Received: 8 February 2018

Revised: 31 May 2018 | Accepted: 27 June 2018

DOI: 10.1111/jvim.15292

STANDARD ARTICLE

Journal of Veterinary Internal Medicine AC\?/I M
Ao Collgeat

American College of
Veterinary Internal Medicine

Serum concentrations of lipid-soluble vitamins in dogs with
exocrine pancreatic insufficiency treated with pancreatic

enzymes

Patrick C. Barko

Veterinary Clinical Medicine, University of
lllinois at Urbana, Champaign, lllinois

Correspondence

Patrick Barko, 1008 W. Hazelwood Drive,
Urbana, IL 61801.

Email: pcbarko@illinois.edu

Funding information

Epi4Dogs Inc.: 501c3 Non-Profit Public
Charity. Farmville, VA 23901, Grant/Award
Number: n/a; The Gatens Family, Grant/Award
Number: n/a; The Peskin Family, Grant/Award
Number: n/a

| David A. Williams

Background: In humans, exocrine pancreatic insufficiency (EPI) is associated with deficiencies in
lipid-soluble vitamins. Little is reported regarding lipid-soluble vitamin status in dogs with EPI.
Hypothesis/Objectives: Compare serum concentrations of retinol, 25-hydrocholecalciferol
(250HD), and a-tocopherol among dogs with EPI, those with subclinical EPI (sEPI), and healthy
dogs. Detect associations between serum concentrations of lipid-soluble vitamins and residual
clinical signs in treated dogs with EPI and sEPI.

Animals: Twenty dogs with EPI and five dogs with sEPI receiving pancreatic enzyme replace-
ment therapy. Ten healthy dogs sampled before and after 10 days of pancreatic enzyme
supplementation.

Methods: Case-control study. Serum retinol and a-tocopherol concentrations were measured
by high-performance liquid chromatography. Serum 250HD concentrations were measured by
radioimmunoassay.

Results: Serum retinol concentration was significantly lower in dogs with EPI (median, 490 ng/
mL; range, 322-990 ng/mL) and serum a-tocopherol concentration was significantly lower in
dogs with EPI (median, 11.51 pg/L; range, 4.8-27.1 pg/L) and sEPI (median, 12.66 pg/L; range,
10.21-21.03 pg/L) compared with healthy dogs (median, 1203 ng/mL; range, 637-1768 ng/mL
and median, 43.54 pg/L; range, 34.26-53.97 ug/L, respectively). Dogs with weight loss had sig-
nificantly lower 250HD (mean, 243.50 nmol/L; standard deviation [SD], 3.54 nmol/L) than dogs
with stable weight (314.0 nmol/L; SD, 138.38 nmol/L).

Conclusions and Clinical Importance: Altered homeostasis of lipid-soluble vitamins is present in
dogs with EPI and sEPI, despite enzyme replacement therapy. Additional studies are needed to
determine the clinical relevance of these findings and the therapeutic potential of lipid-soluble

vitamin supplementation in dogs with EPI and sEPI.
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1 | INTRODUCTION

Abbreviations: 250HD, 25-hydrocholecalciferol; AAFCO, American Association
of Feed Control Officers; ANOVA, one-way analysis of variance; BA, bile acid;
BAD, bile acid diarrhea; BBS, brown bowel syndrome; cTLI, dog trypsin-like
immunoreactivity; DMB, dry matter basis; EPI, exocrine pancreatic insufficiency;
GSD, German shepherd dog; IBD, inflammatory bowel disease; LDL, low-
density lipoprotein; MBD, mixed-breed dog; PERT, pancreatic enzyme replace-
ment therapy; RA, retinoic acid; RAR, retinoic acid receptor; RBP, retinol binding
protein; RI, reference interval; RXR, retinoid-X receptor; sEPI, subclinical pan-
creatic insufficiency

Exocrine pancreatic insufficiency (EPI) is a malabsorptive syndrome
caused by deficient secretion of pancreatic enzymes.! Fat malabsorption
caused by deficient pancreatic lipase secretion is a prominent feature in
dogs with EPI.2® Lipid-soluble vitamins are essential to mammalian
health, and deficiencies are associated with a variety of disease states.

The effects of retinol (vitamin A) are mediated by retinoic acid (RA), a
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ligand for nuclear receptor transcription factors that regulate diverse cel-
lular functions including cell differentiation, lipid metabolism, immune
function, and maintenance of epithelial barriers.*® Alpha-tocopherol
(vitamin E) is an antioxidant molecule that influences lipid membrane oxi-
dation, inflammation, and immune function.”° Vitamin D deficiency,
determined by assay of 25-hydrocholecalciferol (250HD), has been asso-
ciated with altered calcium homeostasis, oncogenesis, cardiovascular dis-
ease, and inflammation.*

Previous studies have identified deficiencies in lipid-soluble vita-
mins in association with clinical abnormalities including vision loss,
decreased bone density, and coagulopathies in humans with EPI.12~1°
A single published report, designed to assess the impact of dietary
medium-chain triglycerides on the nutritional state of dogs with EPI,
has described lipid-soluble vitamin status in dogs with EP1.X® Signifi-
cantly lower serum concentrations of retinol and 250HD were identi-
fied in dogs with EPlI compared with healthy dogs. No published
reports had evaluated vitamin E status in dogs with EPI, but prelimi-
nary evidence suggests that vitamin E deficiency also is associated
with EPI in dogs.'”

Correcting micronutrient deficiencies (eg, cobalamin) is a critical
aspect of managing patients with EPl. Documentation of micronutri-
ent deficiencies could inform novel therapeutic approaches to the
treatment of EPI and provide new insights on its pathophysiology.
Our primary objective was to assess serum concentrations of retinol,
250HD, and a-tocopherol in dogs with EPI and subclinical EPI (sEPI)
receiving pancreatic enzyme replacement therapy (PERT), compared
with healthy dogs fed pancreatic enzymes for 10 days. Subclinical EPI
is a poorly-understood syndrome characterized by persistently sub-
normal (i.e. 2.6-5.6 pg/L) canine trypsin-line immunoreactivity (cTLI),
variably identified in association with clinical signs of chronic enterop-
athy, EPI, or both.1872° Dogs with cTLI concentrations in this range do
not only meet the diagnostic criteria for EPI but also persistently sub-
normal cTLI concentrations are indicative of a substantial reduction in
functional exocrine pancreatic mass in these dogs. We also intended
to describe associations between serum concentrations of lipid-
soluble vitamins and the presence of residual clinical signs in dogs
with EPI and sEPI receiving PERT. A secondary goal was to assess the
impact of pancreatic enzyme administration on serum concentrations
of lipid-soluble vitamins in healthy dogs. We hypothesized that serum
concentrations of lipid-soluble vitamins would be significantly lower
in dogs with EPI and sEPI compared to the healthy controls, and that
the presence of residual clinical signs in these dogs would be associ-

ated with deficiencies in lipid-soluble vitamins.

