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Abstract

In humans, inflammatory markers predict health risks. As great apes experience many similar conditions, measuring inflam-
mation may provide valuable health information. We examined four serum inflammatory markers in zoo-housed gorillas
(n=48): albumin, CRP, IL-6, and TNF-a. We first analyzed age- and sex-associated patterns, then used multimodel infer-
ence to evaluate models with age, sex, and inflammatory markers as predictors of all-cause morbidity, cardiac disease, and
mortality. Older gorillas had lower albumin and higher IL-6, and males had higher albumin, lower CRP, and lower TNF-a.
All-cause morbidity was best predicted by age, sex, and TNF-a, but the second model containing only age and sex was
equivalent. Cardiac disease was best predicted by TNF-a alongside age and sex, with lower levels associated with increased
risk. When outliers were removed, the model with TNF-a was second to the model containing only age and sex. Finally,
mortality risk was best predicted by the model with only age and sex. Other models containing individual inflammatory
markers were within top model sets for each health outcome. Our results indicate that age and sex are robust for predicting
all-cause morbidity and mortality risk in gorillas; while models which include individual inflammatory markers also predict
risk, they may not improve predictions over age and sex alone. However, given the prevalence of cardiac disease in great apes,
these results suggest that TNF-a warrants further investigation. With their potential to provide valuable health information,
data on inflammatory markers may contribute to the care and management of gorillas in human care.
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Introduction

Similar to trends in some human populations, the leading
cause of death in captive great apes is cardiac disease (Varki
et al. 2009; McManamon and Lowenstine 2012; Lowenstine
et al. 2016; Strong et al. 2016, 2018; Murphy et al. 2018).
In North American zoos, approximately 45% of bonobos
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(Pan paniscus), 41% of gorillas (Gorilla gorilla gorilla),
38% of chimpanzees (Pan troglodytes), and 20% of orangu-
tans (Pongo spp.) die from cardiac disease (Lowenstine et al.
2016). As in humans, males are more likely to develop car-
diac disease than females; in gorillas, males are eight times
as likely to die from the condition as females, and it is the
cause of death for 70% of silverback gorillas aged 30 years
or older (McManamon and Lowenstine 2012; Lowenstine
et al. 2016; Strong et al. 2018). The etiology underlying the
development of cardiac disease in great apes is currently
unknown (Varki et al. 2009; McManamon and Lowenstine
2012; Lowenstine et al. 2016; Strong et al. 2016, 2018; Mur-
phy et al. 2018).

In humans, coronary artery disease (CAD) is the most
frequently diagnosed form of cardiac disease, and occurs
when atherosclerotic plaques form within arterial walls
(Libby et al. 2002; Libby 2006). Atherosclerosis is driven
by chronic inflammation, which continues to play a role
throughout disease progression (Libby et al. 2002; Libby
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2006). However, while there have been diagnoses of CAD in
gorillas (Murphy et al. 2011), severe atherosclerosis is rare
in great apes (Varki et al. 2009; McManamon and Lowen-
stine 2012; Lowenstine et al. 2016). Great apes are most
often diagnosed with fibrosing cardiomyopathy (FCM),
which is characterized by increased fibrous connective
tissue and decreased contractility and conductivity in the
myocardium (McManamon and Lowenstine 2012; Lowen-
stine et al. 2016; Strong et al. 2018; Murphy et al. 2018).
Even though severe atherosclerosis and CAD are uncom-
mon, inflammation may still play a role in the development
and progression of cardiac disease in gorillas. For example,
myocarditis, also known as inflammatory cardiomyopathy, is
inflammation of the heart muscle that can lead to heart fail-
ure and has been observed in some gorillas during necropsy
(Murphy et al. 2011; McManamon and Lowenstine 2012;
Strong et al. 2016, 2018). It has also been suggested that car-
diac disease is rare in wild western lowland gorillas because
they regularly consume Aframomum plants, which contain

anti-inflammatory compounds that inhibit the expression of
proinflammatory genes (Williamson et al. 1990; Doran et al.
2002; McManamon and Lowenstine 2012).

