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Abstract. Changes in proportions of lipoprotein classes have been described in disease states in humans. In veterinary
medicine, hyperlipidemia can cause complications, such as cutaneous xanthomas, liver disease, cholelithiasis, pancreatitis,
glomerular disease, lipemia retinalis, or peripheral neuropathy, but there are few reports regarding lipoproteins in diseased
animals. For canine serum, we partially validated continuous lipoprotein density profiling (CLPDP), a novel density gradient
ultracentrifugation technique. We examined canine lipoproteins separated by CLPDP by transmission electron microscopy
(TEM). We compared lipoprotein profiles between healthy control dogs (n = 29) and dogs with exocrine pancreatic
insufficiency (EPI; n = 28) using CLPDP. Dogs with EPI included those untreated (EPI-NT; n = 6) and those treated with
enzyme supplementation (EPI-T; n = 22). Our preliminary assay validation showed that CLPDP was repeatable (CV =
11.2%) and reproducible (CV = 10.6%) in canine serum. The diameters of lipoproteins analyzed by TEM were similar to
those reported previously. Dogs in the EPI-NT group had more severe dyslipidemia than dogs in the EPI-T group. Dogs
in the EPI-T group had lipoprotein profiles similar to healthy control dogs. CLPDP might be a useful tool for evaluating
dyslipidemia in dogs.
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Introduction clearance results in increased plasma LDL-C as well as
increasing the modifications of LDL particles® that make
them atherogenic.>'"*'** However, lipoproteins are highly
heterogeneous particles, and cholesterol concentrations
within the lipoprotein particles do not necessarily reflect their
biological properties.'" Therefore, evaluation of complete
lipoprotein distributions could be more meaningful than cho-
lesterol concentrations within lipoprotein particles.''®
Density gradient ultracentrifugation (DGU), including rate
zonal ultracentrifugation and isopycnic ultracentrifugation,
has been the gold standard for separating and identifying

Lipoproteins transport lipids in the bloodstream and can be
classified based on their hydrated density. In humans, these
density classes include the intestinally derived chylomicrons,
hepatically assembled very low—density lipoproteins (VLDL),
and their lipolytic byproducts: intermediate-density lipopro-
teins (IDL) and low-density lipoproteins (LDL), as well as
peripherally formed high-density lipoproteins (HDL).'
Altered proportions of lipoprotein classes have been
described in certain human disease states, such as coronary
artery disease.”” In veterinary medicine, hyperlipidemia is a
general term associated with various diseases and can cause
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lipoproteins based on their density.* Typical DGU techniques
are often time-consuming because they require sequential
centrifugation steps. Continuous lipoprotein density profiling
(CLPDP) is a novel DGU technique that uses a self-generat-
ing density gradient solution, bismuth sodium ethylenedi-
amine tetra-acetic acid (NaBiEDTA), and a fluorescent probe,
N-[7-(4-nitrobenzo-2-oxa-1,3-diazole)]-6-aminocaproyl-D-
erythro-sphingosine (NBD C6-ceramide).'®*® This technique
requires a single ultracentrifugation lasting 6 h, allows visu-
alization of a continuous distribution of lipoproteins (lipopro-
tein profile), and permits quantification of lipoprotein
fractions by calculating the area under the curve (AUC).
CLPDP was initially developed to analyze human lipoprotein
profiles but has been used in other species.”*** A 2013 study
used this technique to analyze canine lipoprotein profiles in
healthy dogs.*® However, this technique has not been analyti-
cally validated in canine serum. The stability of lipoproteins
for use with canine serum and the effect of freeze—thaw cycles
with different storage conditions on lipoprotein profiles in
canine serum have not been investigated, to our knowledge.
HDL are the predominant lipoproteins in dogs, whereas
LDL predominate in humans.*® In addition, the density dis-
tributions of canine LDL and HDL particles overlap; there-
fore, separating LDL and HDL completely by density
centrifugation alone is challenging.'**° Thus, the density dis-
tribution of human lipoproteins cannot be simply applied to
canine lipoprotein classification. The diameters of LDL and
HDL in humans and dogs have been reported previously.”’
One way to evaluate the application of CLPDP in canine
serum is to measure the diameter of canine lipoproteins in 2
ranges, corresponding to human LDL and HDL. Observing
the distribution of lipoprotein sizes could help better under-
stand how CLPDP performs with canine lipoproteins.
Exocrine pancreatic insufficiency (EPI) is a syndrome
caused by insufficient synthesis and secretion of pancreatic
enzymes.””’ Pancreatic enzymes contribute to digestion of
dietary lipid (e.g., lipase and phospholipase), proteins (e.g.,
trypsin and chymotrypsin), carbohydrates (amylase), and
other macronutrients (e.g., elastase, DNase, and RNase).’ The
most common causes of EPI in dogs are acinar atrophy or
chronic pancreatitis, which both result in an absolute lack of
pancreatic acinar cells.” It has been estimated that >90% of
the functional capacity of the exocrine pancreas must be lost
before clinical signs develop.’” Clinical signs include weight
loss, increased appetite, loose stool, and a poor hair coat. EPI
is treated with pancreatic enzyme replacement therapy.**’
The aims of our study were to partially validate the
CLPDP technique for lipoprotein profiling in canine serum,
to assess the stability of lipoproteins in canine serum under
different storage conditions, to assess the freeze—thaw cycle
effects on lipoprotein profiling, and to investigate the shapes
and sizes of canine lipoprotein particles using electron
microscopy. We hypothesized that dogs with EPI have dys-
lipidemia and that enzyme replacement therapy would
improve the dyslipidemia. Our final goal was to compare the

