exposure (Van Mulders et al., 2024). Overall, these 

findings align with the hypothesis that vitamin D deficiency exacerbates collagen 

deposition, oxidative stress, inflammation, mitochondrial dysfunction, and calcium 

dysregulation; molecular pathways that have the potential to be implicated in IMF 

(Wimalawansa, 2019; Srinivasan and Avadhani, 2012; Meredith et al., 2015). Despite 

this, very little is currently known about ‘normal’ vitamin D status in great apes, and 

the factors that may affect it.  

In humans, vitamin D deficiency is a global public health concern influenced by UVB 

exposure and a range of physiological factors (Lips, 2010; Prentice, 2008; British 

Association of Dermatologists et al., 2010). Sunlight exposure is the primary 

determinant of vitamin D synthesis, and low UVB availability, particularly at latitudes 

above 37°N in winter, can lead to deficiency (Webb et al., 1988; Holick et al., 1981). 
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Additionally, sunlight exposure is more effective than dietary supplementation at 

raising serum 25-OHD concentrations (Bogh et al., 2012; Ala-Houhala et al., 2012). 

Sun avoidance behaviours like seeking shade or wearing sun-protective clothing 

further increase deficiency risk, even in healthy individuals (Tangpricha et al., 2002; 

Linos et al., 2012; Hoegh et al., 1999). There may also be physiological reasons 

behind vitamin D deficiency. For instance, people with darker skin pigmentation 

synthesise less vitamin D3 due to melanin's protective role in regulating UVB 

absorption, necessitating greater UVB exposure to achieve adequate 25-OHD levels 

(Webb et al., 2018; Clemens et al., 1982; Hall et al., 2010; Jablonski and Chaplin, 

2010). Obesity also contributes to deficiency, as vitamin D is stored in adipose tissue, 

which influences its bioavailability (Wortsman et al., 2000). Ageing also reduces 

vitamin D synthesis due to lower skin 7-dehydrocholesterol levels, which can be further 

compounded by reduced outdoor activity, particularly in institutionalised elderly 

individuals (MacLaughlin and Holick, 1985; Parfitt et al., 1982). Overall, considering 

what we know to affect vitamin D status in humans, it can be hypothesised that great 

apes in European zoos are at risk of vitamin D deficiency due to their dark skin 

pigmentation, body hair coverage and exposure to lower average UVB levels than they 

would otherwise experience in their native geographic ranges.  

Relatively few studies have examined vitamin D in non-human great apes, despite 

their genetic similarity to humans and their large numbers in human care. Early 

research found that zoo-housed gorillas and orangutans had markedly lower vitamin 

D compared to three other Old-World primate species (Crissey et al., 1998). In another 

study, chimpanzees, gorillas and orangutans had significantly lower 25-OHD status 

than six other primate species studied, with chimpanzees showing the lowest 

concentrations despite dietary intakes exceeding established recommendations 

(Crissey et al., 1999). Severe vitamin-D-deficiency rickets was diagnosed in three 

juvenile chimpanzees who were exclusively breastfed and had no unfiltered sunlight 

exposure (Junge et al., 2000). A juvenile gorilla diagnosed with severe hypocalcaemia 

was found to also have a serum 25-OHD level below the commonly accepted human 

threshold for sufficient serum vitamin D (≤50 nmol/L) (Chatfield et al., 2012). Outdoor 

access has been shown to significantly improve vitamin D levels, with captive 

chimpanzees and gorillas housed outdoors having higher concentrations compared to 

those kept indoors (Videan et al., 2007b; Bartlett et al., 2017). These findings suggest 
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that dietary intake alone may be insufficient for maintaining optimal vitamin D levels in 

great apes, and highlight the importance of outdoor access in zoo husbandry 

practices. 

More recently, large-scale studies have shed light on vitamin D status in chimpanzees 

in human care in a larger sample population. A multi-zoo analysis conducted by our 

research group examined 245 serum samples from 140 chimpanzees, making it the 

largest study on vitamin D status in non-human great apes to date (Moittié et al., 2022). 

The study identified a 33% prevalence of vitamin D insufficiency (according to human 

reference ranges), as well as several significant predictors of vitamin D status, as 

reported by the participating zoos in sampling questionnaires. For instance, the 

provision of unlimited outdoor access was associated with significantly higher 25-OHD 

levels, whereas an abnormal health status was linked with lower levels. Seasonal 

variation was also a strong predictor of vitamin D status, with summer levels being the 

highest and winter the lowest. This further highlights the importance of UVB exposure, 

and a review of husbandry practices in light of the findings was recommended.  

Additionally, a pilot study examined serum 25-OHD in 127 chimpanzees housed in two 

sanctuaries in West Africa, providing the first dataset of this size for chimpanzees living 

in their range countries (Feltrer-Rambaud et al., 2023). The study identified sex, age, 

and sun exposure as significant predictors of vitamin D status. Females had higher 

serum 25-OHD levels than males, while infants exhibited significantly lower levels than 

juveniles and adults. Habitat type, reflecting varying degrees of sun exposure, was 

also a key factor, with chimpanzees in more open habitats exhibiting higher 

concentrations. Despite year-round access to outdoor habitats in equatorial regions, 

median serum 25-OHD levels were below the human threshold for adequate vitamin 

D. While this may represent ‘normal’ vitamin D levels and requirements in this species, 

it must be noted that the two studies (Moittié et al., 2022; Feltrer-Rambaud et al., 2023) 

differed in their analytical method, which is known to cause great variability in results 

and hinders comparability of results between studies (Ferrari et al., 2017; Holmes et 

al., 2013; Moittié et al., 2020b). To highlight this further, a previous validation study 

measuring 25-OHD in dried blood spot (DBS) cards and serum demonstrated 

significant analytical variability in vitamin D measurement in chimpanzees, even when 

using the ‘gold standard’ technique; Liquid Chromatography and Tandem Mass 

Spectrometry (LC-MS/MS) (Moittié et al., 2020b). This emphasises the need for 



38 
 

standardised methods in vitamin D measurement, as well as species-specific 

reference ranges to assess vitamin D status accurately and evaluate its clinical 

implications (Friedrichs et al., 2012). Overall, these large-scale studies indicate the 

multifactorial nature of vitamin D status in chimpanzees, demonstrating the interplay 

of environmental, physiological, and management factors. 

Despite this, the relationship between vitamin D deficiency and CVD in great apes, 

particularly IMF, remains poorly understood. Additionally, the lack of data on bonobos, 

gorillas and orangutans, as well as inconsistencies in vitamin D measurement 

methods across studies, further reveals important knowledge gaps. There is therefore 

a need to explore vitamin D status in a wider population of great apes, in a 

standardised way, and to further investigate the factors affecting vitamin D status in 

zoo settings in light of its potential importance in IMF.  
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VI. Conclusions and Thesis Aims 

 

Great apes face considerable threats in the wild, but even in managed care settings, 

they encounter distinct health challenges. CVD is a major cause of death in captive 

great apes, with IMF being particularly prevalent and poorly understood. Current 

diagnostic tools for CVD in great apes, and particularly IMF, may be inadequate. Post-

mortem histopathology examination remains the current gold standard in this context, 

but is retrospective and therefore cannot aid in early intervention. Minimally-invasive 

ante-mortem diagnostics, such as circulating biomarkers, show promise but are 

relatively underexplored in these species. There is a need to develop reliable, yet 

accessible and realistic, diagnostic methods tailored to the unique physiology and 

management contexts of great apes. The pathogenesis of IMF is likely multifactorial 

and complex, and while the involvement of processes such as oxidative stress and 

ECM dysregulation seem likely, the precise molecular mechanisms remain unclear. 

Additionally, the role of likely risk factors, such as chronic stress, hypertension and 

zoo-specific dietary or environmental conditions in exacerbating the risk of IMF is not 

well characterised, though vitamin D deficiency is increasingly recognised as having 

potential involvement. However, there is limited understanding of what constitutes 

‘normal’ vitamin D status in great apes, and inconsistencies in measurement methods 

further complicate comparisons across studies. Addressing these issues is essential 

to establish effective husbandry practices and evaluate the possible role of vitamin D 

as a modifiable risk factor for IMF. Building on the knowledge gaps identified in the 

literature, this thesis aims to:  

1. Investigate potential biomarkers for the early detection of IMF, using advanced 

techniques to identify sensitive and specific markers in chimpanzee serum. 

2. Explore the cardiac tissue proteome in chimpanzees affected by IMF, to identify 

biological pathways involved in disease progression. 

3. Quantify the expression of genes that are likely involved in IMF, to better 

understand its molecular pathways and identify potential therapeutic targets. 

4. Assess vitamin D status and its determinants in the European zoo population of 

great apes, in light of its importance in overall health and potential role in IMF. 
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1. DISCOVERY AND VALIDATION OF NOVEL SERUM BIOMARKERS OF 

IMF IN CHIMPANZEES 
 

1.1 Introduction 

 

While understanding the possible aetiopathogeneses of IMF is key to establishing 

appropriate treatment pathways, the ability to detect incipient IMF is essential for the 

effective application of such treatments. At present, there is no fully reliable way to 

diagnose IMF ante-mortem in great apes. Cardiac ultrasound, though an informative 

tool for assessing structural and functional changes, cannot always visualise fibrosis, 

which is a histological alteration (Zhu et al., 2022; Ravassa et al., 2023b). As a result, 

IMF diagnosis via echocardiography is often limited to advanced stages of disease 

when functional changes become evident, corresponding to end-stage heart failure 

(Ravassa et al., 2023b). Furthermore, cardiac ultrasound generally requires general 

anaesthesia, which itself alters cardiac function and introduces variability depending 

on the specific anaesthetic protocol and timing (Shave et al., 2014; Loushin, 2005; 

Strong et al., 2018a; Bucknell et al., 2023). In humans, the gold standard for 

diagnosing cardiac fibrosis ante-mortem is endomyocardial biopsy, often 

complemented by advanced imaging techniques such as cardiac MRI (Ravassa et al., 

2023b; Zhu et al., 2022). However, these methods are not commonly used in 

veterinary medicine, and are impractical for widespread use in zoo-housed great apes, 

since most zoos lack the funding, time, equipment or expertise necessary to conduct 

such detailed investigations. Thus, in great apes, IMF is most commonly diagnosed 

post-mortem through histological examination of cardiac tissue (Strong et al., 2018c). 

The discovery of effective ante-mortem diagnostic tests would allow earlier detection, 

facilitate longitudinal studies, and support research into disease progression and 

potential interventions. In zoological institutions that perform veterinary procedures 

under anaesthesia, blood sampling is common practice. Conscious blood sampling, 

though requiring behavioural training, is also increasingly favoured due to being less 

invasive and having fewer health risks than general anaesthesia (Rivera and Leach, 

2023). Therefore, diagnostic tests that require blood derivatives such as serum or 

plasma are feasible and appropriate in the context of zoo-housed species. 
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Blood-based biomarkers are increasingly utilised to assess the health status of zoo-

housed species, facilitating informed management decisions. In pre-movement 

testing, biomarkers can ensure that individuals with compromised health are not 

transferred to other zoos, thereby preventing potential exacerbation of their condition 

or leading to unnecessary stress (Edes et al., 2023; Brown et al., 2016). Similarly, pre-

breeding testing employs biomarkers to detect heritable diseases, guiding breeding 

decisions to avoid propagation of such conditions (Ghosal et al., 2023; Brown et al., 

2016). Furthermore, biomarkers assist in euthanasia decisions by providing objective 

data on disease progression, particularly in cases where quality of life is compromised 

(Chapman et al., 2023).  

Biomarkers have long been used for the diagnosis of CVD in human and veterinary 

patients. Although well-established markers such as cardiac troponin I (cTnI) and N-

terminal pro-brain-type natriuretic peptide (NT-proBNP) are highly useful, their 

appropriateness varies considerably between species, analytical methods, and CVD 

phenotypes, and reference intervals in non-human great apes are lacking (Joblon et 

al., 2022; Feltrer et al., 2016; Zabka et al., 2009; Ely et al., 2011a; Oyama, 2013; Van 

Zijll Langhout et al., 2017). Thus, while cTnI and NT-proBNP are primarily used for 

diagnosing myocardial infarction and heart failure, these markers may not be 

representative of other disease processes such as IMF in chimpanzees. 

Few studies have explored circulating biomarkers for ante-mortem diagnosis of CVD 

in chimpanzees. In a pilot study on 20 chimpanzees of varying cardiac phenotypes (as 

assessed clinically ante-mortem), five known biomarkers of fibrogenesis, MMP1, 

TIMP1, PINP, ICTP and PIIINP, were screened for prognostic value. Of these, ICTP 

and PIIINP were of interest (Ely et al., 2010). In a further study, Ely et al. (2011) then 

tested four other markers in a group of 85 chimpanzees and found that BNP was a 

significant predictor of CVD status, while complete lipid panel, C-reactive protein 

(CRP) and cTnI were not. In another study, creatinine kinase (CK), cardiac troponin T 

(cTnT) and CRP, but not NT-proBNP, were indicative of myocarditis in a female 

chimpanzee (Van Zijll Langhout et al., 2017). 

To our knowledge, ours is the first study on circulating biomarkers of CVD in 

chimpanzees that uses available post-mortem histopathological data to confirm the 

corresponding cardiac phenotype of its study animals. This is the only accurate way 
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to determine whether any circulating biomarkers are reliable predictors of 

cardiovascular morbidity (Institute of Medicine, 2010), and the accumulation of 

histopathological data acquired by the Ape Heart Project (Twycross Zoo, UK) over the 

years is therefore an important advantage. Our chosen method of biomarker candidate 

selection (Olink® Proximity Extension Assay) demonstrates a modern and systematic 

approach to screen for biomarkers that are sensitive and specific to a particular 

disease (Morrow and De Lemos, 2007). This targeted proteomics discovery method 

has a biological basis for selection by using a fixed panel of relevant analytes, and 

was primarily designed for human applications. However, this study leverages the 

cross-reactivity of the assay with the genomes of non-human great apes, allowing us 

to extend its use to chimpanzees. Additionally, the use of combinations of markers, or 

biomarker ‘signatures’, are known to be more desirable than single markers alone 

since they attain a higher disease specificity (Fu and Van Eyk, 2006; Geyer et al., 

2017; Petrera et al., 2021; Ravassa et al., 2023b).  

While initial high-content analysis (such as that used by Olink) is important for 

biomarker discovery, it is useful to then consider other methods, such as Enzyme 

Linked Immunosorbent Assay (ELISA), for routine clinical monitoring of the biomarkers 

that were discovered. Moreover, the development of ELISAs to test for particular 

analytes, if not already commercially available, can lead to other real-time applications 

such as antibody-based rapid diagnostics at point of care.  

The initial biomarker discovery with Olink was performed prior to the commencement 

of this PhD. The subsequent ELISA testing took place four years afterwards, and was 

carried out between 2021 and 2022. All data analysis was performed during the PhD, 

by the author of this thesis. The aim of this study was to: 

1. Identify candidate biomarkers that have the potential to be routinely measured in 

serum for the diagnosis of IMF in chimpanzees. 
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1.2 Materials and methods 

 

Study subjects 

Serum samples from 26 zoo-housed chimpanzees (Pan troglodytes) with a known 

cardiac phenotype were included in this study. Individuals were categorised as such 

according to the findings of standardised cardiac post-mortem examinations carried 

out by a board-certified veterinary pathologist in association with the ‘Ape Heart 

Project’ (Twycross Zoo, UK) (Strong et al., 2018c). Individuals were classed as 

Affected (diseased) if they showed moderate to marked chronic cardiovascular lesions 

that were consistent with IMF, or classed as Control (healthy) if they showed no or 

minimal cardiovascular changes that could be indicative of IMF. In all cases, the 

clinical history, circumstances of death, and whole-body post-mortem findings (as 

provided by the zoos of origin), were used to support and finalise the cardiac 

phenotyping.  

A subset of samples (Study A, n=10 chimpanzees) was used for the initial biomarker 

discovery, with a further 16 samples (Study B, n=26 chimpanzees) included in the later 

validation of potential diagnostic assays. Study A consisted of 7 males and 3 females, 

with ages at death ranging from 18 to 62 years (median = 35 years). Among these, 6 

individuals were categorised as Affected and 4 as Control. The time between serum 

sampling and death for all individuals in Study A ranged from 0 to 35 months (median 

= 0 months). For the Affected individuals in Study A, the time between serum sampling 

and death ranged from 0 to 14 months (median = 0.5 months), and from 0 to 35 months 

(median = 4.5 months) for the Control group. 

Study B included 11 males and 15 females, with ages at death ranging from 9 to 62 

years (median = 38 years). Of these, 18 were categorised as Affected and 8 as 

Control. The time between serum sampling and death for all individuals in Study B 

ranged from 0 to 215 months (median = 0 months). For the Affected individuals in 

Study B, the time between serum sampling and death ranged from 0 to 215 months 

(median = 4 months), and from 0 to 35 months (median = 0 months) for the Control 

group. A summary of information regarding all study subjects and their disease 

classifications can be found in Table 1.1. 
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All serum samples were collected opportunistically by veterinarians according to the 

Veterinary Surgeons’ Act (VSA) or international equivalent, and spun down and 

separated before being stored frozen at -20°C or below. All appropriate permits and 

licenses were obtained before samples were transported from the zoos of origin (n=15 

zoos) with freezer packs as coolant. Long-term storage of all samples was at -80°C.  
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Table 1.1: Study subjects: chimpanzees with a known cardiac phenotype, as 
confirmed histologically, categorised as Control (healthy) vs. Affected (diseased). 
Study A (n=10) was used for initial biomarker screening via Proximity Extension Assay 
(Olink® Target 96 Cardiovascular Panel III, v.6112). Study B (n=26) included all 
individuals from Study A with an additional 16 chimpanzees, and was used for 
subsequent ELISA testing.  

Study group Study 
ID 

Age at 
death 
(years) 

Sex Time between 
serum sample and 
death (months) 

Disease 
phenotype  

Study 
A 
(n=10) 

Study 
B 
(n=26) 

C2 37 Male 12 Affected 

C3 33 Male 1 Affected 

C4 33 Male 0 Affected 

C15 46 Female 0 Affected 

C18 18 Male 0 Affected 
C30 21 Male 14 Affected 

C9 32 Female 35 Control 

C31 62 Female 9 Control 

C20 21 Male 0 Control 

C26 28 Male 0 Control 

 C8 39 Male 50 Affected 

C10 24 Female 7 Affected 

C17 45 Male 27 Affected 
C24 46 Female 0 Affected 

C29 44 Female 0 Affected 

C34 42 Female 215 Affected 

C35 39 Female 19 Affected 

C41 43 Female 0 Affected 

C42 42 Female 0 Affected 
C44 32 Male 12 Affected 

C46 49 Female 26 Affected 

C47 47 Female 0 Affected 

C1 9 Male 0 Control 

C11 42 Female 0 Control 

C25 21 Female 0 Control 
C36 10 Female 0 Control 
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Olink biomarker discovery (Study A) 

Prior to the commencement of this PhD, serum samples from Study A (250 µL per 

sample, n=10) were sent on dry ice to a commercial laboratory (Olink Proteomics, 

Uppsala, Sweden). 1 µL per sample was required for analysis using the high-

performance Proximity Extension Assay (PEA) with a targeted panel of 92 protein 

biomarkers (Olink® Target 96 Cardiovascular Panel III, v.6112) to determine whether 

any proteins were significantly altered in chimpanzees affected by IMF (n=6) versus 

healthy controls (n=4). PEA readout values were in the form of Normalised Protein 

eXpression (NPX) on a log 2 scale, which corresponds to relative protein 

concentrations within the sample.  

The Olink panel uses internal and external controls to ensure data accuracy. Internal 

controls such as Incubation Control 1 and 2 (non-human antigens), Extension Control 

(an antibody with unique DNA-tags), and Detection Control (a double-stranded DNA 

amplicon) monitor immunoreaction, extension, and amplification/detection steps, 

ensuring consistency across samples (Olink, 2021a). External controls include the 

Inter-Plate Control (IPC), a synthetic pool of 92 antibodies with unique DNA-tags, used 

to normalise data across plates and runs. Negative controls (buffer only) set the 

background noise for each assay. A pooled plasma sample is recommended as a 

sample control to assess variation within and between plates through inter- and intra-

assay CVs. Olink's proprietary software uses these controls to normalise NPX values 

and reduce technical variation. This ensures that observed protein changes reflect 

disease-induced variations, minimising non-disease-related variability such as sample 

processing differences. 

 

ELISA validation (Study B) 

During the course of this PhD, ELISAs were used as subsequent protein 

measurements to further explore the biomarkers identified from the Olink screening in 

serum samples from Study B (n=26). The following ELISA kits, containing the basic 

components necessary for the development of sandwich ELISAs, were assessed for 

use with chimpanzee serum: Human Axl DuoSet and Human CD31/PECAM-1 DuoSet 

(catalog numbers DY154, DY806) (R&D Systems Inc., Minneapolis, USA), and Human 

ICAM-2 Matched Antibody Pair Set (catalog number SEK10332) (Sino Biological Inc., 
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Eschborn, Germany). All assays were carried out at room temperature at University of 

Birmingham’s School of Dentistry, Institute of Clinical Sciences (5 Mill Pool Way, 

Birmingham, UK). 96-well plates with a Nunc MaxiSorp surface treatment were used 

(catalog number 442404, Thermo Scientific™). An automatic plate washer was used 

for all wash steps, and a 2N solution of sulphuric acid (H2SO4) was used to stop the 

reactions at the final stage, prior to determining the optical density (OD) using a 

microplate reader at 450nm and 570nm to allow for wavelength correction. The 

strength of the colour changes of the samples corresponded to the concentration of 

the analyte, and each plate included a seven-point standard curve using two-fold serial 

dilutions of the high standard received in each kit. The substrate solution used in all 

cases was a 1:1 mixture containing two colour reagents: Phosphate-Citrate Buffer with 

Urea Hydrogen Peroxide, and 3,3',5,5'-Tetramethylbenzidine Dihydrochloride (catalog 

numbers P4560 and T3405, Merck Life Science UK Ltd) dissolved in 10 mL deionised 

water. All solutions and buffers were freshly made up prior to the commencement of 

ELISAs.  

OD readout data from the assays were processed and transformed using Microsoft 

Excel. The final OD value for each sample was obtained by subtracting the 570nm 

reading from the 450nm reading. This correction ensures that only specific signals 

related to the analyte of interest are considered, minimising any background 

absorbance signal. A seven-point standard curve using known concentrations from 

serial dilutions of the standards was plotted on a logarithmic scale. Using the line of 

best fit regression equation from the standard curve (y = mx + c), OD data of the test 

samples were converted into analyte concentrations with any dilution factors then 

accounted for.  

The ICAM-2 kit was stored at -20°C, and contained the following reagents: rabbit anti-

ICAM-2 capture antibody, rabbit anti-ICAM-2 detection antibody conjugated to 

horseradish-peroxidase (HRP), and a recombinant human protein standard. The 

standard was reconstituted with a detection antibody dilution buffer (0.5% bovine 

serum albumin [BSA] and 0.05% Tween20 in Tris-buffered saline [TBS]), and the other 

kit reagents were diluted to a working concentration using citrate-buffered saline (CBS) 

or detection antibody dilution buffer, as per the manufacturer's instructions. Plates 

were first coated with 100 µL capture antibody per well and incubated overnight at 

+4°C. The following day, the plates were washed six times using 400 µL wash buffer 
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(0.05% Tween20 in TBS) per well. Plates were blocked by adding 300 µL of blocking 

buffer (2% BSA and 0.05% Tween20 in TBS) per well and incubated for a minimum of 

one hour at room temperature prior to washing again. Standards diluted with sample 

dilution buffer (0.1% BSA and 0.05% Tween20 in TBS) and samples (100 µL per well) 

were added to the plate in duplicate and incubated for two hours at room temperature 

prior to washing. 100 µL of the detection antibody was added to each well and 

incubated for one hour at room temperature. After a final wash step, 200 µL of the 

substrate solution was added to the wells and incubated at room temperature away 

from light for 20 minutes, or until the standards on the plate showed a defined colour 

change gradient. To stop the reactions, 50 µL of the stop solution (2N H2SO4) was 

added prior to measuring the OD. 

The AXL and PECAM-1 kits were from the same manufacturer and therefore the 

overarching protocols were the same. Both kits were stored at +4°C and contained 

mouse anti-human capture antibody, biotinylated goat or sheep anti-human detection 

antibody, streptavidin conjugated to HRP, and a recombinant human protein standard. 

All components were initially reconstituted, and later diluted to their working 

concentrations, with either neat phosphate-buffered saline (PBS) or PBS with added 

carrier protein (reagent diluent, 1% BSA in PBS), as per the manufacturer’s 

instructions. Plates were first coated with 100 µL capture antibody and incubated 

overnight at room temperature. The following day, the plates were washed six times 

using 400 µL wash buffer (0.05% Tween20 in PBS) per well. Plates were blocked by 

adding 300 µL of reagent diluent per well and incubated for a minimum of one hour at 

room temperature prior to washing again. Standards and samples (100 µL per well) 

diluted in the chosen reagent diluent were added to the plate in duplicate and 

incubated for two hours at room temperature prior to washing. 100 µL of the detection 

antibody was added to each well and incubated for two hours at room temperature. 

After washing, 100 µL of streptavidin-HRP was added to each well and incubated for 

20 minutes at room temperature away from light. After a final wash step, 100 µL of the 

substrate solution was added to the wells and incubated at room temperature away 

from light for 20 minutes, or until the standards on the plate showed a defined colour 

change gradient. To stop the reactions, 50 µL of the stop solution was added before 

measuring the OD. 
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Quality control and optimisation 

Prior to using up the valuable chimpanzee serum samples for final analyte 

measurements (in some cases, less than 1 mL of serum remained for an individual), 

it was necessary to verify and optimise the performance of the assays. Optimisation 

of commercially available ELISA kits is often necessary to account for specific sample 

matrices, such as chimpanzee serum, which may introduce unique variables affecting 

assay performance. This practice is common to ensure accuracy and reliability in 

diverse research contexts (Minic and Zivkovic, 2020; Jaedicke et al., 2012). Using 

pooled human serum (ethics approval: 19/SW/0198 Dental Research Tissue Bank at 

University of Birmingham’s School of Dentistry) as well as serum from one 

chimpanzee (study ID: C47) from whom there was a large volume of serum remaining, 

quality control tests including inter- and intra-assay variation, limit of detection 

(analytical sensitivity), range-finding, and spike-and-recovery were carried out for each 

ELISA kit (Thermo Scientific, 2007; Jaedicke et al., 2012).  

Inter-assay variation measures consistency between separate runs of the same assay, 

while intra-assay variation assesses consistency within replicates of a single run. 

When sample replicates were n=3 or above, both factors were calculated as the 

coefficient of variation (CV%), derived from the standard deviation divided by the 

mean, multiplied by 100 (Jaedicke et al., 2012; Minic and Zivkovic, 2020). Analytical 

sensitivity (limit of detection) is the minimum detectable concentration of the analyte. 

It was calculated by adding two standard deviations to the mean OD obtained from 30 

replicates of the zero standard (reagent diluent with no added sample).  

The range-finding exercise was conducted in order to assess at what dilution factor, if 

any, the analyte concentration measurement was stable and within the mid-range of 

the standard curve (Minic and Zivkovic, 2020). By plotting analyte concentration 

(adjusted for dilution factor) against the dilution factor, the point at which dilution had 

little effect on measured concentrations (indicated by a plateau) was identified.  

Then, a spike-and-recovery assay was performed using the sample dilution factor, 

where applicable, as determined by the range-finding exercise. For this, a known 

amount of analyte was added (spiked) into the test sample matrix and compared to an 

identical spike in the standard diluent. Where sample dilution was necessary, two 

different reagent diluents were tested for recovery: PBS with carrier protein (1% BSA) 
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or without. This approach evaluates whether components in the sample matrix (e.g., 

serum) affect assay response differently than the standard diluent, aiming to maximise 

the signal-to-noise ratio and ensure consistent responses for the same analyte 

concentration in both matrices, allowing for reliable test sample measurement from the 

standard curve (Thermo Scientific, 2007). If the average recovery falls within 80–

120%, it indicates that the matrices have minimal impact on the assay’s accuracy. The 

recovery (%) was calculated using the following equation (Jaedicke et al., 2012):  

(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑟𝑟 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠 𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟) − (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑟𝑟 𝑛𝑛𝑟𝑟𝐴𝐴𝑟𝑟 𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟)
𝐴𝐴𝑠𝑠𝑓𝑓𝑟𝑟𝑛𝑛𝑟𝑟 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠

 ∗ 100 

After these quality control and assay performance verifications, optimisation of the 

sample dilution factor and reagent diluent used was carried out prior to final sample 

measurements (Minic and Zivkovic, 2020). When final desired assay conditions were 

reached, all chimpanzees (Study B, n=26) were tested for the three analytes ICAM-2, 

AXL and PECAM-1.  