2 | MATERIALS AND METHODS

2.1 | Animals, sample collection, and screening
assays

All serum samples used in this study were obtained from residual
material collected for a related study of dog EPI. All sampling methods
and experimental procedures were approved by the University of Illi-

nois Institutional Animal Care and Used Committee (protocol ID
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14284), and expressed written consent was obtained from the owner
of each study participant.

Dogs with a historical diagnosis of EPI or subclinical sEPI were
recruited from an internet-based patient registry (www.epi4dogs.com;
Epi4Dogs Inc., Farmville, VA) between October 2015 and May 2017.
All dogs living in the United States with a serum cTLI concentration
and owner contact information recorded in the database were identi-
fied. Their owners were contacted by phone or email and asked to
complete a questionnaire to collect data regarding clinical signs
(vomiting, diarrhea, weight loss, and appetite), diet, and therapies used
in the 3 months before sample collection. Dogs were eligible for inclu-
sion if they had a confirmed historical cTLI concentration < 5.6 pg/L,
their owners had completed the questionnaire, and their primary care
veterinarian had agreed to participate. To account for the impact of
pancreatic enzyme supplementation on lipid-soluble vitamin absorp-
tion, administration of PERT was an additional inclusion criterion.
Dogs were excluded if a review of the medical record identified any
evidence of concurrent systemic or gastrointestinal disease. Blood
samples were collected into empty sterile tubes by venipuncture at
primary care clinics after food had been withheld for 12 hours. Blood
samples were centrifuged to obtain serum, which was divided into
individual aliquots and immediately frozen on-site. All samples were
mailed overnight on dry ice to the investigators where they were
stored at —80°C. Aliquots of serum were submitted for assay of cTLI
using a commercially available immunoassay (Texas A&M Gastrointes-
tinal Laboratory, College Station, TX). Dogs with cTLI concentrations
<2.5 pg/L were enrolled in the EPI group. Dogs with historical cTLI
concentrations between 2.6 and 5.6 pg/L and confirmed by the inves-
tigators by reassessment of cTLI were enrolled in the sEPI group.

Ten healthy adult dogs were recruited from clients of the Univer-
sity of lllinois Veterinary Teaching Hospital. To screen for confounding
diseases a CBC, serum biochemistry profile, urinalysis, total T4, cTLI,
cPLI, cobalamin, and folate were assessed in each dog. Blood was col-
lected into sterile empty and EDTA-containing tubes and urine sam-
ples were collected into empty sterile tubes by voiding or
cystocentesis. Samples for CBC, serum biochemistry, urinalysis, and
total T4 assays were submitted to an accredited veterinary diagnostic
laboratory (University of lllinois Veterinary Diagnostic Laboratory;
Urbana, IL) and cTLI, cPLI, folate, and cobalamin were measured by a
commercial laboratory (Texas A&M Gastrointestinal Laboratory, Col-
lege Station, TX). Dogs were excluded from this group if they had a
serum cTLI concentrations <5.7 pg/L, clinical signs of vomiting, diar-
rhea, weight loss, anorexia, or polyphagia within 3 months of sample
collection, laboratory abnormalities consistent with any systemic or
gastrointestinal disease, or some combination of these. Pancreatic
enzyme extract powder (Enzyme Diane 6X Pancreatin Powder; www.
enzymediane.com) was administered PO (1/2-1 tsp per cup of food)
for 10 days. On the final day of pancreatic enzyme supplementation,

serum samples were collected as previously described.

2.2 | Vitamin analysis

All residual serum samples used for lipid-soluble vitamin analysis were
frozen in individual aliquots immediately after collection, stored at

-80°C, and thawed before analysis at the reference laboratory.
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Previous studies have found that retinol, a-tocopherol, and 250HD
are stable for months to years at temperatures lower than
-70°C.21"2% Serum retinol, a-tocopherol, and 250HD concentrations
were assayed by a commercial veterinary laboratory (Michigan State
University Veterinary Diagnostic Laboratory, Lansing, Ml). Retinol and
a-tocopherol concentrations were measured by high-performance lig-
uid chromatography using a Waters Acquity system (Waters Corpora-
tion, Milford, MA) by detection of ultraviolet absorption at 292 and
325 nm, respectively. Serum 250HD concentrations were measured
by a commercially available radioimmunoassay (Immunodiagnostics
Systems Limited, Bolden, UK).

2.3 | Statistics

All statistical analyses were performed using commercially available
software (IBM SPSS Version 24.0.0.0, SPSS Inc., Armonk, New York).
The distribution of the data was assessed by the Shapiro-Wilk test.
Parametric variables were compared by 1-way analysis of variance
(ANOVA) with post hoc pairwise comparisons corrected using the
Hochberg method. Nonparametric variables were compared using the
Kruskal-Wallis test with post hoc pairwise comparisons corrected by
the Bonferroni method. The effect of enzyme administration in
healthy dogs was assessed by paired t tests for parametric variables
and by the Wilcoxon signed rank test for nonparametric variables. Dif-
ferences in clinical signs across groups were assessed by Fisher's exact
test. All results are reported as the mean + standard deviation
(SD) for parametric variables and the median and range (min-max) for
nonparametric variables. A significance level of P < .05 was used for
all statistical comparisons.

3 | RESULTS

3.1 | Animal and group characteristics

During the study period, 114 dogs met the initial inclusion criteria and
their owners were contacted by email. Eighty-two dogs were excluded
because of a lack of response to the historical questionnaire, an inability
to obtain medical records, or both. Serum samples were collected from
32 dogs with historical cTLI concentrations <5.6 pg/L. Six dogs were
excluded after their follow-up cTLI concentration was found to be
>5.6 pg/L. One dog was excluded after it was found not to have been
receiving PERT at the time of sampling. The EPI group consisted of
20 dogs with a mean (+ SD) age of 4.3 (+-2.04) years including 12 spayed
females, 7 neutered males, and 1 intact male of the following breeds:
German shepherd (GSD; n = 9), mixed breed (MBD; n = 4), Australian
shepherd (n = 2), Akita (n = 1), border collie (n = 1), Labrador retriever
(n = 1), and West Highland white terrier (n = 1). The sEPI group con-
sisted of 5 dogs with a mean (& SD) age of 7.1 (& 2.53) years including
3 spayed females, 1 castrated male, and 1 intact male of the following
breeds: GSD (n = 2), MBD (n = 1), Boxer (n = 1), and Standard Poodle
(n = 1). The control group of healthy dogs consisted of 10 dogs with a
mean (4 SD) age of 5 (& 1.76) years including 7 castrated males and
3 spayed females of the following breeds: MBD (n = 4), GSD (n = 4), pit

bull (n = 1), and Labrador retriever (n = 1). The distribution of breeds

was not significantly different across groups (P = .678). The sEPI group
was significantly older than the EPI group (P = .006), but no other signifi-
cant differences in age were identified among the other groups.