lipoprotein profiles of CLPDP in healthy dogs, and both
treated and untreated dogs with EPI.

Materials and methods

DGU methodology and nomenclature

CLPDP was carried out as described previously with some
modifications."**® Briefly, 1,280 pL of 0.18 M NaBiEDTA
density solution (Tokyo Chemical Industry, Tokyo, Japan)
was mixed with 10 pL of serum and 10 pL of NBD
C6-ceramide (Cayman Chemical, Ann Arbor, MI). A 1,150-
pL aliquot of the mixture was transferred into polycarbon-
ate centrifuge tubes (Beckman Coulter, Brea, CA) and
centrifuged at 868,000 x g and 4°C for 6 h in an ultracentri-
fuge (Optima MAX-LP, Beckman Coulter) with a fixed
angle rotor (MLA-130, Beckman Coulter). After centrifu-
gation, tubes were immediately imaged by a fluorescence
imaging system with a digital camera (Quantifire XI,
Optronics, Muskogee, OK) and a metal halide continuous
light source (Dolan-Jenner Industries, Boxborough, MA).
Following ultracentrifugation, the image of each tube was
converted to a density profile (OriginPro v.7.5, OriginLab,
Northampton, MA). The tube coordinate (mm) on the x-axis
of the lipoprotein profile corresponded to an actual centri-
fuge tube coordinate (mm) from 0 mm at the top of the tube
to 33 mm at the bottom. The average intensity of fluores-
cence was plotted on the y-axis to produce a lipoprotein
profile.

Less dense particles, such as triglyceride-rich lipopro-
teins (TRL), migrated near the top of the tube, whereas more
dense particles, such as HDL, settled at the bottom. Total
lipoprotein and fractional lipoprotein fluorescence intensi-
ties of TRL (1.010-1.019 g/mL), nominal LDL/low-HDL
(1.019-1.063 g/mL), and nominal high-HDL (1.063—
1.178 g/mL) were determined by measuring the AUC of
each density range. AUC% for the 3 density regions were
calculated by normalizing by total AUC. For analysis
between healthy control dogs and dogs with EPI, numbering
nomenclature of fractions 2—-11 was created every 2 mm
(tube coordinate) from the top of the tube, except fraction 1.
Fraction 1 was determined based on the first peak (1.010-
1.019 g/mL), corresponding to TRL, such as chylomicrons
and VLDL. Fractions 2—8 correspond to nominal LDL/low-
HDL (1.019-1.063 g/mL), and fractions 9—11 correspond to
nominal high-HDL (1.063—1.178 g/mL). Total lipoprotein
intensity was also determined by measuring the AUC of the
entire fluorescence trace and presented as a total AUC. An
HDL:LDL ratio was created to aid interpretation of the
results by calculating the AUC% ratio of fraction 10 to 3.
Fraction 3 corresponds to the density range of 1.023—
1.027 g/mL and therefore most likely corresponds to VLDL
and LDL particles.”® Fraction 10 corresponds to the density
range of 1.086-1.119 g/mL, which likely corresponds to
HDL particles.***
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Part 1: Partial assay validation