Although there is an ongoing effort to identify biomark-
ers that predict risk of heart disease in great apes, such
as blood pressure, brain natriuretic peptide (BNP), leptin
and adiposity, and lipid markers (Junge et al. 1998; Mur-
phy et al. 2011, 2018; McManamon and Lowenstine 2012;
Murray et al. 2019; Dennis et al. 2019; Edes et al. 2020a),
thus far markers of inflammation have received little atten-
tion. We investigated the relationship between four serum
inflammatory markers (Table 1) and health outcomes in
zoo-housed western lowland gorillas. Albumin is a nega-
tive acute-phase protein, meaning that low levels indicate
inflammation, which has been described as a “non-specific
measure of underlying disease” (Glei et al. 2014) and a “very
sensitive prognostic marker” of mortality risk (Grimm et al.
2009). C-reactive protein (CRP) is a major acute-phase pro-
tein in humans and nonhuman primates (Cray et al. 2009)

Table 1 Associations between inflammatory markers and age, sex, morbidity risk, and mortality risk in humans

Variable Association References
Older age Alb | (McPherson et al. 1978; Phillips et al. 1989; Cooper and Gardner 1989; Salive et al. 1992; Gomi et al. 2007)
CRP 1 (Yamada et al. 2001; Heikkila et al. 2009; Puzianowska-Kuznicka et al. 2016)
IL-6 1 (Wei et al. 1992; Barton 1996; Mysliwska et al. 1998; Dobbs et al. 1999; Harris et al. 1999; Beharka et al.
2001; Kiecolt-Glaser et al. 2003; Costanzo et al. 2005; Friedman et al. 2005; Maggio et al. 2006; Heikkila
et al. 2009; Puzianowska-Kuznicka et al. 2016)
TNF-a 1 (Paolisso et al. 1998; Dobbs et al. 1999; Bruunsgaard et al. 2000)
Male sex Alb 1 (McPherson et al. 1978; Manolio et al. 1992; Gomi et al. 2007; Grimm et al. 2009; Weaving et al. 2016)
CRP - No difterence: (Tracy et al. 1997; Puzianowska-Kuznicka et al. 2016); lower in men: (Ridker et al. 1998;
Ford 1999; Khera et al. 2005; Lakoski et al. 2006); higher in men: (Yamada et al. 2001)
IL-6 — Lower in men: (Kiecolt-Glaser et al. 2003; Maggio et al. 2006; Puzianowska-KuZnicka et al. 2016); higher
in men: (Kiecolt-Glaser et al. 2005)
TNF-o 1 (Kiecolt-Glaser et al. 2005)
Morbidity risk Alb | (Phillips et al. 1989; Himmelfarb and McMonagle 2001; Murata et al. 2004; Grimm et al. 2009; Glei et al.
(including cardiac 2014)
disease) CRP 1 (Amos et al. 1978; Otterness 1994; Ridker et al. 1998, 2000, 2001, 2002; Ford 1999; Harris et al. 1999;
Koukkunen et al. 2001; Yamada et al. 2001; Libby et al. 2002; Pearson et al. 2003; Yeh and Willerson
2003; Don and Kaysen 2004; Willerson and Ridker 2004; Pai et al. 2004; Eckel et al. 2005; Alberti et al.
2006; Florez et al. 2006; Libby 2006; Emery et al. 2007; Higham et al. 2015; Tayefi et al. 2017; Tang et al.
2017)
1L-6 1 (Harris et al. 1999; Lutgendorf et al. 2000; Libby et al. 2002; Costanzo et al. 2005; Eckel et al. 2005; Fried-
man et al. 2005; Glaser and Kiecolt-Glaser 2005; Libby 2006; Maggio et al. 2006; Kronfol 2007; Heikkilad
et al. 2009; Hoffman et al. 2011; Golia et al. 2014; Grosse et al. 2016; Puzianowska-KuZnicka et al. 2016)
TNF-a 1 (Maury and Teppo 1989; Levine et al. 1990; Odeh 1993; Azzawi and Hasleton 1999; Feldman et al. 2000;
Koukkunen et al. 2001; Mann et al. 2002; Aker et al. 2003; Eckel et al. 2005; Wellen and Hotamisligil
2005; Alberti et al. 2006; Emery et al. 2007; Kronfol 2007; Golia et al. 2014; Tian et al. 2015; Urschel and
Cicha 2015)
Mortality risk Alb | (Phillips et al. 1989; Don and Kaysen 2004; Grimm et al. 2009; Fischer et al. 2014)
CRP 1 (Mendall et al. 2000; Koukkunen et al. 2001; Don and Kaysen 2004; Puzianowska-KuZnicka et al. 2016)
IL-6 1 (Barton 1996; Harris et al. 1999; Koukkunen et al. 2001; Friedman et al. 2005; Hoffman et al. 2011;
Puzianowska-KuzZnicka et al. 2016)
TNF-a 1 (Bruunsgaard et al. 2000; Koukkunen et al. 2001; Urschel and Cicha 2015)