 

Data analysis  

All data were analysed using GraphPad Prism desktop software v10.3.0 

(https://www.graphpad.com/scientific-software/prism/). The significance threshold 

was set to p<0.05 in all cases. All data were checked for normality using a Shapiro-

Wilk test, which is appropriate for sample sizes <50 (Mishra et al., 2019). Where data 

were not normally distributed, non-parametric Mann-Whitney tests were used. Where 

data were normally distributed, parametric Welch’s t tests for independent samples 

were used to test for significant differences between chimpanzees affected by IMF 

and healthy controls. One-tailed tests were selected based on the hypothesis that 

analytes in the Olink cardiovascular panel would be raised in the diseased individuals, 

allowing for increased statistical power by focusing on the direction of expected 

change (Cho and Abe, 2013). A volcano plot was also created for the benefit of 

visualising the distribution of the data, though it should be noted that this plot function 

on GraphPad Prism is only able to perform two-tailed t-tests, therefore the statistical 

significance shown on the volcano plot differs slightly from the one-tailed p values 

reported. 
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The data from Study A were in the form of NPX values and were already normalised 

on a log2 scale, meeting the assumptions of parametric tests. The Area Under the 

Curve (AUC) value for corresponding Receiver Operating Characteristic (ROC) curves 

was assessed for all 92 assay proteins. ROC curves are used to assess how well a 

diagnostic test can accurately distinguish between two conditions (e.g., affected vs. 

control), and the AUC is a numerical way to summarise the ROC curve’s performance 

(Pepe, 2003; Hanley and McNeil, 1982).  

The data from Study B were in the form of protein concentration in ng/mL. Data were 

inspected in conjunction with each individual assay’s limit of detection, and assessed 

for outliers using GraphPad Prism’s built-in outlier analysis. Any values that fell below 

the assay’s limit of detection, or that were identified as outliers, were excluded from 

subsequent analysis. ELISA data from Study B were evaluated for all 26 chimpanzees, 

as well as only the subset of 10 chimpanzees from Study A for a more direct 

comparison between the Olink and ELISA results.  

Diagnostic value 

Where statistical significance was reached with ELISA, the diagnostic value of a 

protein biomarker was assessed by calculating Youden's Index (J) from ROC curve 

data, where: 

𝐽𝐽 = 𝑆𝑆𝑟𝑟𝑛𝑛𝐴𝐴𝑠𝑠𝑟𝑟𝑠𝑠𝑆𝑆𝑠𝑠𝑟𝑟𝐴𝐴 + 𝑆𝑆𝑠𝑠𝑟𝑟𝑆𝑆𝑠𝑠𝑓𝑓𝑠𝑠𝑆𝑆𝑠𝑠𝑟𝑟𝐴𝐴 − 1 

Sensitivity and specificity values were obtained for various cut-off thresholds using 

GraphPad Prism’s ROC analysis, and Youden's Index was calculated for each 

threshold (Youden, 1950; Ruopp et al., 2008). The Positive Predictive Value (PPV) 

and Negative Predictive Value (NPV) were then calculated to assess the diagnostic 

utility at the optimal cut-off, as determined from the ROC and Youden’s Index analysis. 

PPV was defined as the proportion of true positives among all positive test results: 

𝑃𝑃𝑃𝑃𝑃𝑃 (%) =  
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 𝑃𝑃𝑓𝑓𝐴𝐴𝑠𝑠𝑟𝑟𝑠𝑠𝑆𝑆𝑟𝑟𝐴𝐴

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 𝑃𝑃𝑓𝑓𝐴𝐴𝑠𝑠𝑟𝑟𝑠𝑠𝑆𝑆𝑟𝑟𝐴𝐴 + 𝐹𝐹𝐴𝐴𝑟𝑟𝐴𝐴𝑟𝑟 𝑃𝑃𝑓𝑓𝐴𝐴𝑠𝑠𝑟𝑟𝑠𝑠𝑆𝑆𝑟𝑟𝐴𝐴
 ∗  100 

while NPV was defined as the proportion of true negatives among all negative test 

results: 

𝑁𝑁𝑃𝑃𝑃𝑃 (%) =  
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 𝑁𝑁𝑟𝑟𝑁𝑁𝐴𝐴𝑟𝑟𝑠𝑠𝑆𝑆𝑟𝑟𝐴𝐴

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 𝑁𝑁𝑟𝑟𝑁𝑁𝐴𝐴𝑟𝑟𝑠𝑠𝑆𝑆𝑟𝑟𝐴𝐴 + 𝐹𝐹𝐴𝐴𝑟𝑟𝐴𝐴𝑟𝑟 𝑁𝑁𝑟𝑟𝑁𝑁𝐴𝐴𝑟𝑟𝑠𝑠𝑆𝑆𝑟𝑟𝐴𝐴
 ∗  100 
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Post-hoc sample size calculation 

Where statistical significance was reached with ELISA, a post-hoc sample size 

calculation was conducted. First, the pooled standard deviation (SDpooled) was 

calculated using the formula: 

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  �
(𝑛𝑛1  −  1)𝑆𝑆𝑆𝑆12  + (𝑛𝑛2  −  1)𝑆𝑆𝑆𝑆22

𝑛𝑛1  + 𝑛𝑛2  −  2
 

where n1 and n2 represent the sample sizes, and SD1 and SD2 the standard deviations, 

of the diseased and control groups (Borenstein et al., 2009; Goulet-Pelletier and 

Cousineau, 2018). Then, the effect size (Cohen’s d) was calculated as:  

𝑠𝑠 =  
𝑀𝑀1 −𝑀𝑀2

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

where M1 and M2 are the group means of the diseased and control groups. As 

continuous, normally distributed, and independent grouped data, most requirements 

for Cohen’s d were met (Cohen, 1988; Borenstein et al., 2009; Goulet-Pelletier and 

Cousineau, 2018). However, due to unequal variances between the groups, and the 

small (n < 16) sample sizes in each group, a Hedges’ g correction factor (J) was 

applied (Hedges, 1981; Borenstein et al., 2009; Goulet-Pelletier and Cousineau, 

2018). The correction factor (J) was calculated as:  

𝐽𝐽 = 1 −  
3

4(𝑛𝑛1 + 𝑛𝑛2 − 2) − 1
 

Then, Hedges’ g was calculated as: 

𝑁𝑁 =  𝑠𝑠 ∗ 𝐽𝐽 

Finally, using the calculated effect size (Hedges’ g), a sample size calculation was 

performed in G*Power (v3.1.9.7) for a one-tailed t-test with an alpha level of 0.05, 

power of 95% (1 − β), and an allocation ratio (n2 / n1) of 0.5 to account for the unequal 

group sizes (Faul et al., 2009). 
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1.3 Results 

 

Olink biomarker discovery (Study A) 

All of the 92 analytes tested in the serum screening were detectable in all samples, 

confirming cross-reactivity with the analytes in the assay panel. Figure 1.1 shows a 

volcano plot for the benefit of visualising the significance and direction of changes in 

all 92 proteins. Proteins with an AUC value of >0.7 (n=28) were selected for further 

investigation. An AUC value of >0.7 is widely considered to be acceptable, and in this 

case, it denotes that a biomarker is sensitive and specific enough to correctly classify 

these chimpanzees as ‘affected by IMF’ or ‘healthy control’. Parametric one-tailed 

Welch’s t tests for independent samples were used to assess whether any of the 28 

proteins were significantly altered in chimpanzees affected by IMF (n=6) compared 

with healthy controls (n=4).  Among the 28 proteins of interest that were identified 

(Area Under Curve >0.7), three proteins, which are involved in fibrosis and 

inflammation, were markedly different in diseased chimpanzees compared with 

controls: Intercellular Adhesion Molecule 2 (ICAM-2), Receptor Protein-Tyrosine 

Kinase (AXL), and Platelet Endothelial Cell Adhesion Molecule 1 (PECAM-1). 

Expression of all three markers was significantly increased in the diseased group. For 

ICAM-2, the mean ± SD expression was 6.31 ± 0.42 NPX in the Affected group (n=6) 

and 5.50 ± 0.12 NPX in the Control group (n=4; p=0.002). For AXL, the mean ± SD 

expression was 10.69 ± 0.36 NPX in the Affected group and 9.79 ± 0.50 NPX in the 

Control group (p=0.013). For PECAM-1, the mean ± SD expression was 4.73 ± 0.55 

NPX in the Affected group and 4.14 ± 0.37 NPX in the Control group (p=0.039, one-

tailed Welch’s t-test for independent samples). Table 1.2 shows the AUC and Welch’s 

t test values for the 28 proteins of interest, in order of p value significance, and a visual 

representation of the differences in expression between the affected and control 

groups can be found Figure 1.3.  
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Figure 1.1: Volcano plot showing differences in protein expression (NPX) between 
chimpanzees affected by IMF (n=6) and healthy controls (n=4).  
The plot displays the -log10(p-value) (two-tailed Welch’s t tests) versus log2 fold 
change for 92 proteins (Olink® Target 96 Cardiovascular Panel III, v.6112). Proteins 
in red (ICAM-2, AXL, and PECAM-1) represent those selected for further exploration 
using ELISA, based on their significant differential expression as identified elsewhere 
in one-tailed Welch’s t tests. Dotted lines indicate thresholds for statistical significance 
(-log10[p value] > 1.3) and log2 fold change > 1 or < -1. Positive log2 fold change 
indicates upregulation in the diseased group, while negative values indicate 
downregulation. 
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Table 1.2: Results of one-tailed Welch’s t test for independent samples and Area 
Under Curve (AUC) analysis for proteins (as detected with Olink® Target 96 
Cardiovascular Panel III, v.6112).  
Only proteins with an AUC value of >0.7 are included (n=28). Asterisks denote a 
significant difference (** = p<0.01, * = p<0.05) in protein expression (NPX) between 
chimpanzees affected by IMF (n=6) and healthy controls (n=4). 

Protein p-value AUC value 

ICAM-2 0.002 ** 1.000 

AXL 0.013 * 0.917 

PECAM-1 0.039 * 0.833 
SHPS-1 0.063 0.875 

CCL16 0.072 0.792 

TNFRSF14 0.078 0.750 

CASP-3 0.078 0.750 

SELP 0.081 0.708 

COL1A1 0.088 0.792 
TIMP4 0.095 0.792 

IL-17RA  0.099 0.792 

ALCAM 0.102 0.750 

RARRES2 0.102 0.708 

PCSK9 0.111 0.792 

JAM-A 0.115 0.708 
CD93 0.116 0.708 

ITGB2 0.121 0.708 

CSTB 0.122 0.708 

EPHB4 0.133 0.750 

CXCL16 0.138 0.750 

Vwf 0.146 0.708 
AP-N 0.149 0.750 

Ep-CAM 0.157 0.792 

CDH5 0.176 0.750 

SELE 0.184 0.708 

MMP-2 0.193 0.708 

IGFBP-2 0.197 0.708 
TNF-R1 0.257 0.708 
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Figure 1.2: Normalised Protein eXpression (NPX) of proteins in chimpanzees affected by IMF (n=6) versus healthy controls (n=4), as 
tested with Proximity Extension Assay (Olink® Target 96 Cardiovascular Panel III, v.6112), which corresponds to relative protein 
concentrations within the sample on a log 2 scale.  
The 28 proteins with the highest Area Under Curve (>0.7) out of 92 proteins tested in the assay are shown. Pairwise comparisons 
are displayed above each box-and-whisker plot where statistical significance is reached (one-tailed Welch’s t tests, ** = p<0.01, * = 
p<0.05).  
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ELISA validation (Study B) 

Quality control and optimisation 

The ICAM-2 Matched Antibody Pair Set ELISA kit (Sino Biological, Eschborn, 

Germany) performed with an inter-assay variation (CV%) of 17%, and intra-assay 

variation of 7%. The analytical sensitivity was 0.191 ng/mL, which fell within the range 

of the standard curve stated by the manufacturer (0.0469–3 ng/mL). The range-finding 

assay revealed that no dilution of serum samples was needed. ICAM-2 showed a 

mean recovery (%) of 91% overall, with 100% recovery in the control spike (a known 

amount of analyte added to the standard diluent), and 86% recovery in serum (a known 

amount of analyte added to undiluted human and chimpanzee serum).  

The AXL DuoSet ELISA kit (R&D Systems, Abingdon, UK) performed with inter- and 

intra-assay variations (CV%) of 10% and 4% respectively. The analytical sensitivity 

was 0.033 ng/mL, which was below the lowest point of the standard curve range as 

stated by the manufacturer (0.0625–4 ng/mL). A 1:120 dilution in was found to be 

effective at ensuring the concentration of AXL in serum fell within the mid-range of the 

standard curve, while ensuring no adverse dilution effect. Overall, AXL showed a 

mean recovery (%) of 106%. When using PBS (without BSA) as the reagent diluent, 

there was a 110% AXL recovery in serum and 113% AXL recovery in the control spike. 

For this reason, as well as the fact that it is recommended elsewhere to use a sample 

diluent with no carrier protein for the dilution of complex sample matrices such as 

serum (Thermo Scientific, 2007), PBS was chosen as the reagent diluent for the 1:120 

sample preparations. 

The PECAM-1 DuoSet ELISA kit (R&D Systems, Abingdon, UK) performed with inter- 

and intra-assay variations (CV%) were 10% and 3% respectively. The analytical 

sensitivity was 0.140 ng/mL, which was below the lowest point of the standard curve 

range as stated by the manufacturer (0.156–10 ng/mL). A 10-fold dilution (1:10) was 

found to be appropriate for PECAM-1, which showed a mean recovery of 106% 

overall. Again, PBS (without BSA) was chosen as the optimal sample diluent, as it 

gave a PECAM-1 recovery of 101% in 1:10 preparations of serum. 

Table 1.3 shows a summary of assay performance results. The dilution effect and 

spike-and-recovery performances for all three proteins can be found in Figure 1.4 and 

Figure 1.5.  



59 
 

Table 1.3: Assay performances for ICAM-2, AXL and PECAM-1 as tested via 
commercially available human ELISA kits.  
The standard curve range is as stated by the kit manufacturers. Analytical sensitivity 
(limit of detection) was calculated by adding 2 standard deviations to the mean optical 
density obtained from assaying 30 replicates of the zero standard. The % Recovery is 
the mean spike-and-recovery from a control spike (a known amount of analyte added 
to the standard diluent) and spiked serum (a known amount of analyte added to the 
sample matrix).  

  ICAM-2 AXL PECAM-1 

Range (standard 
curve) 0.0469–3 ng/mL 0.0625–4 ng/mL 0.156–10 ng/mL 

Inter-assay CV% 17% 10% 10% 

Intra-assay CV% 7% 4% 3% 

Analytical sensitivity  < 0.191 ng/mL < 0.033 ng/mL < 0.140 ng/mL 

Dilution factor Undiluted 1:120 1:10 

% Recovery 91% 106% 106% 

Reagent diluent N/A PBS PBS 
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Figure 1.3: Range-finding results showing the dilution effect on the measurement of 
ICAM-2, AXL, and PECAM-1 concentrations in serum.  
The y-axis represents the concentration of each protein (ng/mL), adjusted for the 
dilution factor, and the x-axis represents the dilution factor. The red hash symbol (#) 
indicates the chosen dilution factor for subsequent ELISA testing: 0 (undiluted) for 
ICAM-2, 120 for AXL, and 10 for PECAM-1. Error bars represent the standard 
deviation of the mean from repeated measurements of both human and chimpanzee 
serum. 
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Figure 1.4: Spike-and-recovery performance of ELISA kits for ICAM-2, AXL, and 
PECAM-1 using spiked serum samples (a known amount of analyte added to the 
sample matrix) and a control spike (a known amount of analyte added to the standard 
diluent).  
For the assays requiring sample dilution, AXL (1:120) and PECAM-1 (1:10), two 
reagent diluents were tested: PBS with 1% BSA (black bars) and PBS without carrier 
protein (grey bars). The shaded area represents the optimal recovery range of 80–
120%. 
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Protein expression 

For ICAM-2, seven samples fell below the limit of detection (n=1 Control, n=6 

Affected), and one was identified as an outlier (n=1 Control), and were subsequently 

removed from analysis. The diseased group showed significantly higher 

concentrations of ICAM-2 (n=6, mean ± SD = 2.62 ± 1.99 ng/mL) than healthy controls 

(n=12, mean ± SD = 0.58 ± 0.55 ng/mL) (Welch’s t test p = 0.003). AXL concentrations 

were not significantly different between diseased chimpanzees (n=18, mean ± SD = 

48.79 ± 20.99 ng/mL) and healthy controls (n=8, mean ± SD = 48.75 ± 32.47 ng/mL) 

(Welch’s t test p = 0.499). No samples were excluded based on limit of detection or 

outlier identification for AXL. With PECAM-1, three samples were identified as outliers 

(n=1 Control, n=2 Affected) and subsequently removed from analysis. PECAM-1 did 

not differ significantly between diseased chimpanzees (n=16, mean ± SD = 2.93 ±  

1.37 ng/mL) and healthy controls (n=7, mean ± SD = 3.33 ± 1.18 ng/mL) (Mann-

Whitney test p = 0.188).  

When considering only the ELISA data from the initial subset of 10 chimpanzees (the 

same individuals from Study A) in isolation, no statistically significant differences were 

found for any of the three proteins, though ICAM-2 approached significance: ICAM-2 

(Mann-Whitney test p = 0.057), AXL (Welch’s t test p = 0.341) and PECAM-1 (Welch’s 

t test p = 0.387). Figure 1.6 shows the protein expression as measured by ELISA in 

the initial subset of chimpanzees (n=10) as well as the larger group used in Study B.  

Diagnostic value 

For ICAM-2, the only protein showing a significant difference between diseased and 

healthy chimpanzees, the highest Youden’s Index (J = 0.667) was observed at a cut-

off value of >1.536 ng/mL. At this threshold, ICAM-2 demonstrated a diagnostic 

sensitivity of 66.67% (correctly identifying eight out of 12 diseased individuals) and a 

specificity of 100% (correctly excluding all healthy controls), as shown in Table 1.4. At 

this cut-off value of >1.536 ng/mL, the PPV was 100% and the NPV was 60%.   

Post-hoc sample size calculation 

A post-hoc sample size calculation for ICAM-2, as measured with ELISA, indicated 

that 38 samples (n=13 Control, n=25 Affected) would be required to achieve 95% 

statistical power with the current effect size of 1.16 (Hedges' g).   
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Figure 1.5: [A]: Expression (ng/mL) of ICAM-2, AXL and PECAM-1 as tested by ELISA in the subset of 10 chimpanzees from Study 
A. [B]: Expression (ng/mL) of ICAM-2, AXL and PECAM-1 as tested by ELISA in all 26 chimpanzees (excluding outliers where 
applicable) from Study B.  
Pairwise comparisons are displayed above each box-and-whisker plot where statistical significance is reached (parametric one-tailed 
Welch’s t test, or non-parametric one-tailed Mann-Whitney test: ** = p<0.01).
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Table 1.4: Diagnostic performance metrics for ICAM-2 based on ELISA data.  
Sensitivity, specificity, and Youden’s Index (J) were calculated for various cut-off 
values of ICAM-2 concentrations (ng/mL). Sensitivity represents the percentage of 
diseased individuals correctly identified, while specificity represents the percentage of 
healthy individuals correctly identified. Youden’s Index identifies the cut-off value that 
provides the optimal balance between sensitivity and specificity. The optimal cut-off, 
>1.536 ng/mL, maximises Youden’s Index (J=0.6667). 

Cut-off (ng/mL) Sensitivity (%) Specificity (%) Youden’s Index (J) 

> 0.04117 100 16.67 0.1667 

> 0.07595 100 33.33 0.3333 

> 0.2557 91.67 33.33 0.25 

> 0.4382 83.33 33.33 0.1666 

> 0.4709 83.33 50 0.3333 

> 0.5163 83.33 66.67 0.5 

> 0.7657 75 66.67 0.4167 

> 1.011 66.67 66.67 0.3334 

> 1.229 66.67 83.33 0.5 

> 1.536 66.67 100 0.6667 

> 2.021 58.33 100 0.5833 

> 2.453 50 100 0.5 

> 2.698 41.67 100 0.4167 

> 3.450 33.33 100 0.3333 

> 4.352 25 100 0.25 

> 5.094 16.67 100 0.1667 

> 5.637 8.333 100 0.08333 
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1.4 Discussion 

 

Olink findings 

Olink’s PEA was chosen as a biomarker discovery tool due to its high sensitivity, 

specificity, and multiplexing capabilities, along with its robustness, reproducibility, and 

ease of use (Assarsson et al., 2014b; Petrera et al., 2021). In the initial Olink discovery, 

three protein biomarkers were identified as being significantly increased in serum in 

diseased chimpanzees with IMF (as confirmed histologically) compared with their 

healthy counterparts. Though the Olink screening used a panel of 92 proteins that are 

generally involved in human CVD, the three resultant candidates ICAM-2, AXL and 

PECAM-1 have been indicated more specifically in inflammatory and fibrotic diseases 

in the wider literature. This observation aligns with the notion that IMF is predominantly 

an inflammatory and fibrotic heart disease rather than the typical forms of CVD 

observed in most other animal species, such as atherosclerosis (Strong et al., 2020, 

2018b).  

ICAM-2 is present on the surface of platelets and is an essential ligand in antigen-

specific immune responses including the migration of immune cells during 

inflammation and thrombosis (Diacovo et al., 1994; Lyck and Enzmann, 2015; 

Amsellem et al., 2014). The diagnostic utility of ICAM-2 as a biomarker has been 

explored in various diseases, having been shown to be upregulated during 

inflammatory lung diseases such as cystic fibrosis and idiopathic pulmonary fibrosis 

(Chong et al., 2021; Tsoutsou et al., 2004). It has also been implicated in vascular 

diseases and endothelial dysfunction during chronic heart failure (Bouwens et al., 

2020; Głogowska-Ligus et al., 2013).  

AXL is a transmembrane tyrosine kinase receptor expressed ubiquitously in 

mammalian tissues with importance in cell adhesion, inflammatory responses, and 

coagulation (Linger et al., 2008; Hafizi and Dahlbäck, 2006). Overexpression of AXL 

has been indicated in various morbidities, including coagulopathy, autoimmune 

disease, and cancers (Pidkovka and Belkhiri, 2023; Linger et al., 2008). Notably, AXL 

is also directly involved in fibrotic diseases of the kidney, intestines, liver and lungs 

(Nilsson et al., 2021; Steiner et al., 2021; Staufer et al., 2017; Yang et al., 2021), and 
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can play a maladaptive role in cardiac remodelling and inflammation during CVD 

(DeBerge et al., 2021; Batlle et al., 2014; Caldentey et al., 2019; Batlle et al., 2019).  

PECAM-1 is an endothelial adhesion molecule within the immunoglobulin superfamily 

that, similarly to ICAM-2, regulates thrombosis, cardiomyocyte contractility, 

transendothelial immune cell migration and endothelial cell function (McCormick et al., 

2015; Newman et al., 1990). PECAM-1 expression is linked with myocardial damage 

following ischaemic events, and its genetic polymorphisms are linked directly with 

diseases of the coronary vasculature and acute cardiac events in humans (Ronghai 

et al., 2019; Reschner et al., 2009; Serebruany et al., 1999). Moreover, PECAM-1 has 

been directly indicated in the disease progression of liver fibrosis (Raskopf et al., 

2014). 

The widely used cardiac biomarker NT-proBNP was not significantly altered in this 

group of diseased chimpanzees. NT-proBNP is primarily a valuable marker for cardiac 

wall stress and subsequent heart failure (Zile et al., 2016). Its use as a marker of 

myocardial fibrosis in humans and other species has produced mixed results (Zhang 

et al., 2016; Chevalier et al., 2022), and its lack of upregulation in the diseased group 

in this study indicates that it may not be an appropriate biomarker of IMF in 

chimpanzees. Another widely used marker, cardiac troponin (cTnI or cTnT), was not 

part of Olink’s protein assay panel and was therefore not tested. Cardiac troponins are 

markers of myocardial damage, normally in relation to myocardial infarction (Reichlin 

et al., 2009), which is not a notable clinical presentation in the great apes (Varki et al., 

2009).  

ELISA findings  

The use of ELISA set out to validate the findings of the Olink discovery and evaluate 

the potential diagnostic capability of commercially available assay kits. A larger sample 

size was available for the ELISA portion of the study, which took place four years after 

the initial Olink discovery, meaning that more serum samples were available from 

chimpanzees whose hearts had been examined histologically. ICAM-2 was the only 

analyte to reach statistical significance between the groups when tested with ELISA.  

Diagnostic value of ICAM-2 

Further evaluation of ICAM-2, assessed via ELISA, showed a sensitivity of 66.67% 

and a specificity of 100% at the optimal cut-off point determined by ROC curve 
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analysis. The high specificity indicates that ICAM-2 is highly effective at correctly 

identifying healthy individuals, minimising the likelihood of false-positive results 

(Barrett and Fardy, 2021; Fabricant, 2024). The positive predictive value (PPV) of 

100% confirms that all individuals with ICAM-2 levels exceeding the cut-off were 

accurately identified as diseased. However, the negative predictive value (NPV) of 

60% reflects a limitation, as 40% of individuals with ICAM-2 levels below the threshold 

may still have the disease. This underlines a potential shortcoming in using ICAM-2 

levels alone to exclude disease (Barrett and Fardy, 2021; Fabricant, 2024). 

Comparison between methods: PEA and ELISA 

The lack of absolute agreement between the findings of the Olink panel and the 

ELISAs in this case is not particularly unusual, as previous studies have found similar 

discordance (Schmidt et al., 2022; Vasbinder et al., 2023). This could be for a number 

of reasons, such as potential post-translational modifications being detected in one 

assay and not the other, the PEA having a higher degree of specificity than the ELISA 

kits, or differences in assay conditions such as sample volume (1 µL for Olink vs. 100 

µL for ELISA) and dilution factors used (neat sample for Olink vs. diluted for ELISA) 

(Olink, 2021b). It is also possible that pre-analytical factors may have affected the 

results. The ELISA testing took place several years after the Olink screening, thus 

sample storage conditions may have affected the quality of the samples. Separate 

aliquots of the serum samples were used for the Olink and ELISA testing, which may 

have affected protein concentrations in each assay if the samples were not fully 

homogenised prior to aliquot separation (Olink, 2021b). There are several examples 

in the literature of strong positive correlations between PEA and ELISA, though often 

this does not apply to all proteins tested (Skau et al., 2023; Zhao et al., 2022). 

Limitations and future directions 

Although ICAM-2, AXL, and PECAM-1 showed altered serum expression in 

association with IMF in these cases, it is important to acknowledge that each is also 

modulated by a variety of non-cardiac disease states and inflammatory conditions. 

PECAM-1, for instance, is broadly involved in leukocyte transmigration and has been 

implicated in diverse inflammatory disorders including multiple sclerosis, rheumatoid 

arthritis, sepsis and even anaphylaxis (Woodfin et al. 2007). Similarly, AXL shows 

dysregulated expression in diseases such as systemic lupus erythematosus and 

gastrointestinal cancers (Hafizi and Dahlbäck, 2006; Pidkovka and Belkhiri, 2023; 



68 
 

Shao and Cohen, 2014). ICAM-2 can be upregulated by chronic inflammatory stimuli 

(e.g., in neutrophil-dominated lung inflammation) (Lyck and Enzmann, 2015). Because 

these proteins respond to general inflammatory or immune activation in several 

conditions, changes in their levels may not be unique to myocardial fibrosis, which 

limits their specificity as potential IMF biomarkers. 

The performance of the ICAM-2 ELISA kit with chimpanzee serum was less optimal 

than the others, with an inter-assay variation of 17%, which is higher than the 

commonly accepted threshold of 15% (Jaedicke et al., 2012; Minic and Zivkovic, 

2020). Additionally, the analytical sensitivity (limit of detection) overlapped with the 

standard curve range as reported by the manufacturer, indicating that the assay may 

not be sufficiently sensitive for some samples, particularly those with low analyte 

concentrations. This led to the exclusion of several samples from statistical analysis, 

reducing the effective sample size and limiting the statistical power of the study. 

Furthermore, excluding low-concentration samples may bias the results by 

disproportionately affecting the representation of certain groups or disease stages 

(Crowther, 2009; Armbruster and Pry, 2008). However, the intra-assay variation was 

acceptable at 7%, and the 91% analyte recovery was well within the acceptable 

boundaries of 80–120% (Andreasson et al., 2015). Overall, the mixed results of the 

ICAM-2 ELISA assay performance do not negate the importance of the findings here, 

and further exploration, perhaps using other commercially available kits, is warranted. 

