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Chronic idiopathic diarrhea (CID) is one of the most frequent 
clinical problems encountered in NHP and is responsible for high 
levels of morbidity and mortality within captive macaque colo-
nies. Incidence rates as high as 15% have been reported at insti-
tutions housing breeding colonies of macaques.4 At our facility, 
the estimated incidence rate based on clinical records for CID in 
the last year was 8% in rhesus macaques and 11% in pigtailed 
macaques. Clinical management of CID in macaques typically 
includes antiinflammatory or immunosuppressive therapies, and 
in many cases combinations of these drugs are used. Despite ag-
gressive drug therapy and provision of supportive care, treatment 
of CID in macaques is largely unrewarding. Animals are often 
either nonresponsive or become refractory to treatment, and some 
eventually require euthanasia due to a progressive decline in con-
dition. Chronic diarrhea has been reported to account for 44% of 
macaque deaths at one institution and is the primary reason for 
euthanasia of macaques at our facility.25 Review of our institution-
al pathology database revealed that 38% of all adult macaques 
submitted for necropsy between August 2014 and August 2015 
were diagnosed with CID.

Clinicians who work with NHP have extrapolated from both 
human and companion animal literature to find alternative treat-
ments for chronic diarrhea that have the potential to improve 
clinical outcomes. Previous reports of nontraditional treatments 
include the use of the macrolide antibiotic tylosin, oral fecal bac-
teriotherapy, therapeutic whipworm infection, and even the ad-
dition of dietary coconut.7,8,14,54 The rationale for attempting these 
treatments may be based on anecdotal reports or proven success 
in other species. One common practice in the management of 
human and companion animal patients with chronic gastroin-
testinal disease is supplementation with parenteral cobalamin 
(vitamin B12). Hypocobalaminemia (low serum cobalamin levels) 
and cobalamin deficiency (low tissue levels) are widely reported 
in cats, dogs, and humans with chronic gastrointestinal disease 
of various etiologies. Common causes in cats and dogs include 
inflammatory bowel disease and intestinal lymphoma.3,42 Human 
inflammatory bowel disease, specifically Crohn disease, is associ-
ated with cobalamin deficiency.5 Though the reported prevalence 
varies according to study, species, and primary disease, there is 
increasing evidence that a deficiency in cobalamin is a risk fac-
tor for negative outcomes.3,28,37 In addition, early identification 
and treatment of such a deficiency plays a key role in successful 
management of chronic gastrointestinal disease in these species. 
Animals and humans that are not concurrently treated with co-
balamin are often found to be less responsive to therapies direct-
ed at their primary underlying disease.3,42,43
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animals in the colony were consistently negative for tuberculosis. 
All animal work was approved by the Johns Hopkins University 
IACUC and determined to be in accordance with the guidelines 
outlined in the Animal Welfare Act, federal regulations, and the 
Guide for the Care and Use of Laboratory Animals.23

Study groups. Rhesus and pigtailed macaques were allocated 
into 2 study groups per species: normal animals (healthy controls) 
and those with CID. Inclusion criteria for the normal, healthy con-
trol groups were adults 3 y and older with no history of diarrhea 
since birth and no current clinical conditions or ongoing health 
problems. For the CID groups, macaques were adults 3 y and 
older and were included when they met at least 1 of the following 
criteria: (1) diarrhea that recurred and persisted intermittently for 
no shorter than 6 mo duration after antibacterial or antiprotozoal 
treatment despite clearance of a previously identified pathogen; 
(2) intermittent diarrhea of 3 mo or greater in duration for which 
an infectious cause was not determined; and (3) confirmed CID. 
The diagnosis of confirmed idiopathic diarrhea was made after 
exclusion of infectious causes and on the basis of lymphoplasma-
cytic inflammation in intestinal biopsies taken at endoscopy or 
laparotomy. Animals were excluded from both the normal and 
CID groups when they were currently on medication, in menses, 
pregnant, or lactating or when they had any major wounds, in-
fections, arthritis, or other chronic diseases. Study group demo-
graphics are presented in Tables 1 and 2.

Additional subpopulations of healthy adult rhesus (n = 19; 
age, 3 to 22 y; 16 female, 3 male) and pigtailed macaques (n = 19; 
age, 3 to 18 y; 13 female; 6 male) with no history of diarrhea since 
birth were included in the study for the purpose of establishing 
normal ranges for serum cobalamin concentration. To establish 
normal ranges, these subpopulations from our breeding colony 
were combined with the normal study group animals for a total 
of 25 rhesus and 25 pigtailed macaques.

Sample collection. All animals were anesthetized with ket-
amine HCl (10 to 15 mg/kg IM; Zetamine, VetOne, Boise, ID) 
for sample collection. Blood was collected and submitted to a 
commercial laboratory (Idexx Laboratories, Glen Burnie, MD) 
for CBC (XT-2000iV Automated Hematology Analyzer, Sysmex 
America, Lincolnshire, IL) and serum chemistry (Beckman Coul-
ter AU5812, Diamond Diagnostics, Holliston, MA) analyses and 
measurement of serum cobalamin concentration. Each macaque 
received a physical examination during which weight and body 
condition were recorded. Feces were collected directly from the 
rectum of each animal, placed immediately into transport me-
dium (CultureSwab Cary-Blair Agar, Becton Dickinson, Sparks, 
MD), and cultured for the presence of enteric pathogens (Salmo-
nella, Shigella, Campylobacter spp., Yersinia, Aeromonas, Plesiomonas, 
E. coli O157, and Vibrio). Fecal samples for culture were submitted 
to the Johns Hopkins University Clinical Microbiology Lab (Bal-
timore, MD). Samples were incubated on MacConkey agar and 
xylose–lysine–desoxycholate agar in a 5% CO2 incubator at 35 °C 
and read at 24 h. Samples also were plated on Campy CVA agar, 
incubated at 42 °C and 10% CO2 under microaerophilic conditions 
in a candle jar, and read at 48 h. 

