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Abstract

Background: Vitamin D is essential for skeletal health, calcium homeostasis and

general health. The major and more stable form of vitamin D in circulation is 25-

hydroxyvitamin D (25-OH-D); this is the most valuable indicator of vitamin D status.

There are studies on laboratory and zoo-housed chimpanzees; however, serumvitamin

D status has not been documented in chimpanzees in range countries.

Objectives: (1) Determine the range of circulating 25-OH-D concentrations in chim-

panzees in range countries. (2) Assess the influence of age, sex, and sun exposure on

25-OH-D serum concentrations.

Methods: Opportunistic blood samples were obtained from 127 clinically healthy

chimpanzees. Serum 25-OH-D concentration was measured with a commercially

available competitive ELISA.

Results: The median overall 25-OH-D concentration for chimpanzees in range coun-

tries was 46.24 nmol/L (range: 17.10–109.23 nmol/L). Males had a significantly lower

concentration (40.15 nmol/L) than females (49.61 nmol/L), and infants (37.99 nmol/L)

had a significantly lower concentration than adults (46.04 nmol/L). Concentrations of

25-OH-D in chimpanzees in sunnier habitats were significantly higher compared to

thick tropical forest habitat.

Conclusion:The present constitutes a large dataset of serum25-OH-D concentrations

in range country sanctuary chimpanzees and contributes to document normal ranges.

Age, sex, and sun exposure influenced serum concentrations of 25-OH-D in sanctuary

chimpanzees.
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2 FELTRER-RAMBAUD ET AL.

1 INTRODUCTION

Vitamin D is essential for skeletal health, calcium homeostasis and

general health due to its extra-skeletal role (Bikle, 2016). Vitamin D

(calciferol) is an essential lipo-soluble vitamin that is found in food and

synthesised in the skin. It is available in two main forms: vitamin D2

(ergocalciferol), found in some plants, and vitamin D3 (cholecalciferol),

which is naturally synthesized, in the skin from endogenous or dietary

cholesterol upon exposure to sunlight with an ultraviolet light wave-

length (290–315 nm; or UV-B) (Holick, 1981; Knapka, 2003), and is

found in some food items of animal origin. These two forms, which

are not biologically active, are bound to a vitamin D binding protein

in the blood and transported to the liver, where they are subsequently

converted to 25-hydroxy vitamin D (25-OH-D) and to the biologically

active form 1-25-dihydroxyvitamin D3 in the kidneys, which is then

transported to target tissues, where it functions like a steroid, binding

to the vitamin D receptor (VDR). The major circulating form of vitamin

D is 25-OH-D, which has a half-life of approximately 2–3 weeks, and

is the form generally measured to determine vitamin D status (Holick,

2009).

Although the major function of vitamin D is to maintain calcium–

phosphorus homeostasis and proper bone formation, VDR are present

in most tissues and cells in the body, thus, vitamin D has a wide range

of biological actions affecting many cellular processes, including cell

proliferation and differentiation, as well as apoptosis and inflamma-

tion (Bikle, 2016; Dusso et al., 2005; Fischer, 2020; Khammissa et al.,

2018). There is an increasing recognition that vitamin D plays a crucial

role in female reproduction (Xu et al., 2021) as well as in spermatoge-

nesis (Zanatta et al., 2017). Low serum concentrations of 25-OH-D in

humans have been associated with an increased risk of mortality and a

variety of disorders includingmusculoskeletal diseases, diabetesmelli-

tus, cardiovascular diseases, autoimmune diseases, cancer, gestational

diabetes, and fertility issues (Dusso et al., 2005; Haidari et al., 2016;

Holick, 2017; Pilz et al., 2018; Poel et al., 2012; Zhang & Naughton,

2010). Metabolic bone disease or rickets due to vitamin D deficiency

has been documented in chimpanzees (Pan troglodytes), and a wide

range of non-human primates under human care (Junge et al., 2000;

Knapka, 2003; Power et al., 1995).