CLPDP repeatability and reproducibility. CLPDP was par-
tially validated through evaluation of coefficients of varia-
tion (CVs) for repeatability and reproducibility. Intra- and
inter-assay CVs of each density region (TRL, LDL/low-
HDL, and high-HDL) were calculated to determine repeat-
ability and reproducibility, respectively. Surplus 8-12-h
fasting serum from routine diagnostic samples submitted to
the Gastrointestinal Laboratory (GI Lab) at Texas A&M
University (College Station, TX) was randomly selected
without identifying patient information. Three surplus sam-
ples were pooled for intra- and inter-assay evaluation. For
determination of assay repeatability, intra-assay evaluation
was performed by analyzing 10 aliquots from the pooled
serum within a same run on the day received. Additional 10
aliquots from the same pooled serum were prepared for
determination of assay reproducibility and were kept at
—80°C until analysis. Inter-assay evaluation was performed
by analyzing 10 aliquots over 10 different runs, each on a
different day every 1 or 2 wk within 3 mo of initial sam-
pling. Both AUC and AUC% were calculated for TRL, nom-
inal LDL/low-HDL, and nominal high-HDL.

Effects of freeze—thaw cycles. Blood was obtained from 4
healthy dogs fasted for the previous 12 h. Written informed
consent was obtained from all owners of enrolled dogs, and
the study protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) of Texas A&M Univer-
sity (IACUC2014-0109CA). The blood was collected in
serum tubes without any additives and left at room tempera-
ture for at least 40 min. Samples were centrifuged for 15 min
at 1,600 x g and 20°C. Serum fractions were separated and
transferred to serum tubes. Immediately after centrifugation,
a baseline CLPDP lipoprotein profile was established. The
remaining serum was aliquoted and stored at —80°C until
analysis. Sera were thawed and refrozen 3 times within 5 d
after collection, and were analyzed at each point in the
freeze—thaw cycle. The CVs of each density region (TRL,
LDL/low-HDL, and high-HDL) were calculated between the
baseline and each freeze—thaw time point.

Lipoprotein stability. Blood was obtained from 3 healthy
dogs fasted for the previous 12h. The protocol for the blood
draw was as mentioned above, and the same study protocol
(TIACUC2014-0109CA) was used. Written informed consent
was obtained from all owners of enrolled dogs. Lipoprotein
profiling was performed on the day of blood collection. The
remaining serum was aliquoted and stored at 4°C, —20°C,
and —80°C until analysis. Serum stored at 4°C and —20°C
was analyzed after 3 d, 1 wk, and 1 mo. Serum stored at
—80°C was analyzed after 3 d, 1 wk, and at 1, 3, 5,6, §, 9,
10, 11, and 12 mo. CVs of each density region (TRL, LDL/
low-HDL, and high-HDL) were calculated comparing the
baseline and each time point for each storage condition.