Arrows indicate direction of association (e.g., increasing age is associated with decreasing albumin)

@ Springer



Primates

that can increase up to 1000-fold within hours of infection
but tends to have little day-to-day variation (Willerson and
Ridker 2004). Interleukin 6 (IL-6) and tumor necrosis factor
alpha (TNF-a) are pleiotropic cytokines, having both pro-
and anti-inflammatory roles as well as responding to acute
and chronic stress (Lutgendorf et al. 2000; Costanzo et al.
2005; Kiecolt-Glaser et al. 2005). In humans, these four
biomarkers have been well studied and are associated with
the presence of cardiac disease and other chronic conditions
such as arthritis, metabolic syndrome, insulin resistance and
diabetes, hypertension, kidney disease, obesity, frailty, and
cancer, as well as increased mortality risk (Table 1).

In contrast, in the available literature on gorillas,
descriptive statistics for albumin were presented in a paper
on hematologic and blood chemistry values from Yerkes
National Primate Research Center (McClure et al. 1972) and
hypoalbuminemia was associated with protein deficiency in
a captive group in Gabon (Mundy et al. 1998), the ability
to produce high levels of IL-6 and TNF-a has been docu-
mented (Ahne et al. 1996), and a recent paper showed that
males housed in a bachelor group had significantly elevated
salivary CRP following an agonistic interaction (Fuller and
Allard 2018). To our knowledge, there are no other pub-
lished reports presenting data on these individual biomarkers
in gorillas, although some have been previously included in
estimates of allostatic load alongside biomarkers from other
somatic systems in this dataset (Edes et al. 2018, 2020b,
2021). However, allostatic load is not a strong predictor of
all-cause morbidity and mortality, and estimates thus far do
not predict cardiac disease (Edes et al. 2020b, 2021). Given
these results, as well as the differences in methodologies
used to calculate allostatic load and those used herein, we
explored whether individual inflammatory markers would
better predict health outcomes. As these biomarkers are
underreported in this species, we first performed exploratory
analyses on the potential age- and sex-related patterns of
each inflammatory marker. We then evaluated how well age,
sex, and inflammatory markers explained risk of poor health
outcomes. Given the physiological similarities between
humans and gorillas, we expected to observe comparable
relationships between these markers of inflammation and
age, sex, and poor health outcomes (Table 1). We predicted
these inflammatory markers would be critical components
of models predicting all-cause morbidity, cardiac disease,
and mortality risk in gorillas.

Methods
Subjects

This research was conducted using banked serum sam-
ples collected during veterinary examinations and medical

records from western lowland gorillas currently or previ-
ously housed at the Columbus Zoo and Aquarium, Louisville
Zo0o, and Omaha’s Henry Doorly Zoo (n=63). Data for 15
gorillas were excluded because their samples were obtained
during immobilization for clinical events rather than routine
exams. The subset of gorillas with samples collected during
routine veterinary exams (n=48) included 23 males rang-
ing in age from 6 to 46 years (x=21.4, SD=10.5) and 25
females aged 7-52 years (x=21.9, SD=14.0).

Markers of inflammation and health data

Albumin is routinely measured during veterinary exams, so
these values were available in zoo medical records. CRP,
IL-6, and TNF-a were assayed from banked serum samples
collected on the same date as the albumin measurement and
cryopreserved at —70 °C. Samples were assayed by The
Ohio State University Center for Clinical and Translational
Science: Clinical Research Center (CRC). Samples were col-
lected between 1991 and 2015, and assays were conducted
in 2014 and 2016. While the variable and sometimes lengthy
storage times are concerning, CRP (Doumatey et al. 2014)
and both cytokines (Tworoger and Hankinson 2006) are
stable when stored in ultralow freezers without multiple
freeze—thaw cycles.

CRP, IL-6, and TNF-a were assayed using commercially
available kits. CRP was assayed using solid-phase chemi-
luminescence immunometric assay on an Immulite 1000
(Siemens Healthcare Diagnostics Products Ltd.). Analytical
sensitivity for CRP was 0.01 mg/L and functional sensitivity
was 0.3 mg/L. Intra-assay variation for CRP was 3.1% and
inter-assay variation was 7.3%. Solid-phase ELISA kits were
used for IL-6 (HS600B, R and D Systems, Minnesota, USA)
and TNF-a (HSTAOOD, R&D Systems, Minneapolis, MN,
USA). For IL-6, the minimum detectable dose was 0.039 pg/
mL, intra-assay variation was < 7.4%, and inter-assay varia-
tion was < 7.8%. For TNF-a, the minimum detectable dose
was 0.106 pg/mL, intra-assay variation was < 5.4%, and
inter-assay variation was < 8.3%.