For animals in the CID groups, an additional fecal sample was 
taken for flotation and direct examination for the presence of pro-
tozoan parasites (Giardia lamblia, Balantidium coli, and Entamoeba 
histolytica), performed inhouse. Fecal samples were placed in a 
conical tube and mixed with a zinc sulfate solution (400 g/L; 
Fisher Scientific, Pittsburgh, PA). A coverslip was placed over the 

Cobalamin is a water-soluble vitamin that is not synthesized by 
mammals and therefore must be obtained through the diet. Stan-
dard commercial diets fed to captive macaques are supplemented 
with cobalamin, whereas macaques in the wild may obtain the 
vitamin through behaviors such as coprophagy, eating insects, 
and preening.26 The mechanism of dietary cobalamin absorption 
relies on a series of proteins and enzymes that are produced by 
the stomach, pancreas, liver, and small intestine. Certain diseases 
affecting the function of these organs can disrupt this absorp-
tive pathway and lead to a deficiency in cobalamin. When other 
underlying causes of cobalamin deficiency have been ruled out, 
serum cobalamin concentration is used as a marker of small intes-
tinal dysfunction, most notably of the ileum.42,53 Ileal enterocytes 
contain specific receptors responsible for absorption of cobalamin 
into circulation. Thus, regardless of underlying etiology, ileal mu-
cosal disease resulting in reduced absorptive ability can lead to 
cobalamin deficiency.

Noninfectious, chronic diarrhea in macaques is traditionally 
referred to as chronic colitis or chronic idiopathic colitis; however, 
necropsy findings in macaques with chronic diarrhea at Johns 
Hopkins University commonly include multifocal to diffuse 
inflammatory infiltrates consisting predominantly of lympho-
cytes and plasma cells throughout both the small and large intes-
tine.21,41,45 Given this information, we postulated that macaques 
with CID, similar to other species with gastrointestinal disease, 
are at risk for developing a cobalamin deficiency due to malab-
sorption within the ileum. The presence of such a deficiency has 
potentially significant clinical implications and would support 
future investigation into the use of cobalamin as a supplemental 
treatment for chronic diarrhea in macaques.

We hypothesized that rhesus and pigtailed macaques with CID 
have lower serum cobalamin concentrations than do control ani-
mals. To evaluate this hypothesis, we measured serum cobalamin 
concentration in both rhesus and pigtailed macaques with CID 
and compared them with those of healthy conspecifics. In addi-
tion, we measured serum cobalamin concentrations in subpopu-
lations of healthy rhesus and pigtailed macaques for the purpose 
of establishing normal ranges for our breeding colony. Lastly, for 
animals where histopathologic data was available, we examined 
the relationship between serum cobalamin concentration and the 
presence of ileal mucosal disease.

Materials and Methods
Animals. All macaques used in this study were housed in in-

door–outdoor enclosures in harem breeding groups at the Johns 
Hopkins University Research Farm. Enclosures were either large 
runs with concrete flooring or corncrib cages that were raised off 
the ground. Groups varied in composition in regard to age, sex, 
and total number of animals. Rhesus (Macaca mulatta) and pig-
tailed macaques (Macaca nemestrina) were housed separately. All 
macaques were fed a standard commercial diet (rhesus macaques: 
2050 Teklad Global 20% Protein Primate Diet, Harlan Laborato-
ries, Madison, WI; pigtailed macaques: 5038 Monkey Diet, Lab-
Diet, Brentwood, MO). The diet was supplemented on a rotating 
schedule with a variety of food enrichment items, including fresh 
fruits, vegetables, and forage. Animals were provided water with-
out restriction. Macaques were screened annually and were con-
sistently serologically negative for Macacine herpesvirus 1 (B virus), 
SIV, simian T-cell leukemia virus, and simian retrovirus. Intrader-
mal tuberculin skin tests were performed semiannually, and all 
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animals with a reported serum cobalamin level greater than 2000 
ng/L, values were set at 2000 ng/L for all statistical comparisons.