All dogs were fed diets that claimed to meet or exceed Associa-
tion of American Feed Control Officials (AAFCO) adult minimum
maintenance requirements for dietary vitamin A, D, and E (Association
of American Feed Control Officials 2017 Official Publication; www.
aafco.org). One dog in the EPI group was fed home-prepared, nutri-
tionally balanced diet (chicken, sweet potato, white rice, spinach, car-
rots, and apples with a multivitamin powder) formulated by a
veterinary nutritionist. Five of 20 dogs with EPI, 0/5 dogs with sEPI,
and 2/10 healthy dogs were receiving dietary supplements containing
vitamins A, D, E, or some combination of these at the time of sample
collection. No significant difference was found in the proportions of
dogs receiving vitamin supplements among the any of the groups
(P = .693). Several dogs in the EPI group (5/20) received supplemental
home-cooked foods or treats with their commercial diet including raw
pancreas (1/5), chicken and sweet potato (1/5), ground pork (1/5),
chicken paté (1/5), and a mixture of chicken, salmon, and cottage
cheese (1/5).

3.2 | Impact of pancreatic enzyme supplementation
on vitamin concentrations in healthy dogs

Ten healthy dogs received pancreatic enzyme supplements with each
meal for 10 days with no reported adverse events before resampling.
Retinol was measured in 3/10 dogs before and 9/10 dogs after
enzyme administration. The median (range) retinol concentrations
were 1116.0 ng/mL (709-1523 ng/mL) for the pre-enzyme (PreEnz)
group and 1203.0 ng/mL (637-1768 ng/mL) for the postenzyme
(PostEnz) group. Serum 250HD was measured in 7/10 dogs before and
9/10 dogs after enzyme administration with mean (& SD) concentrations
of 281.0 nmol/L (& 59.4 nmol/L) and 223.44 nmol/L (£ 73.95 nmol/L),
respectively. Serum tocopherol concentrations were measured in 3/10
dogs before, and 9/10 after enzyme administration with median (range)
concentrations of 38.89 pg/mL (31.56-46.21 pg/mL) and 43.54 pg/mL
(34.26-53.97 pg/mlL), respectively. No effect on serum concentrations of
retinol (P = .285), 250HD (P = .187), or a-tocopherol (P = .785), was
found in association with pancreatic enzyme supplementation in the
healthy dogs. All of the following statistical comparisons utilize the Post-
Enz dogs as the healthy control group.

3.3 | Differences in serum concentrations of lipid-
soluble vitamins for experimental variables

Serum concentrations of retinol, 250HD, and «-tocopherol were mea-
sured in all dogs in the EPI and sEPI groups (Table 1). The median (range)
serum retinol concentrations were 490 ng/mL (322-990 ng/mL) and
566 ng/mL (248-940 ng/mL) in the EPI and sEPI groups, respectively
(Figure 1). Serum retinol concentration was significantly lower in the EPI
group compared with healthy dogs (P < .001). No significant differences
in serum retinol concentrations were found between the sEPI group and
the EPI (P = 1.0) or healthy control groups (P = 0.126). Mean (£ SD)
serum 250HD concentrations were 336.74 nmol/L (+140.06 nmol/L) in
the EPI group and 208.0 nmol/L (£67.7 nmol/L) in the sEPI group
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TABLE1 Summary statistics for serum lipid-soluble vitamins
Group
PreEnz (n = 10)
PostEnz (n = 10)

Retinol (ng/mL) median (range)
1116 (709-1523)
1203 (637-1768)

EPI (n = 20) 490 (322-990)

sEPI (n = 5) 566 (248-940)
EPI/sEPI by diarrhea

Yes (n = 16) 470 (322-650)

No(n=9) 566 (248-990)
EPI/sEPI by vomiting

Yes (n =7) 490 (322-650)

No (n = 18) 554 (248-990)

EPI/sEPI by weight
Stable (n = 14)

Decreased (n = 6)

554 (248-742)
527 (322-650)
Increased (n = 5) 458 (416-940)
EPI/sEPI by appetite
Stable (n = 21)

Decreased (n = 2)

530 (248-990)
480 (470-490)
607 (564-650)
RI 400-1200 ng/mL

Increased (n = 2)

250HD (nmol/L) mean (£SD)

Ve

College of

edicine

a-tocopherol (ug/L) median (range)

281.0 (59.4) 38.89 (31.56-46.21)
223.44 (73.95) 43.54 (34.26-53.97)
336.74 (140.06) 11.51 (4.8-27.1)

208.0 (67.7) 12.66(10.21-21.03)

304.81 (126.73)
308.44 (159.96)

8.11 (4.80-27.08)
12.91 (8.92-22.57)

326.29 (107.51) 15.34 (4.80-25.59)

298.28 (148.00) 12.09 (6.61-27.08)
368.64 (140.97) 13.41 (7.38-22.57)
217.67 (66.98) 10.58 (7.99-27.08)
237.20 (99.349) 10.40 (4.80-25.59)
314.00 (138.38) 12.66 (4.80-25.59)
243.50 (3.54) 17.6 (8.11-27.08)
159.00 (56.57) 15.62(10.21-21.03)

109-423 nmol/L 4-12 pg/L

Serum concentrations of retinol, 250HD, and a-tocopherol were measured in dogs with EPI, sEPI, and healthy dogs before (PreEnz) and after (PostEnz)
pancreatic enzyme supplementation. Additionally, serum concentrations of lipid-soluble vitamins were assessed when dogs with EPI and sEPI were com-
bined into a single group and stratified based on the presence or absence of residual clinical signs. Parametric variables are presented by the mean 4+ SD
and nonparametric variables are presented by the median and range (min-max). SD, standard deviation; RI, reference interval.

(Figure 2). A statistically significant difference in serum 250HD concen-
trations was identified by ANOVA among the 3 groups (P = .023), but no
statistically significant differences were identified in the post hoc pair-
wise comparisons. The median (range) serum a-tocopherol was
11.51 pg/mL (22.28-27.1 pg/mL) in the EPI group and 12.66 pg/mL
(10.21-21.03 pg/mlL) in the sEPI group (Figure 3). Serum a-tocopherol
concentration was significantly lower in dogs with EPI (P < .001) and
SEPI (P = .021) compared with healthy dogs. No significant differences
were found in serum a-tocopherol concentration between the EPI and
sEPI groups (P = 1.0).