Data on any diagnosed chronic conditions were obtained
from zoo medical records and included cardiac disease,
osteoarthritis, hypothyroidism, neoplasia, and obesity. When
applicable, age at death was also recorded. Chronic condi-
tions and mortality were coded as dichotomous 0,1 variables
(chronic conditions: 1= presence; mortality: 1 =deceased).

Statistical analysis

First, we determined the effects of age and sex on circulating
levels of inflammatory markers using linear regression for
normally distributed biomarkers (albumin) and generalized
linear models (GLMs) with a gamma distribution and a log-
link function for positively skewed biomarkers (CRP, IL-6,
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TNF-a). Four gorillas were missing values for albumin in
their medical records, and there was insufficient serum to
assay CRP for three gorillas. Gorillas with missing values
were excluded from age and sex analyses involving those
biomarkers. Analyses were conducted both with and without
outliers. We determined outliers using Tukey’s method for
outlier detection (Tukey 1977). Zoo ID was not included
as a random effect because this dataset did not meet the
minimum number of levels/groups (five or six) required for
robust estimates of variance (Harrison et al. 2018).

We used multimodel inference to determine whether
inflammatory markers predict morbidity and mortality risk.
As collinearity can make models difficult to interpret (Hair
et al. 2010; Harrison et al. 2018), and physiological param-
eters often covary, we first assessed multicollinearity by
estimating the variance inflation factor (VIF) between all
biomarkers. Multicollinearity was not observed between any
inflammatory markers (VIF <4.0; Hair et al. 2010). Given
that four and three individuals had missing albumin and CRP
data, respectively, we replaced those missing values with the
mean for each biomarker to use the full dataset and maxi-
mize power. To ensure that this imputation approach did
not bias our analyses, we also imputed missing values using
another donor-based approach: hot deck (Andridge and Lit-
tle 2010). We generated five additional datasets where the
missing values were imputed each time. We analyzed all six
datasets using the following procedure and compared model
ranks and other metrics across the datasets. We constructed
six models using GLMs with a binomial error structure and
a logit link: a baseline model including age and sex, as these
may influence health outcomes; four models with age, sex,
and one of the biomarkers; and a global model with age, sex,
and all four biomarkers. While it is tempting to include all
possible subsets of markers, this approach generally suffers
from model overfitting (Burnham and Anderson 2002). We
also did not examine interactions between predictors given
our sample size. As with age and sex analyses, zoo ID was
not included as a random effect. We then used multimodel
inference to determine which models best explained varia-
tion in each health outcome (Symonds and Moussalli 2011;
Harrison et al. 2018). Multimodel inference uses Akaike’s
information criterion (AIC and AICc, which is corrected for
small sample sizes; Burnham and Anderson 2002; Symonds
and Moussalli 2011) and model weights, which estimate the
probability that a given model is the best of those included,
to rank each model relative to one another. We present the
top model set, which contains all models with AAICc <6
(Symonds and Moussalli 2011; Harrison et al. 2018). An
evidence ratio (ER) also is presented for each model, which
indicates the likelihood of the top model being the best
model (e.g., an ER of 2.5 means the top model is 2.5 times
as likely to be the best model as the model to which it is
being compared; Symonds and Moussalli 2011). We also
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note how well these data fit each model using Nagelkerke’s
adjusted R>.

All statistical analyses were conducted using R (v3.5.0, R
Core Team 2018). Packages used included “VIM” (Kowarik
and Templ 2016) to generate five additional datasets with
missing values imputed via hot deck, “Ime4” (Bates et al.
2015) to run GLMs, “usdm” (Naimi 2017) to assess mul-
ticollinearity between biomarkers, “MuMIN” (Barton
2019) to compare models using multimodel inference, and
“rcompanion” (Mangiafico 2016) to estimate Nagelkerke’s
adjusted R Scripts used in this analysis are available online
(https://github.com/brandcm/Gorilla_Biomarkers).