For most animals under natural conditions, vitamin D is not a nutri-

ent but an endogenously produced component of an endocrine-like

hormonal system produced in the skin after exposure to sunlight or

ultraviolet light. Thus, housing conditions are a determinant factor

for 25-OH-D concentrations in primates under managed care (Videan

et al., 2007). For the primate species that have been studied, vitamin D

is not an essential component of the diet as long as they have adequate

exposure to biologically active UV light (wavelength: 290–315 nm)

(Holick, 1981). However, many chimpanzees under human care are

exposed to suboptimal levels ofUV-B radiation, requiring anexogenous

source of vitamin D (AZA_Ape_TAG, 2010). Wild chimpanzees live in

equatorialAfrica andareexposed tohigher amounts of sunlight andUV

light year-round compared to zoo-housed chimpanzees in more north-

ern and southern latitudes. For this reason, most zoo chimpanzees are

fed a diet enriched with vitamin D or receive vitamin D supplements

(Carlsen et al., 2022). Although there are several studies on serum vita-

minD status on laboratory and zoo-housed chimpanzees (Crissey et al.,

1999; Junge et al., 2000;Moittié et al., 2020, 2022; Videan et al., 2007),

serum 25-OH-D concentrations have not been documented in chim-

panzees living in range countries (either wild or under human care)

despite their importance for overall health.

The purpose of this studywas two-fold, first, to determine the range

of circulating 25-OH-D concentrations in a population of sanctuary

chimpanzees living in range countries in equatorial West Africa, and

second toexplore the influenceof age, sex, and sunexposureonvitamin

D serum concentrations.

2 MATERIALS AND METHODS

Serum concentrations of 25-OH-D were measured in 127 chim-

panzees, including 76 females and 51 males. Chimpanzee ages ranged

from 1 to 36 years old, with 22 infants (I = 1 < 6 years old), 37 juve-

niles (J = 6 < 13 years old) and 68 adults (A = 13 < 40 years of age);

no geriatric animals (G=40 years and above)were present in the study

population (age classes according to Vidal C., 2021 pers. comm.).

The chimpanzees were housed at two sanctuaries in their range

countries in equatorial West Africa: Tacugama Chimpanzee Sanctuary

(TCS), in Sierra Leone (n = 83, Pan troglodytes verus) and Jane Goodall

Institute Tchimpounga Chimpanzee Rehabilitation Centre (TCRC), in

the Republic of Congo (n = 44, Pan troglodytes troglodytes). Both sanc-

tuaries are members of the Pan African Sanctuary Alliance (PASA)

and the chimpanzees were cared for in accordance with the recom-

mendations of the PASA operations manual (PASA, 2016). All habitats

(enclosures) included a dormitory and a large outdoor area. Habitats

were categorised according to sun exposure, from type 1 (least) to type

4 (most). At TCRC, one group was evaluated; it was composed of 33

adults, 9 juveniles and no infants. The outdoor habitat consisted of a

large (106 ha) island on the Kouilou River, with natural dense tropical

forest habitat (habitat type 1). At the time of this study at TCS, there

were 33 adult, 28 juvenile and 22 infant chimpanzees divided into 10

mixed age and sex groups, with the exception of one group comprised

only of infants. Three groups (n = 42; I = 7, J = 10, A = 25) had a

large natural low secondary forest outdoor habitat (habitat type 2);

two groups (n = 10; J = 3, A = 7) had smaller, low bush, outdoor habi-

tats (habitat type 3); three groups had open grass, outdoor habitats;

and two groups, which included a group of infants, had purpose-built

outdoor habitats with climbing and shade structures (habitat type 4;

n = 31; I = 15, J = 13, A = 3). All chimpanzees had all-day outdoor

access; from8 AM to 5 PM at TCS and from7 AM to 4.30 AM at TCRC, all

chimpanzees spent the night in the dormitories.

The diet consisted mostly of seasonal, local fresh fruits and vegeta-

bles, supplemented daily with a high-protein and energy cereal ball,

and with hard-boiled eggs two to three times a week. The infants were

also given human infant milk formula four times a day (NutriLac™ and

SMA Pro™); the chimpanzees with outdoor forest habitats at TCS and

the TCRC chimpanzees were also able to forage for wild fruits and

vegetables throughout the day. No vitamin D supplements were given.
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FELTRER-RAMBAUD ET AL. 3

F IGURE 1 Geographic location and sanctuaries’ characteristics. Map of western central Africa showing the location (latitude and longitude)
andmeanUV-B irradiance of Tacugama and Tchimpounga sanctuaries.