The small sample size in this study can be considered a limitation. A post-hoc sample 

size calculation based on the ICAM-2 ELISA data (observed effect size, Hedges’ g = 

1.16) revealed that the study groups (currently n=6 Controls; n=12 Affected for ICAM-

2) would need an additional 20 samples (n=13 Controls; n=25 Affected) in order to 

achieve full statistical power (Faul et al., 2009). Additionally, while Olink technology is 

a technically robust method, it has been suggested elsewhere that moderate effect 

size proteins would require 400 samples per group (disease vs. control) in order to 

obtain full confidence in any statistical difference for an assay panel containing 100 

test proteins (Mattingly et al., 2021). Given their potential relevance to IMF based on 

the literature, future work exploring all three candidate markers (ICAM-2, AXL and 

PECAM-1) in a larger number of chimpanzees could be beneficial.  
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There was limited control over how participating zoos collected, stored and transported 

samples, which may have affected pre-analytical conditions. While the median time 

between serum sampling and death in this study was 0 months, the range extended 

up to 215 months (17 years) in one case, reducing the relevance of some samples to 

the post-mortem phenotype. Conversely, many samples were collected at 0 months 

prior to death, either during post-mortem examination or at the time of euthanasia by 

the zoos of origin. While these may provide an accurate reflection of the end-stage 

disease phenotype, there is uncertainty regarding whether observed biomarkers 

represent terminal changes or were detectable during earlier disease stages. 

Interpreting biomarker expression across such a wide temporal range is not ideal, and 

reinforces the need for longitudinal sampling in future studies to better understand 

disease progression. Future studies should prioritise using samples collected within a 

narrower time window prior to death (e.g., 12 months or less) to ensure closer 

alignment with the post-mortem phenotype. Additionally, analyses should be 

conducted as soon as possible after sampling, with improved standardisation of 

storage and transport conditions to maintain sample quality (Revuelta-López et al., 

2021). It is, however, important to consider the inherent challenges in obtaining 

samples from endangered wildlife species, including those housed in zoos and 

sanctuaries. In our case, all samples need to be collected opportunistically during 

routine veterinary procedures and the international network we have used to obtain 

paired samples (whole heart for post-mortem phenotyping in addition to an ante-

mortem serum sample) has required extensive efforts over the course of a decade.   

Another limitation of this study is that the Olink panel and ELISA kits used were 

designed and validated for human samples and antibodies only. Though chimpanzees 

have long been used as animal models in biomedical research due to their strong 

genetic similarity to humans, the two species can vary considerably in their natural 

genetic and proteomic expressions in serum and tissue (Pizzollo et al., 2018; Pavlovic 

et al., 2018; Howell et al., 2003; Schweigert et al., 2007). However, other studies have 

documented that assays developed for use with human serum also work as intended 

for non-human primate serum (Höglind et al., 2017; Stubenrauch et al., 2009; Cama 

et al., 2018; Niemuth et al., 2020), therefore it can be assumed that the same assay 

homology applies to the current study. Despite this, future work on the application and 
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performance of human-based protein assays for use with chimpanzee serum in a 

larger study population would be useful, particularly in the case of ICAM-2.  

Additionally, the pathological classifications of chimpanzees in our study presents its 

own challenges. Individuals affected by IMF may have co-morbidities such as 

concurrent infections that may lead to systemic inflammation, potentially confounding 

the specificity of circulating biomarkers of IMF. Detailed post-mortem examinations 

revealed no macroscopic or microscopic signs of systemic infections, but the 

possibility of subclinical infections cannot be fully excluded. For instance, chronic renal 

disease leading to systemic hypertension and chronic cardiac remodelling has been 

documented in zoo-housed great apes (Ely et al., 2010; Chilton et al., 2016; 

Lowenstine et al., 2016), thus the potential overlap between IMF and other chronic 

cardiovascular diseases remains a diagnostic challenge (Strong et al., 2018b). 

Wider implications of this study 

Despite the inherent challenges described, this study is an important initial 

investigation into potential circulating biomarkers that are specific and sensitive to IMF 

in chimpanzees. Olink PEA is widely considered to be a robust and reliable method 

for modern biomarker discovery in humans (Mattingly et al., 2021) and its use in this 

study exemplifies the potential for its application in veterinary medicine. To date, Olink 

is yet to be widely employed for use with veterinary species, with the only dedicated 

non-human assay panel currently being for mouse models, and only very few 

published examples of the standard human panels being used in horses, pigs, and 

macaques (Verma et al., 2021; Bue et al., 2020; Donnelly et al., 2023). A key 

advantage of the Olink PEA is its requirement for a small sample volume (and higher 

output per sample volume), which is crucial for preserving valuable samples, 

especially in endangered or hard-to-sample populations such as chimpanzees. With 

further scope and development, Olink and other existing multiplex immunoassays 

could be an ideal choice for non-human studies where sample availability is a 

significant constraint, as it allows for comprehensive proteomic analyses without 

depleting the sample supply (Assarsson et al., 2014a). It is hoped that, in time, these 

currently expensive techniques may become more accessible and affordable.  

In contrast to the advanced capabilities of Olink, traditional methods such as ELISA 

and point-of-care testing have been more commonly employed in veterinary patients 



71 
 

due to their accessibility, transportability and ease of use, providing rapid diagnostic 

information (Bora et al., 2022). However, their success in a veterinary context has 

been somewhat varied, often due to the challenges of validating these assays against 

commercial diagnostic laboratories and across different species (Anderson et al., 

2022; Stratton et al., 2022; Feltrer et al., 2016). Point-of-care testing is something to 

strive for with the detection of biomarkers of IMF in chimpanzees, but more work is 

needed in this area to achieve reliable real-time monitoring, including species-specific 

validation of these assays. For now, diagnostics using ELISA has shown promise. 

The uniqueness of this study lies not only in its use of advanced proteomic 

technologies for zoo-housed great apes, but also in its confirmation of the 

cardiovascular and systemic health status of the study animals, as assessed 

histologically. This is the most reliable way to determine if circulating biomarkers can 

accurately predict cardiovascular morbidity (Institute of Medicine, 2010) and is a 

significant strength of this research, further strengthening the evaluation of ICAM-2’s 

diagnostic value.    

With further validation, ICAM-2 could be integrated into a diagnostic panel alongside 

other blood-based biomarkers and non-invasive methods, such as cardiac ultrasound, 

to improve diagnostic accuracy for IMF in zoo-housed chimpanzees (Kosmala et al., 

2019; Liu et al., 2024). Such an approach could eventually enable earlier detection 

and targeted interventions, which, for an idiopathic disease that often results in sudden 

death, would be highly valuable. For instance, in a zoo setting, a simple blood test for 

ICAM-2, combined with other inflammatory or fibrotic markers, could be used to triage 

individuals for more detailed cardiac assessments. Moreover, the high specificity of 

ICAM-2 suggests it could play a role in confirmatory testing, particularly when clinical 

resources are limited, reducing the risk of unnecessary interventions in healthy 

animals. Future studies could also explore longitudinal changes in ICAM-2 levels to 

assess its potential as a marker of disease progression or treatment efficacy 

(Kolamunnage-Dona and Williamson, 2018). 

The coupling of highly sensitive, targeted approaches like Olink PEA and ELISA with 

untargeted methods such as mass spectrometry could enhance the identification of 

novel biomarkers by leveraging the strengths of both methods: the sensitivity and 

specificity of targeted assays with the broader scope of untargeted analyses (Petrera 
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et al., 2021). In the context of this thesis, a methodological pairing could be particularly 

advantageous in learning more about the pathophysiology of IMF, and will be explored 

in more detail in the coming chapters. 

In conclusion, this work represents a promising first step towards the development of 

novel diagnostic tools for IMF in chimpanzees. The targeted approaches used here 

offer distinct advantages in terms of specificity and the potential for future application 

in point-of-care assays. The insights gained from this study pave the way for future 

research aimed at detecting early-stage IMF, eventually facilitating real-time 

monitoring of great ape health in zoos, and ultimately contributing to the health and 

welfare of great ape populations in human care. 
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2. THE CARDIAC TISSUE PROTEOME ASSOCIATED WITH IMF IN 

CHIMPANZEES 
 

2.1 Introduction 

 

Uncovering the molecular mechanisms underlying IMF is essential for developing 

effective interventions aimed at improving the health of zoo-housed great apes. In 

Chapter 1, circulating biomarkers of IMF were explored in serum samples from 

chimpanzees, providing valuable information about the systemic changes associated 

with the disease. However, cardiac tissue is where the pathology is localised, and 

studying the proteome specifically in the affected tissue offers a more detailed view of 

the molecular alterations that drive the disease (De La Cuesta et al., 2009).  

Proteomics is the large-scale study of proteins, which are biomolecules responsible 

for most biological functions in a cell. It involves the identification, quantification, and 

analysis of the entire set of proteins (the proteome) present in a biological system, 

such as a cell, tissue or organism, at a given time under specific conditions (Domon 

and Aebersold, 2006). Proteomics aims to understand protein structure, function, 

interactions and changes in response to stimuli, diseases, or environmental conditions 

(Pandey and Mann, 2000). Since proteins are the functional molecules that mediate 

both normal physiological processes and disease pathology, their abundance and 

modifications in the heart tissue may offer insights into the progression and 

mechanisms of IMF (De La Cuesta et al., 2009).  

Mass spectrometry (MS) is an analytical technique used to identify and quantify 

molecules, including proteins, based on their mass-to-charge ratio (m/z). MS is one of 

the most powerful and versatile tools for identifying and quantifying proteins in complex 

biological samples such as cardiac tissue (Cox and Mann, 2011). With optimisation of 

the sample preparation stage, MS is able to effectively identify and quantify proteins 

in fixed tissues (Ostasiewicz et al., 2010; Buczak et al., 2020; Azimzadeh et al., 2021), 

which is of particular importance here, as formalin fixed tissues are by far the most 

abundant sample type available from great ape hearts.   



74 
 

In exploratory proteomics, the goal is to discover as many proteins as possible from a 

sample, without preconceived hypotheses or specific targets in mind (Dunn et al., 

2013). This untargeted approach allows for the unbiased identification of a large 

number of detectable proteins in a tissue sample, providing a comprehensive overview 

of the molecular environment associated with both the healthy and diseased states 

(Dunn et al., 2013; Fujii et al., 2017). This is relevant here, as the pathways and 

proteins involved specifically in IMF in great apes remain largely uncharacterised.  

While the tissue proteome of the macaque heart (Rojsajjakul et al., 2023; Song et al., 

2014) and chimpanzee brain (Bauernfeind et al., 2015) have been explored, there are 

no published studies about cardiac tissue proteomics in great apes. By investigating 

the cardiac tissue proteome in chimpanzees, this study aimed to:  

1. Reveal molecular signatures that can potentially guide future diagnostic or 

therapeutic management, and improve our overall understanding, of IMF in 

zoo-housed great apes.  
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2.2 Materials and methods 

 

Study subjects 

Chimpanzees (Pan troglodytes) with a known cardiac phenotype were included in this 

study, which were the same 10 individuals from whom serum samples were used for 

biomarker discovery with Olink (Study A, as described in Chapter 1). Their formalin-

fixed whole hearts were sent to Twycross Zoo (Burton Road, Atherstone, 

Warwickshire, CV9 3PX) at ambient temperature via the ‘Ape Heart Project’ 

framework, and examined at the University of Nottingham (Veterinary pathology 

service, Sutton Bonington Campus, College Road, Sutton Bonington, Leicestershire, 

LE12 5RA). Tissue sections were collected during standardised cardiac post-mortem 

examinations carried out by a board-certified veterinary pathologist (Strong et al., 

2018c) and subsequently embedded in paraffin wax blocks. A summary of information 

regarding all study subjects and their disease classifications can be found in Table 

2.1.  

 

Table 2.1: Study subjects: chimpanzees with a known cardiac phenotype (n=10), as 
confirmed histologically, categorised as Affected (diseased) or Control (healthy).  
Their unique sample ID for mass spectrometry (MS), age at death (years), and sex 
(male or female) is also included.   

Study ID MS Sample 
ID 

Age at death 
(years) 

Sex Disease 
phenotype  

C2 127N 37 Male Affected 

C3 127C 33 Male Affected 

C4 128N 33 Male Affected 

C15 129N 46 Female Affected 

C18 129C 18 Male Affected 

C30 131N 21 Male Affected 

C9 128C 32 Female Control 

C31 131C 62 Female Control 

C20 130N 21 Male Control 

C26 130C 28 Male Control 
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Mass spectrometry 

Prior to the commencement of this PhD, formalin fixed myocardial tissue samples from 

chimpanzees affected by IMF (n=6) and healthy controls (n=4) were used for protein 

extraction. Formalin-fixed myocardial tissues were processed for proteomic analysis 

using LC-MS/MS (Shrader, 2013; El-Aneed et al., 2009) at the Advanced Mass 

Spectrometry Facility (AMSF), University of Birmingham (School of Biosciences, 

Edgbaston, B15 2TT).  This method was based on a study by (Pasha et al., 2018), 

and modified for the purpose of this study. Proteins were extracted and prepared 

following a protocol adapted from (Wiśniewski et al., 2011). Approximately 500 mg of 

tissue per sample was minced and subjected to lysis using a buffer containing 0.1 M 

Tris (pH 8), 4% SDS, and 0.1 M DTT, with boiling at 99°C for 3.5 hours. The samples 

were further homogenised using a bead beater, and additional lysis buffer was used 

to maximise protein solubilisation. After centrifugation, the clarified supernatants 

yielded approximately 4–5 mL of protein solution per sample, with a concentration of 

~4 mg/mL. 

Protein digestion was performed using the Filter-Aided Sample Preparation (FASP) 

method (Wiśniewski et al., 2009). Pilot mass spectrometry (MS) runs were conducted 

to assess post-translational modifications (PTMs) introduced by formalin fixation, 

identifying methylation and formylation as relevant variable modifications for database 

searches. A broad chimpanzee protein database was selected to maximise protein 

identification. Digested peptides (100 µg per sample) were labelled with Tandem Mass 

Tags (TMT) 10plex (Thermo Fisher Scientific) following the manufacturer's 

instructions. Labelled peptides were combined and fractionated using basic reverse-

phase chromatography on a XBridge Shield RPV18 column (Waters) into 10 fractions, 

desalted with SEPak, and analysed on an Orbitrap Eclipse mass spectrometer 

(Thermo Fisher Scientific). A data-dependent acquisition strategy was employed, with 

MS3 quantitation for enhanced accuracy and MS2 for peptide identification (Montero-

Calle et al., 2023). Protein identification and quantification were performed using 

Proteome Discoverer 2.0 software (Thermo Fisher). This approach enabled the 

simultaneous quantification of proteins across all 10 chimpanzee tissue samples with 

high accuracy and reliability (Burton and Backus, 2024). 
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Data analysis 

This chapter of the PhD was influenced by the COVID-19 pandemic, and the 

bioinformatics methods used here were learned and carried out by the author of this 

thesis whilst isolating at home between 2020–2021.  

Data received from AMSF were received in a Microsoft Excel format having been 

exported from Proteome Discoverer computer software v2.1 (Thermo Fisher), and 

contained protein-level and peptide-level data with 24 other columns containing 

information about the proteins identified (Table 2.2). The analysis focused on the 

protein-level data. To ensure that there was at least one unique peptide used in the 

identification of proteins, data were filtered by the number of unique peptides and any 

with a value of 0 were excluded. Proteins for which there was no quantification  were 

also removed from the dataset.  

Protein abundance data were then transferred to GraphPad Prism (v10.3.0), and 

multiple unpaired t-tests were performed in order to produce a volcano plot of the data. 

When selecting proteins of interest from a volcano plot, the conventional approach 

typically involves identifying proteins that meet both statistical significance and a 

meaningful effect size threshold, i.e., a -log10(p value) >1.3 (equivalent to p<0.05) as 

well as a log2(fold change) >1 (Oveland et al., 2015). This dual-criteria method helps 

minimise false positives by focusing on proteins that are both statistically robust and 

biologically relevant. In this study, however, a more lenient approach was adopted due 

to the small sample size (n=10) and the exploratory nature of applying proteomics to 

chimpanzee myocardial tissue for the first time. Therefore, proteins meeting either a -

log10(p value) >1.3 (equivalent to p<0.05) or a calculated log2(fold change) >1 (rather 

than meeting both criteria) were considered to be of interest. 

The STRING (v12.0) website and database were then used to visualise the network 

of any associations between the proteins of interest using a high-confidence minimum 

interaction score. STRING integrates various types of interaction evidence, including 

experimental data, predicted interactions, and information from databases like the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome (Szklarczyk et 

al., 2023). Isoforms of the same protein, or proteins that were identified using 

reference genomes of different chimpanzee subspecies, were grouped together for 

the protein network analysis. STRING’s built-in analysis tools were used to explore 
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biological processes, pathways, and molecular functions that were overrepresented in 

the interaction network compared with the reference genome. The UniProt database 

was used to gather any further relevant information about each protein of interest (The 

UniProt Consortium, 2021). 

 

Table 2.2: Data column headings and descriptions as found in the original Excel 
spreadsheet of protein abundance data from mass spectrometry readout.  

Column headings Description 

Protein FDR 
Confidence: 
Combined 

Indicates the probability (high, medium, or low) that the 
protein was correctly identified. 

Master Identifies if this is the master protein (the one with the best 
score) that is being reported. 

Accession A unique identifier from the UniProt database 

Description 
A user-friendly protein name, including details such as 
OS=Organism Name, OX=Organism Identifier, GN=Gene 
Name, PE=Protein Existence, SV=Sequence Version. 

Exp. q-value: 
Combined 

The minimum false discovery rate (FDR) at which the 
identification of the protein is considered valid. 

Contaminant True/false – evaluated against a list of typical contaminants. 

Sum PEP Score The posterior error probability (PEP) reflects the likelihood 
that the observed peptide spectrum match (PSM) is incorrect. 

Coverage [%] The percentage of the protein sequence that was matched by 
identified peptides. 

# Peptides The total number of distinct peptide sequences identified 
within the protein group. 

# PSMs 

The total number of PSMs for the protein. The PSM count can 
exceed the number of identified peptides, especially for high-
scoring proteins where peptides may be identified multiple 
times. 

# Unique Peptides 
The number of peptide sequences unique to a specific protein 
group. These peptides are shared within a protein group and 
are not found in proteins from other groups. 



79 
 

# Protein Groups 
A group of proteins that share the same identified peptides. 
All proteins within a group will have the same or a lower 
number of identified peptides. 

# AAs The total length of the protein, measured in amino acids (AA). 

MW [kDa] The molecular weight of the protein, in kilodaltons (kDa). 

calc. pI The calculated isoelectric point (pI) of the protein. 

Score Sequest HT The protein's score as determined by the search engine used. 

# Peptides (by 
Search Engine):  

Displays the number of peptides identified by each search 
engine used, when multiple search engines are applied. 

# Razor Peptides 

A peptide assigned to the protein group with the largest 
number of total identified peptides. A unique razor peptide 
matches only one protein group, while a non-unique one is 
associated with the group having the most peptide IDs. 

Abundance Ratio The ratio of the intensity of the tag of interest to the control 
tag (e.g., 127/126). 

Abundance Ratio 
Adj. P-Value 

The p-value associated with the protein’s abundance ratio for 
the protein. 

Abundances 
(Grouped) The total calculated abundance for the protein. 

Abundances 
(Grouped) CV [%] The coefficient of variation (CV) for protein abundances. 

Found in Sample Indicates whether the protein was not found, or the quantity 
that was detected. 

Modifications Lists any post-translational modifications (PTMs), which can 
also be identified through peptide-level data exploration. 

 

 

  



80 
 

2.3 Results 

 

A total of 584 proteins were identified, of which 514 proteins were quantified with at 

least one unique peptide across all 10 chimpanzee samples. Figure 2.1 shows the 

differential expression of these 514 proteins in the diseased versus the control group, 

with those of statistical significance (-log10[p value] > 1.3, n=10 proteins) or biological 

relevance (log2[fold change] > 1, n=3 proteins) highlighted. The direction of change 

on the graph represents either a protein upregulation (red, positive fold change) or 

downregulation (blue, negative fold change) in the diseased group.  

On closer inspection of the proteins of interest, multiple unpaired t-tests revealed that 

10 proteins were significantly different in chimpanzees affected by IMF (n=6) 

compared with healthy controls (n=4): Fibrillin-1 (FBN1) p=0.018; Collagen alpha-3(VI) 

chain isoform 6 (COL6A3[6]) p=0.022; Collagen alpha-2(VI) chain (COL6A2) p=0.026; 

Tubulin beta-4B chain (TUBB4B) p=0.029; Myosin regulatory light chain 12A 

(MYL12A) p=0.035; Cytochrome c oxidase subunit 6C (COX6C) p=0.041; Cytochrome 

c oxidase subunit 2 (subspecies A: Pan troglodytes verus) (COX2[A]) p=0.041; Alpha-

parvin (PARVA) p=0.042; Collagen alpha-3(VI) chain isoform 1 (COL6A3[1]) p=0.044; 

Calcium-transporting ATPase 2 (ATP2A2) p=0.044. Three additional proteins were 

selected due to their high fold change, despite not being statistically significant: 

Periostin (POSTN) p=0.104; Collagen alpha-1(III) chain (COL3A1) p=0.314; 

Cytochrome c oxidase subunit 2 (subspecies B: Pan troglodytes ellioti) (COX2[B]) 

p=0.350. A summary of the proteins of interest can be found in Table 2.3.  
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Figure 2.1: Volcano plot showing the -log10(p value) and log2(fold change) of relative 
abundance of 514 proteins discovered by mass spectrometry in chimpanzees affected 
by IMF (n=6) versus healthy controls (n=4).  
Statistical significance (n=10 proteins) is reached above the horizontal dotted line (-
log10[p value] > 1.3) and biological relevance (n=3 proteins) is reached at log2(fold 
change) > 1 or < -1. The direction of change is signified by the colour of the data points, 
where red = an upregulated protein in the diseased group, and blue = a downregulated 
protein in the diseased group.  
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Table 2.3: Proteins of interest (n=13) from proteomic exploration by mass 
spectrometry in chimpanzees (Pan troglodytes) affected by IMF (n=6) and healthy 
controls (n=4).  
Statistically significant differences in relative abundance are represented by [*], 
indicating a -log10(p value) of >1.3. A log2(fold change) of >1 or <-1 is indicated by [#] 
and represents a biologically meaningful change in the affected group versus the 
control group. Corresponding gene names and reference genome species according 
to the UniProt database (The UniProt Consortium, 2021) are included.  

Protein name Gene name Reference 
species 

-log10  

p value 

log2  

Fold change 

Fibrillin-1 FBN1 Pan troglodytes 1.745 * 0.340 

Collagen alpha-3(VI) 
chain isoform 6 COL6A3(6) Pan troglodytes 1.657 * 0.512 

Collagen alpha-2(VI) 
chain COL6A2 Pan troglodytes 1.582 * 0.489 

Tubulin beta-4B chain TUBB4B Pan troglodytes 1.542 * 0.312 

Myosin regulatory light 
chain 12A MYL12A Pan troglodytes 1.455 * 0.479 

Cytochrome c oxidase 
subunit 6C COX6C Pan troglodytes 1.392 * -0.573 

Cytochrome c oxidase 
subunit 2 (subspecies 
A) 

COX2(A) Pan troglodytes 
verus 1.383 * -0.659 

Alpha-parvin PARVA Pan troglodytes 1.375 * 0.278 

Collagen alpha-3(VI) 
chain isoform 1 COL6A3(1) Pan troglodytes 1.355 * 0.572 

Calcium-transporting 
ATPase 2 ATP2A2 Pan troglodytes 1.355 * -0.445 

Periostin POSTN Pan troglodytes 0.982 1.509 # 

Collagen alpha-1(III) 
chain COL3A1 Pan troglodytes 0.502 1.183 # 

Cytochrome c oxidase 
subunit 2 (subspecies 
B) 

COX2(B) Pan troglodytes 
ellioti 0.456 1.216 # 
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For the purpose of the STRING protein-protein interaction network, COL6A3(6) and 

COL6A3(1), and COX2(A) and COX2(B), were combined so that all proteins produced 

by a single protein-coding gene locus were represented by one node. The interaction 

network identified a central cluster comprising of five interconnected extracellular 

matrix (ECM) proteins: FBN1, COL3A1, COL6A2, COL6A3 and POSTN, as well as a 

peripheral cluster containing two proteins related to mitochondrial function: COX2 and 

COX6C. The remaining four proteins (PARVA, MYL12A, TUBB4B and ATP2A2) did 

not show any associations, though the physical proximity of the nodes on the network, 

such as that between PARVA and FBN1, may indicate a more closely related 

biological function (Figure 2.2). Functional enrichment analysis on STRING revealed 

more in-depth information regarding the biological functions associated with the 

proteins of interest, a summary of which can be found in Table 2.4.  
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Figure 2.2: Interaction network for proteins differentially expressed in chimpanzees 
affected by IMF (n=6) compared with healthy controls (n=4), as discovered by mass 
spectrometry.  
Isoforms are combined so that each node represents all proteins produced by a single 
protein-coding gene locus. Lines between nodes represent protein-protein 
associations. Only high-confidence associations (an Edge Confidence score of >0.7) 
are included. The node colour red = an upregulated protein in the diseased group, and 
blue = a downregulated protein in the diseased group. Network created via the 
STRING database v12.0 (Szklarczyk et al., 2023).  
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Table 2.4: Overrepresented biological functions implicated by networks involving 
proteins of interest (n=11) as discovered by mass spectrometry of myocardial tissue 
samples from chimpanzees affected by IMF (n=6) and healthy controls (n=4).  
Effect strength is calculated by log10(observed/expected) and a false discovery rate 
(FDR) corrected p value was obtained via the Benjamini–Hochberg procedure. Both 
parameters were obtained using built-in analysis tools on STRING v12.0 (Szklarczyk 
et al., 2023). Database references: GO=Gene Ontology; CL=Cluster (STRING); 
KEGG=Kyoto Encyclopaedia of Genes and Genomes; R=Reactome. 

Biological function Involved proteins 
Effect 
strength 

Corrected 

p value 

Database 
reference 

Cell adhesion 

FBN1, COL3A1, 

COL6A2, COL6A3, 

POSTN, MYL12A, 

PARVA, ATP2A2 

1.17 0.000 
GO:00071

55 

Extracellular matrix 

organisation 

FBN1, COL3A1, 

COL6A2, COL6A3, 

POSTN 

1.70 0.000 CL:19457 

Focal adhesion 
COL6A2, COL6A3, 

PARVA, MYL12A 
1.57 0.001 

KEGG:hsa

04510 

Axon guidance 

TUBB4B, MYL12A, 

COL3A1, COL6A2, 

COL6A3 

1.21 0.002 
R:HSA-

422475 

Extracellular matrix 

structural constituent 

FBN1, COL3A1, 

COL6A2, COL6A3 
1.74 0.003 

GO:00052

01 

Cardiac muscle 

contraction 

COX2, COX6C, 

ATP2A2 
1.79 0.003 

KEGG:hsa

04260 

Mitochondrial 

electron transport 
COX2, COX6C 2.47 0.015 CL:11193 
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2.4 Discussion 

 

Identification of proteins 

The proteomic analysis identified 514 proteins from the formalin fixed cardiac tissue 

of 10 chimpanzees, with 13 proteins emerging with statistically or biologically important 

differences in the diseased group. In comparison to other similar studies, the 

identification of 514 proteins from the samples suggests a sufficient depth of proteomic 

coverage, indicating that the samples were of reasonable quality and analysis by MS 

was effective despite the fixation process (Azimzadeh et al., 2012; Obi et al., 2023).  

Among the 13 proteins of interest, five ECM proteins that are strongly associated with 

fibrotic disease were closely related in the protein-protein interaction network created 

by STRING: Fibrillin-1 (FBN1), Collagen alpha-1(III) chain (COL3A1), Collagen alpha-

2(VI) chain (COL6A2), Collagen alpha-3(VI) chain (COL6A3), and Periostin (POSTN). 