Results

In this sample, 52.1% (n=25) of gorillas were diagnosed
with a chronic condition of some kind, including cardiac
disease, and 27.0% (n=13) had died since sample collec-
tion. Cardiac disease was diagnosed in 39.6% of gorillas
(n=19), while 16.7% (n=_8) had arthritis, 6.3% (n=23)
had obesity and/or hypothyroidism, 4.2% had hypertension
(n=2), and 2.1% had cancer (n=1); 29.2% (n=14) had just
one condition while 14.6% (n="7) had comorbidities. Males
were more likely than females to present with a poor health
outcome, with 69.6% (n=16) having at least one chronic
condition, 60.9% (n=14) having cardiac disease, and 26.1%
(n=06) being deceased. Among females, 36% (n=9) had one
or more chronic conditions, 20% (n=1>5) had cardiac disease,
and 28% (n="7) were deceased.

Ranges, means, and standard deviations for albu-
min, CRP, IL-6, and TNF-a are presented in Table 2.
Age (f+=SE=-0.015+0.005, p=0.004) and sex
(f£SE=0.376 £0.123, p=0.004) had significant effects
on albumin levels, which was higher in younger goril-
las and in males (Fig. 1). When the single outlier for
albumin was excluded, the association with age was no
longer significant (f+SE=-0.009+0.005, p=0.061).
Age did not have a significant effect on CRP concentra-
tions (f+SE=-0.008+0.018, p=0.646), but sex did
(f+SE=-2.033+0.443, p<0.0001), with females hav-
ing tenfold higher CRP (Fig. 2), a difference which
remained significant even when outliers were excluded
(f+SE=-1.434+0.397, p=0.0008). Age was positively
associated with IL-6 (f+SE=0.025+0.010, p=0.016), but
the effect of sex was not significant (f+ SE 0.278 +0.247,
p=0.267; Fig. 3). When outliers were excluded, the asso-
ciation between age and IL-6 was no longer significant
(#£SE=0.014 +0.010, p=0.187). Finally, age did not have
a significant effect on TNF-a levels (4+SE=0.011+0.011,
p=0.322), but females had significantly higher TNF-a than
males (f+SE=-0.707+0.276, p=0.014; Fig. 4) even
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Table 2 Descriptive statistics for albumin, C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-«) in a sample

of zoo-housed western lowland gorillas

All Females only Males only
n X SD Min  Max n X SD Min  Max n X SD Min  Max
All values
Albumin (g/dl) 44 3.68 048 1.80 4.60 23 3.49 048 1.80 410 21 389 040 330 4.60
CRP (mg/dl) 45 1370 2482 030 11560 23 2428 31.14 030 11560 22 269 505 030 2290
IL-6 (pg/ml) 48 4.20 4.03 0.49 1890 25 3.80 4.19  0.49 1890 23 464 389 1.06 1520
TNF-a (pg/ml) 48 0.51 0.59 0.01 383 25 0.68 0.76  0.06 383 23 033 021 0.01 0.98
Outliers excluded
Albumin (g/dl) 43 3.73 0.39  3.00 4.60 22 3.57 031 3.00 4.10  No outliers
CRP (mg/dl) 44 7.65 9.11 0.30 37.10 20 13.10 9.55 0.30 37.10 19 1.07 090 0.30 3.26
IL-6 (pg/ml) 45 3.43 2.67 049 10.89 22 2.49 1.71 049 6.84 21 372 252 1.06 9.30
TNF-a (pg/ml) 43 0.36 0.18 0.01 0.87 19 0.43 0.13  0.18 076 22 030 0.16 0.01 0.53
Fig.1 Serum albumin (g/dl) in 54 5
western lowland gorillas was .
significantly associated with S
age (f+SE=-0.015+0.005, M 44 n_
p=0.004) and sex g z,
(B+SE=0.358+0.113, T sl N :
p=0.003) E
o
<
2 2]
14 11
1I0 2I0 3'0 4I0 5IO Fernlales Ma'Ies
Age (years) Sex
Fig.2 Serum CRP (mg/dl) in 1201 120
western lowland gorillas was
not significantly associated with
age (f+SE=-0.008 +0.018, 5 1
p=0.646), but was sig- 3
nificantly associated with sex g 60
(f+SE=-2.033+0.443, o
p<0.0001) & 40
301 .
04 DO o .
1'0 2'0 3'0 4'0 SIO Fem'ales Ma‘les
Age (years) Sex

when five outliers were removed (f + SE=-0.384+0.150,
p=0.015).

We found no major differences in model ranks, AAIC
values, or model weights between our dataset with missing
values imputed with means and five datasets with missing
values imputed via hot deck across all three conditions: all-
cause morbidity risk, cardiac disease risk, and mortality risk
(Supplemental File S1). Models that fit the data very well
and very poorly were consistently ranked as such, while the
ranks of some intermediate models shifted slightly. This

demonstrates our results are robust regardless of the impu-
tation method applied. Results presented below are from the
dataset whose missing values for albumin and CRP were
imputed with means for that biomarker.