Tissue biopsy. After CID and normal study groups were estab-
lished and study samples obtained, 5 animals (2 rhesus macaques 
and 3 pigtailed macaques) underwent either endoscopy, lapa-
rotomy, or necropsy at different time points. In addition, 1 rhesus 
macaque underwent endoscopy prior to inclusion in this study. 
The decision to perform each of these procedures was made by 
the clinician managing the individual case and as determined 
necessary at that time for either diagnostic or humane purposes. 
Biopsies were obtained during endoscopy from 1 pigtailed ma-
caque and 1 rhesus macaque. Animals that underwent endos-
copy were anesthetized with ketamine HCl (10 to 15 mg/kg IM; 
Zetamine), intubated, and placed under general anesthesia with 
isoflurane gas (Forane, Baxter Healthcare, Deerfield, IL). Upper 
gastrointestinal endoscopy was performed by using a flexible fi-
ber gastroscope (diameter, 7.9 mm; channel, 2.0 mm; field of view, 
100°; GIF XP20, Olympus, Center Valley, PA). Pinch biopsies of 
the gastric and duodenal mucosa were obtained from each animal 
(3 from each site) by passing biopsy forceps (Radial Jaw 4, Boston 
Scientific, Marlborough, MA) through the gastroscope. Pinch bi-
opsies of the distal colonic mucosa (3 per animal) were obtained 
blindly by inserting biopsy forceps into the colon in a retrograde 
manner.43 Animals that underwent endoscopy received famoti-
dine (1 mg/kg SC; West-Ward Pharmaceuticals, Eatontown, NJ) 
on the day of the procedure.

For 1 pigtailed macaque, biopsies were obtained during lapa-
rotomy. This animal was placed under general anesthesia as de-
scribed previously, and laparotomy was performed in a dedicated 
operating room by using aseptic technique. Single, full-thickness 
biopsies (approximate diameter, 5 mm) of the jejunum, ileum, and 
colon were obtained. Postoperatively, this animal received bu-
prenorphine (0.03 mg/kg IM twice daily for 3 d; Reckitt Benckiser 
Pharmaceuticals, Richmond, VA). In addition, intestinal samples 
were obtained at necropsy for 1 pigtailed macaque and 2 rhesus 
macaques that were euthanized due to poor prognosis. To keep 
interpretation of intestinal biopsies consistent, all samples were 
resubmitted to a single board-certified veterinary pathologist 
that had not seen the samples previously. The pathologist was 
informed of the species and clinical history of each animal but 
had no knowledge of serum cobalamin concentration or other 
data obtained from animals in this study. Histologic diagnosis 
was graded as either mild, moderate, or severe. We used the data 
obtained from these 6 macaques to examine the relationship be-
tween disease location and serum cobalamin level. Amyloido-
sis was not detected in any of the macaques for which biopsy 
samples were available.

Statistical analysis. All results were evaluated by using a com-
mercial statistical analysis software package (Prism version 5.00 
for Windows, GraphPad Software, San Diego, CA). Spearman 
correlation was used to evaluate the relationship between age 
and serum cobalamin concentration, whereas a 2-tailed, Mann–
Whitney test was used to evaluate for sex-associated differences 
in serum cobalamin levels. To compare serum cobalamin con-
centrations between control and CID study groups, a 2-tailed, 
Mann–Whitney test was performed. Spearman correlation was 
used to evaluate the relationship between disease duration and 
serum cobalamin concentration. A P value less than 0.05 was con-
sidered significant for all comparisons. To compare hematologic 
parameters between control and CID study groups, a 2-tailed, 

samples and allowed to sit for 15 min before examination under 
a light microscope at 4× and 10×. In addition, fecal samples were 
smeared onto a slide and mixed with 0.9% saline for direct exami-
nation under a light microscope at 10× and 20×. Furthermore, the 
colony was screened for the presence of Giardia via ELISA (Idexx 
Laboratories) and found to be negative. Macaques were excluded 
from the CID study groups when they tested positive for any of 
the described fecal pathogens by any of the indicated methods. 
Animals in the control groups that were culture-positive for fecal 
pathogens but had no history of clinical disease were considered 
to be chronic carriers of these organisms and were included in 
the study.

Cobalamin assay. Blood was collected from fasted animals into 
serum separator tubes (Covidien, Minneapolis, MN). Serum 
samples were kept at 2 to 8 °C prior to shipment to the labora-
tory (Idexx Laboratories), and all samples were submitted on the 
same day as collection. Serum cobalamin levels were measured 
by using a solid-phase, competitive chemiluminescent enzyme 
immunoassay involving an automated alkaline denaturation pro-
cedure (IMMULITE 2000 XPi Immunoassay System, Siemens, 
Tarrytown, NY). According to the manufacturer, this assay has 
been validated in humans but is used by many laboratories to 
evaluate samples from a variety of species.19,47 The upper limit 
of detection for the serum cobalamin assay was 2000 ng/L. For 

Table 1. Demographics of control macaques

Age (y) Sex
Results of 

fecal culture
Serum cobalamin 

(ng/L)

Pigtail 1 6 F Campylobacter spp. >2000
Pigtail 2 7 F negative >2000
Pigtail 3 8 F negative 1551
Pigtail 4 8 M Campylobacter spp. >2000
Pigtail 5 10 F negative >2000
Pigtail 6 16 F negative 1699
Rhesus 1 6 F Campylobacter spp. 799
Rhesus 2 7 F negative >2000
Rhesus 3 9 F Shigella 1683
Rhesus 4 10 F Shigella >2000
Rhesus 5 10 M Campylobacter spp. >2000
Rhesus 6 20 M negative 727

Table 2. Demographics of macaques with chronic idiopathic diarrhea

Age (y) Sex
Disease duration 

(mo)
Serum cobalamin 

(ng/L)

Pigtail 7 7 F 32 921
Pigtail 8 8 F 8 1,070
Pigtail 9 8 F 1 741
Pigtail 10 8 M 3 856
Pigtail 11 11 F 68 403
Pigtail 12 16 F 44 658
Rhesus 7 4 F 4 >2,000
Rhesus 8 8 F 76 762
Rhesus 9 10 F 3 1,095
Rhesus 10 12 F 64 786
Rhesus 11 16 M 43 >2,000
Rhesus 12 17 M 80 1,802
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parameters between control animals and those with CID for ei-
ther pigtailed or rhesus macaques.