FBN1 is a glycoprotein that plays an important role in the formation of microfibrils in 

the ECM, providing structural support to connective tissues such as the skin, lungs, 

and cardiovascular system (Li et al., 2023; Davis and Summers, 2012). FBN1 is 

essential for maintaining tissue elasticity and regulating growth factor signalling, 

especially transforming growth factor-beta (TGF-β), a key modulator of fibrosis 

(Olivieri et al., 2010). It has been shown that an increased FBN1 expression can drive 

fibrotic conditions by altering TGF-β availability, thereby promoting abnormal tissue 

remodelling and fibrosis (Velázquez-Enríquez et al., 2021; Li et al., 2021). Additionally, 

a mutation in the FBN1 gene causes Marfan syndrome, a connective tissue disorder 

responsible for aortic aneurism and dissection, and mitral valve prolapse in the heart 

(Lasne et al., 2020; Hibender et al., 2019). Collagens type III (COL3A1) and type VI 

(COL6A2 and COL6A3) are essential components of the ECM, providing structural 

support to help maintain the integrity and function of connective tissues. More 

specifically, type III collagen forms a supportive network alongside type I collagen, 

contributing to the elasticity and structural integrity of tissues (Karsdal, 2023; Liu et al., 

1997). COL3A1 upregulation has been associated with liver fibrosis, pulmonary 

fibrosis, cardiac fibrosis and vascular remodelling (Nikolov and Popovski, 2022; 

Plavelil et al., 2020; Hoyer et al., 2021). Collagen type VI (COL6A2 and COL6A3) 

provides mechanical support to tissues and plays a role in cell adhesion, migration, 

and tissue repair (Karsdal, 2023). Overexpression of type VI collagen contributes to 
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increased tissue stiffness and abnormal ECM remodelling, and has been associated 

with pulmonary, adipose and cardiac fibrosis (Hoyer et al., 2021; Karsdal et al., 2020; 

Khan et al., 2009), as well as muscular dystrophy and certain cancers (Tonelotto et 

al., 2021; Li et al., 2022). POSTN is a non-structural ECM protein that plays a crucial 

role in the development and remodelling of connective tissues (Conway et al., 2014). 

POSTN activates TGF-β pathways and regulates tissue repair during ongoing 

remodelling, and is upregulated during tissue injury, inflammation, and fibrotic disease 

of the lungs, kidney and heart (Jang et al., 2022; Trundle et al., 2024; El-Adili et al., 

2022; Ali et al., 2022; Bian et al., 2019). Overall, this network of five ECM proteins 

indicates a coordinated upregulation of fibrotic pathways in chimpanzees affected by 

IMF, and is consistent with known fibrotic mechanisms observed in other species. For 

instance, COL6A2, FBN1, POSTN, and COL3A1 have been implicated in cardiac 

fibrosis in zebrafish models (Simões et al., 2020), while COL3A1, POSTN, and other 

ECM components have been observed in obesity-related fibrosis models in mice 

(Chen et al., 2021b). Similar upregulation of these proteins has also been noted in a 

mouse model of dilated cardiomyopathy (Koshman et al., 2015). Future research could 

benefit from a more targeted proteomic approach, such as ECM-specific proteomic 

analysis by MS, to further clarify the molecular drivers of this apparent ECM-dominant 

disease (Barallobre-Barreiro et al., 2012, 2016a). 

The decreased expression of Calcium-transporting ATPase 2 (ATP2A2), Cytochrome 

c oxidase subunit 2 (COX2) and Cytochrome c oxidase subunit 6C (COX6C) indicates 

alterations in myocyte contractility and mitochondrial function during IMF. ATP2A2 

(also known as SERCA2) is an enzyme found in the sarcoplasmic reticulum of 

cardiomyocytes, which is responsible for the regulation of calcium ion (Ca2+) transport 

during cardiac muscle contraction and relaxation (Kondrat’eva et al., 2014). 

Downregulation of ATPA2 is associated with impaired cardiac muscle relaxation 

during heart failure and cardiomyopathy (Frustaci et al., 2024; Rebrova et al., 2018; 

Lehnart et al., 2009; Kho et al., 2011). ATP2A2 has also been shown to interact 

specifically with cTnI in cardiomyocytes during Ca2+ regulation (Lu et al., 2022). COX2 

is a core catalytic subunit of the Cytochrome c Oxidase (COX) complex and 

contributes directly to ATP production via oxidative phosphorylation (Srinivasan and 

Avadhani, 2012). COX6C is a regulatory subunit of the COX complex that modulates 

its stability and efficiency (Wright et al., 1984). Downregulations in both COX2 and 



88 
 

COX6C are known to increase ATP deficiency (and therefore decrease energy 

production), oxidative stress and apoptosis, particularly in high-energy-demand 

tissues such as the heart and brain (Srinivasan and Avadhani, 2012; Ramzan et al., 

2020). This has been associated with cardiomyopathies, atherosclerosis, kidney 

disease and neurodegenerative disorders (Wang et al., 2022; Yin et al., 2018).  

The presence of two distinct COX2 entries in the dataset likely reflects the broad 

protein database used for Pan troglodytes, which includes multiple subspecies and 

their respective peptide variations. One variant (COX2[A], Pan troglodytes verus) was 

significantly downregulated in the diseased group, while the other (COX2[B], Pan 

troglodytes ellioti) showed upregulation, albeit not statistically significant. This 

suggests that the peptide-level analysis grouped proteins from different subspecies 

based on their sequence similarities, but subtle differences in peptide matching 

strength or expression patterns may have led to these contrasting results. Further 

studies could explore the functional or technical implications of these variants 

(Modaber et al., 2019; Wibowo et al., 2021).  

Three more proteins were upregulated in the diseased group but were independently 

positioned in the STRING network: Tubulin Beta-4B Chain (TUBB4B), Alpha-Parvin 

(PARVA) and Myosin Regulatory Light Chain 12A (MYL12A). TUBB4B is a component 

of cytoskeleton microtubules, which are important for maintaining cell shape, 

contractility, intracellular transport and mitosis (Murali et al., 2022). Excessive 

stabilisation or rigidity of microtubules in cardiomyocytes may lead to impaired 

contractility, worsening cardiac function and output during CVD (Chen et al., 2021a; 

Phyo et al., 2022). PARVA is involved in signalling pathways between the ECM and 

cytoskeleton, acting as a messenger between the two during the regulation of cell 

adhesion, migration and mechanical stability (Sepulveda and Wu, 2006). An increase 

in PARVA leads to more focal adhesions, and although this could reinforce cardiac 

tissue structure during stress, an excessive upregulation might contribute to fibrotic 

disease, since the balance between cell adhesion and migration is disrupted (Chen et 

al., 2005; Ain and Firdaus, 2022). MYL12A regulates phosphorylation of the myosin 

light chain, which affects cell motility, cytokinesis and muscle contraction (Toepfer et 

al., 2013; Markandran et al., 2022). An increase in MYL12A suggests enhanced 

contractile activity in the heart, and a compensatory upregulation is associated with 
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cardiac hypertrophy and heart failure (Dong et al., 2024; Szczesna-Cordary et al., 

2004).  

As expected from the study’s inclusion criteria (‘Affected’ animals with histologically 

confirmed IMF), the proteomic profile revealed increased abundance of fibrosis-

related proteins and reduced levels of cellular or metabolic proteins. This pattern 

reflects advanced myocardial remodelling, where ECM progressively replaces 

functional cardiac tissue (Strong et al., 2020; Lammey et al., 2008a). Similar 

remodelling is well documented in human myocardial fibrosis, where fibrillar collagens 

(e.g., COL1A1, COL3A1) and matricellular proteins such as POSTN are consistently 

upregulated (Sarohi et al. 2022; Zhao et al. 2014; Conway et al. 2014; Olivieri et al. 

2010). These same components were prominent in IMF-affected chimpanzees, along 

with microfibrillar and basement membrane proteins like FBN1 and collagen VI 

(COL6A2, COL6A3), which are less frequently reported in human cardiac studies, but 

are recognised mediators of ECM stability and stiffness (Olivieri et al., 2010; 

Bouzeghrane et al., 2005). Mitochondrial dysfunction and impaired calcium handling 

were also apparent, with significant downregulation of COX2, COX6C, and ATP2A2, 

mirroring established changes in human heart failure and cardiomyopathy (Srinivasan 

and Avadhani, 2012; Rebrova et al., 2018; Frustaci et al., 2024). In contrast, this study 

identified cytoskeletal and contractile proteins such as tubulin-β4B (TUBB4B), α-parvin 

(PARVA), and myosin light chain 12A (MYL12A), which are not commonly reported in 

human cardiac fibrosis. These proteins are implicated in cytoskeletal integrity, 

contractile regulation, and focal adhesion signalling, and may reflect species-specific 

remodelling responses or underexplored contributors to fibrosis (Murali et al., 2022; 

Sepulveda and Wu, 2006; Toepfer et al., 2013).  

Altogether, these findings suggest that IMF in chimpanzees involves a complex 

interplay of mitochondrial dysfunction, altered cellular architecture, and ECM 

remodelling. It may be that the heart attempts to compensate for impaired calcium 

regulation and energy production through structural adaptations and increased 

contractility (Cha et al., 2003; Tuomainen and Tavi, 2017; Chaanine, 2021; Johnson 

et al., 2024). These compensatory mechanisms likely then become maladaptive, 

driving a positive feedback loop of progressive fibrosis, electrical instability and cardiac 

dysfunction (Cha et al., 2003; Bround et al., 2013; Swynghedauw, 1999). This study 

adds to the growing body of evidence that Ca2+ regulation and mitochondrial health 
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are critical factors in the progression of myocardial fibrosis and heart failure, and could 

represent valuable therapeutic targets (Johnson et al., 2024; Van Mulders et al., 2024). 

Limitations 

The use of formalin-fixed cardiac tissue for this study was based on practicality, as this 

is the most abundant sample type available from chimpanzees with confirmed cardiac 

health status post-mortem. Fixed samples are widely used in veterinary and medical 

research because they are easily stored and highly stable over the long term, making 

them a valuable resource for retrospective studies (Balgley et al., 2009). However, 

formalin fixation causes protein cross-linking, which can hinder protein extraction and 

identification in mass spectrometry (Metz et al., 2004; Scicchitano et al., 2009; 

Klockenbusch et al., 2012). While advancements in proteomic methods have enabled 

the use of fixed tissue, it is likely that some low-abundance proteins were not detected 

(Maes et al., 2013; Sprung et al., 2009). 

As in the previous chapter (Chapter 1), the small sample size of 10 chimpanzees 

reflects the exploratory nature of this study, which was conducted as a pilot study to 

evaluate whether formalin-fixed myocardial tissue could yield meaningful proteomic 

data in the context of understanding myocardial fibrosis in chimpanzees. Given that 

chimpanzees are endangered non-domestic animals, obtaining cardiac tissue from 

individuals with a confirmed cardiac health status is inherently challenging. The 

sample size also reflects practical and logistical constraints, as the mass 

spectrometry-based proteomic analysis used in this study is resource-intensive and 

costly. While the findings are limited in their generalisability due to the small sample 

size and potential pre-analytical variation such as differences in time between death 

and tissue fixation, as well as storage and transport conditions across zoos (Bass et 

al., 2014), this study represents an important first step. Future studies with larger 

cohorts and optimised sample handling protocols would be invaluable for improving 

statistical power and further validating the proteins identified here. 

A challenge with untargeted proteomics is that it generates large, complex datasets, 

which can be difficult to analyse and interpret (Maes et al., 2013; Baldwin, 2004). 

Filtering through this data to identify the most relevant molecular changes requires 

careful interpretation, especially in a disease such as IMF that is not yet well-

understood. This study used a more lenient statistical analysis approach than the 
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conventional criteria for volcano plots. While this approach increases the likelihood of 

identifying potentially relevant proteins in a small dataset, it also carries a higher risk 

of false positives. Nonetheless, this broader inclusion criterion provided a valuable 

starting point for exploratory studies and for guiding future, more targeted 

investigations, and does not detract from the biological relevance of the findings.  

Conclusions 

Overall, this study provides valuable insights into the pathogenesis of IMF in 

chimpanzees, revealing specific protein changes that have not been previously 

reported in this species. Key findings include alterations in pathways related to ATP 

production, calcium regulation, contractile function, and ECM organisation, which 

collectively highlight the multifaceted nature of IMF pathology. Aside from enhancing 

our understanding of IMF, these findings may inform the future development of 

therapeutic targets, utilising existing knowledge from human studies (Ali et al., 2022; 

Frangogiannis, 2019; Jang et al., 2022; Ravassa et al., 2023a; Li et al., 2022; Johnson 

et al., 2024). 

This tissue-level proteomic analysis complements the circulating biomarkers identified 

in the previous chapter. While serum biomarkers provide a systemic view of disease 

processes, tissue proteomics offers direct insights into localised myocardial pathology. 

Together, these approaches provide a more comprehensive understanding of the 

molecular mechanisms underlying IMF, highlighting the potential of integrating 

systemic and localised markers to monitor disease progression and guide therapeutic 

strategies. 

Looking ahead, the next chapter will build on these findings by employing a targeted 

approach using qPCR to quantify the expression of pre-selected genes that are 

potentially relevant to IMF. This progression from untargeted proteomics to targeted 

transcriptomics aims to refine our understanding of the molecular drivers of IMF and 

their potential as diagnostic or therapeutic targets.  
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3. TARGETED INVESTIGATION OF MYOCARDIAL GENE EXPRESSION IN 

CHIMPANZEES 
 

3.1 Introduction 

 

Following the untargeted proteomic analysis in Chapter 2, this chapter involves a more 

targeted investigation into the myocardial tissue expression of genes of interest, 

through the use of Reverse Transcription Quantitative Polymerase Chain Reaction 

(RT-qPCR). While the proteome reflects the functional and temporally stable protein 

landscape within the tissue, the transcriptome (gene expression) provides a dynamic 

snapshot of which genes were actively being transcribed into RNA at the time of 

sampling (Monk, 2003; Bathke et al., 2019). There is minimal overlap between the 

markers selected for this study and the findings presented in the previous chapter, due 

to the distinct focus of the two methodologies. The pre-selection of target genes here 

was also to account for any markers potentially underrepresented in the mass 

spectrometry due to their low relative abundance. The complementary use of such 

approaches allows for a more comprehensive understanding of pathways involved in 

IMF (Edfors et al., 2016; Zhang et al., 2011).  

RT-qPCR is a widely used technique, during which purified total RNA is converted into 

complementary DNA (cDNA) through reverse transcription, before being amplified and 

quantified in real-time, using fluorescence to reflect the level of gene expression in the 

sample (Nolan et al., 2006). Due to the amplification step, RT-qPCR is particularly 

useful for studies involving limited-volume tissue samples, and performs with high 

sensitivity and specificity (Kubista et al., 2006). However, due to its analytical 

sensitivity, the pre-analytical quality of samples is of utmost importance, and any prior 

RNA degradation can have major downstream effects on results (Fleige and Pfaffl, 

2006). 

Purified RNA for use with RT-qPCR can originate from a range of sample types. FFPE 

tissue is commonly used in molecular studies, as it allows for retrospective studies on 

long-term archived samples, but it presents several challenges for RNA extraction 

(Lewis et al., 2001; Hedegaard et al., 2014). The formalin fixation process crosslinks 

nucleic acids with proteins, causing degradation, with subsequent RNA fragmentation 
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and reduced yields of intact RNA (von Ahlfen et al., 2007; Farragher et al., 2008). This 

can be a problem with fibrous tissues such as myocardium in particular, where the 

collagen and ECM content is proportionately high, making efficient extraction more 

difficult (Srinivasan et al., 2002). RNA Stabilisation Solution (such as RNAlater®) is an 

alternative tissue preservation method that generally yields higher quality RNA, as the 

solution stabilises the RNA immediately, preventing degradation (Florell et al., 2001). 

RNAlater has been successfully used for preserving myocardial tissue for molecular 

studies, offering superior RNA quality compared to FFPE, especially in fibrous tissues 

where RNA degradation can significantly affect gene expression results (Mutter et al., 

2004).  

Several studies have investigated tissue-level gene expression in great apes, 

particularly in relation to fibrosis and cardiovascular health. Comparative studies of 

gene expression in great ape fibroblasts and chimpanzee iPSC-derived 

cardiomyocytes have highlighted interspecies differences, particularly in regulatory 

pathways and extracellular matrix organisation, which are relevant to understanding 

species-specific cardiac phenotypes and potential pathologies (Pavlovic et al., 2018; 

Karaman et al., 2003). For example, Pavlovic et al. (2018) demonstrated the utility of 

chimpanzee iPSC-derived cardiomyocytes as models for studying gene regulatory 

differences that could predict human responses to cardiac disease. Karaman et al. 

(2003) identified interspecies differences in the expression of genes involved in 

extracellular matrix organisation, including collagen and structural protein regulation, 

as well as metabolic pathways related to cellular energy and stress responses, 

providing insights into molecular mechanisms that could influence myocardial fibrosis 

susceptibility. Additionally, genome-wide methylation studies (Pai et al., 2011) have 

shown epigenetic differences between humans and chimpanzees that could explain 

variability in tissue-specific gene expression and susceptibility to diseases. PCR has 

also been used to assess liver fibrosis in schistosomiasis-infected chimpanzees 

(Standley et al., 2013). Together, these studies underscore the importance of 

examining tissue gene expression in great apes to reveal molecular pathways relevant 

to myocardial fibrosis. However, there are no existing publications specifically 

highlighting the use of RT-qPCR to quantify CVD-related gene expression in 

chimpanzee myocardium post-mortem.  
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The primary objective of this study was to quantify the gene expression of markers of 

interest in myocardial tissue from chimpanzees affected by IMF versus healthy 

controls. The potential impact of tissue storage conditions on RNA quality was also 

explored. This transcriptome-level analysis complements the previously described 

proteomic findings, with the potential of refining our understanding of the molecular 

mechanisms and potential therapeutic targets of IMF in chimpanzees. 
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3.2 Materials and methods 

 

Study subjects and samples 

This study used myocardial tissue samples from zoo-housed chimpanzees (Pan 

troglodytes). In Stage I of the study, FFPE tissue was trialled. For this, 10 µm sections 

(wax scrolls) of FFPE left ventricular tissue blocks were obtained from the same 10 

chimpanzees as described in the previous chapters (Chapters 1 and 2). This was done 

by the pathology technician at the University of Nottingham (Veterinary Pathology 

Service, Sutton Bonington Campus, College Road, Sutton Bonington, Leicestershire, 

LE12 5RA) before being transported at ambient temperature to the University of 

Birmingham School of Dentistry (5 Mill Pool Way, Edgbaston, B5 7EG).  

After initial testing with the FFPE samples, it was decided that another sample type 

would be more suitable. Therefore, in Stage II of the study, tissue stored in RNA 

stabilisation solution (RNAlater) was used. Another group of chimpanzees, whose 

cardiac phenotype had been confirmed histologically, were included due to the 

availability of this sample type (see Table 3.1). While FFPE myocardial tissue was 

available from a total of 56 chimpanzees, there were only 13 chimpanzees with 

corresponding tissue samples in RNAlater, and this group of 13 did not contain all 10 

of the individuals involved in the previous chapters. One individual also had a spleen 

tissue sample (preserved in RNAlater) available, which was included in the study as a 

positive Inter-Plate Control (IPC). The tissue sections were placed into RNAlater at the 

time of whole-body post-mortem examinations carried out by the respective zoos of 

origin (n=5 zoos) and stored frozen at -20°C to -80°C. They were then sent to 

Twycross Zoo (at varied temperatures, often pre-dating the commencement of this 

PhD) where they were stored at -80°C until analysis. The Affected group (n=9) 

included five females and four males, with a median age of 40 years (range: 21 to 46 

years) and a median pre-analytical sample storage time of 74 months (range: 2 to 105 

months). The Control group (n=4) included three females and one male, with a median 

age of 26.5 years (range: 10 to 62 years) and a median pre-analytical sample storage 

time of 82 months (range: 58 to 100 months). A summary of information regarding all 

study subjects and their disease classifications can be found in Table 3.1.  
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Table 3.1: Study subjects: chimpanzees with a known cardiac phenotype (n=13), as 
confirmed histologically, categorised as Affected (diseased) or Control (healthy).  
Their sex (male or female), age at death (years) length of pre-analytical sample 
storage time (months) is also included.   

Disease 
phenotype  Study ID Sex Age at death 

(years) 
Sample storage 
(months) 

Affected 

C4 Male 33 105 

C8 Male 39 100 

C15 Female 46 93 

C29 Female 44 96 

C30 Male 21 74 

C34 Female 42 71 

C54 Male 41 6 

C55 Female 28 5 

C56 Female 40 2 

Control 

C9 Female 32 100 

C20 Male 21 90 

C31 Female 62 74 

C36 Female 10 58 
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Stage I: Using FFPE tissue samples 

RNA extraction 

The RNeasy FFPE Kit (catalog no. 73504) and Deparaffinisation Solution (catalog no. 

19093) from QIAGEN GmbH were used for the extraction and purification of total RNA 

from 10 µm FFPE tissue sections at room temperature. The kit contained RNeasy 

MinElute® Spin Columns, 1.5 mL and 2 mL Collection Tubes, Proteinase K, RNase-

Free DNase I, DNase Booster Buffer, RNase-Free Buffers (RBC, PKD and RPE) and 

RNase-Free Water. Upon arrival, the RNase-Free DNase I and the Spin Columns 

were stored at +4°C, with the remaining kit contents stored at room temperature, as 

per the manufacturer instructions. Before first use, the Buffer RPE was reconstituted 

with 44 mL ethanol (100%), and the RNase-free DNase I was reconstituted with 550 

µL of RNase-free water.  

To begin with, two 10 µm tissue sections from two chimpanzees only (C2 and C3) 

were used for the initial evaluation of RNA yield from FFPE tissues, using the following 

method (adapted from the QIAGEN RNeasy FFPE Handbook): 

1. 160 µL Deparaffinisation Solution was added to a 2 mL microcentrifuge tube 

containing two 10 µm tissue sections. This was then vortexed for 10 seconds, 

and centrifuged briefly (5-10 seconds) in a microcentrifuge.  

2. The solution was then incubated at 56°C for three minutes using a 

thermocycler, then left to cool to room temperature.  

3. 150 µL Buffer PKD was added to the solution, and mixed by vortexing.  

4. The solution was then centrifuged for one minute at 10,000 revolutions per 

minute (rpm).  

5. 10 µL Proteinase K was added to the lower, uncoloured phase of the solution 

(as separated during centrifugation) and mixed gently by pipetting. 

6. The solution was then incubated at 56°C for 15 minutes, then at 80°C for 15 

minutes.  

7. The lower, uncoloured phase of the solution was carefully transferred into a 

new 2 mL microcentrifuge tube.  
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8. The solution was incubated on ice for three minutes, before centrifuging at 

13,500 rpm  for 15 minutes.  

9. The supernatant was carefully transferred to a new 1.5 mL microcentrifuge 

tube, without disturbing the pellet containing insoluble tissue debris.  

10. 16 µL DNase Booster Buffer and 10 µL DNase I were added to the solution, 

then mixed by tube inversion and incubated at room temperature for 15 

minutes.  

11. 320 µL Buffer RBC was added, before mixing by pipette.  

12. 720 µL ethanol (100%) was added, before mixing by pipette. 

13. 700 µL of the sample was transferred to a Spin Column placed in a 2 mL 

collection tube. The sample was centrifuged at ≥10,000 rpm for 15 seconds. 

The eluate (flow-through) was discarded. 

14. Step 13 was repeated until the entire sample volume had passed through the 

Spin Column. 

15. 500 µL Buffer RPE was added to the Spin Column and centrifuged at ≥10,000 

rpm for 15 seconds. The eluate was discarded. 

16. Another 500 µL Buffer RPE was added to the Spin Column and centrifuged at 

≥10,000 rpm for 2 minutes. The collection tube and eluate were discarded, 

taking care not to allow the column to come into contact with the eluate.  

17. The Spin Column was carefully placed into a new 2 mL collection tube, then 

centrifuged with the lid open at full speed for five minutes. The collection tube 

and eluate were discarded. 

18. The Spin Column was carefully placed into a new 1.5 mL collection tube. 20 µL 

RNase-free water was added to the Spin Column before centrifuging for one 

minute at full speed. The resulting eluate was the purified RNA.  
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After this, an optimisation of the protocol to improve RNA yield and quality was 

attempted, by altering the following procedures: 

1. Excess paraffin wax was trimmed from the tissue sections before use. 

2. The reagent volumes added were increased, as advised by the manufacturer 

for the use of >2 tissue sections. 

3. Step 1 (deparaffinisation) of the original protocol was repeated, twice. 

4. The volume of deparaffinisation solution added was increased. 

5. Step 2 (56°C incubation) of the original protocol was repeated, twice. 

6. The original FFPE tissue blocks were obtained, and fresh tissue sections were 

cut immediately before use, to avoid prolonged exposure to air.   
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Stage II: Using tissue samples in RNAlater 

RNA extraction 

The RNeasy® Mini Kit from QIAGEN GmbH (catalog no. 74104), TRIzol™ Reagent 

from Invitrogen (catalog no. 15596026) and Chloroform from Sigma-Aldrich (catalog 

no. C2432) were used for the extraction and purification of total RNA from tissue 

sections that had been stored in RNAlater. The RNeasy Mini Kit contained RNeasy 

Mini Spin Columns, 1.5 mL and 2 mL Collection Tubes, RNase-Free Buffers (RLT, 

RW1 and RPE) and RNase-Free Water. Upon arrival, the kit contents were stored at 

room temperature, as per the manufacturer instructions. Before first use, the Buffer 

RPE was reconstituted with 44 mL ethanol (100%). Appropriate health and safety 

precautions were taken before and during the use of TRIzol Reagent.  

Approximately 50 mg of tissue per sample (see Table 3.2) was sectioned using a 

scalpel prior to extracting total RNA using the following method (adapted from the 

QIAGEN RNeasy Mini Handbook):  

1. Inside a flow hood, 1 mL TRIzol Reagent was added to a 1.5 mL tube containing 

the 50 mg tissue section. 

2. The tissue was disrupted and homogenised using a rotor-stator tissue 

homogeniser, continuing until all tissue is visibly disrupted. 

3. The sample was left to sit at room temperature for 5 minutes. 

4. 200 µL chloroform was added, before replacing the lid and shaking vigorously 

for 15 seconds.  

5. The sample was left to sit at room temperature for 3 minutes. 

6. The sample was centrifuged for 15 minutes at ≥10,000 rpm.    

7. The aqueous phase of the supernatant was carefully removed and transferred 

into a new microcentrifuge tube. 

8. An equal volume (500-700 µL) of 70% ethanol was slowly added to the 

supernatant, then mixed by pipetting. 

9. 700 µL of the sample, including any precipitate that may have formed, was 

transferred to a Spin Column placed inside a 2 mL collection tube. 
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10. The sample was centrifuged for 30 seconds at ≥10,000 rpm. The eluate was 

discarded. 

11. If the sample volume exceeded 700 µL, successive aliquots were centrifuged 

in the same Spin Column. The eluate was discarded after each centrifugation. 

12. 700 µL Buffer RW1 was added to the Spin Column. The lid was closed gently, 

then the sample was centrifuged for 30 seconds at ≥10,000 rpm.  

13. The Spin Column was transferred to a new collection tube. 500 µL Buffer RPE 

was added to the Spin Column. The lid was closed gently, then the sample was 

centrifuged for 30 seconds at ≥10,000 rpm. The eluate was discarded. 

14. 500 µL Buffer RPE was added to the Spin Column. The lid was closed gently, 

then the sample was centrifuged for 2 minutes at ≥10,000 rpm.  

15. The Spin Column was transferred to a new collection tube and centrifuged 

(empty) for 2 minutes at ≥10,000 rpm.  

16. The Spin Column was transferred to a new collection tube and 30 µL RNase-

free water was added directly to the Spin Column membrane. The sample was 

left to sit at room temperature for 2 minutes. The lid was closed gently, then the 

sample was centrifuged for 1 minute at ≥10,000 rpm. The resulting eluate was 

the purified RNA. 

Finally, the concentration (µg/mL) and purity (ratio of optical density absorbance at 

260nm and 280nm) of the resultant RNA were assessed using a NanoDrop® 

instrument. 
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Table 3.2: Mass (g) of tissue samples used for the extraction and purification of total 
RNA from myocardial tissue stored in RNAlater (n=14).  
Asterisk (*) denotes an insufficient sample quantity available to meet the 50 mg (0.050 
g) minimum mass.  

Disease phenotype  Study ID Mass of tissue used (g) 

Affected 

C4 0.057 

C8 0.056 

C15 0.054 

C29 0.053 

C30 0.058 

C34 0.012 * 

C54 0.058 

C55 0.059 

C56 0.052 

Control 

C20.SP 0.056 

C9 0.053 

C20 0.052 

C31 0.055 

C36 0.053 
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Reverse transcription 

The extracted and purified RNA was converted into cDNA via reverse transcription. 

This was carried out using the Tetro™ cDNA Synthesis Kit from Bioline (catalog no. 