All sexually mature females (n = 60) were contracepted with long-

acting progestagen implants (etonogestrel and levonorgestrel), with

theexceptionof four females, twonursing females inTCSand twopreg-

nant females (implant failure) at TCRC. Young females reaching sexual

maturity were administered oral contraceptive pills for a short period

of time until an implant could be placed.

Routine health checks are carried out approximately every 2 years

by the attending veterinarian at each sanctuary and include full

physical examinations, cardiac and reproductive assessments,morpho-

metrics, faecal screening, haematology and biochemistry, tuberculosis

testing and sample collection for virology and bacteriology for respira-

tory pathogens, among others. Radiographs were taken at TCRC on all

chimpanzees (n= 44) and at TCS on two infants who had been recently

rescued. Haematology and biochemistry analyses were carried out at

local human laboratories on the day of sample collection: Choithram

Memorial Hospital (Hill Station, Freetown, Sierra Leone) for TCS, and

Laboratoires d’Analyses Medicales BioMedical (Pointe Noire, Repub-

lic of Congo). Both laboratories use automated colorimetry tomeasure

phosphorus and calcium.

The health checks took place during the dry season at both sanc-

tuaries, when the average UV index in both countries is 7 (Weather-

atlas.com): end of January, beginning of February in TCS (mean UVB

irradiance for that time of year of 0.36 W/mˆ2) and during December

in TCRC (meanUVB irradiance for December of 0.38W/m2) (National-

Aeronautics-and-Space-Administration-[NASA], 2022) (Figure 1).

For this study, blood samples were opportunistically obtained from

the femoral vein during the health checks, and all individuals included

were found to be clinically healthy. The blood samples were kept in a

cool bag in the dark before transport to the sanctuary laboratory. The

blood was allowed to clot and centrifuged at 3000 rpm for 5 min at

the sanctuary laboratories, and serum was stored at −80◦C (TCS) and

at −20◦C (TCRC) until CITES (Convention on International Trade in

Endangered Species of Wild Fauna and Flora) permits were obtained.

Serum samples were shipped frozen within 8 weeks to the Unidad de

InvestigaciónBiomédica at theUniversidadAlfonsoX el Sabio (Madrid,

Spain) for 25-OH-D analysis.

2.1 Vitamin D detection by immunoassay

Serum 25-OH-D concentration was measured with a competitive

Enzyme-Linked ImmunoSorbent Assay (EA300/96, DLD Diagnostika

GMBH, Hamburg, Germany) commercially available for humans. This

methodwas chosen for this study due to its reasonable cost, simplicity,

and ease of use in the field, factors of key importance for future in-situ

field and sanctuary studies.

Frozen serum samples were thawed without direct heat, and the

reagents were prepared following the manufacturer’s instructions. All

samples were analysed in duplicate by the same researcher. Samples

and standards were diluted 1:26 (by adding 20 μL of sample or stan-

dard in 500 μL of biotin), mixed, and incubated for 10 min at room

temperature (RT) in polypropylene tubes. Diluted samples and stan-

dards (200 μL/well) were added to the plate in duplicate and incubated
for 2 h at RT. The plate was washed three times with wash solution

(300 μL/well each one); the enzyme-conjugate antibody was added

(100 μL/well) and the plate was incubated for 30 min at RT. The plate

was washed three times with a wash solution (300 μL/well), then, the
chromogen and substrate solution was added (100 μL/well). The plate
was incubated for 15 min at RT in the dark. Finally, the stop solution

was added (100 μL/well) and the absorbance was measured at 450 nm
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4 FELTRER-RAMBAUD ET AL.

TABLE 1 Results of the influence of sex, age and sun exposure on concentrations of 25-OH-D bymultiple regressionmodel (25-OH-D nmol/L
∼ intercept+ sex+ age class+ sun exposure). Sex, age class and sun exposure were significant (*) predictor variables for serum concentrations of
25-OH-D in chimpanzees (R2 = 0.3691).