Among the models for risk of all-cause morbidity
(Table 3), the model containing age, sex, and TNF-a had
the highest weight (w;=0.340), indicating a 34% chance it
is the best model of those tested. However, given the simi-
lar weights and negligible difference in AICc, the second
model containing age and sex only was equivalent to the
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Fig.3 Serum IL-6 (pg/ml) in
western lowland gorillas was
significantly associated with
age (f+SE=0.025+0.010,
p=0.016), but not with

sex (f+SE 0.278 +£0.247,
p=0.267)

204

IL-6 (pg/ml)

204

Fig.4 Serum TNF-a (pg/ml) 41
in western lowland gorillas was
not significantly associated with
age (f+SE=0.011+0.011,
p=0.322), but was sig-
nificantly associated with sex
(f+SE=-0.707 +0.276,
p=0.014)

TNF-a (pg/ml)
N

20 30 40 50 Females Males

Sex

Age (years)

Table 3 Results from multimodel inference on which models with
age, sex, and inflammatory markers best explain the presence of
chronic conditions in zoo-housed western lowland gorillas; models

2I0 3I0 4'0 5IO Femlales Malles

Age (years) Sex

with AAICc <6 are within the top model set; italicized models are
not contained within the top model set

Model Standard estimate () K AICc AAICc w; ER R?
Age Sex (M) Alb CRP IL-6 TNF-a

Age+Sex+TNF-o  0.141  1.812 -1.838 4 506 0.00 0340 - 0.535
Age + Sex 0.122  2.133 3 50.6 0.03 0334  1.018  0.494
Age+Sex+Alb 0.125  2.018 0.370 4 529 2.29 0.108  3.148  0.496
Age+Sex+CRP 0.121  2.008 -0.007 4 529 2.30 0.107  3.178  0.496
Age+Sex+IL-6 0.123  2.151 —-0.009 4 530 2.41 0.102  3.333  0.49%4
Age +Sex+All 0.146  2.185 -0.750 0.014  -0.009 -2.847 7 578 7.19 0.009 3889  0.547

AICc Akaike’s information criterion corrected for small sample size, AAICc difference between the model with the lowest AIC and the current
model, Alb albumin, CRP C-reactive protein, ER (evidence ratio) weight of the model with the lowest AICc divided by the weight of the cur-
rent model, /L-6 interleukin-6, K number of variables included, R? (coefficient of determination) Nagelkerke’s adjusted/pseudo-R?, TNF-a tumor

necrosis factor alpha, w; (Akaike’s weight) model probabilities

top model. Odds ratios indicated strong effects of age, with
a 15% increase in risk of all-cause morbidity every year
(OR=1.151,95% CI=1.069-1.271), and sex (OR=6.123,
95% CI=1.286-35.542), with males six times as likely
to develop a chronic condition as females. The rest of the
top model set included each model with individual inflam-
matory markers but not the global model. Each model in
the top model set explained approximately half of the
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variation in disease risk. These results did not change
when outliers were removed from the dataset.

For cardiac disease risk (Table 4), the model containing
sex, age, and TNF-a had the highest weight (w;=0.847),
meaning there was an 85% chance it is the best model of
those tested. Odds ratios again indicate strong effects of
age, with cardiac disease risk increasing 9% every year
(OR=1.091, 95% CI=1.021-1.180), and males were
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five times as likely to develop cardiac disease as females
(OR=5.183, 95% CI=1.120-28.584). Only one other
model was retained within the top model set; this model,
which included age, sex, and albumin, was less than 6%
likely to be the best model (w;=0.058). The top model
explained 50% of the variation in cardiac disease risk, with
the second model explaining approximately 40%. Based
on visual examination of a plot showing TNF-a based
on the presence or absence of diagnosed cardiac disease
(Fig. 5), we determined that outliers might be driving the
observed relationship. Five outliers were removed, includ-
ing four females and one male (all had high TNF-a and
were not diagnosed with cardiac disease). When outliers
were removed, cardiac disease (Table 4) was best predicted
by a top model containing only age and sex (w;=0.357),
although the model with TNF-a was the second best
(w;=0.278) and the difference in AICc was small. Older
age (OR=1.093, 95% CI=1.023-1.183) and male sex
(OR=5.668, 95% CI=1.195-32.792) remained strong
predictors for cardiac disease risk. All models contain-
ing individual inflammatory markers were within the top
model set and explained 41-42% of variation in cardiac
disease risk when outliers were excluded.