BIO-65043), which contained 5x RT Buffer, Reverse Transcriptase (200 u/µL), RNase 

Inhibitor (10 u/µL), dNTP Mix (10 mM Total), Oligo (dT)18 Primer Mix, Random 

Hexamer Primer Mix, and DEPC-treated Water. Upon arrival, the kit contents were 

stored at -20°C, as per the manufacturer instructions.  

The following method, adapted from the Tetro cDNA Synthesis Kit Protocol, was used:  

1. On ice, a priming mastermix was prepared in an RNase-free reaction tube, 

according to the total number of samples it was needed for. The baseline ratio 

of components was as follows, which accounted for volume loss inside tubes 

and pipette tips: 

a. 1.5 µL Oligo(dT)18  

b. 1.5 µL dNTP mix (10 mM) 

c. 6 µL 5x RT Buffer 

d. 1.5 µL RNase Inhibitor  

e. 1.5 µL Reverse Transcriptase (200 u/µL) 

2. 8 µL of the mastermix was aliquoted into separate PCR reaction tubes (one 

tube per sample). 

3. The volumetric equivalent of 0.5 µg RNA (to a maximum of 12 µL) was added, 

using the concentration of each RNA sample as assessed by a NanoDrop® 

instrument, according to the equation:  

𝑃𝑃𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟 𝑓𝑓𝑓𝑓 𝑅𝑅𝑁𝑁𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟 𝑛𝑛𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠 (𝑠𝑠𝑟𝑟) =  
0.5 (µ𝑁𝑁)

𝑅𝑅𝑁𝑁𝐴𝐴 𝑆𝑆𝑓𝑓𝑛𝑛𝑆𝑆𝑟𝑟𝑛𝑛𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑠𝑠𝑓𝑓𝑛𝑛
 

4. DEPC-treated water was added to give a final reaction volume of 20 µL. RNA 

plus water should equal 12 µL. If the volume of RNA added was the maximum 

(12 µL), no water was added:  

𝑃𝑃𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟 𝑓𝑓𝑓𝑓 𝑤𝑤𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 𝑛𝑛𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠 (µ𝐿𝐿) = (12 µ𝐿𝐿) − �𝑆𝑆𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟 𝑓𝑓𝑓𝑓 𝑅𝑅𝑁𝑁𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠 (µ𝐿𝐿)� 

5. The solution was mixed gently by pipetting.  
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6. Using a thermocycler, the following incubation programme was run: 

a. 45°C for 60 minutes 

b. 85°C for 5 minutes 

c. 4°C indefinitely (until removed from thermocycler) 

7. 30 µL RNase-free water was added.  

8. The solution was stored at -20°C, if not proceeding immediately with RT-qPCR.  

 

Reference and target gene selection 

Accurate analysis of target gene expression via RT-qPCR requires normalisation to 

account for variations in RNA quality, sample quantity, and the efficiency of reverse 

transcription and amplification (Bustin et al., 2009). Reference genes (often called 

housekeeping genes) are used as internal controls for this purpose. The stability of 

reference genes is critical, as their expression must remain constant across all 

experimental conditions (Huggett et al., 2005). In this study, reference gene selection 

was conducted according to the Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments (MIQE) guidelines (Bustin et al., 2009), which state that 

multiple reference genes should be evaluated and refined based on their stability 

within the samples in use. Eight candidate reference genes were therefore chosen 

based on their common use in RT-qPCR experiments and previous reports of stable 

expression in similar tissue types (De Jonge et al., 2007): Actin Beta (ACTB); Beta-2-

Microglobulin (B2M); Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH); 

Lactate Dehydrogenase A (LDHA); Ribosomal Protein S12 (RPS12); Ribosomal 

Protein S20 (RPS20); Ribosomal Protein L27 (RPL27); and Tyrosine 3-

Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta (YWHAZ).  

A review of the literature was carried out to identify appropriate target genes for this 

study, to ensure the inclusion of potentially important genes, even if they were not 

identified in the proteomic analysis. Fifteen markers were selected based on their 

biological relevance to inflammation, tissue remodelling, and fibrosis, as well as their 

logistical feasibility for analysis in myocardial tissue. These included cytokines 

(Interleukin-6 (IL-6) and Interleukin-11 (IL-11)), growth factors (Connective Tissue 
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Growth Factor (CCN2/CTGF), Transforming Growth Factor Beta 1 (TGF-β1), and 

Vascular Endothelial Growth Factor (VEGF)), receptors and binding proteins 

(Galectin-3 (GAL-3), Tissue Inhibitor of Metalloproteinases 1 (TIMP-1), and Vitamin D 

Receptor (VDR-01 and VDR-02)), matrix proteins (Collagen Type I Alpha 1 Chain 

(COL1A1), Collagen Type III Alpha 1 Chain (COL3A1), Fibronectin 1 (FN1), and 

Secreted Phosphoprotein 1/Osteopontin (SPP1/OPN)), and enzymes (Matrix 

Metallopeptidase 2 (MMP-2) and Matrix Metallopeptidase 9 (MMP-9)). These markers 

were chosen because they represent critical pathways implicated in extracellular 

matrix remodelling and inflammatory responses associated with myocardial fibrosis, 

as highlighted in prior research (Lok et al., 2015; Ogawa et al., 2001; Wang et al., 

2017; Schafer et al., 2017; Chen et al., 2014; Teng et al., 2021; McDonald et al., 2020; 

Vanhoutte et al., 2013; Nemir et al., 2014; Shu et al., 2021; Martínez-Martínez et al., 

2019; Suzuki et al., 2000).  

The primer sequences for the reference and target genes were designed with the help 

of Dr Ben Hewitt (a collaborator on the wider study) using the online tools ensembl.org 

and Primer3Web (Thornton and Basu, 2011). Primers are short, single-stranded DNA 

sequences that are designed to bind to specific regions of the reference or target 

genes in the amplification process during RT-qPCR. Two primers per gene are 

required (‘forward’ and ‘reverse’), with each binding to opposite strands of the target 

DNA, enabling replication in both directions (Bustin and Huggett, 2017). Primers are 

typically 18–25 nucleotides long, with balanced G-C pairs, and are designed to avoid 

secondary structures for efficient amplification (Bustin et al., 2009; Taylor et al., 2010). 

Upon arrival, all primers were reconstituted with RNase-free water according to the 

manufacturer instructions and stored at -20°C to prevent degradation. The primer 

sequences for the selected reference and target genes can be found in Table 3.3.  
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Table 3.3: Primer sequences of selected reference genes (n=8): ACTB, B2M, GAPDH, 
LDHA, RPS12, RPS20, RPL27, YWHAZ; and target genes (n=15): CCN2, COL1A1, 
COL3A1, FN1, GAL-3, IL-6, IL-11, MMP-2, MMP-9, SPP1, TGF-β1, TIMP-1, VDR-01, 
VDR-02, VEGF.  
Primers were designed for use with chimpanzee (Pan troglodytes) material using the 
online tools ensembl.org and Primer3Web. 

 

Category 
Gene 
name 

Oligo name Sequence 

Reference 
genes 

ACTB 
ACTB_CHIMP_F CTACAATGAGCTGCGTGTGG 

ACTB_CHIMP_R AGCCTGGATAGCAACGTACA 

B2M 
B2M_CHIMP_F AAGATGAGTATGCCTGCCGT 

B2M_CHIMP_R TGATGCTGCTTACATGTCTCG 

GAPDH 
GAPDH_CHIMP_F TCATCCATGACAACTTCGGTATC 
GAPDH_CHIMP_R ATGATGTTCTGGAGAGCCCC 

LDHA 
LDHA_CHIMP_F CTCTGAAGACTCTGCACCCA 

LDHA_CHIMP_R ATAGCCCAGGATGTGTAGCC 

RPS12 
RPS12_CHIMP_F CAAGAGGTTCTGAAGACCGC 

RPS12_CHIMP_R TCACAGTTGGATGCAAGCAC 

RPS20 
RPS20_CHIMP_F GCGACTCATTGACTTGCACA 
RPS20_CHIMP_R CTCAAAGTGTACTGCTGGCC 

RPL27 
RPL27_CHIMP_F ATGGGCAAGAAGAAGATCGC 

RPL27_CHIMP_R AGACATCCTTATTGACGACAGTT 

YWHAZ 
 

YWHAZ_CHIMP_F GAGAGAAAATTGAGACGGAGCT 

YWHAZ_CHIMP_R CAACCTCAGCCAAGTAACGG 

Target 
genes 

CCN2 / 
CTGF 

CCN2_CHIMP_F TACCAATGACAACGCCTCCT 

CCN2_CHIMP_R TGGGAGTACGGATGCACTTT 

COL1A1 
COL1A1_CHIMP_F CAAGAGGCATGTCTGGTTCG 
COL1A1_CHIMP_R TAGGTGATGTTCTGGGAGGC 

COL3A1 
COL3A1_CHIMP_F ACACGTTTGGTTTGGAGAGTC 

COL3A1_CHIMP_R GCTGGAGAGAAGTCGAAGGA 

FN1 
FN1_CHIMP_F TCCACAGTTCAAAAGACCCCT 

FN1_CHIMP_R TCCGCCTAAAACCATGTTCC 

Gal-3 
LGALS3_CHIMP_F AGGGAAGAAAGACAGTCGGT 
LGALS3_CHIMP_R AACCCGATGATTGTACTGCA 



107 
 

IL-6 
IL6_CHIMP_F AGACAGCCACTCACCTCTTC 

IL6_CHIMP_R AGTGCCTCTTTGCTGCTTTC 

IL-11 
IL11_CHIMP_F GAGTTTCCCCAGACCCTCG 
IL11_CHIMP_R CCGTCAGCTGGGAATTTGTC 

MMP-2 
MMP2_CHIMP_F GATGCCGCCTTTAACTGGAG 

MMP2_CHIMP_R AGGTTATCGGGGATGGCATT 

MMP-9 
MMP9_CHIMP_F ACGACGTCTTCCAGTACCG 

MMP9_CHIMP_R TGGTTCAACTCATTCCGGGA 

SPP1 / 
OPN 

SPP1_CHIMP_F ACTGATTTTCCCACGGACCT 
SPP1_CHIMP_R GGATGTCAGGTCTGCGAAAC 

TGF-β1 
TGFB1_CHIMP_F TCAACACATCAGAGCTCCGA 

TGFB1_CHIMP_R GTATCGCCAGGAATTGTTGCT 

TIMP-1 
TIMP1_CHIMP_F CTGTTGGCTGTGAGGAATGC 

TIMP1_CHIMP_R CTGGAAGCCCTTTTCAGAGC 

VDR-01 
VDRO1_CHIMP_F CTGGTCAGTTACAGCATCCA 
VDRO1_CHIMP_R TTGGAGCGCAACATGATGAC 

VDR-02 
VDRO2_CHIMP_F TGTCCCAGCTCTCCATGC 

VDRO2_CHIMP_R ATGGCACTTGACTTCAGCAG 

VEGF 
VEGFA_CHIMP_F CCGGTATAAGTCCTGGAGCG 

VEGFA_CHIMP_R TTTAACTCAAGCTGCCTCGC 
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RT-qPCR 

After reverse transcription, the cDNA was amplified and quantified via qPCR. For this, 

PowerTrack™ SYBR Green Master Mix (catalog no. 16535231) from Applied 

Biosystems™, Axygen® 96-well Polypropylene PCR Microplates (catalog no. PCR-

96-LC480-W), and a LightCycler® 480 II Instrument (catalog no. 05015278001) from 

Roche Diagnostics were used. Two genes were included per plate, with three technical 

replicates of all 13 biological samples per gene. This is in line with the sample 

maximisation strategy, which reduces inter-assay variation and allows for reliable gene 

expression comparison between samples (Hellemans et al., 2007). A No Template 

Control (NTC), which is a negative control containing the PCR Reaction Mix but no 

cDNA, was included in duplicate per gene. The spleen sample (C20.SP) was used as 

an IPC, which is a positive control used for the detection of PCR reaction failures, and 

to normalise for variability between plates. Two concentrations (100% and 10%) of the 

IPC cDNA were used, to ensure amplification efficiency and consistency (Bustin et al., 

2009; Taylor et al., 2010). The reaction conditions set on the LightCycler instrument 

began with a preincubation step at 95°C for 5 minutes at a ramp rate of 4.4°C/s, 

followed by 45 amplification cycles. Each cycle consisted of three steps: denaturation 

at 90°C for 10 seconds (ramp rate 4.4°C/s), annealing at 60°C for 10 seconds (ramp 

rate 2.2°C/s), and elongation at 72°C for 10 seconds (ramp rate 4.4°C/s). A melting 

curve analysis followed, starting with heating at 95°C for 5 seconds, holding at 65°C 

for 1 minute, and then gradually heating from 65°C to 97°C at a rate of 0.11°C/s with 

continuous fluorescence acquisition (five acquisitions per °C). The protocol concluded 

with a cooling step at 4°C for 30 minutes at a ramp rate of 2.2°C/s. 

The RT-qPCR plates were prepared according to a planned layout (see Appendix B) 

using the following protocol: 

1. On ice, PCR Reaction Mixes were made up per gene: 

a. 250 µL SYBR Green 

b. 195 µL molecular-grade water 

c. 2.5 µL forward primer 

d. 2.5 µL reverse primer 

2. The solution was vortexed and centrifuged briefly. 
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3. Microplates were prepared and labelled before placing on ice.  

4. 9 µL Reaction Mix was added to wells corresponding to the correct genes 

(according to the planned layout).  

5. 1 µL cDNA was added to wells corresponding to the correct biological samples 

(according to the planned layout).  

6. The plate was carefully covered with a Sealing Film, then covered with 

aluminium foil to protect from light, before being brought to a microplate 

centrifuge.  

7. Foil was removed, and the plate was centrifuged for 3 minutes using the 

following cycle settings:  

a. 130 mm Rotor Radius 

b. 9/\4 Ramp (acceleration/deceleration) 

c. 1500 Relative Centrifugal Force 

d. 3220 Revolutions Per Minute 

e. 25°C Temperature 

8. The plate was inserted into the LightCycler 480 Instrument and the qPCR 

programme was run. If not proceeding immediately with RT-qPCR, the plate 

was covered with aluminium foil and stored at -20°C until use. 

 

Data analysis 

The LightCycler 480 Instrument’s built-in computer software (Rasmussen, 2001) was 

used for initial data processing and quantification of the number of amplification cycles 

taken for fluorescence in the sample to become detectable above a defined threshold 

– otherwise known as Quantification Cycle (Cq) or Cycle Threshold (Ct). The Cq value 

corresponds to the quantity of target nucleic acid in a sample, with lower Cq values 

indicating higher initial amounts of target material (Bustin et al., 2009).  

The exported Absolute Quantification data were then analysed with qbase+, a 

software programme used for the normalisation, calibration and relative quantification 

of target gene expression data against multiple candidate reference genes (Hellemans 
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et al., 2007). Quality control of all technical replicates for the reference and target 

genes for each RT-qPCR plate was carried out, whereby any replicates not within one 

Quantification Cycle (Cq) were excluded from further analysis. Geometric mean 

normalisation (GeNorm) was used to assess and rank the stability of the candidate 

reference genes in this study (Vandesompele et al., 2002). A minimum of 10 samples 

and eight candidate reference genes are recommended for an optimal GeNorm 

analysis (Vandesompele et al., 2002). By identifying the most stable genes (GeNorm 

M<1), GeNorm ensures accurate normalisation of target gene expression data, 

helping to improve the reliability of the results. 

GraphPad Prism (v10.3.1) was used for statistical analysis of the resulting Calibrated 

Normalised Relative Quantity (CNRQ) target gene expression data. Data normality 

was tested using the Shapiro-Wilk test. Pearson (parametric) and Spearman (non-

parametric) correlations were used to assess the relationship between sample storage 

time and RNA purity, RNA concentration and target gene expression data. Welch’s t-

tests (parametric) and Mann-Whitney tests (non-parametric) were used to assess for 

any differences in RNA concentration and purity between sample preservation 

methods, as well as in target gene expression between chimpanzees affected by IMF 

versus healthy controls. No outliers were excluded from the statistical analysis. Given 

the small sample size and the natural variability in the dataset, retaining all data points 

ensured transparency and captured the full range of biological variability in this 

population.   
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3.3 Results 

 

Stage I: Using FFPE tissue samples 

RNA purity and concentration 

Two FFPE tissue samples (from chimpanzees C2 and C3) produced suboptimal RNA 

despite three attempts to modify the RNA extraction protocol (see Table 3.4). In the 

first attempt, using the original protocol, the concentration of 15.81 µg/mL and the 

purity ratio (260nm/280nm) of 1.55 was below the acceptable range for high-quality 

RNA, which is typically between 1.8 and 2.0 (Imbeaud et al., 2005; Sambrook and 

Russell, 2001). In the second attempt, the protocol was modified by trimming excess 

paraffin wax from tissue scrolls before use, increasing reagent volumes added, and 

repeating key deparaffinisation steps. However, these changes resulted in a lower 

RNA concentration of 6.05 µg/mL, with only a marginal improvement in purity (1.57). 

Further modifications in the third attempt, such as cutting tissue scrolls from the 

original wax tissue blocks immediately before use, and increasing the volume of 

deparaffinisation solution, resulted in a reduced RNA concentration from C2 (4.99 

µg/mL) but a slight improvement in concentration (12.01 µg/mL) and purity (1.81) from 

C3.  

Overall, despite alterations to the extraction protocol, RNA concentrations from the 

two FFPE samples tested remained low, and RNA purity was not consistently within 

the desired range for the downstream application of RT-qPCR. While one of the 

samples approached acceptable purity thresholds, the variability in results suggested 

that FFPE tissue posed significant challenges for reliable RNA extraction and 

subsequent analysis in this study. Consequently, it was decided to prioritise tissue 

stored in RNAlater for further work, as it typically allows for better preservation of RNA 

integrity and higher yields suitable for RT-qPCR (Florell et al., 2001; Mutter et al., 

2004). However, FFPE tissue may still be considered a viable future option for specific 

analyses or under conditions where alternative storage methods, such as RNAlater, 

are unavailable. 
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Table 3.4: Concentration (µg/mL) and purity (260nm/280nm) of RNA extracted from 
FFPE myocardial tissue from two chimpanzees (Pan troglodytes) as assessed by a 
NanoDrop® instrument.  

Attempt 
no. 

Protocol alterations 
(cumulative) 

Sample 
ID 

RNA conc. 
(µg/mL) 

RNA purity 
(260nm/280nm) 

1 • None (original protocol) C2.L1 15.81 1.55 

2 

• Trim excess paraffin wax  

• Increase reagent volumes  

• Repeat Step 1 
(deparaffinisation) twice 

• Repeat Step 2 (56°C 
incubation) twice 

C3.L2 6.05 1.57 

3 

• Cut tissue scrolls 
immediately before use 

• Increase volume of 
deparaffination solution 

C2.L1 4.99 1.54 

C3.L2 12.01 1.81 
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Stage II: Using tissue samples in RNAlater 

RNA purity and concentration 

The median concentration of RNA extracted from myocardial tissue samples stored in 

RNAlater from chimpanzees was 78.11 µg/mL (range: 18.77 µg/mL to 167.32 µg/mL). 

The purity ratios (260nm/280nm) ranged from 1.65 to 2.02, with a median of 1.92. The 

spleen sample (C20.SP) had an RNA concentration of 200.76 µg/mL and a purity ratio 

of 1.98 (see Table 3.5). There was no correlation between sample storage time and 

RNA concentration (p=0.981, Pearson correlation) or RNA purity (p=0.102, Spearman 

correlation).  

When comparing these results with RNA extracted from FFPE samples, both RNA 

concentration and purity were significantly different between the two preservation 

methods (see Figure 3.1). Concentration was higher in the RNAlater samples 

compared to FFPE samples (p<0.0001, Welch's t-test). Purity was also higher in 

RNAlater samples compared to FFPE samples (p=0.002, Mann-Whitney). Though 

RNA quality from RNAlater samples was variable, this sample type was considered 

acceptable for proceeding with RT-qPCR. 
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Table 3.5: RNA concentration (µg/mL), purity (260nm/280nm), and sample storage 
time (months) of myocardial tissue samples from chimpanzees affected by IMF (n=9) 
and healthy controls (n=4).  
One spleen sample was included as a positive Inter-Plate Control (C20.SP). Asterisk 
(*) denotes that the quantity of tissue available was below the suggested minimum 
(<50 mg) required for the extraction of total RNA.  

Disease 
phenotype  Sample Sample storage 

(months) 
RNA conc. 
(µg/mL) 

RNA purity 
(260nm/280nm) 

Affected 

C4 105 100.44 2.02 

C8 100 43.51 1.91 

C15 93 57.76 1.90 

C29 96 49.58 1.92 

C30 74 92.59 1.92 

C34 71 40.05 * 1.82 * 

C54 6 159.74 1.98 

C55 5 18.77 1.65 

C56 2 39.31 1.75 

Control 

C20.SP 90 200.76 1.98 

C9 100 78.31 1.98 

C20 90 81.11 1.95 

C31 74 167.32 2.00 

C36 58 85.69 1.93 
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Figure 3.1: Difference in RNA concentration (µg/mL) and purity (260nm/280nm) 
between two sample preservation methods: FFPE and RNAlater.  
The box and whisker plots display the median (horizontal line within the box), the 
interquartile range (IQR, the box itself), and the whiskers representing the minimum 
and maximum values within 1.5 times the IQR. Individual data points are shown as 
dots. Statistically significant differences between sample preservation methods are 
indicated by asterisks: **** = p<0.0001 for RNA concentration, and ** = p<0.01 for 
RNA purity, as determined by Welch’s t-test and Mann-Whitney test, respectively. 
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Gene expression 

One reference gene, RPS20, and two target genes, VDR-01 and VDR-02, showed no 

detectable expression at the gene transcript level and were subsequently excluded 

from further analysis. GeNorm analysis revealed that only one of the remaining seven 

candidate reference genes was optimally stable (RPL27, GeNorm M<1). In this 

instance, it was recommended by the software that the six most stable reference 

genes be retained for further analysis, since the use of multiple sub-optimal reference 

genes provides more accurate normalisation than one optimal reference gene (Taylor 

et al., 2010; Hellemans et al., 2007). LDHA was the least stable (M=1.42) and was 

removed, therefore the expression of the target genes was normalised according to 

RPL27, B2M, RPS12, ACTB, GAPDH and YWHAZ, in order of decreasing stability, 

respectively.  

All biological samples (n=13) showed expression of the remaining target genes (n=13). 

However, no significant differences in CNRQ were observed between the Affected and 

Control group for any of the tested genes (see Figure 3.2): CCN2/CTGF (p=0.414, 

Mann-Whitney); COL1A1 (p=0.301, Welch’s t-test); COL3A1 (p=0.826, Welch’s t-test); 

FN1 (p=0.330, Mann-Whitney); GAL-3 (p=0.990, Welch’s t-test); IL-6 (p=0.889, Mann-

Whitney); IL-11 (p=0.436, Mann-Whitney); MMP-2 (p=0.199, Mann-Whitney); MMP-9 

(p>0.999, Mann-Whitney); SPP1/OPN (p=0.504, Mann-Whitney); TGF-β1 (p=0.184, 

Welch’s t-test); TIMP-1 (p=0.604, Mann-Whitney); VEGF (p=0.604, Mann-Whitney).  

There was no correlation between sample storage time and gene expression for any 

of the target genes (p>0.05, Pearson and Spearman correlation).  

 

 

 



117 
 

 
Figure 3.2: Expression of target genes (n=13) in myocardial tissue from chimpanzees 
affected by IMF (n=9) versus healthy controls (n=4).  
The bars represent the mean Calibrated Normalised Relative Quantity (CNRQ) values, 
with error bars indicating the standard deviation (SD). Individual data points are 
represented by dots. Statistical significance was assessed using either Welch's t-test 
or the Mann-Whitney test.  
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3.4 Discussion 

 

This study aimed to investigate the molecular signature of IMF in chimpanzees by 

quantifying the expression of 13 target genes associated with fibrosis, inflammation, 

and ECM remodelling using RT-qPCR. RNA was extracted from both FFPE and 

RNAlater-preserved myocardial tissues to assess gene expression. Despite rigorous 

methodology, no significant differences in gene expression were observed between 

affected and control groups, and VDR expression was undetectable at the transcript 

level. These findings highlight the potential technical challenges of using post-mortem 

tissue for transcriptomic analysis. 

RNA quality 

One of the most crucial aspects of any RT-qPCR study is the quality of the RNA 

extracted from tissue samples, which can significantly affect the downstream results. 

In this study, attempts to extract RNA from FFPE tissue produced poor yields and RNA 

purity, consistent with previous reports highlighting the challenges associated with 

RNA extraction from FFPE samples (Srinivasan et al., 2002; von Ahlfen et al., 2007). 

FFPE-induced crosslinking of nucleic acids and proteins often leads to RNA 

degradation, particularly in fibrous tissues such as myocardium, where collagen 

content is high (Lewis et al., 2001). Nevertheless, FFPE tissue remains a potential 

option for gene expression analysis in certain scenarios. While FFPE samples are 

inherently more processed than alternatives such as RNAlater-stored tissue, their 

suitability for retrospective studies make them an important resource. Optimising 

protocols for fixed fibrous tissues, as suggested in the literature (Ortega-Pinazo et al., 

2023), or exploring alternative, high-throughput methods such as RNA-seq (Mortazavi 

et al., 2008; Chen et al., 2021c), may enable FFPE tissue to be used more effectively, 

particularly where no alternative tissue preservation method is available. 

Tissue stored in RNAlater yielded significantly higher RNA concentrations and purities. 

RNAlater preserves RNA immediately by inhibiting RNase activity, offering superior 

RNA quality compared to FFPE (Florell et al., 2001; Mutter et al., 2004). The lack of 

correlation between sample storage time and RNA quality suggests that RNAlater 

preserves RNA adequately even over extended periods, a finding that aligns with the 

literature (Farragher et al., 2008). Although the purity and concentration yield of RNA 
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from RNAlater-stored tissue exhibited variability, these parameters were within 

acceptable ranges for RT-qPCR (Bustin et al., 2009).  

Gene expression 

The absence of significant differences in the expression of target genes between the 

affected and control groups raises important questions about technical and biological 

variability in this study. Although the selected reference genes were normalised using 

GeNorm to evaluate stability, only one of the eight candidates, RPL27, exhibited 

optimal stability (Vandesompele et al., 2002). The overall instability of the reference 

genes may have influenced the results of the target genes, the possible reasons for 

which will be discussed in more detail at a later point.  

The absence of detectable VDR expression in chimpanzee myocardium raises 

questions about species-specific differences or potential technical limitations. In 

humans and other mammals, VDR is expressed in myocardial tissue, playing roles in 

mitigating fibrosis, inflammation, and hypertrophy (Chen et al., 2011; Rahman et al., 

2007). One hypothesis is that the myocardium may not require high levels of VDR 

gene expression due to the long half-life and stability of the VDR protein, reducing the 

need for continuous transcription (Javan et al., 2024). Alternatively, VDR expression 

may be condition-dependent, increasing under specific pathological stimuli, such as 

cardiac hypertrophy or inflammation (Chen et al., 2008). While the presence of IMF in 

the Affected group represents a pathological trigger, the variability introduced by post-

mortem interval and tissue handling may have obscured detectable transcription. 

Evidence from post-mortem transcriptomics suggests that degradation and 

transcriptional silencing during death may disproportionately affect certain genes, 

especially those with transient or low baseline expression, such as VDR (Ferreira et 

al., 2018; Javan et al., 2024). Furthermore, species-specific genetic factors, such as 

VDR polymorphisms, could influence VDR expression patterns and functional roles in 

chimpanzee myocardium (Gisbert-Ferrándiz et al., 2020; Jia et al., 2014), and this 

would be an important avenue for future research in light of the suspected importance 

of vitamin D in IMF (Strong et al., 2020; Moittié et al., 2022).  

Despite the lack of statistically significant findings, trends in the expression of fibrosis-

related markers, such as MMP-2, TGF-β1 and CCN2 (CTGF), merit further 

investigation. TGF-β1 is a well-known pro-fibrotic cytokine that promotes fibroblast 
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activation and ECM deposition in fibrotic tissues (Leask and Abraham, 2004). 

Similarly, CCN2 acts downstream of TGF-β1 to amplify fibrotic responses (Shi-Wen et 

al., 2008). Although these trends were not statistically significant in this study, their 

biological relevance is well-supported in the literature, suggesting that larger sample 

sizes and more homogenous pre-analytical conditions may provide clearer results.  