Fecal examination. All animals in the CID study groups were 
negative by culture and direct examination for the presence of 
gastrointestinal pathogens. All macaques in the control groups 

Mann–Whitney test was performed for each parameter (9 pa-
rameters total). Posthoc Bonferroni correction was performed to 
account for multiple comparisons, and a P value less than 0.0056 
was considered significant for all hematologic data analyzed.

Results
Normal ranges for serum cobalamin concentration. Serum co-

balamin concentration was measured in healthy adult pigtailed 
(n = 25; age, 3 to 18 y; 18 female, 7 male) and rhesus (n = 25; age, 
3 to 22 y; 20 female; 5 male) macaques for the purpose of estab-
lishing normal ranges in our colony for this study. The range for 
serum cobalamin concentration in pigtailed macaques was 961 
to 2000ng/L, whereas that for rhesus macaques was 727 to 2000 
ng/L (Figure 1). Upper values of these ranges were limited due 
to the number of normal animals whose serum cobalamin con-
centrations were beyond the upper limit of the detection assay.

Using the same groups of healthy animals, we also evaluated 
the relationship between age and serum cobalamin concentra-
tion. There was no correlation between age and serum cobalamin 
concentration in pigtailed (Spearman correlation, P = 0.4962, r = 
0.1427) or rhesus macaques (Spearman correlation, P = 0.8322, 
r = 0.0446). The median age of the pigtailed macaques was 7 y, 
whereas that of rhesus macaques was 6 y. Lastly, sex-associated 
differences in serum cobalamin concentration were examined. 
There was no sex-associated difference in serum cobalamin con-
centration in pigtailed (Mann–Whitney test, P = 0.9220, 2-tailed) 
or rhesus macaques (Mann–Whitney test, P = 0.8811, 2-tailed).

Serum cobalamin concentrations in control compared with CID 
macaques. The median serum cobalamin concentration was 799 
ng/L in pigtailed macaques with CID and 2000 ng/L in healthy 
controls. Whereas pigtailed macaques with CID had lower (P = 
0.0043) serum cobalamin concentrations than did healthy controls 
(Figure 2), serum cobalamin concentration did not differ between 
rhesus macaques with CID and healthy controls (Mann–Whitney 
test, P = 0.8033, 2-tailed). The median serum cobalamin concen-
tration was 1449 ng/L in rhesus macaques with CID and 1842 
ng/L in healthy controls.

According to the normal ranges we established for healthy ma-
caques in our colony, 5 of 6 (83%) of pigtailed macaques in the CID 
study group had serum cobalamin levels below the lowest value 
observed in our subpopulation of healthy pigtailed macaques. In 
contrast, none of the 6 rhesus macaques in the CID study group 
had below-normal serum cobalamin levels. Furthermore, for the 
current small sample size, disease duration and serum cobalamin 
level were not significantly correlated in either pigtailed (Spear-
man correlation, n = 6, P = 0.3556, r = –0.4857) or rhesus macaques 
(Spearman correlation, n = 6, P = 0.4972, r = –0.3479).

Hematologic parameters in control compared with CID ma-
caques. Changes in CBC and serum chemistry parameters occur 
in other species with chronic gastrointestinal disease.3,11,13,40,51,52 To 
determine whether there were any comparable changes in ma-
caques with CID, 9 of these hematologic parameters were com-
pared with those of healthy controls. CBC parameters evaluated 
were WBC count, Hct, MCV, and platelet count. Serum chemistry 
parameters evaluated were albumin, ALP, phosphorus, potas-
sium, and total calcium. Compared with those of healthy controls, 
platelet counts were significantly higher in pigtailed macaques 
with CID (P = 0.0022, Figure 3) but not in rhesus macaques with 
CID (Mann–Whitney test, P = 0.6991, 2-tailed, data not shown). 
There were no other significant differences in hematologic  

Figure 1. Distribution of serum cobalamin levels in healthy populations 
of pigtailed and rhesus macaques (n = 25 each group).

Figure 2. Serum cobalamin concentrations (bar, median) in pigtailed ma-
caques with chronic idiopathic diarrhea (CID) compared with healthy 
controls. Serum cobalamin levels were significantly (Mann–Whitney 
test, P = 0.0043, 2-tailed) lower in pigtailed macaques with CID than in 
control animals.

Figure 3. Platelet counts (bar, median) in pigtailed macaques with chron-
ic idiopathic diarrhea (CID) compared with healthy controls. Platelet 
counts were significantly (Mann–Whitney test, P = 0.0022, 2-tailed) 
higher in pigtailed macaques with CID compared with control animals.
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deficiency. Therefore, the extent of diagnostic workup performed 
prior to enrolling patients in a study may have an effect on re-
ported prevalence of cobalamin deficiency in a study population. 
Future studies in additional larger cohorts of pigtailed macaques 
with CID likely will provide valuable information on the preva-
lence of low serum cobalamin levels in this species.