2000.00
1800.00
1600.00
3 1400.00
£
£ 1200.00
£ 1000.00 | —
2 I
g 800.00 : —
g |
4 o -
=
400.00 T I
200.00
0.00
PostEnz EPI sEPI
* *

FIGURE1 Comparison of serum retinol concentrations. Serum
concentrations of retinol were compared between groups. Retinol
was significantly lower in dogs with EPI compared with sEPI dogs and
healthy controls. The line within the box represent the median value,
the “x” within the box represents the mean, the box depicts the
interquartile range, the whiskers show the maximum and minimum
values less than or equal to 1.5 times the interquartile range. The
open dot represents an outlier defined by a value greater than 1.5
times the interquartile range. An asterisk (*) denotes a statistically
significant difference (*P < .001)

Based on responses to the questionnaire, the prevalence of clini-
cal signs of gastrointestinal disease was compared between the EPI
and sEPI groups. In the EPI group, residual clinical signs observed
within 3 months of sample collection included hyporexia (2/20),
weight loss (3/20), vomiting (6/20), and diarrhea (8/20). In the sEPI
group, residual clinical signs included weight loss (3/5), vomiting (1/5),
and diarrhea (1/5). No significant differences were identified in the
proportions of dogs with hyporexia (P = .633), weight loss (P = .070),
vomiting (P = .564), or diarrhea (P = .391) between the EPI and sEPI
groups. When dogs with EPI and sEPI were combined into a single
group and stratified based on the presence or absence of residual clin-
ical signs, dogs with persistent weight loss had significantly lower
serum 250HD concentrations than did dogs with a stable weight
(P = .047; Table 1, Figure 4). No significant differences were found in

700.00

600.00 }

500.00

400.00

300.00 —_—

200,007 E -

100.00

Serum 250HD (nmol/L)

0.00
PostEnz EPI SEPI

FIGURE 2 Comparison of serum 250HD concentrations. Serum
concentrations of 250HD were compared between groups. There
was no significant difference in 250HD concentrations between
groups. The line within the box represent the median value, the “x”
within the box represents the mean, the box depicts the interquartile
range, the whiskers show the maximum and minimum values
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FIGURE3 Comparison of serum a-tocopherol concentrations. Serum
concentrations of a-tocopherol were compared between groups.
a-tocopherol was significantly lower in dogs with EPI and sEPI
compared with healthy controls. The line within the box represent the
median value, the “x” within the box represents the mean, the box
depicts the interquartile range, the whiskers show the maximum and
minimum. Asterisks (*) denote statistically significant differences

(*P < .001; **P = .02)

the distributions of serum tocopherol, retinol, or 250HD concentra-

tions across any other category of residual clinical signs.

4 | DISCUSSION

The purpose of our study was to compare serum concentrations of
lipid-soluble vitamins retinol, 250HD, and a-tocopherol among dogs
with EPI, sEPI, and healthy dogs. The results indicate that, despite
PERT, dogs with EPI have lower serum concentrations of retinol and
a-tocopherol and dogs with sEPI have lower serum concentrations of
vitamin E, compared with healthy dogs. These results are consistent
with studies documenting altered homeostasis of lipid-soluble vita-
mins in humans with EPI. Those studies found that patients with EPI
had deficiencies in 21 of vitamins A, D, E, and K, and steatorrhea
despite pancreatic enzyme supplementation.**?* Vitamin deficiencies
were associated with clinical abnormalities including increased dark-
adapted visual threshold, decreased cortical bone density, and pro-
longed prothrombin times. Dietary supplementation with lipid-soluble

700.00
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300.00

£ 200.00 E —
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250HD (nmol/L)
B

Serum
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Stable Weight Weight Loss
* *

FIGURE 4 Serum concentrations of 250HD in dogs with persistent
weight loss. When dogs with EPI and sEPI were combined into a
single group, those with persistent weight loss were found to have
significantly lower serum 250HD compared to dogs with stable
weight. the line within the box represent the median value, the “x”
within the box represents the mean, the box depicts the interquartile
range, the whiskers show the maximum and minimum values. An
asterisk (*) denotes a statistically significant difference (*P < .043)

vitamins resulted in correction of the deficiencies and normalization
of the dark-adapted threshold and prothrombin times in several of the
affected patients. These findings also support those from a study doc-
umenting lower serum concentrations of retinol in dogs with EPI trea-
ted with PERT.Y® Unlike the previous study, ours did not identify
lower serum concentrations of 250HD in dogs with EPI or sEPI,
except in dogs with unresolved weight loss. The reason for this dis-
crepancy is unknown, but it could reflect differences in the duration
of PERT between the 2 populations of EPI or reflect the impact of a
change in the testing method for 250HD by the reference laboratory
as of February 2017.

A comparison of our results to the laboratory-established refer-
ence intervals (RI) for retinol, 250HD, and a-tocopherol indicates that
a substantial number of dogs had serum vitamin concentrations within
or above the RI. Within the PostEnz group, 5/9 healthy dogs had
serum retinol concentrations above the Rl whereas all had serum
a-tocopherol concentrations above the RI. Despite highly significant
differences in retinol and a-tocopherol concentrations among the EPI,
sEPI, and control groups, it was uncommon for dogs with EPI and sEPI
to have concentrations below the Rls. Retinol concentrations were
below the RI (400-1200 ng/mL) in 2/20 dogs with EPI and in 1/5 dogs
with sEPI, respectively. Serum 250HD concentrations were below
the RI (109-423 nmol/L) in 1/20 of dogs with EPI. Serum
a-tocopherol concentrations were not below the Rl (4-12 pg/L) in any
of the dogs and were above the Rl in 9/20 of dogs with EPI and 3/5
of dogs with sEPI. The RIs were provided by the reference laboratory
where the tests were performed. They were derived from a database
of all samples submitted to the laboratory for vitamin analysis and rep-
resent the 5th (lower reference limit) to 95th (upper reference limit)
percentiles of samples from that population (personal communication).
Compared with Rls generated from a population of healthy dogs, this
method of RI construction is prone to bias introduced by the sampled
population, which at a referral laboratory would include a larger num-
ber of diseased or malnourished animals than exist in a typical popula-
tion of healthy animals. Therefore, the Rls provided by this laboratory
may not apply to the population of dogs sampled for our study.