Electron microscopy. One blood sample was obtained from
a healthy dog fasted for 12 h. The protocol for the blood
draw was as mentioned above, and the same study protocol
(IACUC2014-0109CA) was used. The sample was collected
in a non-additive serum tube and allowed to clot at room
temperature for 40 min. The sample was centrifuged for
15 min at 1,600 x g and 20°C, and the serum was analyzed
on the same day as collection. Ten pL of serum and 1,280 pL
of the NaBiEDTA density solution were mixed well. The
mixture was centrifuged at 868,000 x g for 6 h at 4°C. After
centrifugation, nominal LDL/low-HDL and high-HDL
ranges (1.019-1.063 g/mL and 1.063-1.178 g/mL, respec-
tively) were manually removed by pipette based on the tube
coordinates, 9.1-22.7 mm and 22.7-29.0 mm, respectively.
Each fraction was desalted using 0.15 M sodium chloride
solution and a centrifugal filter (Amicon Ultra-0.5 mL, Mil-
liporeSigma, Billerica, MA). After desalting, fractions were
stored at 4°C until further analysis. Within a few days, each
fraction of canine serum was negatively stained with 2%
phosphotungstate, and grids were examined with a transmis-
sion electron microscope (Philips Morgagni 268 TEM, FEI,
Hillsboro, OR). The diameter of 550 particles was measured
(Imagel).***¢

Part 2: Clinical assay comparison

Heathy dogs. Surplus 12-h fasting serum samples from 29
privately owned dogs enrolled in other IACUC-approved
studies were included. Written informed consent had been
obtained from all owners of enrolled dogs. Blood was col-
lected in serum tubes without any additives and allowed to
clot for at least 40 min at room temperature. The samples
were then centrifuged for 15 min at 1,600 x g and 20°C. The
serum fraction was separated for a chemistry profile, and the
surplus sera were stored at —80°C until lipoprotein profiling.
Blood was also collected in EDTA tubes for a complete
blood count (CBC). Physical examination, serum chemistry
profile (Sirrus, Stanbio, Boerne, TX), and CBC (Advia 120,
Siemens Healthcare, Erlangen, Germany) were performed
on the same day of blood collection to confirm their health
status. CLPDP was performed within 3 mo. Serum choles-
terol and triglyceride (TG) concentrations were measured
using a commercial benchtop clinical chemistry analyzer
(Sirrus).

Dogs with EPI. Serum was obtained from 28 fasting dogs
with EPI that were enrolled in a related IACUC-approved
project. Written informed consent had been obtained from
all owners of enrolled dogs. Dogs in this study originated
throughout the United States. Serum was shipped to the GI
Lab at Texas A&M University overnight with icepacks or
dry ice. All laboratory analyses at the GI Lab were per-
formed within 4 d of collection. Serum canine trypsin-like
immunoreactivity (TLI) and cobalamin concentrations
were measured using a commercial immunoassay system
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Table 1. Intra- and inter-assay coefficient of variation of
canine serum lipoprotein density ranges evaluated by density
gradient ultracentrifugation.

Intra-assay Inter-assay

AUC AUC% AUC AUC%
TRL 11.2 8.8 21.4 19.8
LDL/low-HDL 7.3 3.1 10.6 8.0
High-HDL 4.6 0.8 9.3 3.7

AUC = area under the curve; AUC% = AUC as a fraction of overall AUC;
HDL = high-density lipoproteins; LDL = low-density lipoproteins;
TRL = triglyceride-rich lipoproteins.

Table 2. Inter-assay coefficient of variation for lipoprotein
density ranges evaluated by density gradient ultracentrifugation
in frozen canine serum stored at —80°C at 3 different times.

TRL LDL/low-HDL High-HDL
AUC AUC% AUC AUC% AUC AUC%
First thaw 19.6 219 10.1 8.9 4.0 1.5

Second thaw  20.7 17.8 3.6 24 3.7 1.0
Third thaw 248 251 102 7.9 3.7 1.0

AUC = area under the curve; AUC% = AUC as a fraction of overall AUC;
HDL = high-density lipoproteins; LDL = low-density lipoproteins;
TRL = triglyceride-rich lipoproteins.