Limitations and technical considerations 

RNA extracted from samples preserved in RNAlater generally exhibited better quality, 

though variability in purity and concentration was still evident. This inconsistency likely 

arose from factors such as post-mortem interval (PMI), sample handling, and storage 

conditions. Extended PMIs are particularly problematic because RNA degrades 

rapidly, reflecting the transient and dynamic nature of the transcriptome at the time of 

sampling (Ferreira et al., 2018; Javan et al., 2024). For genes like VDR, whose 

expression may depend on specific physiological or pathological stimuli, this 

degradation likely contributed to the inability to detect transcription. Post-mortem 

transcriptomic analyses are further complicated by the molecular processes triggered 

by death. While DNA remains relatively stable, RNA is highly vulnerable to degradation 

by ribonucleases and environmental factors (Javan et al., 2024). In addition, some 

genes undergo active transcriptional changes post-mortem, while others are silenced, 

creating further complexity in interpreting gene expression (Ferreira et al., 2018; Javan 

et al., 2024). These pre-analytical challenges likely also affected the low stability of 

reference genes in this study.  

Other pre-analytical factors, such as tissue sampling, storage, and transport 

conditions, likely contributed to the observed variations in RNA quality. For instance, 

while it is recommended that no more than 0.5 cm³ of tissue is preserved in 2.5–5 mL 

of RNAlater (Ambion, 2010), some samples had substantially more tissue per solution 

volume, likely hindering the stabilisation of RNA within the core of the tissue. Storage 

conditions at the zoos also varied, with some samples stored at -80°C, others at -20°C, 

and some even at room temperature, according to communications with zoo 

veterinarians. Although RNAlater is generally effective in preserving RNA, inconsistent 

storage temperatures may have contributed to inter-sample variability (Ambion, 2010; 

Micke et al., 2006). Prolonged storage times, reaching up to 105 months in this study, 

may have further compounded these effects, as RNA degradation can occur even in 

stabilised samples over time (Imbeaud et al., 2005). While no direct correlation was 
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observed between storage time and RNA quality, future studies would benefit from 

assessing RNA integrity more comprehensively, rather than relying solely on purity 

and concentration measures (Fleige and Pfaffl, 2006).  

As discussed in earlier chapters, distinguishing between the affected and control 

groups was further complicated by potential overlap in clinical and subclinical 

phenotypes. For example, some individuals in the control group exhibited mild fibrotic 

changes or were affected by co-morbidities or external factors not accounted for. 

Notably, two chimpanzees in this study (one from each group) died of hyperthermia, 

a condition known to induce acute molecular responses (Leon and Helwig, 2010). 

Although these individuals did not significantly alter the analysis outcomes, their cases 

highlight the potential influence of environmental stressors on gene expression. 

Conclusions 

This study provides further preliminary insights into the molecular landscape of IMF in 

chimpanzees, highlighting the challenges of measuring gene expression in post-

mortem tissue. Pre-analytical variability, including PMI and storage conditions, likely 

influenced RNA quality, reference gene stability, and expression of the target genes. 

While the lack of detectable VDR expression may reflect species-specific or disease-

specific regulation and merits further investigation, it is likely that the pre-analytical 

environment affected this too. While it is known that RNA expression does not always 

correlate with protein levels (Schwanhüusser et al., 2011; Vogel and Marcotte, 2012), 

further work involving the expression of genes corresponding to the proteins of interest 

from the previous chapter (Chapter 2) could also be beneficial.  

With refinement of pre-analytical and technical considerations, the integration of gene 

expression analysis with complementary approaches such as tissue proteomics and 

serum biomarkers has the potential to offer valuable contributions to the broader 

understanding of IMF. In the meantime, the final chapter will explore circulating vitamin 

D levels in zoo-housed great apes as a potential risk factor for IMF, integrating these 

findings into a broader understanding of cardiovascular health in great apes. 
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4. EXPLORATION OF VITAMIN D STATUS IN EUROPEAN ZOO-HOUSED 

GREAT APES 
 

4.1 Introduction 

 

The aetiology of IMF in great apes is currently unknown, but previous work from the 

wider research group has suggested a possible link with vitamin D, while also ruling 

out other important hypotheses (Strong et al., 2020). Since vitamin D is known to be 

important for cardiovascular and overall health, a thorough investigation into the 

vitamin D status of the zoo-housed great ape populations is an important first step in 

learning more about this potential risk factor for IMF.  

Vitamin D comprises a group of fat-soluble secosteroids, and its main source in 

humans and animals is dependent on direct, unfiltered sunlight. Cholecalciferol 

(vitamin D3) is synthesised when ultraviolet B (UVB) radiation from the sun interacts 

with 7-dehydrocholesterol in the skin (Holick et al., 1980). Ergocalciferol (vitamin D2) 

is synthesised by plants and fungi, and obtained by humans and animals from dietary 

sources (Holick et al., 1980). Both vitamin D2 and D3 are inactive forms that are 

converted by the liver into the major circulating metabolite: calcifediol. Otherwise 

known as 25-hydroxyvitamin D (25-OHD), calcifediol is the biomarker used to measure 

vitamin D status and is relatively stable with a half-life of 2-3 weeks (Jones et al., 1998; 

Lund et al., 1980). The active form, 1,25-dihydroxyvitamin D, interacts with cells via 

the VDR and is essential for calcium and phosphorus homeostasis, and a range of 

other physiological processes including immune function and cardiovascular health 

(Schwalfenberg, 2011; Calton et al., 2015; Wang et al., 2020; Holick, 2004a; Szodoray 

et al., 2008; Deluca et al., 2013).  

Vitamin D is known to have a cardioprotective role, and may regulate fibrosis (such as 

IMF) by modulating anti-inflammatory and oxidative stress pathways (Meredith et al., 

2015). Additionally, Chapter 2 of this thesis identified mitochondrial dysfunction and 

impaired calcium regulation as key molecular pathways associated with IMF in 

chimpanzees. These processes are intrinsically tied to oxidative stress and reactive 

oxygen species (ROS), which vitamin D is known to modulate via its anti-inflammatory 

and antioxidant effects (Srinivasan and Avadhani, 2012; Wimalawansa, 2019). 
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Additionally, gene expression analysis of cardiac tissue (Chapter 3) did not detect VDR 

expression at the transcript level, which requires more investigation.  

Furthermore, reduced UVB exposure and subsequent vitamin D deficiency are 

implicated in the pathogenesis of hypertension (hypothesised to be a risk factor for 

IMF in great apes), as vitamin D plays a critical role in regulating the renin-angiotensin 

system, improving endothelial function, and reducing vascular inflammation (Rostand, 

1997; Pilz et al., 2009). Widespread vitamin D deficiency is a public health concern for 

humans worldwide (Cashman et al., 2016; Prentice, 2008), and since non-human 

great apes share a high genetic and physiological similarity with humans, it is likely 

that their vitamin D requirements and metabolism are comparable.  

In zoo-housed animals, maintaining adequate vitamin D status can be challenging. In 

the wild, great apes and other species obtain sufficient UVB exposure from sunlight, 

alongside a balanced, natural diet (Van Mulders et al., 2024). However, in managed 

populations, factors such as geographical latitude and enclosure design can restrict 

UVB exposure, and a human-managed diet can differ greatly from the naturally 

occurring foods in species’ range countries (Van Mulders et al., 2024).  

Great apes living in European zoos possess known human risk factors for vitamin D 

deficiency. For example, those with darker skin pigmentation require more UVB 

exposure to synthesise adequate vitamin D3 because melanin, which protects against 

UVA damage and regulates UVB absorption, reduces the efficiency of vitamin D 

synthesis (Webb et al., 2018; Hall et al., 2010; Akeson et al., 2016; Jablonski and 

Chaplin, 2010). Being housed indoors and at northerly latitudes is also a risk factor –  

at latitudes above 37°N (level with southern Europe), UVB is not present in sufficient 

quantities in winter months for adequate vitamin D synthesis (Webb et al., 1988). The 

colder weather at more northerly latitudes also may make it less desirable to spend 

time outdoors (The Scientific Advisory Committee on Nutrition, 2016). Alongside this, 

the prevalence of cardiovascular disease, particularly IMF, in great apes is higher in 

zoos than in the wild (Strong et al., 2020; Van Mulders et al., 2024). Therefore, it is 

reasonable to investigate possible environmental differences that differ between the 

two settings, such as solar UV levels, thus impacting vitamin D status. Understanding 

how vitamin D status may influence health outcomes in great apes, and identifying 
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vulnerable groups and practical interventions within these populations, is therefore a 

highly important area of research. 

Although research on vitamin D in zoo-housed great apes is very limited, with no 

published reports on bonobos or orangutans, it is becoming an increasingly prominent 

topic, and previous studies have provided important insights. Cases of rickets in 

juvenile chimpanzees raised without outdoor access highlight the risks of insufficient 

UVB exposure, while in another study, chimpanzees with greater sunlight access 

showed significantly higher serum vitamin D levels (Junge et al., 2000; Videan et al., 

2007b). In gorillas, individuals housed indoors without direct sunlight exposure had 

lower serum 25-OHD concentrations compared to those with regular outdoor access, 

despite similar dietary provisions (Bartlett et al., 2017). These findings suggest that 

dietary intake alone is insufficient in maintaining adequate vitamin D levels and 

emphasise the need for species-specific research into the effects of diet, UVB 

exposure, and other husbandry practices (Crissey et al., 1999). In the first published 

research measuring 25-OHD in sanctuary-living chimpanzees in their range countries, 

median vitamin D status was insufficient by human standards, and varied by sex, age 

and sunlight exposure (Feltrer-Rambaud et al., 2023).  

This thesis chapter builds on existing research on vitamin D status in a large portion 

of the European zoo-housed chimpanzee population (Moittié et al., 2022), which was 

the first large-scale, multi-zoo study of its kind, and identified widespread vitamin D 

insufficiency while highlighting significant predictors such as season, health status, 

and outdoor access. Despite the growing body of literature on this topic, several key 

knowledge gaps remain, and this chapter expands the scope to include all four great 

ape species for the first time. By incorporating a larger dataset and additional 

variables, this study aims to: 

1. Evaluate 25-OHD concentrations in bonobos, chimpanzees, gorillas, and 

orangutans and determine the prevalence of deficient, insufficient, adequate, and 

optimal vitamin D statuses in line with human reference ranges.  

2. Investigate the influence of individual (e.g., age, sex, health status, coat coverage), 

environmental (e.g., UVB irradiance, seasonality), and husbandry (e.g., outdoor 

access, diet) factors on vitamin D status. 
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3. Assess whether certain species or subpopulations are at greater risk of vitamin D 

insufficiency and explore potential underlying causes. 

4. Inform evidence-based management for zoo-housed great apes by further 

highlighting considerations for health and husbandry practices.   



126 
 

4.2 Materials and methods 

 

Study subjects 

This study used serum and plasma samples from zoo-housed bonobos (Pan 

paniscus), chimpanzees (Pan troglodytes), gorillas (Gorilla gorilla) and orangutans 

(Pongo abelii and Pongo pygmaeus). A total of 473 samples (n=468 serum, n=5 

plasma) from 322 animals were measured for vitamin D. Of these, 228 samples are 

yet to be published, while 245 chimpanzee samples were already published in the 

form of a peer-reviewed journal article in Scientific Reports (Moittié et al., 2022), which 

can be found in Appendix C. This thesis chapter is a follow-on from the published 

chimpanzee study, with additional novel results for the remaining great ape species.  

From bonobos, there were 50 samples from 43 individuals. 20 samples were from 

males, and 30 from females, with an overall age range of 3 to 54 years (median = 18.5 

years). From chimpanzees, there were 255 samples from 149 individuals. 100 

samples were from males, and 154 from females, one with an unknown sex. The 

overall age range at the time of sampling was 1 to 65 years (median = 28 years), with 

age unknown for 4 samples. From gorillas, there were 107 samples from 86 

individuals. 49 samples from males, and 58 from females, with an overall age range 

of 0 to 50 years (median = 14.5 years). From orangutans, there were 61 samples from 

44 individuals. 34 samples were from males, and 27 from females, with an overall age 

range of 4 to 48 years (median = 22 years). A more detailed breakdown of the post-

data-processing study animal demographics can be found in Table 4.3.  

All samples were collected opportunistically during veterinary procedures at the zoos 

of origin (n=56 zoos), before being shipped frozen to the UK for subsequent vitamin D 

measurement. Where necessary, CITES permits and other import paperwork were 

obtained prior to sample transport. Repeated samples from the same animal were 

accepted if the sampling dates were at least 60 days (two months) apart.  

25-OHD measurement 

Once in the UK, serum and plasma samples were sent  to a laboratory participating in 

the UK Accreditation Service (UKAS) Vitamin D External Quality Assessment Scheme 

(Clinical Biochemistry, Manchester University NHS Foundation Trust, M13 9WL). All 

samples were analysed at the same laboratory, in as few batches as possible, in order 
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to minimise analytical variability (Holmes et al., 2013; Viljoen et al., 2011; Ferrari et 

al., 2017). Measurements of 25-OHD2, 25-OHD3, and total 25-OHD were carried out 

using Liquid Chromatography and tandem Mass Spectrometry (LC-MS/MS). The 

analysis involved Transcend II liquid chromatography with TurboFlow online sample 

preparation technology, and a TSQ Endura tandem quadrupole mass spectrometer 

(Thermo Fisher Scientific), as previously described (Moittié et al., 2020b, 2022). 

Clinical interpretation of vitamin D status was based on total 25-OHD (the sum of 25-

OHD2 and 25-OHD3) and was adapted from known human reference ranges (Holick 

et al., 2011; The Scientific Advisory Committee on Nutrition, 2016; British Association 

of Dermatologists et al., 2010), since no formal reference ranges currently exist for 

non-human great apes. The reference ranges used for this study can be found in Table 

4.1. 

 

Table 4.1: Reference ranges used for the interpretation of vitamin D status (total 25-
OHD, nmol/L) of zoo-housed great apes, as adapted from known human ranges.  

Total 25-OHD (nmol/L) Category 

<25 Deficient 

25–50 Insufficient 

51–75 Adequate 

>75 Optimal 

 

 

Zoo questionnaire and environmental data 

In an effort to understand more about the factors affecting vitamin D status in non-

human great apes, a survey including questions pertaining to the characteristics, 

health and husbandry of the study animals was developed and sent to all zoos of 

sample origin. The questions were filled out per sample, and details about the 

questions can be found in Table 4.2.  

Mean UVB (Daily All Sky Surface UVB Irradiance, W/m2) at each sampling location in 

the 60 days prior to sampling was obtained from the National Aeronautics and Space 

Administration (NASA) Langley Research Center (LaRC) Prediction of Worldwide 
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Energy Resource (POWER) Project (Data Access Viewer v2.4.2). For this, the latitude 

and longitude of each zoo of origin was obtained from the Species360 Zoological 

Information Management System (ZIMS), and an online date calculator (Time and 

Date AS 1995-2024, n.d.) was used to obtain the starting date for the UVB data time 

period (60 days prior to the sampling date). The mean UVB (W/m2) was calculated for 

each 60-day pre-sampling period and used for further analysis.  

To make a map visualising the geographic origins of samples in the context of global 

UVB irradiance, a different UVB dataset (in J/m2) was downloaded (Beckmann et al., 

2014). This was in the form of geospatial data and encompassed the global annual 

mean UVB levels from 2004–2013. This was used to build maps using QGIS Desktop 

v2.18.28 in conjunction with a world map shapefile and CSV files containing the 

latitude, longitude, and number of samples at each sampling location.  

The season of the year was determined in the following way for each sampling date: 

Spring (21st March–20th June), Summer (21st June–21st September), Autumn (22nd 

September–20th December), and Winter (21st December–20th March).  

The age group category (years) at the time of sampling was determined in the following 

way: Juvenile (<15 years), Adult (15–34 years), and Elderly (>34 years). While the 

categories were directly taken from the published chimpanzee study (Moittié et al., 

2022), their application across bonobos, gorillas, and orangutans is supported by 

comparative data on life expectancy and maturational timelines. Juvenile cut-offs are 

supported by studies that defined “young” chimpanzees with a mean age well below 

15 years (Videan et al., 2007b) and placed the end of adolescence at 15 years in both 

chimpanzees and orangutans (Weiss and King, 2015). Adulthood typically begins in 

the early teens and extends into the early 30s, with adulthood commonly defined as 

15–35 years (Weiss and King, 2015). The elderly category is well supported, as 

individuals over 34 years are considered aged in studies of physiological and 

behavioural ageing (Strong et al., 2020; Baker, 2000), and 35+ is described as the 

onset of old age across great ape species (Lowenstine et al., 2016). Additionally, 

chimpanzees typically experience reproductive senescence by age 35, supporting this 

threshold as biologically meaningful (Alberts et al., 2013).  



129 
 

Data analysis 

All data were gathered and processed using Microsoft Excel. Any repeated samples 

from the same individuals that overlapped the same sampling period were removed, 

keeping only one sample per 60-day period. For samples with 25-OHD concentrations 

reported as <5 nmol/L, the limit of detection (5 nmol/L) was assigned as the measured 

value. This conservative approach avoids underestimating values while enabling their 

inclusion in statistical analyses.  

Statistical analysis was carried out using GraphPad Prism (v10.4.0). Shapiro-Wilk 

normality tests were performed prior to analysis. All variables were tested for 

significance against total 25-OHD: Continuous variables (UVB [W/m2] and sample 

storage time [months]) were tested using parametric Pearson r or non-parametric 

Spearman r correlation; Binary categorical variables (Sex, sample type, health status, 

contraception [females only], pregnancy/lactation [females only], Pellets in diet, 

Supplement in diet, UV lighting/UV permeable materials in enclosure, Outdoor access) 

were tested using parametric t-tests or non-parametric Mann-Whitney tests; Ordinal 

categorical variables (Season of the year, Coat quality, Age group, Body condition 

score) were tested using ANOVA or non-parametric Kruskal-Wallis tests with Dunn’s 

post-hoc test for multiple comparisons. For statistical analysis, the body condition 

score variable was condensed from nine ordinal levels, to three, where levels 1-3 

became “Low (1-3)”, levels 4-6 became “Medium (4-6)”, and levels 7-9 became “High 

(7-9)”. All variables were first tested using all great apes together, with those producing 

statistically significant results being further explored at the species level.  
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Table 4.2: Questionnaire sent to zoos of origin in order to gather additional data 
regarding vitamin D status of great apes.  

Category Question 

Individual 
characteristics 

Animal name 
Species 
GAN (ID #) 
Date of sampling 
What was the animal’s coat quality in the 2 months before sampling? 
1 = Intact coat cover 
2 = Partial hair loss (e.g. due to overgrooming) 
3 = Total hair loss (e.g. alopecia) 

Health 

What was the animal’s overall health status in the 2 months before 
sampling? 
1 = Healthy 
2 = Abnormal 
Was the animal on contraception in the 2 months before sampling?  
If yes, what method? 
1 = No 
2 = Yes 
If female, was the animal pregnant or lactating in the 2 months before 
sampling? 
1 = No 
2 = Yes 
What was the animal’s body condition score in the 2 months before 
sampling? On a scale of 1–9, where: 
1 = Emaciated 
5 = Ideal 
9 = Obese 

Husbandry 

Was there commercial pellet feed in the animal’s diet in the 2 months 
before sampling? If yes, please provide the exact brand and type of 
pellet.  
1 = No 
2 = Yes 
Was the animal receiving additional vitamin D supplementation 
(additional to the core diet/pellets) in the 2 months before sampling? 
If yes, in what form and dose? 
1 = No 
2 = Yes 
Did the animal’s housing contain any artificial UV lighting or UV-
permeable materials in the 2 months before sampling? If yes, please 
give details. 
1 = No 
2 = Yes 
Did the animal have unlimited daytime access to outdoors in the 2 
months before sampling? If not, please give details.  
1 = No 
2 = Yes 
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4.3 Results 

 

A total of 473 vitamin D concentrations were measured, 228 of which are yet to be 

published, while 245 were already-published chimpanzee data (Moittié et al., 2022). 

Nine samples were then excluded from further analysis due to overlapping sampling 

periods (more than one sample within a 60-day period from the same individual), or 

unknown core information such as animal identification or sampling dates. Thus, 464 

samples from 321 individual animals were remaining for further analysis, the majority 

of which were serum (n=459). A total of 77.8% of the samples were accompanied by 

corresponding questionnaire data, though not every completed questionnaire had all 

questions answered. 

Of the remaining 464 samples, the majority were from chimpanzees (54.1%, n=251), 

followed by gorillas (22.8%, n=106), orangutans (12.5%, n=58), and bonobos (10.6%, 

n=49). The mean age across all species was 23.3 years, with gorillas having the 

youngest mean age (18.3 years) and chimpanzees the oldest (26.6 years). Age group 

distribution revealed that gorillas had the highest proportion of juveniles (50.0%, 

n=53), whereas chimpanzees had the largest proportion of elderly individuals (28.2%, 

n=70). Females accounted for 57.4% (n=266) of all samples, with the proportion of 

females highest in chimpanzees (61.2%, n=153) and lowest in orangutans (46.6%, 

n=27). Samples originated from 55 unique locations, with the number of origin zoos 

varying by species, ranging from 5 zoos for bonobos to 34 zoos for chimpanzees.  

Currently in European zoos, there are 1518 great apes (ZIMS data, 2024), of which 

158 (10.4%) are bonobos, 301 (19.8%) are orangutans, 405 (26.7%) are gorillas, and 

654 (43%) are chimpanzees. Therefore, as proportions of the total European zoo 

populations, this study includes 27.2% of all bonobos (from 45.5% of possible 

locations), 22.6% of all chimpanzees (from 37.4% of possible locations), 21.2% of all 

gorillas (from 12.4% of possible locations), and 14.6% of all orangutans (from 14% of 

possible locations).  

Full species-specific details about study demographics are provided Table 4.3. Figure 

4.1 shows the geographic origins of the samples from each species, in the context of 

mean global annual UVB (J/m2) radiation for visualisation purposes.  
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Table 4.3: Demographics of study animals from which 25-OHD was measured.  
For ‘Samples/animals’, species-specific percentages (%) represent the proportions of 
all species combined. For the age group and sex distributions, the percentages 
represent the proportions per species/row. 

Species Samples/
animals  

Mean age 
(years) 

Age group 
distribution 

Sex 
distribution 

Origin 
zoos 

All 
(combined) 

n=464 
samples 
 
n=321 
animals 

23.3 

Juvenile (<15): 
31.5% 
 
Adult (15-34):  
45.9% 
 
Elderly (>34):  
22.6% 

Female:  
57.4% 
 
Male:  
42.6% 

n=55 

Bonobos 

n=49 
samples 
(10.6%) 
 
n=43 
animals 
(13.4%) 

19.2 

Juvenile (<15): 
42.9% 
 
Adult (15-34):  
44.9% 
 
Elderly (>34):  
12.2% 

Female:  
59.2% 
 
Male:  
40.8% 

n=5 

Chimpanzees 

n=251 
(54.1%) 
 
n=148 
animals 
(46.1%) 

26.6 

Juvenile (<15): 
20.2% 
 
Adult (15-34):  
51.6% 
 
Elderly (>34):  
28.2% 

Female:  
61.2% 
 
Male:  
38.8% 

n=34 

Gorillas 

n=106 
(22.8%) 
 
n=86 
animals 
(26.8%) 

18.3 

Juvenile  
(<15): 50.0% 
 
Adult (15-34):  
34.9% 
 
Elderly (>34):  
15.1% 

Female:  
53.8% 
 
Male:  
46.2% 

n=23 

Orangutans 

n=58 
(12.5%) 
 
n=44 
animals 
(13.7%) 

22.0 

Juvenile (<15): 
36.2% 
 
Adult (15-34):  
43.1% 
 
Elderly (>34):  
20.7% 

Female:  
46.6% 
 
Male:  
53.4% 

n=17 
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Figure 4.1: Map depicting global annual mean UVB (J/m2) with corresponding colours 
ranging from 939 J/m2 (blue) to 6160 J/m2 (red), with four sub-maps showing 
geographic origins of samples from [A]: Bonobos (n=49 samples from 5 zoos); [B]: 
Chimpanzees (n=251 samples from 34 zoos); [C]: Gorillas (n=106 samples from 23 
zoos); [D]: Orangutans (n=58 samples from 17 zoos).  
Map created with QGIS Desktop (v2.18.28) using publicly available global UVB data 
(Beckmann et al., 2014).   
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Overall 25-OHD status and thresholds 

The majority (99.4%) of samples had a total 25-OHD (25-OHD2 + 25-OHD3) that was 

equivalent to their 25-OHD3 concentration, because the concentration of 25-OHD2 was 

below the limit of detection (5 nmol/L) for all except three samples: two gorillas (25-

OHD2 = 9.60 and 5.51 nmol/L) and one bonobo (25-OHD2 = 23.97 nmol/L). From this 

point forwards, the vitamin D status and key outcome variable is considered to be total 

25-OHD (nmol/L). The proportion of total 25-OHD results that fell below the limit of 

detection, and were subsequently assigned as such (5 nmol/L), was 1.7% (8/464).  

The overall mean 25-OHD concentration across all 464 samples was 54.96 nmol/L. 

Across all samples, 45.7% were below the human cut-off of ≤50 nmol/L (‘Deficient’ 

and ‘Insufficient’ combined, see Table 4.1), while 54.3% were >50 nmol/L (‘Adequate’ 

and ‘Optimal’ combined). At the species level, bonobos (n=49) had a mean 25-OHD 

concentration of 37.5 nmol/L, with 71.4% classified as deficient or insufficient (≤50 

nmol/L). Chimpanzees (n=251) had the highest mean 25-OHD concentration of 62.16 

nmol/L, with 35.9% classified as deficient or insufficient (≤50 nmol/L). Gorillas (n=106) 

had a mean 25-OHD concentration of 50.95 nmol/L, with 50.0% classified as deficient 

or insufficient (≤50 nmol/L). Orangutans (n=58) had a mean concentration of 45.88 

nmol/L, with 58.6% classified as deficient or insufficient (≤50 nmol/L). This information 

is detailed in Table 4.4.  Figure 4.2 show the overall distributions (median and inter-

quartile ranges) of total 25-OHD for each species, while Figure 4.3 details the 

proportions of samples from each species that fell into each reference range category.  

 

Table 4.4: Mean 25-OHD concentrations (nmol/L) and the proportion (%) of samples 
from each species that fell within the defined human reference range categories: 
Deficient (<25 nmol/L), Insufficient (25–50 nmol/L), Adequate (51–75 nmol/L), and 
Optimal (>75 nmol/L).  

Species 
Mean  
25-OHD 
(nmol/L) 

Deficient 
(<25 
nmol/L) 

Insufficient 
(25–50 
nmol/L) 

Adequate 
(51–75 
nmol/L) 

Optimal 
(>75 
nmol/) 

All 
(combined) 54.96 17.9% 27.8% 31.7% 22.6% 

Bonobos 37.50 34.7% 36.7% 22.5% 6.1% 
Chimpanzees 62.16 6.4% 29.5% 37.0% 27.1% 
Gorillas 50.95 30.2% 19.8% 26.4% 23.6% 
Orangutans 45.88 31.0% 27.6% 25.9% 15.5% 
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Figure 4.2: Total 25-OHD concentrations (nmol/L) across all species.  
Box-and-whisker plots showing the distribution of total 25-OHD concentrations 
(nmol/L) for all samples combined (n=464) and for each species: bonobos (n=49), 
chimpanzees (n=251), gorillas (n=106), and orangutans (n=58). The horizontal 
dashed line at 50 nmol/L indicates the threshold separating insufficient/deficient (≤50 
nmol/L) from adequate/optimal (>50 nmol/L) vitamin D status. The box represents the 
interquartile range (IQR), the horizontal line within each box indicates the median, and 
the whiskers extend to the minimum and maximum values within 1.5× the IQR. 
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Figure 4.3: Distribution of total 25-OHD concentration categories across species.  
Stacked bar chart showing the proportion of samples (%) classified as Deficient (<25 
nmol/L), Insufficient (25–50 nmol/L), Adequate (51–75 nmol/L), and Optimal (>75 
nmol/L) for all samples combined (n=464) and for each species: bonobos (n=49), 
chimpanzees (n=251), gorillas (n=106), and orangutans (n=58). 
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Sample storage time and sample type 

When all samples were considered together (n=464), there was a very weak but 

statistically significant negative correlation between sample storage time in months 

and total 25-OHD (Spearman r = −0.176, p < 0.001). Species-specific analysis 

revealed a moderate negative correlation in bonobos (Spearman r = −0.496, p < 0.001) 

and orangutans (Spearman r = −0.550, p < 0.001). No significant correlation was found 

for chimpanzees (Spearman r = -0.077, p = 0.225) or gorillas (Spearman r = -0.190, p 

= 0.052). Scatter plots illustrating these relationship are included below in Figure 4.4.  