Variables Estimate

Standard

error 95%CI (asymptotic) |t| pValue

Intercept 47.22 2.611 42.05 to 52.39 18.08 <0.0001

*Sex[M] −12.57 2.836 −18.19 to−6.957 4.433 <0.0001

Age class[Juvenile] 1.418 3.456 −5.425 to 8.261 0.4104 0.6823

*Age class[infant] −24.49 4.827 −34.05 to−14.93 5.074 <0.0001

*Sun exposure[2] 10.22 3.382 3.528 to 16.92 3.024 0.0031

*Sun exposure[3] 14.49 5.268 4.055 to 24.92 2.750 0.0069

*sun exposure[4] 25.10 4.638 15.92 to 34.29 5.412 <0.0001

using the Varioskan LUX, version 1.00.37 (Thermo Fisher Scientific).

The serum 25-OH-D concentrations (ng/mL) were measured using

the SkanIt Software 5.0 for Microplate Readers RE, version 5.0.0.42

(Thermo Fisher Scientific) by interpolating the optical absorbance val-

ues obtained in the four-parameter logistic function standard curve

that was generated using the reference standards. The individual sam-

ple value was calculated using the average of duplicates. The values of

serum 25-OH-D quantified by ELISA (ng/mL) were converted to inter-

national system (IS) units in nmol per litre using the conversion factor

2.496 (1 ng/mL= 2.496 nmol/L).

2.2 Statistical Analyses

Data were analysed using GraphPad Prism software (GraphPad Soft-

ware) and SAS (SAS Institute). Continuous data (age and 25-OH-D

concentration) were tested for normality with the Dt’Agostino & Pear-

son test. Summary statistics for data that did not pass the normality

test are reported as median with interquartile range (IQR), normally

distributed data are reported as mean± SD. Multiple linear regression

was used to assess the influence of sex, age class and sun exposure

(habitat type). Significance was considered when p values were less

than 0.05.

All P. t. veruswere at TCS, and all P. t. troglodyteswere at TCRC; also,

all chimpanzees from TCRC resided in habitat type 1, while none of

the TCS chimpanzees resided in habitat type 1, resulting in collinearity

of location and subspecies with habitat. The resulting multicollinear-

ity precluded the inclusion of location and subspecies in the multiple

regressionmodel.

2.3 Ethical approval

The study was approved by the TCS, the Jane Goodall Institute, the

Republic of Congo, and TCRC management. This was an opportunistic

study during the regular health checks carried out at the sanctuaries

and, as such, adheres to the PASA professional, ethical and welfare

standards for such procedures.

3 RESULTS

The median serum 25-OH-D concentration for all 127 chimpanzees

was46.24nmol/L (IQR:35.90–60.44nmol/L) and the rangewas17.10–

109.23 nmol/L. The multiple regression model included age, sex and

sun exposure or habitat type as variables of 25-OH-D concentrations

(25-OH-D nmol/L ∼ intercept + sex + age class + sun exposure). A

robust regression (Chen, 2002) performed on themodel indicated that

there were two outliers; these were excluded from further analysis.

Sex, age, class and sun exposure were significant predictor variables

for serum concentrations of 25-OH-D in chimpanzees (R2 = 0.3691;

Table 1).

3.1 Age and sex

Serum25-OH-D concentrationswere significantly (p<0.007), lower in

males (median: 37.91 nmol/L, IQR: 29.61–85.54) compared to females

(49.61 nmol/L, IQR: 40.22–98.99) (Figure 2).

Infants had a significantly (p < 0.0001) lower concentration than

adults (median: 37.77 noml/L; IQR: 32.09–45.59 vs. 45.95 mol/L

IQR: 37.68–58.16), while the serum concentration in juveniles

(53.97 nmol/L, IQR: 39.92–75.36 vs. 45.95 mol/L; IQR: 37.68–58.16)

was not significantly different from adults (Figure 3).

3.2 Habitat type

Serum concentrations of 25-OH-D in chimpanzees in habitats types

2–4 were significantly higher compared to habitat type 1, with an

upward trend as the sun exposure increases until level 3, with no fur-

ther increase between habitats 3 and 4 (Figure 4). As indicated by the

wide IQRs (Table 2), there was a fair amount of variation in the concen-

tration of 25-OH-D among the various habitats, potentially indicating

a difference in habitat use by the different individuals.