validated for use in dogs (Immulite 2000 XPI, Siemens).
EPI was confirmed with TLI concentration <2.5 pg/L (ref-
erence interval [RI]: 5.7-45.2 pg/L). All enrolled dogs with
EPI had serum cobalamin concentrations >295 pmol/L (RI:
185-669 ng/L), a criterion of the related project. Other
inclusion criteria included >1 y of age, presence of one or
more clinical signs of EPI (e.g., polyphagia, weight loss,
steatorrhea, and/or loose, voluminous, and/or malodorous
stools), and no evidence of any additional disease processes
based on history, physical examination, and other labora-
tory analyses. Serum cholesterol and TG concentrations
were measured using a commercial benchtop clinical chem-
istry analyzer (Sirrus). Surplus serum was aliquoted and
stored at —80°C until further evaluation. Lipoprotein pro-
files were analyzed by CLPDP within 3 mo. Dogs with EPI
were categorized into 2 groups: dogs that had not been
treated (EPI-NT) and those treated with enzyme supple-
mentation (EPI-T).

Statistical analysis. Distribution of the data was assessed
using the Shapiro—Wilk test and visual inspection. A para-
metric test (Student z-test), nonparametric test (Wilcoxon
rank sum test), and nonparametric comparisons for each pair
using Wilcoxon method were used where appropriate. A
chi-square test was performed to test homogeneity on sex
and breeds of the sample population. Significance was set at
p = 0.05. The Benjamini—Hochberg false discovery rate was
used to calculate adjusted p value (¢ value) for multiple

comparisons where appropriate. Significance was set at
q < 0.05. Metabolomic data analysis software (MetaboAna-
lyst 3.0)*° was used to generate a principal component analy-
sis (PCA) plot in order to show the clustering and overlap
among lipoprotein profiles based on AUCs% of 11 fractions
in healthy dogs, dogs in the EPI-T group, and dogs in the
EPI-NT group.

Results

Part 1: Partial assay validation

Assay repeatability and reproducibility. The highest CV for
intra-assay variability was 11.2%; the highest CV for inter-
assay variability was 21.4% (Table 1).

Effects of freeze—thaw cycle. The CV ranges after 3 freeze—
thaw cycles at —80°C were 17.8-25.1% for TRL, <10.2% for
LDL/low-HDL, and <4.0% for high-HDL (Table 2).

Lipoprotein stability. The CVs for TRL, LDL/low-HDL,
and high-HDL at 4°C for up to 1 mo were <19.4%, <14.2%,
and <4.0%, respectively; <18.6%, <9.4%, and <8.2%,
respectively, at —20°C for up to 1 mo; and <19.8%, <12.2%,
and <6.2%, respectively, at —80°C for up to 1 y (Table 3).

Electron microscopy. Electron microscopy showed spheri-
cal particles in both density ranges. The size range of par-
ticles within the density range of LDL/low-HDL was
9.5-29.0 nm (median: 16.1 nm; Fig. 1). The size range of
particles within the density range of high-HDL was 9.7—
17.2 nm (median: 13.2 nm; Fig. 2). Figures 3 and 4 present
the distribution of particle diameters. Figure 3 shows that
~52% of particles within the density range of LDL/low-
HDL had diameters of 11.0-17.0 nm; 47% of particles
within the same range were 17.0-30.0 nm. Almost all par-
ticles within the density range of high-HDL had diameters
of 10-17.5 nm (Fig. 4).

Part 2: Clinical assay comparison

Study population. None of the parameters of breed, sex,
weight (kg), and age of enrolled dogs differed significantly
between healthy control dogs, dogs in the EPI-T group, or
dogs in the EPI-NT group (p < 0.05; Table 4).

Serum TG and cholesterol concentrations. Serum TG con-
centrations in healthy control dogs (median [min.—max.]
mmol/L: 0.59 [0.38—6.61] mmol/L) were significantly higher
than those in the EPI-NT group (0.46 [0.27-0.57] mmol/L,
p = 0.005). However, serum TG concentrations did not dif-
fer between healthy control dogs and dogs in the EPI-T group
(0.54 [0.38-1.24] mmol/L, p = 0.086) as well as between
dogs in the EPI-T group and the EPI-NT group (p = 0.060).
Serum cholesterol concentrations in the EPI-NT group
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Table 3. Inter-assay coefficient of variation for canine serum lipoprotein density ranges evaluated by density gradient

ultracentrifugation stored at up to 1 y at different temperatures.