No significant difference in 25-OHD concentrations was observed between serum and 

plasma samples (n=459 serum, n=5 plasma, Mann-Whitney p = 0.971), as seen in 

Figure 4.5. 
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Figure 4.4: Scatterplots showing the relationship between sample storage time 
(months) and total 25-OHD (nmol/L) for bonobos (n=49), chimpanzees (n=251), 
gorillas (n=106), and orangutans (n=58). 
Each data point represents an individual sample. Spearman r and p values are 
displayed on each plot. 
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Figure 4.5: Total 25-OHD concentrations (nmol/L) for two sample types, serum and 
plasma.  
Box-and-whisker plots showing the distribution of total 25-OHD (nmol/L) for serum 
(n=459) and plasma (n=5) samples. Boxes represent the interquartile range (IQR), 
with the median line shown inside each box, and whiskers extending to the minimum 
and maximum values. No significant difference in total 25-OHD was observed between 
the sample types (Mann-Whitney, p = 0.971).    
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Individual characteristics and health factors 

Health status was significantly associated with 25-OHD concentrations when all 

species were analysed together, whereby animals classed as healthy had significantly 

higher total 25-OHD than individuals with abnormal health (Mann-Whitney, p < 0.001). 

However, when broken down by species, this association remained significant only in 

chimpanzees (Mann-Whitney, p < 0.001), while no significant differences were 

observed in bonobos (p = 0.975), gorillas (p = 0.923), or orangutans (p = 0.269). Figure 

4.6 highlights the significant association in chimpanzees, and though the other species 

did not reach significance, there was still a trend towards a higher 25-OHD status in 

healthy individuals. 

When all species were analysed together, coat quality showed a significant 

association with 25-OHD concentrations (Kruskal-Wallis, p = 0.027), with individuals 

classified as ‘Total hair loss’ showing significantly higher 25-OHD than those with an 

‘Intact’ coat. However, cases of total hair loss were reported exclusively in 

chimpanzees, and in a very small number of samples (n=12 samples from three 

individuals with alopecia). Further analysis performed on only chimpanzees revealed 

no observed differences between coat quality categories (n=113 intact coat, n=49 

partial hair loss, n=12 total hair loss, Kruskal-Wallis p > 0.05), as seen in Figure 4.7.   

No significant associations were found between 25-OHD and sex (n=197 Male, n=266 

Female, Mann Whitney p = 0.971), age group (n=145 Juvenile, n=212 Adult, n=104 

Elderly, Kruskal-Wallis p > 0.05), body condition score (n=22 Low [1-3], n=236 Medium 

[4-6], n=38 High [7-9], Kruskal-Wallis p > 0.05), or contraception (n=128 None, n=28 

Contraception, Mann-Whitney p = 0.996), pregnancy status (n=172 Not pregnant, n=6 

Pregnant, Mann-Whitney p = 0.996), and lactation status in females (n=68 Not 

lactating, n=14 Lactating, Mann-Whitney p = 0.996), as seen in Figure 4.8. 
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Figure 4.6: Total 25-OHD concentrations (nmol/L) by health status.  
Box-and-whisker plots showing the distribution of total 25-OHD concentrations for 
individuals with healthy and abnormal health statuses across four great ape species: 
bonobos (n=23), chimpanzees (n=209), gorillas (n=90), and orangutans (n=39). Boxes 
represent the interquartile range (IQR), with the median line shown inside each box, 
and whiskers extending to the minimum and maximum values. A significant difference 
between health statuses was observed in chimpanzees (Mann-Whitney, p<0.001), as 
indicated by the asterisk (*). No significant differences were found for bonobos, 
gorillas, or orangutans. 
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Figure 4.7: Total 25-OHD concentrations (nmol/L) by coat quality.  
Box-and-whisker plots showing the distribution of total 25-OHD concentrations of 
samples from chimpanzees with an intact coat (n=113), partial hair loss (n=49), and 
total hair loss (n=12). Boxes represent the interquartile range (IQR), with the median 
line shown inside each box, and whiskers extending to the minimum and maximum 
values. No significant differences were observed between any of the categories 
(Kruskal-Wallis, p > 0.05).  
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Figure 4.8: Total 25-OHD concentrations (nmol/L) by sex, age group, body condition 
score, contraception status, pregnancy status, and lactation status.  
Boxes represent the interquartile range (IQR), with the median line shown inside each 
box, and whiskers extending to the minimum and maximum values. No significant 
differences were found for any of the variables: sex (n=197 Male, n=266 Female, 
Mann Whitney p = 0.971); age group (n=145 Juvenile, n=212 Adult, n=104 Elderly, 
Kruskal-Wallis p > 0.05); body condition score (n=22 Low [1-3], n=236 Medium [4-6], 
n=38 High [7-9], Kruskal-Wallis p > 0.05); contraception status (n=128 None, n=28 
Contraception, Mann-Whitney p = 0.996); pregnancy status (n=172 Not pregnant, n=6 
Pregnant, Mann-Whitney p = 0.996); or lactation status in females (n=68 Not lactating, 
n=14 Lactating, Mann-Whitney p = 0.996).  
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Environmental factors 

Total 25-OHD concentrations varied significantly according to the season when all 

species were combined (Kruskal-Wallis, p < 0.001). Species-specific analyses 

revealed significant seasonal effects in bonobos (Kruskal-Wallis, p = 0.002), 

chimpanzees (p < 0.001), and gorillas (p < 0.001), but no significant differences were 

observed in orangutans. Figure 4.9 shows the seasonal variations in 25-OHD for each 

of the species.  

UVB data were unavailable for samples collected prior to 2001 (n = 6), and these 

samples were excluded from this part of the analysis. The distribution of UVB 

irradiance levels at each sampling location in the 60 days prior to sampling can be 

seen in the form of a histogram in Figure 4.10.  

A weak positive correlation was observed between UVB irradiance (W/m²) and total 

25-OHD concentrations across all species (Spearman r = 0.341, p < 0.001). Species-

specific analyses demonstrated significant positive correlations between UVB and 25-

OHD concentrations in bonobos (Pearson r = 0.487, p < 0.001), chimpanzees 

(Spearman r = 0.312, p < 0.001), and gorillas (Pearson r = 0.512, p < 0.001), but not 

in orangutans (Pearson r = 0.200, p = 0.139). Figure 4.11 displays the relationship 

between UVB and total 25-OHD concentrations for all species. 
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Figure 4.9: Seasonal variation in total 25-OHD concentrations (nmol/L) for each 
species.  
Box-and-whisker plots showing the distribution of total 25-OHD concentrations 
(nmol/L) across four seasons (Spring, Summer, Autumn, and Winter) for bonobos 
(n=49), chimpanzees (n=251), gorillas (n=106), and orangutans (n=58). Pairwise 
comparisons between seasons are indicated with asterisks: *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001 (Kruskal-Wallis tests with Dunn’s multiple comparisons). The 
dashed horizontal line represents the threshold for insufficient/deficient vitamin D (≤50 
nmol/L). 
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Figure 4.10: Frequency distribution of UVB irradiance (W/m²) across all samples.  
The histogram shows the range and frequency of UVB irradiance as calculated for 
each sample in the 60 days prior to sampling.   
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Figure 4.11: Relationship between UVB irradiance and total 25-OHD concentrations 
for each species.  
Scatterplots showing the relationship between UVB irradiance (W/m²) and total 25-
OHD concentrations (nmol/L) for bonobos (n=49), chimpanzees (n=251), gorillas 
(n=106), and orangutans (n=58). Each data point represents an individual sample. 
Spearman or Pearson r and p values are displayed on each plot. 
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Husbandry factors 

Among the husbandry factors examined, outdoor access was significantly associated 

with 25-OHD concentrations when all species were analysed together (Mann-Whitney, 

p < 0.001). Species-specific analyses revealed a significant association only in 

chimpanzees (Mann-Whitney, p < 0.001), while no significant differences were 

observed in bonobos (p = 0.238), gorillas (p = 0.160), or orangutans (p = 0.745). In 

bonobos, chimpanzees and gorillas, outdoor access was associated with higher 25-

OHD, although statistical significance was reached only in the chimpanzee dataset 

(see Figure 4.12).  

Similarly, the presence of pellets in the diet was significantly associated with 25-OHD 

concentrations across all species (Mann-Whitney, p < 0.001). Species-specific results 

showed significantly higher 25-OHD in chimpanzees (p = 0.050) and orangutans (p = 

0.003) that had pellets included in their diet, while the statistical tests could not be 

performed for bonobos or gorillas due to there being no reports of individuals with no 

pellets in their diet (see Figure 4.13). 

Neither vitamin D supplement use (n=242 No, n=65 Yes, Mann-Whitney p = 0.234), 

nor the presence of UV lighting or UV-permeable materials in enclosures (n=155 No, 

n=6 Yes, Mann-Whitney p = 0.742, were significantly associated with 25-OHD 

concentrations, as seen in Figure 4.14.  
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Figure 4.12: Total 25-OHD concentrations (nmol/L) by outdoor access.  
Box-and-whisker plots showing the distribution of total 25-OHD concentrations for 
individuals with limited and unlimited outdoor access across four great ape species: 
bonobos (n=23) chimpanzees (n=189), gorillas (n=91), and orangutans (n=41). Boxes 
represent the interquartile range (IQR), with the median line shown inside each box, 
and whiskers extending to the minimum and maximum values. A significant difference 
between outdoor access groups was observed in chimpanzees (Mann-Whitney, 
p<0.001), as indicated by the asterisk (*). No significant differences were found for 
bonobos, gorillas, or orangutans. 
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Figure 4.13: Total 25-OHD concentrations (nmol/L) by presence of pellets in the diet. 
Box-and-whisker plots showing the distribution of total 25-OHD concentrations for 
individuals with no pellets and pellets in their diet across four great ape species: 
bonobos (n=22), chimpanzees (n=181), gorillas (n=88), and orangutans (n=39). Boxes 
represent the interquartile range (IQR), with the median line shown inside each box, 
and whiskers extending to the minimum and maximum values. Significant differences 
were observed in chimpanzees and orangutans, with higher 25-OHD concentrations 
in individuals consuming pellets (Mann-Whitney, p<0.001), as indicated by the 
asterisks (*). Data for bonobos and gorillas are presented for comparison only, as all 
individuals in these species consumed pellets, precluding statistical comparisons. 
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Figure 4.14: Total 25-OHD concentrations (nmol/L) by presence of supplementation 
in diet (left), and presence of artificial UV lighting or UV-permeable materials in 
enclosures (right).  
Boxes represent the interquartile range (IQR), with the median line shown inside each 
box, and whiskers extending to the minimum and maximum values. No significant 
difference in total 25-OHD (nmol/L) was observed for supplementation in diet (n=242 
No, n=65 Yes, Mann-Whitney p = 0.234), nor UV lighting or UV-permeable materials 
in enclosures (n=155 No, n=6 Yes, Mann-Whitney p = 0.742).  
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4.4 Discussion 

 

This study investigated vitamin D (25-OHD) status in zoo-housed great apes across 

Europe, building on previous research (Moittié et al., 2022) to explore species-specific 

variability and the influence of individual, environmental and husbandry factors on 

vitamin D status in a larger cohort.  

Overall 25-OHD status and thresholds 

Across all samples, 45.7% were classified as vitamin D deficient or insufficient (≤50 

nmol/L), indicating a risk of widespread vitamin D inadequacy in the zoo-housed great 

ape population in Europe. This raises major concerns about potential implications for 

great ape populations in human care, particularly given vitamin D's important role in 

immune function, musculoskeletal and cardiovascular health, among other 

physiological processes (Pilz et al., 2011; Wang et al., 2020; Ware et al., 2020; 

Szodoray et al., 2008; Schwalfenberg, 2011; Deluca et al., 2013). Bonobos exhibited 

the highest proportion of vitamin D deficient and insufficient samples (71.4%), followed 

by orangutans (58.6%), gorillas (50.0%), and chimpanzees (35.9%). Given that 

bonobos are the lowest in number in European zoos, this finding is of significant 

concern. The relatively higher vitamin D levels in chimpanzees may reflect better 

alignment of husbandry practices with their physiological requirements or enhanced 

UVB exposure. However, this observation could also be influenced by the larger 

sample size and broader geographic representation for chimpanzees, which reduces 

the risk of sampling bias compared to the other species.  

An important overall consideration is to look at the sample sizes from each species as 

proportions of the total European zoo populations. While the absolute number of 

samples for bonobos may appear low (n=49), this actually represents 27.2% of the 

entire European bonobo population, sampled from nearly half (45.5%) of all bonobo-

holding zoos. This is the highest proportion of all the species, and is a major strength 

in the study, especially given that bonobos are relatively less studied among the great 

apes – a simple literature database search returned 1304 results for bonobos, 10065 

for chimpanzees, 5557 for gorillas, and 2542 for orangutans. In comparison, the study 

included 22.6% of all chimpanzees (from 37.4% of chimpanzee-holding zoos), 21.2% 
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of gorillas (from 12.4% of gorilla-holding zoos), and 14.6% of orangutans (from 14% 

of orangutan-holding zoos). 

Sample storage time and sample type 

Sample storage time showed a weak but statistically significant negative correlation 

with 25-OHD concentrations, suggesting minor degradation of vitamin D metabolites 

over time. While previous research has shown mixed results regarding this (Colak et 

al., 2013; Agborsangaya et al., 2010; Drammeh et al., 2008), vitamin D is generally 

considered highly stable in serum and plasma, even during long-term storage 

(Wielders and Wijnberg, 2009). In this study, the effect size of the correlation was 

small, indicating minimal impact of storage time on the statistical outcomes for this 

variable. Importantly, further analyses revealed that excluding older samples did not 

alter the statistical results, and the inclusion of all samples was deemed biologically 

relevant. Additionally, it is possible that older samples reflect genuinely lower 25-OHD 

concentrations due to historical differences in husbandry practices, such as less 

emphasis on outdoor access or dietary supplementation. In future, it would be 

interesting to explore whether there should be a maximum acceptable length of 

sample storage time before 25-OHD measurement, particularly in zoological settings 

where storage conditions may be less standardised than in human clinical contexts. 

No significant differences were observed between serum and plasma samples, 

supporting the validity of using both sample types in vitamin D assessments as 

reported elsewhere (Colak et al., 2013; Zhang et al., 2014).  

Individual characteristics and health factors 

Health status was significantly associated with 25-OHD concentrations when all 

species were combined, with healthy individuals exhibiting higher 25-OHD than those 

with reported abnormal health. While this study cannot infer causality or determine the 

direction of this relationship, the association aligns with previous research suggesting 

that low vitamin D levels are linked to increased susceptibility to various health 

conditions, including cardiovascular disease (Pilz et al., 2010; Wang et al., 2020; 

Carbone et al., 2023; Mozos and Marginean, 2015; Nizami et al., 2019; Perge et al., 

2019; Wang et al., 2012). While vitamin D deficiency may not directly cause conditions 

like IMF, it could exacerbate underlying cardiovascular pathology by contributing to 

hypertension, endothelial dysfunction, and vascular inflammation (Rostand, 1997; Pilz 
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et al., 2009). At the species level, this association was significant only in chimpanzees, 

possibly reflecting the larger sample size or species-specific health vulnerabilities, 

such as the reported high prevalence of IMF in chimpanzees compared to other great 

apes (Strong et al., 2018b, 2020). However, based on the wider research group’s 

(unpublished) findings, a similar high prevalence of IMF in bonobos cannot be ruled 

out, despite a relative underrepresentation in the dataset (due to their lower population 

size). Although the trends in bonobos and gorillas suggest lower 25-OHD 

concentrations in individuals with abnormal health status, these relationships did not 

reach statistical significance, possibly due to smaller sample sizes or fewer zoos 

represented. Future research using controlled, longitudinal studies following the same 

individuals through different health states (e.g., chronic disease versus acute illness) 

would provide greater insight into the relationship between vitamin D status and health 

outcomes, and explore whether vitamin D deficiency influences disease progression. 

Coat quality was significantly associated with 25-OHD concentrations when all species 

were analysed together, with individuals classified as having ‘Total hair loss’ exhibiting 

higher 25-OHD concentrations compared to those with an ‘Intact’ coat. This finding is 

likely explained by increased UVB penetration through exposed skin, enhancing 

cutaneous vitamin D synthesis in hairless individuals (Holick et al., 1980, 1981; 

Engelsen et al., 2005; Webb et al., 1988). However, it is important to note that cases 

of total hair loss were rare, and occurring only in chimpanzees. Furthermore, species-

specific analysis in chimpanzees did not reveal significant differences between coat 

quality categories, limiting the generalisability of this finding. 

Other individual characteristics, including sex, age group, body condition score, and 

contraception, pregnancy, and lactation in females, were not significantly associated 

with vitamin D levels in this study. This contrasts with findings from (Feltrer-Rambaud 

et al., 2023), which reported that female chimpanzees in range-country sanctuaries 

had higher 25-OHD concentrations than males, and adults had higher levels than 

infants. As one of the most comprehensive datasets from range countries, this study 

offers valuable insights into what might be expected under more natural conditions. In 

humans, elderly individuals typically have lower serum 25-OHD (MacLaughlin and 

Holick, 1985; Parfitt et al., 1982), and higher body fat composition is associated with 

lower vitamin D status (Wortsman et al., 2000). Pregnancy and lactation are known to 

influence vitamin D status in humans, with links to deficiency (Hollis and Wagner, 
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2004; Specker, 1994). Similarly, the use of hormonal contraception has been 

associated with increased 25-OHD concentrations (Harmon et al., 2016). In this study, 

the lack of significant findings may partly reflect the small number of reported cases 

for some variables, which likely reduced statistical power. 

Environmental factors 

Environmental variables, UVB irradiance and seasonality, emerged as key 

determinants of vitamin D status. A moderate positive correlation between UVB 

exposure and 25-OHD concentrations was observed across all species, with the 

strongest relationships in bonobos and gorillas. Seasonal effects were also significant, 

with higher concentrations observed in summer and autumn compared to winter and 

spring. This finding aligns with well-established knowledge about the role of UVB 

exposure in cutaneous vitamin D synthesis and the seasonal variability of UVB 

availability (O’Neill et al., 2016; Webb et al., 1988). 

Interestingly, orangutans did not exhibit significant associations with UVB irradiance 

or seasonality. This divergence may partly reflect the relatively small sample size and 

limited geographic representation, which could have reduced statistical power and 

obscured potential relationships with environmental variables. Additionally, winter 

results being higher in orangutans cannot be easily explained by physiological 

adaptations, and it is more likely influenced by husbandry practices, such as dietary 

supplementation or differences in outdoor access across seasons. While orangutans 

are genetically divergent from the other great ape species, and may indeed possess 

physiological differences (e.g., skin pigmentation, hair density) that affect UVB-driven 

vitamin D synthesis, further research would be needed to explore this unusual result.  

It is clear from the histogram of UVB irradiance that the majority of samples were 

collected under relatively low natural UVB exposure. Average annual UVB irradiance 

in the natural ranges of great apes is typically ≥0.3 W/m² (NASA LaRC POWER 

Project, Data Access Viewer v2.0.0). Only 5.6% (26/464) of samples in this study were 

from individuals exposed to comparable UVB levels in the 60 days prior to sampling, 

with five of these samples originating from a zoo in Tenerife. This highlights the 

potential inadequacy of solar UVB irradiance in Europe compared to the natural 

ranges of great ape species. The samples from Tenerife provided a valuable addition 

to this dataset, as they were collected under UVB irradiance levels closer to those 
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found in great ape natural ranges (≥0.3 W/m2). Although only 11 samples originated 

from there (n=6 chimpanzees; n=5 gorillas), the mean UVB irradiance was 0.28 W/m², 

compared to an average of 0.14 W/m² across all other samples. This difference 

highlights the importance of obtaining more samples from locations that more closely 

match the species’ natural ranges. It also supports the idea that UVB irradiance could 

be a more important variable than season alone for evaluating vitamin D status, as 

UVB exposure can vary substantially within the same season depending on 

geographic location. As research expands to include a wider geographic range, 

including the Southern Hemisphere where seasonality patterns are reversed, UVB 

irradiance will provide a consistent and biologically relevant measure of solar 

exposure. 

Husbandry factors 

Outdoor access was significantly associated with 25-OHD concentrations across all 

species, with individuals provided with unlimited daytime access to outdoor areas 

exhibiting higher vitamin D levels compared to those with limited access. However, 

when analysed by species, this association reached statistical significance only in 

chimpanzees, a result that persisted even when considering summer samples alone. 

The smaller sample sizes for bonobos and gorillas may have reduced statistical power 

to detect significant associations, though observed trends suggest outdoor access is 

likely an important husbandry factor for these species as well. It is also worth noting 

that all bonobos and gorillas in this study received nutritional supplementation via 

pellets, which may have partially masked the impact of outdoor access on vitamin D 

levels. Similarly to the environmental factors (UVB and seasonality), orangutans’ 

vitamin D status did not seem to respond in the same way to the provision of unlimited 

outdoor access. Further research is needed to explore these species-specific patterns 

and their implications for husbandry practices.  

The provision of commercial pellets in the diet was another important factor for vitamin 

D status, with chimpanzees and orangutans that were receiving pellets exhibiting 

higher 25-OHD concentrations. This is the first study to demonstrate a clear positive 

impact of pellet consumption on vitamin D levels in zoo-housed great apes, 

underscoring the importance of dietary fortification, particularly in regions with limited 

UVB availability. While it was not possible to assess this relationship in bonobos and 

gorillas, because all individuals for whom dietary information was available were 
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consuming pellets, this finding has important implications for zoo management. There 

is ongoing discussion in the literature regarding both the benefits and drawbacks of 

pellet feeding. While fortified pellets provide essential nutrients, including vitamin D, 

their use has also been associated with behavioural issues such as increased 

regurgitation and reingestion in great apes (Mulder et al., 2016; Cabana et al., 2018; 

Less et al., 2014). Consequently, some zoos have moved towards pellet-free diets, 

which may inadvertently compromise vitamin D status. It is highly challenging to 

quantify dietary vitamin D intake at the individual level, as zoo-housed great apes are 

typically scatter-fed as a group, making it difficult to determine exact consumption. 

However, this study demonstrates an overall potential benefit of pellet 

supplementation, and a retrospective study using matched comparisons could provide 

further insights into its specific impact on vitamin D status. Additionally, controlled 

dietary studies focusing solely on changes in vitamin D intake, while minimising other 

husbandry changes, would be valuable for confirming these findings and guiding 

evidence-based management practices. 

The limited number of reports regarding the use of supplements (14% of all samples) 

and UV-related interventions, including UV lighting and UV-permeable materials (1.3% 

of all samples), likely contributed to the lack of statistical significance observed in this 

study. However, this does not rule out their potential importance in influencing vitamin 

D status in zoo-housed great apes. In this study, UV lighting and UV-permeable 

materials were analysed together as a single variable due to the small number of cases 

for each. However, it would be important for future research to examine these factors 

independently to better assess their individual efficacy. While no published studies 

have explored UVB lighting or UV-permeable materials in great apes, studies in other 

zoo-housed taxa have demonstrated their efficacy in improving vitamin D status 

(Woodhouse and Rick, 2016; Baines et al., 2016). As the awareness and 

implementation of these strategies become more widespread, they are likely to 

emerge as more prominent determinants of vitamin D concentrations in future 

research. It is important to note that the implementation of artificial UVB lighting poses 

logistical challenges, including maintenance, space constraints, and cost (Baines and 

Cusack, 2019; Bernard et al., 1997), which may make it prohibitive for many great ape 

facilities. Oral supplementation, on the other hand, is a more logistically feasible 

approach, and it has the potential to be more cost-effective (Hiligsmann et al., 2015). 
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While results from human studies remain mixed regarding the efficacy of vitamin D 

supplementation (Ford et al., 2014; Moslemi et al., 2022; Scragg et al., 2017; Ala-

Houhala et al., 2012; Bogh et al., 2012), and the results of this study do not support 

its use, it may still hold potential especially in regions with limited UVB availability, 

though more work is needed to clarify this. 

Future directions 

Future research should prioritise the development of species-specific 25-OHD 

reference ranges and explore longitudinal changes in vitamin D status to better 

understand its clinical relevance to health outcomes in these species. Additionally, 

controlled trials investigating the efficacy of a pellet-based diet, additional dietary 

supplementation, UVB lighting, and outdoor access would offer valuable insights into 

evidence-based husbandry practices.  

Here, the data variables were explored individually. However, more complex statistical 

analysis such as mixed models would be highly beneficial so that the many variables 

and their interactions with each other, as well as with 25-OHD, and the repeated 

measures, can be evaluated in a more robust manner. This would be especially 

important for the variables that are likely to have a similar impact on vitamin D status, 

such as UVB, season, and outdoor access.  

To improve the statistical power of the conclusions drawn for bonobos and orangutans, 

a higher number of samples from these species would be necessary. For instance, the 

bonobo samples originated from only five different zoos, all of which were situated in 

northern Europe (latitudes >46°N) and likely lead to skew in bonobo results (i.e. 

samples from locations with lower UVB levels). However, there are major practical 

challenges in obtaining more samples from these species, as they represent much 

smaller population sizes in zoos.  

Expanding the geographic scope of this research to include zoos outside of Europe 

and incorporating more range-country populations will provide a more comprehensive 

perspective on naturalistic vitamin D concentrations and their determinants, but only if 

the same methodology is used between studies in order to facilitate accurate 

comparisons (Ferrari et al., 2017; Holmes et al., 2013). In fact, work is currently 

underway by the author of this thesis and the wider research group to obtain samples 

from Singapore, Australia, and Cameroon, in an effort to achieve this.  
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Due to the potential impact of such low vitamin D status on health outcomes in these 

species, the relationship between cardiovascular health and vitamin D status should 

be more closely examined. This is challenging, due to the requirement of obtaining 

paired serum or plasma samples with post-mortem cardiovascular histopathology. 

Due to time constraints, it was not possible to include in this thesis, though such a 

dataset is currently being gathered and is expected to be explored in more detail at a 

later point, when a larger sample size is obtained.  

Conclusions 

This study reveals an extremely prominent risk of vitamin D deficiency, a potential risk 

factor for CVD, in all zoo-housed great apes. The multifactorial nature of vitamin D 

status, and the importance of UVB exposure, diet, and outdoor access, has been 

highlighted. However, the study also raises important questions about interspecies 

differences in vitamin D requirements and metabolism, which require further 

investigation. Bonobos and orangutans appear particularly vulnerable to low 25-OHD 

levels under managed care, which may necessitate targeted interventions to improve 

their wellbeing. Overall, this study provides a novel and valuable contribution to our 

understanding of vitamin D status in zoo-housed great apes, identifying key areas for 

husbandry improvements and further investigation. 
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THESIS CONCLUSIONS 
 

This thesis has investigated the health of zoo-housed great apes, with a specific focus 

on CVD. In particular, IMF, a poorly understood but prevalent phenotype that can lead 

to sudden death, was investigated. Across four research chapters, novel insights were 

gained through a comprehensive approach involving biomarker discovery, proteomic 

and gene expression analyses, and a large-scale assessment of vitamin D status in 

great apes.  

The first chapter identified potential serum biomarkers of IMF in chimpanzees. 

Through an advanced multiplex immunoassay, significant differences in the 

expression of three biomarkers between healthy individuals and those affected by IMF 

were detected, including AXL, ICAM-2 and PECAM-1. In further validation testing with 

ELISA, one marker, ICAM-2, showed continued promise as a non-invasive diagnostic 

tool with the potential to aid ante-mortem detection and intervention, reducing the  

reliance on retrospective post-mortem analyses. ICAM-2 showed a high specificity and 

strong diagnostic utility in confirming disease, though its ability to rule out disease was 

weaker (i.e. no false positives, but some false negatives). Future studies should aim 

to investigate these biomarkers in a larger cohort and across different species, 

incorporating longitudinal data to track their response to environmental or clinical 

changes, in order to pave the way for real-time monitoring of great ape cardiovascular 

health in zoos. 

The second chapter used mass spectrometry and data exploration techniques to 

investigate the cardiac tissue proteome of chimpanzees affected by IMF, revealing for 

the first time important changes in proteins associated with myocardial calcium 

homeostasis, mitochondrial function, contractility, and ECM remodelling. These 

findings highlight key biological pathways involved in IMF pathophysiology, and could 

also provide a foundation for targeted therapeutic strategies in future. Further research 

should confirm these findings in a larger cohort, ideally with more controlled pre-

analytical conditions, though this is not always feasible in the context of zoo and wildlife 

research. The exploration of alternative sample types, storage conditions, and 

methods such as ECM-specific proteomics, would also be beneficial. 
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The third chapter examined the myocardial tissue expression of 15 genes using RT-

qPCR, and highlighted the challenges of measuring gene expression in post-mortem 

tissue. Pre-analytical variability, including post-mortem interval and storage 

conditions, likely influenced the RNA quality, reference gene stability, and expression 

of the target genes. Despite the lack of statistically significant findings, trends in the 

expression of fibrosis-related markers, such as MMP-2, TGF-β1 and CCN2 (CTGF), 

could warrant further investigation, especially given their high biological relevance. 