Absorption of dietary fat and fat-soluble vitamins is dependent on
sufficient intake, bile acid secretion, micelle formation, and optimal
duodenal pH in the presence of pancreatic lipase.?>?® The nutrient
profiles were not available for the diets of most dogs in our study.
However, all dogs in the study were fed diets formulated to meet or
exceed AAFCO standards for adult maintenance for vitamins A
(5000 1U/kg DMB), D (500 IU/kg DMB vitamin D3), and E (50 IU/kg
DMB). In fact, individual dogs within each group were found to have
been fed diets that exceeded the minimum AAFCO vitamin A, D, and
E standards for adult maintenance by as much as 5-, 4-, and 9-fold,
respectively. In addition, a few dogs were receiving supplements con-
taining vitamins A, D, and E. Because all dogs in the study were
receiving balanced diets, and the proportions of dogs receiving vita-
min supplements were not significantly different among groups, diet
and vitamin supplementation are unlikely causes for the differences in
serum vitamin concentrations among groups. It is our opinion that the
differences in serum vitamin concentrations among groups are a result
of persistent dietary fat malabsorption, changes in vitamin metabolism

associated with EPI in dogs, or both.
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Dietary vitamin A is derived from preformed retinol, retinyl esters,

or provitamin carotenoids (eg, B-carotene).6

Retinyl esters must
undergo hydrolysis to retinol by pancreatic or intestinal brush border
enzymes in order to be absorbed.2 Within enterocytes, retinol is re-
esterified to retinyl esters, which are transported to the liver and
deposited in hepatic stellate cells.®® When hepatic vitamin A is mobi-
lized, the retinyl esters are hydrolyzed to retinol which is transported
in plasma and delivered to tissues by retinol binding protein (RBP).>®
Unlike other mammals, substantial amounts of retinyl esters circulate
with low-density lipoprotein (LDL) in dogs.?”"2? The relevance of this
circulating pool of retinyl esters, and its impact on tissue metabolism
of vitamin A is not well understood. However, in previous studies of
dogs, circulating concentrations of retinyl esters were influenced sub-
stantially by dietary intake.2”?% Based on these observations, it seems
that circulating retinol is a more accurate indicator of long-term vita-
min A homeostasis than LDL-associated retinyl ester concentrations,
because it is influenced primarily by hepatic storage and mobilization,
rather than by dietary intake. The physiologic effects of vitamin A are
mediated by RA, which is generated intracellularly from retinol in a
tissue-specific manner.>3® Retinoic acids are ligands for a family of
nuclear receptor transcription factors, primarily the retinoic acid
receptor (RAR) and the retinoid-X receptor (RXR), that regulate a
diverse array of vital genes governing metabolism, the immune sys-
tem, epithelial barriers, and cell proliferation and differentiation.!

Our data suggest that serum retinol concentrations are signifi-
cantly lower in dogs with EPI, compared with healthy controls. Given
the unique aspects of vitamin A metabolism in the dog, differences in
dietary intake are unlikely to have resulted in the lower serum concen-
trations in dogs with EPl. We propose the following hypotheses as
potential explanations for this finding: (1) decreased hepatic reserves
of vitamin A associated with long-term dietary fat malabsorption,
(2) decreased vitamin A absorption caused by decreased intestinal
conversion of retinyl esters to retinol because of decreased intralum-
inal pancreatic and mucosal brush border enzymes, and (3) decreased
mobilization of hepatic stores of retinol. As in humans, dogs with EPI
treated with porcine enzymes are known to have dietary fat malab-
sorption that persists despite PERT.%32 As such, long-term lipid and
lipid-soluble vitamin malabsorption could affect circulating pools of
retinol because of depletion of hepatic reserves. Aside from pancre-
atic enzyme deficiencies, dogs and mice with EPI also have abnormal
activities of multiple jejunal brush border enzymes.}”*3 Therefore, a
direct effect of pancreatic or brush border enzyme deficiencies, or
both on vitamin A absorption in dogs with EPI cannot be excluded.
Finally, the regulation of retinol mobilization from hepatic reserves
and relationship between circulating retinol and tissue-level RA
metabolism are poorly understood. Some combination of these factors
may contribute to altered vitamin A homeostasis in dogs with EPI.
Additional studies are warranted to determine the relationships
among hepatic mobilization of stored vitamin A, factors regulating
mobilization and tissue utilization, and impact of dietary fat malab-
sorption on vitamin A homeostasis in dogs.

Vitamin D describes a group of steroid compounds that are
known traditionally for their roles in calcium homeostasis. Unlike
humans, dogs do not synthesize vitamin D in the skin and are reliant

on dietary vitamin D to meet their physiologic requirement.>* Dietary
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vitamin D is available as plant-derived ergocalciferol (D2) or cholecal-
ciferol (D3), which is derived from animal tissues.® Aside from its
well-established function to regulate calcium availability and bone
growth, an increasing number of studies have posited roles for vita-
min D beyond calcium regulation. In dogs, inflammatory bowel dis-
ease (IBD), chronic cardiac valve disease, and cancer all have been
associated with serum 250HD concentrations lower than those of
healthy dogs.'! Vitamin D concentrations were not significantly dif-
ferent among dogs with EPI, sEPI, and healthy controls. An ANOVA
comparing all groups identified a significant difference in 250HD
concentration, but post hoc pairwise comparisons failed to identify a
significant difference between groups. It is possible, given the low
numbers of dogs in our study, that an increase in sample size would
result in a statistically significant difference between dogs with sgPI
and healthy controls. Dogs with EPI and sEPI and persistent weight
loss had significantly lower serum concentrations of 250HD. The
reason for this finding is unknown, but it may reflect a poor nutri-
tional state in dogs with unresolved weight loss. Alternatively, vita-
min D deficiency may play a role in the response to PERT in some
dogs. Additional studies of vitamin D metabolism in dogs with EPI are
warranted.

Vitamin E is a term describing a group of structurally similar anti-
oxidant compounds, among which a-tocopherol has the greatest bio-
logic activity.® Tocopherols are absorbed by passive diffusion by
enterocytes, a process dependent on solubilization in micelles.®° Like
retinol, a-tocopherol is stored in the canine liver and released with
very low-density lipoproteins.3® The most important physiologic effect
of a-tocopherol is its role in stabilizing lipid membranes by preventing
peroxidation of vital phospholipids.®® Serum a-tocopherol concentra-
tions were significantly lower in dogs with EPI and sEPI compared
with healthy dogs. As with retinol, dietary fat malabsorption is likely
an important contributor to the lower serum tocopherol concentra-
tions in dogs with EPL. It is also possible that increased utilization of
a-tocopherol because of oxidative stress could contribute to altered
vitamin E metabolism in dogs with EPI. Long-term malabsorptive dis-
eases such as EPI are associated with brown bowel syndrome (BBS), a
condition associated with vitamin E defit:ient:y.37*38 In BBS, vitamin E
deficiency is thought to induce oxidative damage to mitochondria in
enteric smooth muscle, resulting in atony and lipofuscinosis which
may exacerbate the malabsorptive disease process.*®