4°C for 1 mo —20°C for 1 mo —80°Cforly
AUC AUC% AUC AUC% AUC AUC%
TRL 19.4 17.2 18.6 16.0 18.7 19.8
LDL/low-HDL 14.2 11.3 9.4 5.8 12.2 5.8
High-HDL 4.0 5 8.2 2.6 6.2 2.8

AUC = area under the curve; AUC% = AUC as a fraction of overall AUC; HDL = high-density lipoproteins; LDL = low-density lipoproteins; TRL = triglyceride-rich

lipoproteins.

Figure 1. Negatively stained (2% phosphotungstate) electron

micrograph of canine lipoproteins of nominal LDL/low-HDL
(density range: 1.019-1.063 g/mL). Bar = 20 nm.

Figure 2. Negatively stained (2% of phosphotungstate) electron
micrograph of canine lipoproteins of nominal high-HDL (density
range: 1.063-1.178 g/mL). Bar = 20 nm.

(mean =* [standard deviation (SD)]: 3.0 = 0.93 mmol/L)
were significantly lower than those in the healthy control
group (6.1 £ 1.5 mmol/L, p < 0.001) or in the EPI-T group
(5.1 £ 1.7 mmol/L, p = 0.005). Serum cholesterol concen-
trations in the EPI-T group were significantly lower than
those in healthy control dogs (p = 0.031).
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Figure 3. The diameter (nm) distribution of 550 canine
lipoprotein particles of nominal LDL/low-HDL (density range:
1.019-1.063 g/mL).

Distribution (%)
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Figure 4. The diameter (nm) distribution of 550 canine
lipoprotein particles of nominal high-HDL (density range: 1.063—
1.178 g/mL).

Lipoprotein profiles. Overlay graphs of the lipoprotein pro-
files for healthy control, EPI-T, and EPI-NT dog groups are
presented in Figures 5-7, respectively. Fraction 1 corre-
sponds to TRL, fractions 2—8 correspond to nominal LDL/
low-HDL (1.019-1.063 g/mL), and fractions 9-11 to nomi-
nal high-HDL (1.063—1.178 g/mL).
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Table 4. Signalment of healthy dogs and dogs with exocrine pancreatic insufficiency both treated and untreated.
EPI
Signalment Healthy control EPI-NT EPI-T
Pure breed n (no. of breeds) 19 (12) 6(3) 17 (10)
Mixed breed n 9 0 5
Males n (neutered) 12 (8) 3 (D) 8(5)
Females n (spayed) 17 (15) 303) 14 (12)
Median weight kg (range) 27.2 (2.7-40.1) 24.7 (9.7-29.4) 24.7 (2.7-37.5)
Median age y (range) 4(1-12) 2.7 (1-4) 2.7 (1-14)

EPI = exocrine pancreatic insufficiency; EPI-NT = EPI untreated; EPI-T = EPI treated with enzyme supplementation; n = number of dogs.
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Figure 5. Overlay of density gradient ultracentrifugation lipoprotein
profiles from 29 healthy control dogs. The x-axis shows the tube
coordinate (mm), and the y-axis displays the intensity of fluorescence.
Numbers in columns are lipoprotein density fractions. Most dogs had
similar patterns characterized by a high peak at fraction 10.
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Figure 6. Overlay of density gradient ultracentrifugation
lipoprotein profiles from dogs with exocrine pancreatic
insufficiency treated with enzyme supplementation. Numbers in
columns are lipoprotein density fractions. Some dogs had smaller
peaks at fraction 10 as well as fractions 4-9.