While the lack of detectable VDR expression may reflect species-specific or disease-

specific regulation and could benefit from additional investigation, it is likely that the 

pre-analytical environment affected this too. Although RNA expression does not 

always correlate with protein levels, further work involving the expression of genes 

corresponding to the proteins of interest from the second chapter would also be 

valuable. With refinement of pre-analytical and technical considerations, the approach 

used in this chapter could still add substantial value to our growing understanding of 

IMF.   

The fourth chapter provided a detailed analysis of vitamin D status in a large sample 

of zoo-housed great apes, building on previous work in chimpanzees, but including 

bonobos, gorillas and orangutans for the first time. All species exhibited widespread 

low vitamin D status, which likely exacerbates the risk of IMF, though species-specific 

differences and trends require additional exploration. These findings highlight the 

importance of optimising husbandry practices, including the quality of diet and access 

to UVB, to mitigate potential health impacts. The expansion of geographical scope to 

include great apes exposed to naturally higher levels of solar UVB would be a useful 

comparison to the populations in Europe, but only where there is consistency in 

sampling and analytical methods. Establishing reference ranges would enhance the 

accuracy of clinical interpretation, though this would require a large number of samples 

from animals living in fully natural conditions, measured with a consistent and reliable 

analytical method. A closer examination of the relationship between vitamin D status 

and cardiovascular health is needed, through the analysis of paired data in the form 

of serum vitamin D measured by LC-MS/MS, as well as post-mortem cardiac 

histopathology.  

Overall, the findings of this thesis significantly advance our understanding of IMF, an 

enigmatic but prevalent cardiovascular phenotype in zoo-housed great apes. By 
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addressing critical knowledge gaps about the aetiopathogeneses of IMF for the first 

time, as well as vitamin D status in the broader context of cardiovascular health, this 

research builds a stronger foundation for evidence-based strategies to improve 

outcomes and quality of life for great apes. The use of modern and high-throughput 

techniques demonstrates the potential for such approaches to address complex health 

issues in zoo-housed populations, and lay the groundwork for future studies, with the 

overall aim of reducing the burden of this disease and supporting the wellbeing, and 

wider conservation, of these endangered species.  
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APPENDICES 
 
 

Appendix A: An overview of post-mortem cardiac examinations carried out between 
October 2020 and August 2023.  
  

 

Introduction 

Cardiovascular disease (CVD) is a significant cause of morbidity and mortality in zoo-

housed great apes, though it tends to be associated with different pathological 

changes than those commonly found in humans (Varki et al., 2009; Strong et al., 2016, 

2018b)(Varki et al., 2009; Strong et al., 2016, 2018b). In order to improve 

understanding of the pathophysiology and aetiopathogeneses of great ape CVD, an 

interdisciplinary team of pathologists, clinicians and researchers began investigating 

collaboratively as the Ape Heart Project (based at Twycross Zoo, UK). To date, the 

project has received and examined the hearts of 59 chimpanzees, 29 gorillas, 20 

orangutans and 11 bonobos (total n=119). Past doctoral theses and papers have 

described the morphology of many of these hearts in great detail (Moittié, 2021; 

Strong, 2017)(Moittié, 2021; Strong, 2017), and have characterised important 

phenotypes including IMF (Strong et al., 2020)(Strong et al., 2020).  

While the detailed characterisation of cardiac phenotypes was not part of the novel 

research focus of this thesis, cardiac examinations continued throughout the duration 

of this PhD, and a brief description of the cases examined during this time are included 

here for interest, to complement and further contextualise the main research chapters. 

Emphasis is placed on the individuals whose samples were included in other chapters 

of this thesis (n=4 chimpanzees), or who were deemed to be cases of marked CVD.   
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Materials and methods 

 

European zoos were invited to submit samples (as defined below) in the event of a 

great ape death, regardless of whether or not the clinical history was indicative of CVD. 

Following a great ape death, participating zoos extracted the heart during initial 

postmortem investigation and were advised to section it at the apex in order to expose 

the ventricular chambers (Figure A.1) prior to fixing in 10% neutrally buffered formalin 

for a minimum of one week. Once fully fixed, the hearts were submitted to the Ape 

Heart Project (Twycross Zoo, Burton Road, Atherstone, UK, CV9 3PX) in accordance 

with relevant legislation pertaining to the import of research and diagnostic samples 

into the UK from Europe. The European EAZA Biobank at Copenhagen Zoo served 

as a central collection point for samples originating from within the EU. Subsequently, 

the hearts were sent from Copenhagen Zoo to Twycross Zoo using the CITES 

Registered Scientific Institution scheme for further pathological examination.  

 

 

Figure A.1: The approximate location of the transverse cut to be made across the 
lower third of the apex during the postmortem sampling and fixation process (as 
depicted by the black dashed line). The cut should be perpendicular to the long axis 
of the heart, exposing the chambers of both ventricles. 
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Macroscopic examination 

Once received in the UK, the hearts were examined at the University of Nottingham 

School of Veterinary Medicine and Science (Veterinary Pathology Service, LE12 5RA) 

by the author of this thesis (October 2020 – August 2023), under the guidance of one 

of the following veterinary pathologists: Kerstin Baiker (Dr med vet, MRCVS, 

CertForensicVP, SFHEA, DiplECVP), Antonia Morey Matamalas (DVM, MVM, 

MRCVS, AFHEA), or Marta Nobre de Castro Pereira (DVM, MSc WAH, MRCVS). The 

macroscopic examination and sampling methods were adapted from a standardised 

protocol that was previously developed (Strong et al., 2018c)(Strong et al., 2018c).  

A summarised version of the adapted examination protocol is as follows: 

I. Comment on the condition of the sample: 

a. Previous sectioning or trimming 

b. Quality of tissue preservation/fixing 

c. Overall shape of the heart – effects of fixing/transport 

II. Describe the gross morphology: 

a. Amount of epicardial fat 

b. Any gross chamber enlargement or anatomical abnormalities 

c. Any colour changes or visible lesions on the epicardium 

d. Weight of the heart (g) 

e. The length (cm) from the coronary groove to the apex (posterior 

aspect) 

f. The circumference (cm) of the heart at the level of the coronary 

groove 

III. Making a new transverse incision, above where the submitting institution had 

opened the chambers already and describe/measure:  

a. The transverse section of the myocardium (colour variation, wall 

thickness) 

b. The width (cm) of the left ventricular free wall (LVFW), inter-

ventricular septum (IVS) and right ventricular free wall (RVFW), 

excluding papillary muscles and epicardial fat 

IV. Open the right chambers and pulmonary artery as follows: 

a. Open the right atrium laterally from the inferior vena cava (IVC) to 

the right atrial appendage (RAA), assess and describe any lesions 
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b. Open the right ventricle laterally, assess and describe any lesions, 

paying particular attention to the right ventricular outflow tract 

(RVOT) 

c. Measure the circumference (cm) of the tricuspid valve, assess and 

describe any lesions 

d. Open the pulmonary artery by incising along the septum of the 

anterior right ventricle, assess and describe any lesions  

e. Measure the circumference (cm) of the pulmonary valve, assess 

and describe any lesions 

V. Open the left chambers and aorta as follows: 

a. Open the left atrium along the top wall (pulmonic veins), assess and 

describe any lesions 

b. Open the left ventricle laterally, assess and describe any 

c. Measure the circumference (cm) of the mitral valve, assess and 

describe any lesions 

d. Open the aorta by incising along the septum of the anterior left 

ventricle, assess and describe any lesions 

e. Measure the circumference (cm) of the aortic valve, assess and 

describe any lesions 

VI. Inspect the coronary vasculature as follows: 

a. Within the opened aorta, identify the ostia of the coronary arteries 

and probe  

b. Comment on the number, locations and sizes of the ostia and check 

whether they branch normally 

c. Cut across the coronary arteries at 3mm intervals, assess and 

describe any lesions 

VII. Take samples for histopathology from the following tissue sections, labelling 

each cassette with animal ID and sample ID. The sample IDs are as follows: 

a. Left ventricle – L1 (anterior); L2 (posterior); L3 (lateral) 

b. Inter-ventricular septum – S1 (anterior); S2 (posterior)  

c. Right ventricle – R1 (anterior); R2 (posterior); R3 (lateral), R4 

(RVOT) 

d. Others – SA (Sinoatrial node); AV (Atrioventricular node); A (Aorta); 

Any lesions found during the examination 
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Histopathological examination 

A minimum of 12 standardised tissue sections were taken from each heart, with 

additional samples taken from any identified lesions. Once the tissue sections were 

placed into cassettes, they were re-submerged in formalin and submitted for 

processing and staining with Haematoxylin and Eosin (H&E), and sliced by the 

histology technician at the University of Nottingham’s Veterinary Pathology Service 

(LE12 5RA, UK). The processed slides were sent to a digital histology slide scanning 

and storage service at University College London (UCL IQPath, UCL Institute of 

Neurology, Queen Square, London, WC1N 3BG).  

Once digitalised, the slides were systematically examined for histopathologic lesions 

that may indicate acute or chronic cardiac changes. Final diagnoses were established 

by the overseeing board-certified veterinary pathologist, Kerstin Baiker (Dr med vet, 

MRCVS, CertForensicVP, SFHEA, DiplECVP), in accordance with any clinical 

information received from the submitting zoo pertaining to the animal’s ante-mortem 

health and circumstances of death.  

 

Reporting and analysis 

A written report was produced and sent to the submitting zoo from which the animal’s 

heart came, detailing to what extent the animal had cardiovascular changes (mild, 

moderate or marked, and acute or chronic), if any, and whether any changes were 

likely to have been clinically important. The individual results were collated and stored 

in a database, along with other relevant information such as clinical history when 

available.  
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Results 

 

Formalin-fixed whole hearts (n=25) were received from 19 European zoological 

collections (as depicted in Figure A.2) between October 2020 and August 2023. 44% 

of the hearts were from chimpanzees (Pan troglodytes n=11), 32% from Western 

lowland gorillas (Gorilla gorilla n=8), 20% from orangutans (Pongo sp. n=1, Pongo 

abelii n=2, Pongo pygmaeus n=2), and one heart (4%) was from a bonobo (Pan 

paniscus). The median age at death of all animals was 31.4 years (range: 0.0 – 49.8 

years). The age of the single bonobo was 31.4 years. The median age of chimpanzees 

was 34.9 years (range: 12.9 – 49.8 years), for gorillas it was 28.7 years (range: 8.8 – 

47.8 years), and for orangutans it was 31.4 years (range: 0.0 – 44.7 years). All median 

ages listed here are considered to be in the adult, but not elderly, age category, 

according to various sources (Alberts et al., 2013; Furuichi et al., 1998; Galdikas, 

1981; Strong, 2017; Strong et al., 2018b)(Alberts et al., 2013; Furuichi et al., 1998; 

Galdikas, 1981; Strong, 2017; Strong et al., 2018b). 52% (n=13) of the hearts were 

from female animals, and 48% (n=12) from males. The demographics of each study 

animal can be found in Table A.1, alongside a summary of the pathological findings. 
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Figure A.2: Map showing the origin locations (n=19) of great ape hearts submitted by 
European zoos for postmortem examination between October 2020 and August 2023. 
Map generated with QGIS Desktop v2.18.28. 
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Table A.1: Summary of cardiovascular findings resulting from the histopathological phenotyping of the submitted great ape hearts 
(n=25). The study ID, sex, and age (years) of the animal at the time of death is included, as well as information relating to the nature 
of the death and the findings upon cardiovascular examination. The severity (mild, moderate, or marked) and chronicity (chronic or 
acute) of any pathological changes is included. Asterisk (*) in the study ID column denotes an individual whose samples were included 
in other chapters of this thesis (n=4 chimpanzees). Hash symbol (#) in the cardiovascular abnormalities column denotes advanced 
CVD cases. Abbreviations: IMF = Idiopathic Myocardial Fibrosis; CBN = Contraction Band Necrosis; ACM = Arrhythmogenic 
Cardiomyopathy; DCM = Dilated Cardiomyopathy.  

Taxonomy  Study 
ID Sex Age 

(years) Circumstances of death Cardiovascular 
abnormalities Severity and chronicity 

Bonobo B10 Male 31 Euthanasia  Yes Mild, acute 

Chimpanzee 

C43 Female 40 Sudden death (cardiac) Yes (IMF) # Marked, chronic 

C44 * Male 32 Euthanasia Yes (IMF) # Moderate, chronic 
Marked, acute 

C45 Female 34 Sudden death (cardiac) Yes (IMF) # Marked, chronic 
Moderate, acute 

C46 * Female 49 Sudden death 
(non-cardiac) Yes  Mild, chronic 

Mild, acute 
C47 * Female 47 Euthanasia  Yes  Mild to moderate, chronic 

C48 Female 12 Peri-anaesthesia death 
(non-cardiac) No – 

C49 Male 30 Traumatic injuries Yes Mild to moderate, chronic 
C50 Male 15 Euthanasia Yes Mild to moderate, acute 

C51 Male 32 Peri-anaesthesia death 
(cardiac) Yes (IMF) # Marked, chronic 

Mild, acute 

C52 Male 38 Sudden death (cardiac) Yes (ACM) # Marked, chronic 
Moderate, acute 

C54 * Male 41 Sudden death (cardiac) Yes (thrombi / IMF 
/ DCM) # 

Marked, chronic 
Moderate, acute 
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Gorilla 

G20 Female 25 Peri-anaesthesia death 
(cardiac) 

Yes (chronic 
infarction) # Marked, chronic 

G21 Female 45 Sudden death 
(non-cardiac) No – 

G22 Female 47 Euthanasia Yes (CBN) # Mild, chronic 
Marked, acute 

G23 Male 16 Euthanasia Yes Mild, chronic 
Mild, acute 

G24 Female 33 Euthanasia Yes Moderate, chronic 
Moderate, acute 

G25 Female 8 Euthanasia Yes Moderate, acute 
G26 Male 31 Sudden death (cardiac) Yes (ACM) # Marked, chronic 
G27 Female 21 Euthanasia No – 

Orangutan 

O13 Female 31 Sudden death 
(non-cardiac) Yes Mild, chronic 

Moderate, acute 

O14 Male 25 Peri-anaesthesia death 
(non-cardiac) No – 

O15 Female 44 Euthanasia Yes Mild, chronic 
O16 Male 0 Traumatic injuries No – 
O17 Male 31 Euthanasia Yes (DCM) # Marked, chronic 
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Of all 25 hearts received, 20 (80%) showed cardiovascular abnormalities of some kind. 

At the species level, the prevalence of abnormalities was 91% (10/11) in chimpanzees, 

75% (6/8) in gorillas, and 60% (3/5) in orangutans. The bonobo individual also showed 

abnormalities (1/1). Of all individuals with abnormalities, half were female (10/20) and 

half were male (10/20). The median age of individuals with abnormalities was 32.5 

years (range: 8.8 – 49.8 years). Euthanasia was the cause of death in 50% (10/20) of 

the cases with observed abnormalities, while 35% (7/20) were classed as a sudden or 

unexpected death, 10% (2/20) listed as peri-anaesthesia, and 5% (1/20) due to 

physical trauma.  

Half (10/20) of the individuals with abnormalities were considered to have mild or 

moderate CVD (i.e. subclinical). The median age of mild or moderate CVD cases was 

31.4 years (range: 8.8 – 49.8 years). Euthanasia was the cause of death in 70% (7/10) 

of these cases, with sudden or unexpected death and physical trauma making up 20% 

(2/10) and 10% (1/10) of the deaths, respectively. Observed chronic changes included 

myocardial fibrosis (interstitial, perivascular and replacement) and vascular changes 

(arterial media thickening, arteriolosclerosis, mineralisation, aortic media 

degeneration, intimal thickening and root dilation). Acute changes included 

myocarditis, fibrinous endocarditis, cardiomyofibre degeneration, myocardial necrosis, 

contraction band necrosis (CBN), and subendocardial and epicardial haemorrhages.  

Two chimpanzees whose serum samples were included in Chapter 1 of this thesis had 

mild to moderate CVD. More specifically, a 49.8 year old female chimpanzee (C46) 

who died suddenly and was diagnosed with acute haemorrhagic colitis and chronic 

kidney disease post-mortem, showed chronic myocardial fibrosis (mild to moderate 

interstitial and replacement fibrosis), mild peracute CBN, and chronic focal aortic 

media degeneration with mineralisation. The second, a 47.6 year old female 

chimpanzee who was euthanised due to perceived age-related deterioration, showed 

chronic myocardial fibrosis (mild to moderate interstitial, perivascular, and 

replacement fibrosis) with mild chronic arterial media thickening, mineralisation and 

arteriosclerosis. 

The remaining half (10/20) of those with observed cardiovascular abnormalities were 

considered to have marked CVD (i.e. likely to lead to incurable disease or death), 

according to the post-mortem findings. The median age of marked CVD cases was 
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33.8 years (range: 26.0 – 47.8 years). Among the cases of marked CVD, 50% (5/10) 

had a sudden or unexpected death, 30% (3/10) were euthanised, and 20% (2/10) were 

peri-anaesthesia deaths. The majority (7/10) of the marked CVD cases were attributed 

to cardiomyopathy, while the remaining three involved acute CBN, intracardial thrombi, 

and a prior focally extensive infarction.  

Idiopathic myocardial fibrosis (IMF) was the most common cardiomyopathy, affecting 

57% (4/7). Sudden death occurred in half (2/4) of the IMF cases, with euthanasia (1/4) 

and peri-anaesthetic death (1/4) also recorded. All IMF cases were chimpanzees 

(C43, C44, C45, C51), and were characterised by multifocal extensive areas of chronic 

interstitial and replacement fibrosis with no clear aetiology (Strong et al., 2020)(Strong 

et al., 2020). In all cases, IMF was accompanied by acute changes including 

cardiomyofibre degeneration, haemorrhages and CBN. Figure A.3 shows the 

extensive myocardial fibrosis in these cases. Serum from C44 was also included in 

Chapter 1 of this thesis. C44 was a 32.2 year old male chimpanzee who was 

euthanised due to physical trauma, and showed chronic moderate interstitial and 

replacement fibrosis, acute CBN, and multifocal acute haemorrhages.   
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Figure A.3 (A-D): Histology slides showing idiopathic myocardial fibrosis (IMF) in the 
left ventricular myocardium of four chimpanzees (Pan troglodytes): C43, C44, C45 and 
C51  (Figs. A-D respectively).  All histology slides stained with H&E and shown at a 
2.5x magnification with a 1mm scalebar. Images produced from an online digital slide 
viewer (NZConnect 1.0.36).
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Another cardiomyopathy phenotype, arrhythmogenic cardiomyopathy (ACM), affected 

two male individuals, C52 and G26, who both experienced a sudden cardiac death. 

While myocardial fibrosis is also a feature of ACM, it is more specifically characterised 

by extensive fibrofatty replacement of the cardiac muscle tissue. This fibrofatty 

replacement normally begins in the right chambers and is thought to impact the heart’s 

electrical conductivity. Figure A.4 shows the marked fibrofatty replacement of 

cardiomyocytes in the right ventricular myocardium of C52 and G26, which ultimately 

led to arrhythmia and sudden death. 
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Figure A.4 (A-D): Right ventricular fibrofatty replacement of cardiomyocytes 
characteristic of Arrhythmogenic Cardiomyopathy (ACM) as seen macroscopically and 
histologically in two great apes: C52 (Pan troglodytes, Figs. A-B) and G26 (Gorilla 
gorilla gorilla, Figs. C-D). All histology slides stained with H&E and shown at a 2.5x 
magnification with a 1mm scalebar. Images produced from an online digital slide 
viewer (NZConnect 1.0.36).   
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The final cardiomyopathy identified was dilated cardiomyopathy (DCM), which was 

diagnosed in one male orangutan (O17), who showed a marked dilation of the left 

chambers (Figure A.5 A-B), with cardiomyocyte hypertrophy (Figure A.5 C), which 

culminated in systolic dysfunction and congestive heart failure. Additionally, the heart-

weight-to-bodyweight ratio of O17 was 0.66%, which is considered indicative of 

cardiomegaly in chimpanzees (Baldessari et al., 2013; Lammey et al., 2008b, 2008a; 

González et al., 2002)(Baldessari et al., 2013; Lammey et al., 2008b, 2008a; González 

et al., 2002), but there is currently no published data about this in orangutans. This 

individual had been euthanised due to a poor clinical outlook.  

There were two marked CVD cases where cardiomyopathy was not the accompanying 

phenotype. Evidence of a previous myocardial infarction, signified by a focally 

extensive area of fibrofatty replacement within the right side of the septal wall, was 

identified in a female gorilla (G20) who died upon general anaesthesia induction. In an 

elderly female gorilla (G22), more acute changes in the form of marked CBN were 

found, which suggests that if she hadn’t been euthanised due to poor clinical 

prognosis, the extent of the irreversible ischaemic myocardial damage in this case 

may have led to her death anyway. 
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Figure A.5 (A-C): Dilated Cardiomyopathy (DCM) as observed in O17 (Pongo abelii).  
Figs A-B show macroscopic cardiomegaly and left ventricular and atrial dilation as 
seen externally (Fig. A) and internally (Fig. B). Fig. C shows cardiomyocyte 
hypertrophy as seen during histological examination. An enlarged (61.2µm), 
hyperchromatic nucleus has been identified and labelled. Histology slide stained with 
H&E and shown at a 7x magnification with a 250µm scalebar. Images produced from 
an online digital slide viewer (NZConnect 1.0.36). 
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The final case of marked CVD was a male chimpanzee (C54), who died suddenly and 

was affected by multiple cardiovascular changes. Though there were characteristics 

of both IMF and DCM – namely, marked chronic interstitial and replacement fibrosis 

with a left ventricular dilation – there were also multiple fibrinous thrombi within the left 

ventricle (Figure A.6). The large thrombi were adhered multifocally to the papillary 

muscles and leaflets of the mitral valve and were most likely the cause of the sudden 

death in this individual, though the aetiopathogenesis of these remains unclear. Within 

the aorta, there were chronic mild intimal thickenings and an acute focal adventitial 

haemorrhage. Acute CBN and moderate cardiomyofibre degeneration were also 

present, reflecting the terminal dysrhythmic event observed in this case. Myocardial 

tissue from C54 was included in Chapter 3 of this thesis. 

A summary of the prevalence of the observed CVD phenotypes among the marked 

CVD cases in each species can be found in Figure A.7.  

 

 

Figure A.6 (A-B): Intracardial left ventricular thrombi of C54 (Pan troglodytes) as seen 
macroscopically from within the left atrium (Fig. A) and left ventricle (Fig. B). White 
dashed circles have been used to outline the thrombi, which are adhered multifocally 
to the papillary muscles and leaflets of the mitral valve.  
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Figure A.7: Prevalence of observed phenotypes among great apes (n=10) presenting 
with marked cardiovascular disease (CVD). IMF = Idiopathic Myocardial Fibrosis; ACM 
= Arrhythmogenic Cardiomyopathy; DCM = Dilated Cardiomyopathy; CBN = 
Contraction Band Necrosis.
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Conclusions 

 

This Appendix has provided a brief description of cases examined during the 

timeframe of the PhD, by the author of this thesis, in conjunction with a board-certified 

veterinary pathologist. Four of the individuals described here were also included 

elsewhere in other chapters of this thesis: serum from C44, C46 and C47 in Chapter 

1 (serum biomarkers), and C54 in Chapter 3 (myocardial gene expression).  

The overall prevalence of cardiovascular abnormalities in all great apes examined, 

regardless of the cause of death, was 80% (20 out of 25 animals), with species-specific 

prevalence of abnormalities as follows: chimpanzees 91% (10 out of 11), gorillas 75% 

(six out of eight), orangutans 60% (three out of five) and bonobos 100% (one out of 

one). This is consistent with a previous morbidity and mortality review on great apes, 

with reported prevalence of CVD higher in chimpanzees and bonobos than gorillas 

and orangutans, with orangutans consistently showing the lowest rate of 

cardiovascular disease across the studies reviewed (Strong et al., 2016)(Strong et al., 

2016).  

The high observed rate of sudden or unexpected deaths in the study animals (43% of 

animals with any cardiovascular abnormality, and 70% of animals with marked CVD) 

reinforces the findings of previous reports, though the species-specific rates of sudden 

death tend to differ according to the particular disease phenotypes seen. For example, 

vascular disease, including aortic dissection, appear to be more notable in gorillas 

(Kenny et al., 1994)(Kenny et al., 1994) and may be responsible for the particularly 

high rate of sudden death reported in gorillas elsewhere (Strong et al., 2018b)(Strong 

et al., 2018b), even though it did not feature in this dataset.  

Cardiomyopathies (ACM, DCM and IMF) were responsible for 70% of the observed 

marked CVD cases. Arrhythmogenic Cardiomyopathy (ACM), otherwise termed 

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC), was observed in two 

males (C52 and G26). In humans, ACM is a genetic disorder characterised by the 

replacement of myocardial tissue with fibrofatty tissue, primarily in the right ventricle 

of affected individuals, resulting in arrhythmia and sudden death (Sen-Chowdhry et 

al., 2004)(Sen-Chowdhry et al., 2004). Though reported cases of ACM in great apes 

are rare, previously reported cases were from male chimpanzees and gorillas (Tong 
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et al., 2014; Strong et al., 2018b)(Tong et al., 2014; Strong et al., 2018b), as confirmed 

in the present dataset. Dilated Cardiomyopathy (DCM), which is characterised 

primarily by left ventricular dilation, cardiomegaly and systolic dysfunction (Heymans 

et al., 2023)(Heymans et al., 2023), was identified in one adult male orangutan (O17) 

here. DCM has previously been reported in three male chimpanzees and one male 

orangutan (Sleeper et al., 2005; Slaffer and Allchurch, 1995; Strong et al., 

2018b)(Sleeper et al., 2005; Slaffer and Allchurch, 1995; Strong et al., 2018b). Neither 

ACM nor DCM are considered to be major contributors to cardiovascular morbidity and 

mortality in great apes (Strong et al., 2016)(Strong et al., 2016) and may be due to 

genetic mutations that may not currently be widespread in the zoo populations. 

Despite this, it could be important to investigate these cases further in order to inform 

population and breeding management within zoo settings, so as not to proliferate the 

conditions further.  

IMF was the most prevalent of all observed phenotypes, affecting 40% of the great 

apes with marked CVD. All individuals diagnosed with IMF here were chimpanzees. 

IMF has received great attention in the literature in recent years due to its high 

prevalence in all great apes, and in particular, chimpanzees. IMF is repeatedly 

reported as the most prominent form of CVD in chimpanzees, and while males and 

older individuals are at higher risk, the sex and age of affected individuals varies (Varki 

et al., 2009; Strong et al., 2018b; Baldessari et al., 2013; Lammey et al., 2008a; Strong 

et al., 2020, 2016)(Varki et al., 2009; Strong et al., 2018b; Baldessari et al., 2013; 

Lammey et al., 2008a; Strong et al., 2020, 2016). Despite ever-increasing knowledge 

about the prevalence and characteristics of IMF (as assessed post-mortem), there is 

still a great deal to learn about this idiopathic condition before any effective 

preventative measures or treatments can be adopted. Therefore, the research 

chapters of this thesis present novel insights into the ante-mortem diagnosis, 

pathogeneses and risk factors for IMF. 
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Appendix B: Example layout used for 96-well microplates for RT-qPCR.  
Letters (e.g. A and B) represent genes, and numbers (e.g. 1–13) represent biological 
samples, in this case chimpanzees (Pan troglodytes). Two genes were included per 
plate, with three technical replicates of all biological samples per gene. A No Template 
Control (NTC), which is a negative control containing the PCR Reaction Mix but no 
cDNA, was included in duplicate per gene. Two concentrations (100% and 10%) of an 
Inter Plate Control (IPC) were included, in duplicate, to ensure amplification efficiency 
and consistency.   

 1 2 3 4 5 6 7 8 9 10 11 12 

A A 
1 

A 
2 

A 
3 

A 
4 

A 
5 

A 
6 

A 
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A 
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10 
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A 
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1 

A 
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A 
3 

A 
4 
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A 
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A 
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A 
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10 

A 
11 

A 
12 
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A 
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A 
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A 
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A 
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A 
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9 
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10 
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12 
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10 
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100 
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10 
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Appendix C: Moittié, S., Jarvis, R., Bandelow, S., et al. (2022) Vitamin D status in 
chimpanzees in human care: a Europe wide study. Scientific Reports, 12: 17625. 
doi:10.1038/s41598-022-21211-6. 
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