According to a previous retrospective study, 25-50% of dogs with
EPI have persistent clinical signs of pancreatic enzyme deficiency,
including voluminous stool and flatulence, despite PERT.3 In this
study population, 40% of dogs with EPI had persistent diarrhea,
despite PERT. There are several potential explanations for persistent
diarrhea in treated dogs with EPI, and deficiencies in certain lipid-
soluble vitamins could contribute to poor stool quality in affected
dogs by influencing bile acid (BA) metabolism and mucosal immune
responses. In humans, bile acid dysmetabolism is a relatively common
complication-causing diarrhea in patients with EP1.4°~4 Bile acid diar-
rhea (BAD) is characterized by increased primary BA delivery to the
colon. It traditionally has been attributed to BA malabsorption, but
more recent studies in humans with idiopathic BAD have determined
that dysregulation of BA signaling pathways leads to an increase in BA

synthesis.** Bile acid synthesis is controlled by overlapping feedback
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mechanisms in enterocytes and hepatocytes, ensuring that the rate of
BA synthesis is inversely proportional to BA absorption, preventing
BA synthesis beyond physiologic requirements.*>*¢ Interestingly, vita-
mins A and D contribute to the regulation of BA synthesis by interac-
tions between their nuclear receptors and specific regulatory gene
elements.*”~* Their effect is to increase expression of fibroblast
growth factor-19, a potent antagonist of cholesterol 7-alpha-hydroxy-
lase, the enzyme responsible for BA synthesis. A recent investigation
identified dysregulation of BA metabolism in dogs with EPI compared
with healthy controls.>® Vitamins A and D also play roles in the regula-
tion of mucosal immune responses through their influences on innate
and adaptive immune responses. °! Retinoic acid produced by den-
dritic cells enhances intestinal homing of IL-10 secreting regulatory T-
cells and promotes increased production of IgA in activated B-cells.”>?

Vitamin D stimulates innate immune and adaptive responses by
enhanced expression of pattern recognition receptors, cytokines, and
antimicrobial peptides in addition to T-cell activation.>*>* Thus, it is
plausible that altered homeostasis of lipid-soluble vitamins partici-
pates in the pathophysiology of persistent diarrhea in treated dogs
with EPI, a possibility that could be exploited as a target for novel
therapies.

Our study had several limitations that should considered when
interpreting the results. First, we had low numbers of dogs in each
group, particularly in the sEPI group. Similarly, only three samples
were available for analysis of retinol and a-tocopherol in the healthy
dogs before enzyme supplementation. Because this study utilized
excess sample material from a related investigation of dog EPI, a priori
power analysis was not performed. The low numbers of samples avail-
able for analysis of retinol and a-tocopherol in the PreEnz group likely
led to a reduction of statistical power such that an effect of pancreatic
enzyme administration on serum concentrations of lipid-soluble vita-
mins in healthy dogs could not be properly evaluated. Consequently,
these findings do not exclude the possibility that pancreatic enzyme
administration could alter serum concentrations of retinol, 250HD,
and a-tocopherol. Regardless of the uncertainty related to the impact
of pancreatic enzyme supplementation in the healthy dogs, the Post-
Enz group was considered to be the most relevant reference group
for our study because all dogs in the EPI and sEPI groups were receiv-
ing pancreatic enzyme supplements at the time of sample collection.

Other limitations of our study are related to differences in the
diets and duration of PERT among individuals. Dogs in our study were
not fed a standardized diet, and some were receiving supplements
containing vitamins A, D, and E. Because the proportions of dogs
receiving supplements were not different between groups, it is
unlikely that supplement administration confounded these results.
One dog that was fed a home cooked, balanced diet was included in
the EPI group, because the individual results from this dog were not
outliers within the EPI group and statistical comparisons excluding this
individual were not different from the results reported here. The dura-
tion of PERT was not controlled in our study and dogs in the EPI and
sEPI groups are likely to have been treated for variable lengths of
time. However, this information was not recorded by the investiga-
tors, and the duration of PERT in the EPI and sEPI groups could not
be assessed in this population. In addition, the healthy dogs were trea-

ted with enzymes for a relatively short duration of 10 days. The

duration of enzyme administration in the healthy dogs was limited by
the availability of a donated pancreatic extract powder provided to
the investigators. The relatively higher cost and invasiveness of long-
term pancreatic enzyme administration in the healthy dogs further
limited the enzyme trial to 10 days. As most of the dogs in the EPI
and sEPI groups had been diagnosed months to years before enroll-
ment, their average duration of enzyme treatment likely was longer
than that of the healthy dogs. There are no published reports of the
impact of duration of enzyme treatment on dietary fat absorption or
lipid-soluble vitamin status in dogs or humans, and we are unable to
speculate as to its potential effect on our results. Finally, dogs in our
study could have had gastrointestinal disturbances from concurrent
related or unrelated disease (eg, IBD, enteric dysbiosis) that could
have confounded our results by affecting serum vitamin
concentrations.

In addition, the sEPI group is a poorly defined clinical population.
Previous studies of dogs with sEPI have found that its clinical course
is highly variable.*8-2° Whereas some dogs progress to clinically overt
EPI, others have equivocal cTLI concentrations that resolve spontane-
ously or persist for years without progressing to EPI. Given the small
numbers of dogs in the sEPI group, and the variability of its clinical
course, no firm conclusions can be drawn from these findings in terms
of the clinical impact of lipid-soluble vitamin homeostasis in dogs with
sEPI. However, these findings indicate that they are similar to dogs
with EPI in that they have significantly lower serum a-tocopherol con-
centrations than healthy dogs, indicating similar alterations in lipid-
soluble vitamin absorption, metabolism, or both.

In conclusion, we documented lower serum concentrations of ret-
inol and a-tocopherol in dogs with EPI and lower serum a-tocopherol
concentrations in dogs with sEPI despite PERT, relative to healthy
dogs also receiving pancreatic enzymes. In addition, dogs with persis-
tent weight loss had lower serum 250HD concentrations than dogs
with a stable weight. These findings could be because of long-term
dietary fat malabsorption that is refractory to PERT. It is also plausible
that altered systemic metabolism could contribute to the lower con-
centrations of lipid-soluble vitamins in this population of dogs with
EPI. The factors governing tissue-level metabolism of lipid-soluble
vitamins are not well understood and more research will be required
to determine the clinical relevance of these findings. Additional stud-
ies to investigate the role of vitamins A and D in the pathophysiology
of EPI and other conditions associated with dietary fat malabsorption
are warranted. The therapeutic potential of supplemental dietary
vitamins A, D, and E in dogs with deficiencies of these vitamins should
be assessed in randomized, placebo-controlled clinical trials.

ACKNOWLEDGMENTS

This article was completed at the University of lllinois College of Vet-
erinary Medicine in Urbana, IL. This project was supported by gifts
from Stan and Gail Peskin, The Gatens family, and Epi4dogs Inc. These
data were presented in preliminary form at the 2017 meeting of the
Comparative Gastroenterology Society in Kauai, HI and an abstract
was published in the proceedings of the 27" European College of

Veterinary Internal Medicine Congress.