Total AUC and the AUCs for fractions 1-10 differed
significantly among all 3 groups (healthy control, EPI-T,
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Figure 7. Overlay of density gradient ultracentrifugation
lipoprotein profiles in dogs with untreated exocrine pancreatic
insufficiency. Numbers in columns are lipoprotein density fractions.
The dogs in this group had smaller peaks overall.

and EPI-NT; ¢ < 0.05); fraction 11 did not differ signifi-
cantly among those 3 groups (¢ = 0.125: Supplementary
Table 1). Moreover, each fraction 1-10 in dogs in the EPI-
NT group was significantly decreased compared to healthy
control dogs and dogs in the EPI-T group (¢ < 0.05). How-
ever, only 5 fractions (2, 3, 5, 9, 10) differed significantly
between healthy control and EPI-T groups. The AUC% for
9 fractions (28, 10, 11) differed significantly among the 3
groups (g < 0.05); the AUC% for 2 fractions, 1 and 9, did
not differ significantly among all 3 groups (¢ = 0.148 and
0.081, respectively; Supplementary Table 2). The AUC%
for fractions 3—11, except 9, significantly differed between
healthy control and EPI-NT groups (¢ <0.05), and between
EPI-T and EPI-NT groups (¢ < 0.05), but not between
healthy control and EPI-T groups (¢ < 0.05).

The HDL:LDL ratio (Fig. 8) differed significantly between
the EPI-T and EPI-NT groups (p = 0.017), and between
healthy control dogs and the EPI-NT group (p = 0.004).

Separation could be seen in the PCA plot of lipoprotein
profile composition (Fig. 9), with a shift from the upper right
to the bottom left side of the plot that corresponds to the dif-
ferences between healthy control dogs, dogs in the EPI-T
group, and dogs in the EPI-NT group.
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Figure 8. Density gradient ultracentrifugation HDL:LDL
ratio (ratio of fraction 10 to 3) between healthy control dogs, dogs
with exocrine pancreatic insufficiency (EPI) treated with enzyme
supplementation (EPI-T), and untreated EPI dogs (EPI-NT). The
ratio was significantly higher in dogs in the EPI-NT group than
that in healthy control dogs or dogs in the EPI-T group (p < 0.05,
respectively).
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Figure 9. Principal component analysis plot showing the
relationship of density gradient ultracentrifugation lipoprotein
profiles for healthy dogs (blue) compared to treated dogs with
exocrine pancreatic insufficiency (EPI-T: green) and those
untreated (EPI-NT: red), with 95% confidence regions. PC 1 =
57.6%; PC 2 = 21.3%.

Discussion

The CLPDP method was initially developed to analyze lipo-
protein profiles in human plasma samples based on human

lipoprotein density distribution.'® The intra- and inter-assay
variability with use of canine serum showed that CLPDP
was repeatable and reproducible for the density ranges of
nominal LDL/low-HDL and high-HDL, whereas the method
was repeatable but not reproducible for TRL.**** We found
that canine serum lipoproteins in the range of nominal LDL/
low-HDL and high-HDL are stable for up to 1 mo at 4°C
and —20°C as well as for up to 12 mo when stored at —80°C.
However, canine nominal TRL were not stable under any of
these conditions, and fresh serum may need to be used. Our
findings suggest that sample handling, storage condition,
and freeze—thaw cycles did not affect the assessment of lipo-
protein profiles and were unlikely to affect the results
obtained from fresh clinical samples in dogs with EPI. A
larger sample size with a wider range of lipoprotein concen-
trations, including high and low values, is needed to fully
validate CLPDP.

Canine HDL and LDL overlap in hydrated density, mak-
ing it challenging to separate them completely based on
their density.'*”° Negative-staining electron microscopy
showed spherical particles in both nominal LDL/low-HDL
and high-HDL density ranges. The particles within density
range of LDL/low-HDL were larger than the ones within
high-HDL. Approximately 52% of particles within the den-
sity range of nominal LDL/low-HDL (1.019-1.063 g/mL)
were 11.0-17.0 nm diameter; 47% of particles within the
same range were 17.0-30.0 nm diameter. Almost all parti-
cles within the density range of nominal high-HDL (1.063—
1.178 g/mL) were 10-17.5 nm diameter. Such results are
similar to previous reports on human and canine lipoprotein
diameters.** Our finding suggests that there is overlap of
particle diameters between the 2 density ranges distributed
by CLPDP.