Fig.5 Serum TNF-a in western A 4
lowland gorillas with and
without cardiac disease when
A all values are retained in the
dataset, and B five outliers are
excluded from the dataset

TNF-a (pg/ml)
N

For mortality risk (Table 5), the highest weight
(w;=0.389) was observed for the model containing sex and
age only. Odds ratios indicate that mortality risk was pri-
marily driven by age, with a 6% increase in risk every year
(OR=1.062, 95% CI=1.008-1.126), and that sex had lit-
tle to no effect (OR=0.978, 95% CI=0.247-3.884). Each
model containing one inflammatory marker was within the
top model set. Overall, the top model set explained little
variation in mortality risk (pseudo-R? values range from
0.147 to 0.168).

Discussion

As data for inflammatory markers in western lowland goril-
las are sparse, we first analyzed whether albumin, CRP, IL-6,
or TNF-a varied by age or sex. Albumin declined with age,
and males had higher levels than females, which is consistent
with patterns observed in humans (Table 1). However, the
relationship between albumin and age may be driven by the
presence of a single outlier, as the association was no longer
significant when the outlier was removed, although the p
value was just above the @ =0.05 threshold. There was no

B1.00-

0.754
0.50 1

0.254

D
d

0.00 1

Absent Present Absent Present

Cardiac Disease Cardiac Disease

Table 5 Results from multimodel inference on which models with age, sex, and inflammatory markers best explain mortality risk in zoo-housed
western lowland gorillas; models with AAICc <6 are within the top model set; italicized models are not contained within the top model set

Model Standard estimate (/) K AICc  AAICc w; ER R?
Age Sex (M)  Alb CRP TNF-a

Age+Sex 0.060  -0.023 3 575 0.00 0.389 - 0.147
Age+Sex+Alb 0.048 0.279 —0.832 4 59.1 1.61 0.174 224  0.168
Age+Sex+IL-6 0.050 -0.109 0.071 4 59.3 1.78 0.160 243 0.163
Age+Sex+CRP 0.060 -0.215 —-0.011 4 595 2.03 0.141 2.76  0.156
Age+Sex+TNF-a0  0.059 0.036 0.153 4 59.8 2.32 0.122 3.19  0.149
Age + Sex +All 0.028  -0.406 -0.649  -0.051 0107  1.282 7 64.2 6.73 0.013 299 0239

AICc Akaike’s information criterion corrected for small sample size, AAICc difference between the model with the lowest AIC and the current
model, Alb albumin, CRP C-reactive protein, ER (evidence ratio) weight of the model with the lowest AICc divided by the weight of the cur-
rent model, /L-6 interleukin-6, Knumber of variables included, R* (coefficient of determination) Nagelkerke’s adjusted/pseudo-R2, TNF-a tumor

necrosis factor alpha, w; (Akaike’s weight) model probabilities
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significant association between age and CRP in gorillas, but
levels increase with age in humans (Table 1). Female goril-
las had approximately tenfold higher CRP than males even
when outliers were excluded. Reports on differences in CRP
between men and women are inconsistent (Table 1). Fuller
and Allard (2018) reported higher CRP in male gorillas
housed in bachelor groups following agonistic interactions.
A sex difference in CRP could reflect the increased likeli-
hood for females to experience agonistic interactions given
the social dynamics in mixed-sex gorilla troops (e.g., court-
ship aggression from males, conflict between non-related
females; Stokes 2004; Leeds et al. 2015). Age and IL-6
were positively associated when all values were retained,
which is consistent with reports in humans (Table 1), but
not when outliers were excluded. There was no significant
difference in IL-6 between male and female gorillas; as with
CRP, reports on differences in IL-6 between men and women
vary (Table 1). Finally, there was not a significant associa-
tion between age and TNF-a in gorillas, despite reports of
increasing levels with older age in humans (Table 1). Female
gorillas had higher TNF-a than males, but the opposite pat-
tern is observed in humans (Table 1).

We then evaluated how well age, sex, and inflammatory
markers explained disease and mortality risk. Here, all-cause
morbidity was best predicted by older age, male sex, and
lower TNF-a, although the similar weight and small dif-
ference in AICc suggest that the second-best model, which
included age and sex only, was equivalent to the top model.
Similar results were observed for mortality risk, which was
best predicted by the model containing age and sex alone.
Contrary to our predictions, while models containing one
inflammatory marker do predict risk of chronic disease and
shortened lifespan in gorillas, these results suggest that age
and sex alone are sufficient for predicting all-cause morbid-
ity and mortality risk.