BARKO anp WILLIAMS

CONFLICT OF INTEREST DECLARATION

The authors receive research funding from Nestle-Purina, a corpora-
tion that manufactures pet feed and probiotic supplements. Addition-
ally, the authors have received financial gifts for research and travel to
a continuing education event from Epi4Dogs Inc., a nonprofit charity
that supports EPI advocacy and research. The pancreatic enzyme sup-
plement used in this study was donated by enzymediane.com, an e-
commerce resource for pancreatic enzyme supplements. One of the
authors (DAW) is an advisory board member for Nestle Purina Pet
Care and a consultant with the Texas A&M Gl Laboratory and IDEXX
Inc. This same author holds patents and receives royalties for the
canine and feline pancreatic lipase assays. None of the above entities

were involved in the design of this study or in the interpretation of

these findings.

OFF-LABEL ANTIMICROBIAL DECLARATION

Authors declare no off-label use of antimicrobials.

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
(IACUC) OR OTHER APPROVAL DECLARATION

This study utilized only residual serum samples from an unrelated
study of canine EPI. Samples collection protocols for this study were

reviewed and approved by the University of lllinois IACUC (protocol

ID number 14284).

ORCID

Patrick C. Barko "= http://orcid.org/0000-0003-1156-7427

REFERENCES

1. Westermarck E, Wiberg M. Exocrine pancreatic insufficiency in the
dog: historical background, diagnosis, and treatment. Top Companion

Anim Med. 2012;27:96-103.

2. Pidgeon G, Strombeck DR. Evaluation of treatment for pancreatic exo-
crine insufficiency in dogs with ligated pancreatic ducts. Am J Vet Res.

1982;43:461-464.

3. Burrows CF, Merritt AM, Chiapella AM. Determination of fecal fat and
trypsin output in the evaluation of chronic canine diarrhea. J Am Vet

Med Assoc. 1979;174:62-66.

4. Brun PJ, Yang KJ, Lee SA, et al. Retinoids: potent regulators of metab-

olism. BioFactors (Oxford, England). 2013;39:151-163.

5. Duester G. Retinoic acid synthesis and signaling during early organo-

genesis. Cell. 2008;134:921-931.

6. Hand, Thatcher, Remillard, et al. Small Animal Clinical Nutrition. 5th

ed. Mark Morris Institute; 2010.

7. Manicassamy S, Pulendran B. Retinoic acid-dependent regulation of
immune responses by dendritic cells and macrophages. Semin Immunol.

2009;21:22-27.

8. Blaner WS, Li Y, Brun PJ, et al. Vitamin A absorption, storage and

mobilization. Subcell Biochem. 2016;81:95-125.

9. Galli F, Azzi A, Birringer M, et al. Vitamin E: emerging aspects and new

directions. Free Radic Biol Med. 2017;102:16-36.

10. Galli F, Azzi A. Present trends in vitamin E research. BioFactors

(Oxford, England). 2010;36:33-42.

11. Weidner N, Verbrugghe A. Current knowledge of vitamin D in dogs.

Crit Rev Food Sci Nutr. 2017;57:3850-3859.

12. Mann STW, Stracke H, Lange U, Kl6ér HU, Teichmann J. Vitamin D3 in
patients with various grades of chronic pancreatitis, according to

Journal of Veterinary Internal Medicine AC\.‘?/'M 1607

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Open Access,

morphological and functional criteria of the pancreas. Dig Dis Sci.
2003;48:533-538.

Sikkens EC, Cahen DL, Koch AD, et al. The prevalence of fat-soluble
vitamin deficiencies and a decreased bone mass in patients with
chronic pancreatitis. Pancreatology. 2013;13:238-242.

Dutta SK, Bustin MP, Russell RM, Costa BS. Deficiency of fat-soluble
vitamins in treated patients with pancreatic insufficiency. Ann Intern
Med. 1982;97:549-552.

Nakamura T, Takebe K, Imamura K, et al. Fat-soluble vitamins in
patients with chronic pancreatitis (pancreatic insufficiency). Acta Gas-
troenterol Belg. 1996;59:10-14.

Rutz GM, Steiner JM, Bauer JE, Williams DA. Effects of exchange of
dietary medium chain triglycerides for long-chain triglycerides on
serum biochemical variables and subjectively assessed well-being of
dogs with exocrine pancreatic insufficiency. Am J Vet Res. 2004;65:
1293-1302.

Williams DA. Studies in the Diagnosis and Pathophysiology of Canine
Exocrine Pancreatic Insufficiency [Ph.D. Thesis]. Liverpool, UK: Univer-
sity of Liverpool; 1984.

Westermarck E, Batt RM, Vaillant C, Wiberg M. Sequential study of
pancreatic structure and function during development of pancreatic
acinar atrophy in a German shepherd dog. Am J Vet Res. 1993;54:
1088-1094.

Wiberg ME, Nurmi AK, Westermarck E. Serum trypsin-like immunore-
activity measurement for the diagnosis of subclinical exocrine pancre-
atic insufficiency. J Vet Intern Med. 1999;13:426-432.

Wiberg ME, Westermarck E. Subclinical exocrine pancreatic insuffi-
ciency in dogs. J Am Vet Med Assoc. 2002;220:1183-1187.

Comstock GW, Alberg AJ, Helzlsouer KJ. Reported effects of
long-term freezer storage on concentrations of retinol, beta-carotene,
and alpha-tocopherol in serum or plasma summarized. Clin Chem.
1993;39:1075-1078.

. Jezequel-Cuer M, Le Moel G, Covi G, et al. Stability of

alpha-tocopherol: pre-analytical conditions in its determination in
blood samples. Ann Biol Clin. 1994,;52:271-276.

Colak A, Toprak B, Dogan N, Ustuner F. Effect of sample type, centri-
fugation and storage conditions on vitamin D concentration. Biochem
Med. 2013;23:321-325.

Dutta S, Bustin M, Russel R, et al. Deficiency of fat-soluble vitamins in
treated patients with pancreatic insufficiency. Ann Intern Med. 1982;
97:459-552.

Hall JE. Guyton and Hall Textbook of Medical Physiology. 13th
ed. Philadelphia, PA: Elsevier Health Sciences; 2016.

Traber MG, Sies H. Vitamin E in humans: demand and delivery. Annu
Rev Nutr. 1996;16:321-347.

Schweigert FJ, Bok V. Vitamin A in blood plasma and urine of dogs is
affected by the dietary level of vitamin A. Int J Vit Nutr Res. 2000;70:
84-91.

Wilson DE, Hejazi J, Elstad NL, Ing-Fong C, Gleeson JM, Iverius PH.
Novel aspects of vitamin A metabolism in the dog: distribution of lipo-
protein retinyl esters in vitamin A-deprived and cholesterol-fed ani-
mals. Biochim Biophys Acta. 1987;922:247-258.