In contrast to pigtailed macaques, rhesus macaques in the CID 
group did not exhibit decreased serum cobalamin levels. Per-
haps rhesus macaques, unlike pigtailed macaques, are less sus-
ceptible to developing low serum cobalamin levels. Differences 
in susceptibility to cobalamin deficiency have been noted in other 
species. For instance, cats with chronic gastrointestinal disease 
are thought to be more susceptible to cobalamin deficiency than 
are dogs, and both cats and dogs are thought to be more suscep-
tible to cobalamin deficiency than are humans.6,30,40,44 Compared 
with rhesus macaques, pigtailed macaques have an increased 
susceptibility to diarrhea and other gastrointestinal disease due 
to a higher degree of inherent dysfunction and damage to the 
gastrointestinal tract and increased mucosal immune activation.29 
Therefore, a physiologic difference in susceptibility to cobalamin 
deficiency between these 2 species is plausible. Furthermore, the 
presence of intestinal amyloidosis, a cause of malabsorptive dis-
ease in macaques, might also contribute to decreased serum co-
balamin levels. The prevalence of amyloid in rhesus and pigtailed 
macaques in our colony has previously been reported to be 15% 
and 25%, respectively.41 Although amyloidosis was not detected 
in any of the biopsied animals in this study, we cannot rule out 
the presence of amyloid in macaques for which biopsy samples 
were not available. Therefore, amyloidosis may be a contributing 
factor to the differential findings between rhesus and pigtailed 
macaques in this study. In addition, other genetic factors might 
influence susceptibility to cobalamin deficiency. For example, 
various dog breeds have genetic defects that result in the inability 
of receptors in the ileum to efficiently uptake cobalamin.15,33 In 
addition, several genetic defects that affect the function of pro-
teins involved in cobalamin absorption have been identified in 
humans.32

Diet is unlikely to account for the difference between study 
groups detected in pigtailed macaques or the lack of difference 
detected between rhesus macaque study groups. These 2 spe-
cies receive distinct diets at our institution within their breeding 
colonies, and each macaque included in the study had been main-
tained on its respective diet for its entire life. Although dietary 
content might directly affect serum cobalamin levels, pigtailed 
macaques in the CID study group ate the same diet as did pig-
tailed macaques in the normal study group. Both diets exceeded 
the minimum recommended amounts of vitamin B12 for NHP, 
which the National Research Council estimates at 11 μg/kg di-
etary dry matter and other sources estimate at 30 μg/kg.36,39 In-
terestingly, given that the vitamin B12 content of our rhesus diet 
is 36 μg/kg of dry matter—almost half the concentration of our 
pigtail diet (65 μg/kg of dry matter), we would expect to find 
lower levels in our rhesus groups if dietary consumption was 
a factor. In addition, low serum cobalamin levels due to dietary 
deficiency have been achieved only under extreme conditions. In 
2 separate studies, rhesus macaques fed a diet containing 0.0025 
μg/kg vitamin B12—well below the recommended amount—ex-
hibited steady decreases in serum cobalamin levels but did not 
show evidence of true biochemical deficiency until 6 and 16 mo 
later.1,26 Given this information, even bouts of anorexia from a 

were negative on direct examination for the presence of gastro-
intestinal pathogens. In contrast, 2 of the 6 pigtailed macaques in 
the control group were culture-positive for Campylobacter spp., 2 
of the 6 rhesus macaques in the healthy control group were cul-
ture-positive for Campylobacter spp., and another 2 of the 6 rhesus 
macaque controls were culture-positive for Shigella. Given the 
asymptomatic status of these animals and lack of history of diar-
rhea, all of the control macaques that were culture-positive were 
considered to be chronic carriers of those organisms.

Tissue biopsy. Histopathologic data from 3 rhesus and 3 pig-
tailed macaques in the CID study groups were examined (Ta-
ble 3). Biopsies obtained during endoscopy were limited to the 
mucosal layer; those obtained during laparotomy or at necropsy 
were full-thickness biopsies. These data indicated that 2 of the 3 
pigtailed macaques had confirmed ileal disease; although these 
animals also had the lowest serum cobalamin levels of the CID 
group, a conclusive relationship between the presence of ileal dis-
ease and serum cobalamin concentration in pigtailed macaques 
could not be determined due to the small sample size available. 
In addition, these same animals had inflammatory disease that 
affected multiple segments of the gastrointestinal tract. Ileal tissue 
was not available from the third pigtailed macaque. In contrast, 
examination of the ileal tissue from 2 of the 3 rhesus macaques 
did not reveal any disease; ileal tissue from the third rhesus ma-
caque was unavailable. Thus, in this small cohort, there is no 
evidence for a relationship between ileal disease and serum co-
balamin concentration in rhesus macaques.

Discussion
One noteworthy finding in the current study was the identifica-

tion of the lower serum cobalamin levels in pigtailed macaques 
with CID compared with healthy conspecifics. This result is con-
sistent with that reported in cats, dogs, and humans with chronic 
gastrointestinal disease.5,6,51 Numerous studies have examined 
changes in serum cobalamin levels in both humans and compan-
ion animals, although the prevalence of cobalamin deficiency 
varies depending on the underlying etiology and population 
studied. In cats and dogs with inflammatory bowel disease or 
intestinal lymphoma, reported prevalence ranges are 5% to 78% 
and 6% to 36%, respectively.3,6,22,28,31,40 In human patients, Crohn 
disease is most commonly associated with an increased risk for 
cobalamin deficiency, and prevalence ranges from 0% to 60% 
have been reported.5,20 Interestingly, 83% of pigtailed macaques 
with CID had serum cobalamin levels that were below the lowest 
level in our normal subpopulation of pigtailed macaques.