Noteworthy cases were one individual that was nurs-

ing at the time of sampling (1-year-old) with a serum

25-OH-D concentration of 88.48 nmol/L, the lactating mother
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FELTRER-RAMBAUD ET AL. 5

F IGURE 2 Median serum 25-OH-D concentrations for female (F)
andmale (M) chimpanzees in two African sanctuaries. Individual
values are represented, shading indicates themedian and the brackets
indicate interquartile ranges.

F IGURE 3 Median serum 25-OH-D concentrations for infant,
juvenile and adult chimpanzees at two African sanctuaries. Brackets
indicate interquartile ranges.

(14 years old) had a serum 25-OH-D concentration of 68.99 nmol/L,

and another lactating female (14 years old) had a serum 25-OH-D

concentration of 64.68 nmol/L. There were two pregnant females at

TCRC who had serum 25-OH-D concentrations of 46.17 nmol/L (9

years old) and 76.03 nmol/L (16 years old).

The calcium (Ca) and phosphorus (P) concentrationswere all, except

for two females, within normal reference ranges for chimpanzees

(Species360, 2022: Ca, 1.9–2.6 mmol/L & P, 0.35–2.33 mmol/L), and

for the laboratory used in each country. The average total calcium was

2.22 ± 0.21 mmol/L for TCS and 2.14 ± 0.9 mmol/L for TCRC. Mean

phosphorus was 1.26 ± 0.3 mmol/L for TCS and 1.36 ± 0.2 mmol/L

for TCRC. A juvenile female (8 years old) at TCS had a total calcium

concentration of 1.95 mmol/L, which was marginally below the refer-

ence range for the laboratory (2.00–2.74mmol/L), but her phosphorus

concentration was 1.43 mmol/L, within the reference interval, and a

Ca:P ratio of 1.36:1 (normal 1–2:1) with a serum 25-OH-D concentra-

tion of 91.36 nmol/L. Another young adult female (13 years old) in TCS
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F IGURE 4 Sanctuary chimpanzee (Pan troglodytes) median
25-OH-D serum concentrations by habitat type: #1 natural dense
tropical forest habitat; #2 natural low secondary forest outdoor
habitat; #3 low bush habitat; #4 open grass, outdoor habitat with
shade structures. Brackets indicate interquartile ranges.

TABLE 2 25-OH-Dmedian serum concentrations and IQR in
Sanctuary chimpanzees in range countries.

Habitat type

25-OH-DMedian

(IQR) nmol/L

1Natural dense tropical forest

habitat

40.16 (30.31–50.79)

2 Natural low secondary forest

outdoor habitat

49.65 (39.67–67.84)

3 Low bush, outdoor habitat 52.04 (42.56–84.43)

4Open grass, outdoor habitats

and purpose-built outdoor

habitats with climbing and

shade structures

53.85 (36.69–75.36)

had a total calcium concentration of 3.09 mmol/L, which is above the

reference range. With phosphorus concentrations of 1.28 mmol/L and

a higher Ca:P ratio (2.4:1), the serum 25-OH-D concentration in this

individual was 65.45 nmol/L.

No skeletal abnormalities were detected during the radiographic

exams of the 44 TCRC chimpanzees. Except for two infants that

showed no abnormalities, radiographs were not performed on the

chimpanzees at TCS, but all chimpanzees presented with normal

growth (Curry et al., 2022) and locomotion; additionally, no skeletal

abnormalities were detected on physical examination.

Based on the clinical exam and laboratory results, all chimpanzees

included in the study were clinically healthy except for two chim-

panzees at TCS: a juvenile male and a recently rescued infant in

quarantine. These twowere excluded from the study.
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6 FELTRER-RAMBAUD ET AL.

4 DISCUSSION

The present study reports on a large dataset of serum 25-OH-D con-

centrations in chimpanzees living in range countries and contributes

data to document normal ranges. Age, sex and sun exposure (habitat

type) were found to influence the serum concentrations of 25-OH-D in

sanctuary chimpanzees.