Raila J, Buchholz I, Aupperle H, Raila G, Schoon HA, Schweigert FJ.
The distribution of vitamin A and retinol-binding protein in the blood
plasma, urine, liver and kidneys of carnivores. Vet Res. 2000;31:
541-551.

Das BC, Thapa P, Karki R, et al. Retinoic acid signaling pathways in
development and diseases. Bioorg Med Chem. 2014;22:673-683.

Al Tanoury Z, Piskunov A, Rochette-Egly C. Vitamin A and retinoid sig-
naling: genomic and nongenomic effects: thematic review series:
fat-soluble vitamins: vitamin A. J Lipid Res. 2013;54:1761-1775.
Suzuki A, Mizumoto A, Rerknimitr R, Sarr MG, DiMagno EP. Effect of
bacterial or porcine lipase with low- or high-fat diets on nutrient
absorption in pancreatic-insufficient dogs. Gastroenterology. 1999;
116:431-437.

Kwong W, Seetharm B, Alpers D. Effect of exocrine pancreatic insuffi-
ciency on small intestine in the mouse. Gastroenterology. 1978;74:
1277-1282.

How KL, Hazewinkel HA, Mol JA. Dietary vitamin D dependence of
cat and dog due to inadequate cutaneous synthesis of vitamin D. Gen
Comp Endocrinol. 1994;96:12-18.


http://enzymediane.com
http://orcid.org/0000-0003-1156-7427
http://orcid.org/0000-0003-1156-7427

1608 | Journal of Veterinary Internal Medicine AC\.\%‘/l M

35.
36.

37.
38.
39.
40.

41.
42.

43.

45.

46.

BARKO anp WILLIAMS

Ve

Medicine

Drevon CA. Absorption, transport and metabolism of vitamin E. Free
Radic Res Commun. 1991;14:229-246.

Traber MG, Atkinson J. Vitamin E, antioxidant and nothing more. Free
Radic Biol Med. 2007;43:4-15.

Albrecht H, Hagel A, de Rossi T, et al. Brown bowel syndrome: a rare
complication in diseases associated with long-standing malabsorption.
Digestion. 2014;89:105-109.

Horn T, Svendsen LB, Nielsen R. Brown-bowel syndrome. Review of the
literature and presentation of cases. Scand J Gastroenterol. 1990;25:
66-72.

Wiberg ME, Lautala HM, Westermarck E. Response to long-term
enzyme replacement treatment in dogs with exocrine pancreatic
insufficiency. J Am Vet Med Assoc. 1998;213:86-90.

Dutta SK, Anand K, Gadacz TR. Bile salt malabsorption in pancreatic
insufficiency secondary to alcoholic pancreatitis. Gastroenterology.
1986;91:1243-1249.

Madsen JL, Graff J, Philipsen EK, Scharff O, Rumessen JJ. Bile acid
malabsorption or disturbed intestinal permeability in patients treated
with enzyme substitution for exocrine pancreatic insufficiency is not
caused by bacterial overgrowth. Pancreas. 2003;26:130-133.

Mottacki N, Simren M, Bajor A. Review article: bile acid
diarrhoea—pathogenesis, diagnosis and management. Aliment Pharma-
col Ther. 2016;43:884-898.

Walters JRF, Pattni SS. Managing bile acid diarrhoea. Ther Adv Gastro-
enterol. 2010;3:349-357.

. Walters JRF, Tasleem AM, Omer OS, Brydon WG, Dew T, le Roux CW. A

new mechanism for bile acid diarrhea: defective feedback inhibition of bile
acid biosynthesis. Clin Gastroenterol Hepatol. 2009;7:1189-1194.

Tu H, Okamoto AY, Shan B. FXR, a bile acid receptor and biological
sensor. Trends Cardiovasc Med. 2000;10:30-35.

Lu TT, Makishima M, Repa JJ, et al. Molecular basis for feedback regula-
tion of bile acid synthesis by nuclear receptors. Mol Cell. 2000;6:507-515.

47.

48.

49.

50.

51.

52.

53.

54.

Schmidt DR, Holmstrom SR, Fon Tacer K, Bookout AL, Kliewer SA,
Mangelsdorf DJ. Regulation of bile acid synthesis by fat-soluble
vitamins a and D. J Biol Chem. 2010;285:14486-14494.

Saeed A, Hoekstra M, Hoeke MO, et al. The interrelationship between
bile acid and vitamin A homeostasis. Biochim Biophys Acta. 1862;
2017:496-512.

Cai SY, He H, Nguyen T, Mennone A, Boyer JL. Retinoic acid represses
CYP7A1 expression in human hepatocytes and HepG2 cells by FXR/-
RXR-dependent and independent mechanisms. J Lipid Res. 2010;51:
2265-2274.

Blake AB, Guard BC, Honneffer JB, et al. Dogs with exocrine pancre-
atic insufficiency have Dysbiosis and abnormal fecal lactate and bile
acid concentrations. J Vet Intern Med. 2017;31:1225-1361.

Kunisawa J, Kiyono H. Vitamin-mediated regulation of intestinal
immunity. Front Immunol. 2013;4:189.

Bakdash G, Vogelpoel LT, van Capel TM, et al. Retinoic acid primes
human dendritic cells to induce gut-homing, IL-10-producing regula-
tory T cells. Mucosal Immunol. 2015;8:265-278.

Dimitrov V, White JH. Vitamin D signaling in intestinal innate immu-
nity and homeostasis. Mol Cell Endocrinol. 2017;453:68-78.

Sun J. Vitamin D and mucosal immune function. Curr Opin Gastroen-
terol. 2010;26:591-595.

How to cite this article: Barko PC, Williams DA. Serum con-
centrations of lipid-soluble vitamins in dogs with exocrine pan-
creatic insufficiency treated with pancreatic enzymes. J Vet
Intern Med. 2018;32:1600-1608. https://doi.org/10.1111/
jvim.15292



https://doi.org/10.1111/jvim.15292
https://doi.org/10.1111/jvim.15292

	 Serum concentrations of lipid-soluble vitamins in dogs with exocrine pancreatic insufficiency treated with pancreatic enzymes
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animals, sample collection, and screening assays
	2.2  Vitamin analysis
	2.3  Statistics

	3  RESULTS
	3.1  Animal and group characteristics
	3.2  Impact of pancreatic enzyme supplementation on vitamin concentrations in healthy dogs
	3.3  Differences in serum concentrations of lipid-soluble vitamins for experimental variables

	4  DISCUSSION
	4  ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST DECLARATION
	  OFF-LABEL ANTIMICROBIAL DECLARATION
	  Institutional Animal Care and Use Committee (IACUC) or Other Approval Declaration
	  References