Serum TG concentrations in untreated dogs with EPI
were significantly lower than those in healthy dogs. This
finding was consistent with a previous case report.'® Serum
cholesterol concentrations in dogs in the EPI-NT group were
significantly lower than those in healthy control dogs or dogs
with EPI that were treated. Moreover, serum cholesterol con-
centrations in dogs with EPI were significantly lower than
those in healthy control dogs even if they were treated with
enzyme supplementation. A previous study reported that
dogs with EPI that had an adequate response to enzyme sup-
plementation had statistically higher serum cholesterol con-
centrations compared to healthy controls.”” On the other
hand, dogs with EPI that had gastrointestinal signs had lower
serum cholesterol concentrations. '

The lipoprotein profiles in both the EPI-NT and EPI-T
groups had significantly lower AUC and AUC% in most
fractions compared to healthy control dogs. Dogs in the EPI-
NT group had a significantly higher HDL:LDL ratio than in
the EPI-T group or healthy control dogs. However, the
HDL:LDL ratio did not differ significantly between healthy
control dogs and dogs in the EPI-T group. These results sug-
gest that untreated dogs with EPI have dyslipidemia as well
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as disproportionate levels of HDL (fraction 10) and VLDL
(fraction 3) composed of significantly lower VLDL and HDL
levels compared to healthy control dogs. The PCA plot (Fig.
9) suggests that dogs in the EPI-T group had lipoprotein pro-
files similar to those of healthy control dogs, whereas dogs in
the EPI-NT group had altered lipoprotein profiles compared
to healthy control dogs. Our results suggest that enzyme sup-
plementation therapy in dogs with EPI improves their dietary
lipid assimilation, yet lipoprotein profiles and PCA plot still
differed from healthy dogs. A major limitation of our study
was the small sample size of the EPI-NT group. Evaluation
of additional treated and untreated animals with EPI would
be required to make a more definitive statement regarding
the relationship between clinical signs and lipoprotein pro-
files after enzyme replacement therapy in dogs with EPI.

Important lipoprotein metabolism pathways might be
involved in the pathogenesis of dyslipidemia in dogs with
EPI. In normal physiologic condition, dietary TGs are
incorporated into chylomicrons within enterocytes and
released into the lymph.” The main function of chylomi-
crons is to transport dietary TG into peripheral tissues as
well as dietary cholesterol to the liver.” The chylomicron
remnants eventually bind to the LDL receptor and LDL
receptor—related protein, and are internalized into hepato-
cytes. In our study, dogs in the EPI-NT group had signifi-
cantly lower serum TG concentrations and TRL than did
healthy dogs. This result suggests that dogs with EPI have
decreased serum TG because of insufficient absorption of
dietary TG if they are not treated with enzyme supplemen-
tation. In contrast to the absorption process of dietary TG,
endogenously synthesized TG and cholesterol are secreted
within VLDL particles from the liver. VLDL remnants pro-
duced by TG hydrolysis in peripheral tissues are taken up
by the liver and further metabolized by hepatic lipase to
become LDL.” Decreased lipoproteins in the density range
of VLDL and LDL in dogs with EPI might be explained by
insufficient de novo fatty acid biosynthesis in the liver
because of decreased absorption of carbon sources, such as
glucose or amino acids from the intestines, as well as
decreased cholesterol ester uptake from chylomicron into
the liver. Nascent HDL particles are secreted by the liver
and small intestine, and acquire phospholipids and free
cholesterol from peripheral tissues and TRL via phospho-
lipid transfer protein with cholesteryl esters that formed via
the action of lecithin-cholesterol acyltransferase.”’ Nascent
HDL particles become larger and less dense HDL particles
(HDL3 and HDL2). Because dogs with EPI had decreased
TRL, their HDL rates were most likely decreased because
of insufficient supplies of phospholipids and free choles-
terol from TRL.
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