Vitamin D deficiency and insufficiency are concerns for human

health worldwide (Palacios & Gonzalez, 2014). Despite this, there is

still no consensus about the optimal serum concentrations of 25-OH-

D in humans, in part due to assay and laboratory variation. Generally,

in humans, serum concentrations less than30 nmol/L are consid-

ered severely deficient, 30–50 nmol/L insufficient or deficient, and

serum concentrations more than 50 nmol/L are considered sufficient

(Amrein et al., 2020; Sempos et al., 2018). Vitamin D status and its

impact on general health are also a concern for chimpanzees under

human care (Moittié et al., 2022; Strong et al., 2020). The range of

serum 25-OH-D concentrations for wild chimpanzees or chimpanzees

under human care in range countries has not been studied, and ref-

erence ranges for circulating 25-OH-D in chimpanzees are lacking.

Therefore, human reference ranges and cut-off values have histor-

ically been used to evaluate the vitamin D status of chimpanzees

under human care (Junge et al., 2000; Moittié et al., 2022; Videan

et al., 2007).

The authors recognise that there is a greater variability with the

use of ELISA for the measurement of 25-OH-D compared to LC–MS,

which is considered the gold standard technique in humans (Zelzer

et al., 2018), and this variation constitutes a limitation of the present

study. However, to improve reliability, all samples were run in dupli-

cate by the same researcher. This ELISA was chosen for this study

because of its reasonable cost, simplicity, and ease of use in the field.

Even though the results of cannot be directly compared to studies that

use different analytical techniques, 25-OH-D concentrations in the

present study were lower (46.24 nmol/L) than the median concentra-

tions found in a Europe-wide study of serum 25-OH-D concentrations

(57.70 nmol/L) in zoo-housed chimpanzees (Moittié et al., 2022) and

in laboratory chimpanzees (51.42 nmol/L) with indoor and outdoor

access (Videan et al., 2007), as well as below the cut-off for sufficient

25-OH-D concentration for humans.

The median 25-OH-D serum concentration in this study was higher

than reported in a study that compared nutrient metabolites across

9 species of primates in four North American zoos (Crissey et al.,

1999), where the chimpanzee was the species with the lowest concen-

trations of 25-OH-D with 32.75 ± 9.80 nmol/L. The serum 25-OH-D

concentrations reported in the present study were also higher than

the ones reported as adequate by Junge et al. (2000) in adult chim-

panzees (31 nmol/L) in a zoo in North America, but lower than for

the same group of chimpanzees after being moved to Hawaii, where

they had all year-round direct sunlight exposure, and their average

concentrations of 25-OH-D increased to 97 nmol/L. Junge et al.’s find-

ings reflect the importance of housing conditions for vitamin D status

in chimpanzees under human care. Moittie et al. (2022) also found

significant differences in Europe zoo-housed chimpanzees between

winter 25-OH-D concentrations (median: 47.00 nmol/L) and summer

(median: 71.80 nmol/L), and that the provision of unlimited daily out-

door access was associated with higher 25-OH-D concentrations year

round. Interestingly, the winter concentrations of 25-OH-D were sim-

ilar to the median concentration found in this study. Similarly, in the

present study, the different habitat types and sun exposure had a sig-

nificant influence of the on concentrations of 25-OH-D, with higher

concentrations (53.85 nmol/L) in the sunnier more exposed habitat

(type 4) in TCS and the lower 25-OH-D concentration (40.16 nmol/L)

in the more covered tropical forest habitat (type 1) in TCRC. Never-

theless, there was large variation within habitat, particularly habitat

type 1, that could possibly reflect habitat use, with some chimpanzees

spending more time at the water border of the island or in the canopy

withmore sun exposure and higher vitaminD status than chimpanzees

that spend more time in the ground or in the middle of the thick forest

with less direct sunshine.

Chimpanzees inhabit awide range of different habitats across equa-

torial Africa, they are found discontinuously across the forest belt of

Africa, occupying primary and secondary moist lowland forest, swamp

forest, submontane and montane forest, dry forest, forest galleries

in savanna woodland and farmland (Oates, 2011). It is possible that

these findings reflect natural variations on 25-OH-D concentrations

that may occur in wild chimpanzees in their different natural habitat.

Although unlikely, it might also be that different subspecies have var-

ied requirements of 25-OH-D, unfortunately this could not be tested

with the present dataset.