Pigtailed macaques with CID may be more susceptible to co-
balamin malabsorption than are other species. However, given 
the wide prevalence ranges reported in other species studied, we 
cannot make a definitive conclusion based on the single popula-
tion used in the current study. In addition, false-positive and false-
negative rates for measuring serum cobalamin may be as high as 
50%.5 This situation might be one reason why reported preva-
lence differs from study to study. In addition, subject inclusion 
criteria can influence results. For instance, the presence of concur-
rent diseases that can lead to cobalamin malabsorption, such as 
pancreatic and liver disease, may result in reporting a falsely high 
prevalence of cobalamin deficiency when those diseases go undi-
agnosed. In contrast, the inclusion of patients that are currently 
on medication or that were not fasted prior to sample collection 
may result in reporting a falsely low prevalence of cobalamin 
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assay. However, many of the normal pigtailed macaques but none 
of the animals in the CID study group had cobalamin values that 
exceeded the upper limit. This result emphasizes the importance 
of the lower serum cobalamin levels in our pigtailed macaque 
CID study group as compared with the normal study groups, 
given that a significant difference remains even though reported 
values for many of the normal pigtails were lower than the actual 
values. Future studies evaluating test accuracy and comparison 
with other methods are warranted.

Alternatively, perhaps rhesus macaques with CID are in fact 
susceptible to low serum cobalamin levels even though this pat-
tern was not exhibited by our study group. Due to various factors 
that were discussed previously, low serum cobalamin levels may 
not always be identified readily. A larger sample size might im-
prove the likelihood of seeing a difference; our study was limited 
by the number of animals from our institution’s population that 
fit the inclusion criteria for the CID group. Additional studies in 
other populations of rhesus macaques are needed before a defini-
tive conclusion can be made.

In this study, we did not detect an effect of age on serum co-
balamin levels in either rhesus or pigtailed macaques. This find-
ing is consistent with reports in cats and dogs.6,44 In contrast, in 
humans, an age-related decrease in serum cobalamin concentra-
tion is reported to affect 10% to 15% of the elderly population.55 
This decrease is secondary to reduced production of gastric acid 
and enzymes responsible for breakdown of cobalamin–protein 
complexes in the stomach, leading to decreased absorption. In 
our study, the oldest animals sampled were 18 y (pigtailed) and 
22 y (rhesus). A similar change in gastric mucosa with age has 
not been reported to occur in macaques; however, targeted sam-
pling of geriatric populations of macaques may reveal an effect 
not seen in this study. Monitoring of vitamin B12 levels in geriatric 
macaques has been recommended as a precautionary measure.39 
In addition, we did not detect an effect of sex on serum cobalamin 
levels in either rhesus or pigtailed macaques in this study. Ad-
ditional studies using larger sample sizes may reveal currently 
unknown effects of age and sex on serum cobalamin level.

In this study, we used histopathologic data available from 
3 rhesus and 3 pigtailed macaques in the CID study groups to 
begin to examine the relationship between disease location and 
serum cobalamin concentration. We found ileal disease in the 2 
pigtailed macaques but not in the 2 rhesus macaques from which 
ileal tissue was available. Because of the small sample size, we 
were unable to establish an association between low serum co-
balamin levels and location of disease in either rhesus or pigtailed 
macaques. However, our findings support a connection between 
ileal disease and lower serum cobalamin levels in pigtailed ma-
caques, similar to that established in other species, which war-
rants future investigation.

B12-sufficient diet likely would not result in lower serum cobala-
min levels.

Differences in intestinal microflora between our pigtailed and 
rhesus macaques may offer an alternate explanation for their dif-
fering serum cobalamin concentrations. Well documented in both 
ruminant species as well as humans,2,27,34 vitamin B12 can be syn-
thesized by various microorganisms in the gastrointestinal tract. 
In addition, baboons fed a vitamin-B12–deficient diet that con-
tained ampicillin exhibited a more severe cobalamin deficiency 
than did those fed the deficient diet only, suggesting that intesti-
nal flora may influence cobalamin levels.49 Future studies to com-
pare the gut microbiomes of rhesus and pigtailed macaques and 
their possible influence on vitamin B12 production are warranted.

Macaques were not excluded from our normal study groups if 
they were culture-positive for either Campylobacter spp. or Shigella 
as long as they had no history of diarrhea since birth. Animals 
that are asymptomatic carriers of these organisms, with no evi-
dence of malabsorptive disease, would not be expected to have 
reduced ability to absorb cobalamin through the gastrointestinal 
tract. Therefore, the chronic carrier state is unlikely to generate 
decreased serum cobalamin levels in our normal study group ani-
mals. Furthermore, the 2 pigtailed macaques in the normal group 
that were culture-positive had serum cobalamin concentrations 
at the upper limit of the assay, and the 4 rhesus macaques in the 
normal group that were culture-positive had levels distributed 
throughout the data set (Table 1). Therefore the culture-positive 
macaques had no evidence of decreased serum cobalamin levels 
secondary to their status as carriers.