In contrast to all-cause morbidity and mortality, when
all values were retained in the dataset cardiac disease was
best predicted by older age, male sex, and lower TNF-
a. This top model had an 85% chance of being the best
model of those tested. Only one other model with age, sex,
and albumin was also within the top model set, but there
was a less than 6% chance that this model was the best of
those tested. These results indicate that including TNF-«
improves predictions over age and sex alone. However, it is
possible these results were driven by the presence of outli-
ers (Fig. 5). When outliers were removed, the top model
contained only age and sex, although the model with
TNF-a was second best, and the top model set contained
all additional models with individual biomarkers. This top
model had a 36% chance of being the best model of those
tested. Regardless of whether outliers were retained or
excluded, our data unexpectedly show an inverse relation-
ship between risk of cardiac disease and TNF-a. As males

are more likely to develop cardiac disease, the negative
association observed here likely explains why we observed
higher TNF-a in females. Evidence from humans and
animal models demonstrates that elevated TNF-a plays
an important role in cardiac disease and heart failure,
including in relation to many symptoms which character-
ize FCM (e.g., reduced contractility, increased fibrosis,
left ventricular hypertrophy, hypertension; Bozkurt et al.
1998; Patten et al. 2001; Bautista et al. 2005; Tian et al.
2015; Urschel and Cicha 2015). However, we are unaware
of any reports of inverse associations between TNF-a and
cardiac disease in humans or other species. Based on these
results, TNF-a warrants further exploration as a biomarker
for predicting and monitoring cardiac disease in this spe-
cies, but additional research is needed to determine exactly
how this inflammatory marker plays a role in gorillas or
other great apes.

This report contributes to the limited research on how
age and sex affect circulating levels of biomarkers of inflam-
mation in western lowland gorillas, and, in turn, how those
markers predict disease and mortality risk. While we tried
to limit the likelihood of inflammation due to illness by
only including samples collected during routine exames, it
is possible some gorillas were experiencing undiagnosed
infections. Additionally, our samples were collected from a
mixture of individuals, with some at younger ages prior to
any disease onset combined with older individuals who had
already developed chronic conditions, which likely impacts
the patterns we are seeing. Furthermore, biomarkers like
cytokines often are pleiotropic, and their roles in other func-
tions may confound our results. These limitations highlight
the need to collect serial measures of biomarkers across the
lifespan, which is critical to understanding levels that are
healthy baselines versus transient but appropriate responses
to stimuli versus dysregulated due to chronic illness, for
which there is likely substantial inter-individual variation.
Developing noninvasive assays and/or training animals to
voluntarily participate in sample collection will aid these
efforts, as ketamine, a common anesthetic agent and the one
most commonly used for immobilization of gorillas in this
study (either alone or in combination with other agents),
has been shown to suppress the release of albumin (Ben-
nett et al. 1992; Kim et al. 2005), CRP (Walker et al. 2015;
Senapathi et al. 2016), and IL-6 and TNF-a (De Kock et al.
2013; Walker et al. 2015). This research would benefit from
data on additional zoo-housed collections as well, as a larger
sample size would allow for the inclusion of additional mod-
els and interaction terms, variables such as weight and blood
pressure (when available), and random effects like facility.
Analyses of other markers of inflammation, which may be
better for predicting disease and mortality risk in this spe-
cies, will further address the role inflammation plays in dis-
ease and mortality risk in gorillas.
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In sum, models containing age and sex only are likely
to best predict all-cause morbidity and mortality risk but
adding TNF-a may improve predictions of cardiac dis-
ease in zoo-housed western lowland gorillas. Of the four
inflammatory markers examined herein, only albumin is
routinely measured in zoo-housed gorillas. Additional
research is needed to confirm whether measuring inflam-
matory markers provides clinically meaningful informa-
tion over age and sex alone. This concern is especially
salient given that many animals need to be anesthetized for
the collection of invasive samples, the limited quantity of
previously collected samples for retrospective longitudi-
nal analysis, and the potentially prohibitive costs of these
assays. It also is possible that other markers of inflamma-
tion would better predict all-cause disease and mortality
risk in gorillas. Similar research in other great apes will
help us better understand how patterns of inflammation
vary by age, sex, and disease and mortality risk across
hominids.
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