The summer and overall median concentrations of 25-OH-D in

Europe zoo-housed chimpanzees are higher than in the present study

where the chimpanzees had all day outdoor access in equatorial Africa

with a relatively steady UV-B levels year round (Jablonski & Chap-

lin, 2010). This could possibly reflect the difference in diet as most

zoos feed fortified commercial food or add vitamin supplements to the

diet.

Age class was found to also influence vitamin D status and the

results of the present study show that infant sanctuary chimpanzees

had significantly lower 25-OH-D concentrations (37.77 nmol/L) than

the juvenile chimpanzees (53.99 nmol/L) and it would be considered

insufficient byhuman standards. This is despitemost of the infants hav-

ing an outdoor habitat withminimal vegetation and higher exposure to

sunlight (type 4). However, the results of the health checks (including

morphometrics, radiographs, total calcium and phosphorus concen-

trations and the normal growth rate of the infants) suggest that the

concentrations of 25-OH-D in the sanctuary infant chimpanzees are

adequate for normal development. Junge et al. (2000) report clinical

rickets in two zoo infant chimpanzees with 25-OH-D concentrations

equivalent to 4.0 and 24.25 nmol/L, and subclinical with 32 nmol/L, all

below themedian for the infants in this study. Human breastfed infants

are at higher risk of vitamin D deficiency because the content of vita-

min D in the breast milk is totally dependent of the mother’s vitamin

D status which is normally insufficient to provide the baby with their

daily requirements (Institute-of-Medicine-Food-and-Nutrition-Board,

2010; við Streym et al., 2016). In this study, the nursing infant and

lactating females in the present study had 25-OH-D serum above the
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median concentration for this population. The two pregnant females

at TCRC also had 25-OH-D concentrations higher than the median

concentration for TCRC. As the present study did not include any geri-

atric chimpanzees (>40 years), no ageing effect could be observed

or compared to the natural decrease in 25-OH-D production seen as

humans age (Gallagher, 2013;Meehan & Penckofer, 2014).

Sex was also found to influence vitamin D status in sanctuary chim-

panzees. The results of this study show significantly higher 25-OH-D

concentrations in females than inmales in contrast with several human

studies that have found that 25-OH- D concentrations are higher in

men than in women (Muscogiuri et al., 2019; Verdoia et al., 2015).

The significance of the difference betweenmales and females is uncer-

tain and additional data and research is necessary. It is believed that

contraceptives containing oestrogens or oestrogens combined with

progestagens may affect 25-OH-D serum concentrations in women.

Several studies have found that the use of oral combination contracep-

tive pill (oestrogen and progestagen) increases the circulating levels

of 25-OH-D in premenopausal, healthy, adult women (Harmon et al.,

2016). The contraceptive method used in both sanctuaries was long

acting progestagen-only implants, and based on the current knowledge

from human medicine, should not have any effect on the 25-OH-D

status. However, our dataset does not allow further analysis on the

effect of contraception and vitamin D status in female chimpanzee.

Since 25-OH-D readily crosses the placenta (Shin et al., 2010) and vita-

min D content in milk is dependent on the mother’s concentrations,

these findings could possibly be linked to successful reproduction and

nursing in chimpanzees, similar to findings in humans (Luk et al., 2012).

Vitamin D deficiency in humans has been associated with an

increased risk of mortality and a variety of disorders, including muscu-

loskeletal diseases, diabetes mellitus, cardiovascular diseases, autoim-

mune diseases, cancer and with fertility problems (Heath et al., 2019;

Pilz et al., 2018). Even though the chimpanzees in this study had, in

general, lower serum concentrations of 25-OH-D than the cut-off for

acceptable concentrations in humans, the population of the present

study was clinically healthy, with no reproductive, cardiovascular or

skeletal disease detected during the health check. There are important

differences in bone structure between humans and chimpanzees, and

genetic factors that affect bone regulationmay be contributing factors

to these differences (Tsegai et al., 2018). One such factor could be dif-

ferent requirements of 25-OH-D concentrations between humans and

chimpanzees.

While the results of the present study cannot be directly compared

to published studies that use different analytical techniques, they still

provide valuable and unique information on vitamin D status in sanc-

tuary chimpanzees. To the authors’ knowledge, this is the first study

of serum 25-OH-D concentrations in chimpanzees in range countries.