Other variables, such as the specific assay used, may also play 
a role in differences in vitamin B12 levels between groups.48 Dif-
ferent manufacturers’ assays produce results that differ in reli-
ability; and the chemiluminescent assay used to measure serum 
cobalamin levels in the current study has been associated with 
high error rates, including returning false normal values.10,24 Al-
though this assay is used routinely in humans, dogs, and cats 
and even though we strictly adhered to the sample collection and 
storage methods indicated by the manufacturer, the assay itself 
has not been validated specifically for use in macaques. Indeed, 
the values we obtained in the current study are somewhat higher 
than those reported for other species.3,31 In addition, although the 
distribution of serum cobalamin levels in our larger cohorts of 
normal rhesus and pigtailed macaques suggest that this elevation 
may in fact be real, it might instead reflect some inaccuracy in the 
test when it is applied to NHP. Furthermore, fixing values that 
surpassed the upper limit of the assay to 2000 ng/L may have af-
fected our ability to detect a difference between the rhesus study 
groups, given that the vitamin B12 levels of some macaques in 
both the normal and CID groups exceeded the upper limit of the 

Table 3. Location of disease and histopathologic diagnoses in macaques with chronic idiopathic diarrhea

Diagnostic method Stomach Duodenum Jejunum Ileum Colon

Pigtail 9 Endoscopy mild; LP moderate; LP not examined not examined moderate; LP
Pigtail 11 Laparotomy not examined not examined mild; LP mild; LP, N moderate; LP, H, N
Pigtail 12 Necropsy moderate; LP mild; LP, H mild; LP, H severe; N, LP, H mild; LP, H
Rhesus 8 Necropsy mild; LP no disease no disease no disease moderate; LP, N
Rhesus 9 Necropsy no disease no disease mild; L no disease mild; LP
Rhesus 11 Endoscopy mild; LP mild; LP not examined not examined moderate; LP

H, histiocytic; LP, lymphoplasmacytic; L, lymphocytic; N, neutrophilic
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was measured 15 m after biopsies were taken. Given that cobala-
min deficiency is typically reflective of more chronic disease in 
other species, it is unlikely that this had a significant effect on the 
results of this study.

There was no significant correlation between disease duration 
and serum cobalamin concentration in either rhesus or pigtailed 
macaques, although pigtailed macaques with the longest disease 
duration also had the lowest serum cobalamin levels. Specifically, 
a marked decrease is seen in pigtailed macaques with clinical 
disease for 3.5 y or more. This association is most consistent with 
reports in humans, in which the liver can store a 3- to 5-y supply 
of vitamin B12 and thus cobalamin deficiency may take several 
years to develop.46 Although the extent to which the macaque 
liver stores and recirculates cobalamin has not been documented, 
the contribution of these mechanisms to cobalamin recirculation 
in baboons is similar to that in humans.17 Further study is needed 
to determine the time required for cobalamin deficiency to de-
velop in macaques.

Consistent with hematologic characteristics of clinical in-
flammatory bowel disease in humans, pigtailed macaques 
with CID had higher platelet counts than did healthy controls. 
In humans, a platelet count that exceeds 450,000 cells/μL is 
defined as a ‘reactive thrombocytosis’ and is a marker of the 
active phase of inflammatory bowel disease.11 In fact, the use 
of platelet count has been proposed to easily distinguish in-
flammatory bowel disease from infectious diarrhea.11 Although 
a direct comparison cannot be made, it is interesting to note 
that all pigtailed macaques in our CID study group had plate-
let counts that exceeded 450,000 cells/μL (range, 505,000 to 
938,000 cells/μL), whereas only 2 of the 6 healthy pigtailed ma-
caques had platelet counts in excess of 450,000 cells/μL (range, 
320,000 to 480,000 cells/μL). Platelet count therefore may be a 
useful parameter to consider during the diagnostic workup of 
pigtailed macaques with chronic diarrhea.

Macrocytic anemia secondary to cobalamin deficiency is wide-
ly reported in humans. Cobalamin plays a critical role in DNA 
synthesis, and a deficiency can lead to disruptions in cell matura-
tion and ineffective erythropoiesis.52 Even so, it is unsurprising 
that cobalamin-deficient pigtailed macaques in our study did not 
develop macrocytic anemia. In previous studies, rhesus macaques 
with experimentally induced severe cobalamin deficiency did 
not display the hematologic changes seen in humans, suggesting 
that the presence of macrocytic anemia may be a major difference 
in manifestation of cobalamin deficiency between humans and 
rhesus macaques.1,38 Other hematologic parameters that differ 
between healthy subjects and those with chronic gastrointestinal 
disease in other species but not macaques with or without CID 
include hypoalbuminemia, hypocalcemia, leukocytosis, leukope-
nia, hypophosphatemia, hypokalemia, and elevated ALP.3,13,40,51,52

In conclusion, this study is the first to examine serum cobala-
min concentration in macaques that suffer from CID. The identifi-
cation of decreased serum cobalamin levels in pigtailed macaques 
with CID compared with healthy controls has important impli-
cations regarding the use of serum cobalamin concentration as 
a diagnostic measure in this species. Cobalamin deficiency is a 
serious problem in human and companion animals with chronic 
gastrointestinal disease. The presence of such a deficiency is an in-
creased risk factor for negative outcomes, is associated with exac-
erbation of clinical signs including diarrhea and weight loss, and 
can result in further systemic complications, including neurologic 

It is interesting to note that all pigtails with lower serum co-
balamin levels had gastrointestinal pathology beyond the ileum. 
The mechanism of cobalamin absorption is complex and relies on 
normal function of multiple organ systems. Cobalamin ingested 
in the diet is released from dietary protein by the actions of pep-
sin and hydrochloric acid in the stomach. Cobalamin then binds 
to intrinsic factor, produced by the stomach and pancreas, and 
is transported to the ileum where these complexes are bound by 
specific receptors in the mucosa and absorbed into circulation.32,53 
When certain gastric, pancreatic, and liver diseases have been 
ruled out, ileal dysfunction is considered the cause of cobalamin 
deficiency. Still, despite the well-defined role of the ileum for co-
balamin absorption in mammals, the presence of ileal disease 
does not always directly correlate with serum cobalamin level. In 
one study that examined disease location in humans with Crohn 
disease, only 42% of patients with confirmed ileal disease showed 
a deficiency in cobalamin, compared with 21% with disease con-
fined to the colon.37 In addition to the ileum, other portions of 
the small intestine may contribute to cobalamin absorption. One 
study suggested that the jejunum may also play a role in vitamin 
B12 absorption in humans, cats, dogs, and rhesus macaques.16 The 
jejunum has also been implicated as an important site of cobala-
min absorption in the baboon, albeit to a lesser degree than the 
ileum.50 Thus, it is possible that involvement of other segments 
of the gastrointestinal tract could also play a role in cobalamin 
absorption in the macaque. In our study, the jejunum was affected 
in both pigtailed macaques with confirmed ileal involvement.

Gastric disease that results in a decrease in intrinsic factor pro-
duction can also lead to cobalamin deficiency. In humans, this 
is most commonly associated with a disease called pernicious 
anemia, where the body makes autoantibodies directed against 
gastric parietal cells, the main site of intrinsic factor production in 
this species.53 Cobalamin deficiency has also been demonstrated 
in humans with Helicobacter spp.-associated gastritis and in el-
derly patients with atrophic gastritis.9,55 In baboons, cobalamin 
absorption was limited but not completely eliminated after total 
gastrectomy.18 In our study, 2 pigtailed macaques had confirmed 
lymphoplasmacytic gastritis. Much remains unknown regarding 
the contribution of different segments of the gastrointestinal tract 
to cobalamin absorption in both rhesus and pigtailed macaques. 
Further examination of this relationship would require biopsy 
samples from all intestinal segments in each study animal in con-
junction with serum cobalamin measurement in a larger cohort.

It is important to note 3 limitations of these data. The 3 pigtailed 
macaques with biopsy data also had the lowest serum cobalamin 
concentrations of the CID study group. Biopsy procedures are 
typically elected for workup of more severe clinical cases at our 
institution. Thus, the possibility of sampling bias in our histopa-
thology results should be considered. Sampling method is an-
other limitation. With endoscopy, biopsies are small and remain 
in close proximity to one another within the intestinal segment. 
During laparotomy, a single biopsy is taken from subjectively 
abnormal portions of each intestinal segment. At necropsy, again 
only portions of each intestinal segment are examined histologi-
cally. Therefore, any of these biopsy methods could easily result 
in missing segmental disease in any part of the gastrointestinal 
tract. A final limitation is the fact that serum samples for cobala-
min measurement were not always taken in conjunction with 
biopsy samples. Cobalamin measurements were taken between 
0 and 7 m prior to biopsy samples, and in one animal, cobalamin 
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dysfunction and cardiovascular disease.3,28,35,37,52 For these reasons, 
assessment of serum cobalamin status is a standard component 
to the diagnostic workup of human and companion animals that 
present with clinical symptoms of chronic gastrointestinal dis-
ease. Furthermore, in addition to therapies targeted toward their 
primary disease, parenteral cobalamin supplementation is recom-
mended in these species when low serum cobalamin levels are 
present.12,42,43

It is important to note, however, that measurement of serum co-
balamin is a first-line test, and that serum cobalamin levels alone 
have poor sensitivity and specificity for identification of a bio-
chemical deficiency.5 In humans, it is recommended to perform 
follow-up tests, including measurement of plasma methylma-
lonic acid, to help identify a biochemical deficiency. In addition, 
due to the possibility of assay error, serum cobalamin levels 
should be considered in context with the presence or absence of 
clinical signs of deficiency and local reference ranges should be 
established. Concurrent measurement of serum folate levels is 
recommended to rule out folate deficiency as a cause of cobala-
min deficiency.12 A limitation of our current study is that we did 
not measure folate levels in our macaques.

The data obtained in our current study provide the first sup-
portive evidence for instituting the same diagnostic measures 
in pigtailed macaques with CID as those used for humans and 
companion animals with chronic gastrointestinal disease. The 
presence of comparable changes in serum cobalamin levels in rhe-
sus macaques with CID as in affected pigtailed macaques cannot 
be ruled out definitively at this time, and the same diagnostic and 
treatment recommendations likely should be applied to rhesus 
macaques until more evidence is gathered. The information avail-
able regarding cobalamin deficiency in macaques lags far behind 
that for other species. Further research into the prevalence of co-
balamin deficiency, the precise mechanism of cobalamin absorp-
tion, the association with ileal disease, and specific therapeutic 
protocols is needed.
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