With the exception of chimpanzees in sunnier habitats (types 3 and 4),

the results from the present study show that sanctuary chimpanzees

living in forest enclosures in range country have median 25-OH-D

concentrations below what is considered adequate concentrations for

humans (>50 nmol/L). These data suggest that using human values

as reference ranges for 25-OH-D for chimpanzees under human care

might not be appropriate. Although more research is needed, espe-

cially on the vitamin D status of wild chimpanzees, the current data

is important to help establish reference values for serum 25-OH-D

concentration in chimpanzees under human care.

AUTHOR CONTRIBUTIONS

Yedra Feltrer Rambaud: Conceptualization; Data curation; Fund-

ing acquisition; Methodology; Resources; Writing. Anneke Moresco:

Conceptualization; Data curation; Funding acquisition; Methodology;

Resources; Writing—review & editing. Kimberly Ange-van Heugten:

Funding acquisition;Writing—review&editing. Beatriz Tomeo-Martin:

Data curation; Formal anlysis. Andrea Pizarro: Conceptualization;

Funding acquisition; Resources. Lara Carrasco Pesquera: Resources.

Natalie Moresco: Formal analysis. Rebeca Atencia: Funding acquisi-

tion; Resources.

ACKNOWLEDGMENTS

The authors would like to thank the Barcelona Zoo Foundation (Fun-

dació Zoo Barcelona, Barcelona, Spain), Mazuri® Exotic Nutrition (St.

Louis, MO, USA), and Animal Necessity (Key Largo, FL, USA), for their

financial support of this project.

Thank you aswell to all the Tacugama andTchimpounga chimpanzee

care givers, other sanctuary staff, and colleagueswho assistedwith the

health checks and laboratorywork; without them, this studywould not

have beenpossible. And, of course, to the chimpanzees forwhomwedo

this work.

CONFLICT OF INTEREST STATEMENT

The authors have no conflict of interest to declare.

ETHICAL STANDARD

The study was approved by the Tacugama and the Jane Goodall

Institute, Republic of Congo and Tchimpounga boards. This was an

opportunistic study during the regular health checks carried out at the

sanctuaries and as such adheres to the Pan African Sanctuary Alliance

professional, ethical andwelfare standards for such procedures.

ANIMAL WELFARE STATEMENT

The authors confirm that the ethical policies of the journal, as noted in

the author guidelines, have been adhered to and that the appropriate

ethical review approval by the board of both sanctuaries was received.

This was an opportunistic study during the regular health checks car-

ried out at the sanctuaries and as such also adheres to the Pan African

Sanctuary Alliance professional, ethical andwelfare standards for such

procedures.

DATA AVAILABILITY STATEMENT

Datawere not deposited in an official repository. The data that support

the study findings are available upon reasonable request to reviewers.

ORCID

Yedra Feltrer-Rambaud https://orcid.org/0000-0002-1203-7367

AnnekeMoresco https://orcid.org/0000-0002-1525-1166

Beatriz Tomeo-Martín https://orcid.org/0000-0002-7720-4162

 20531095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/vm

s3.1279 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [02/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-1203-7367
https://orcid.org/0000-0002-1203-7367
https://orcid.org/0000-0002-1525-1166
https://orcid.org/0000-0002-1525-1166
https://orcid.org/0000-0002-7720-4162
https://orcid.org/0000-0002-7720-4162


8 FELTRER-RAMBAUD ET AL.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/vms3.1279.

REFERENCES

Amrein, K., Scherkl, M., Hoffmann, M., Neuwersch-Sommeregger, S.,

Köstenberger, M., Tmava Berisha, A., Martucci, G., Pilz, S., & Malle,

O. (2020). Vitamin D deficiency 2.0: an update on the current status

worldwide. European Journal of Clinical Nutrition, 74, 1498–1513.
AZA_Ape_TAG. (2010). Chimpanzee (Pan troglodytes) care manual. Silver

Spring, MD. Association of Zoos and Aquariums. 107 p.

Bikle, D. D. (2016). Extraskeletal actions of vitaminD. Annals of the New York
Academy of Sciences, 1376, 29–52.
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