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Abstract

Background: Dogs with hepatocutaneous syndrome (HCS) have marked plasma
hypoaminoacidemia, but its occurrence in dogs with chronic liver diseases not
associated with HCS (non-HCS CLD) is unknown.

Obijectives: To determine if plasma hypoaminoacidemia occurs in dogs with non-
HCS CLD, compare plasma amino acid (PAA) profiles between dogs with non-HCS
CLD and HCS, and define a sensitive and specific PAA pattern for diagnosing HCS.
Animals: Data were collected from client-owned dogs, a prospective cohort of
32 with CLD and 1 with HCS, and a retrospective cohort of 7 with HCS.

Methods: Prospective study. Dogs with chronic serum liver enzyme increases were
recruited after hepatic biopsy. Plasma amino acid profiles were measured using high-
performance liquid chromatography. Plasma amino acid concentrations were compared
between dogs with non-HCS CLD and HCS. Regression analysis was performed to iden-
tify a unique PAA pattern for HCS diagnosis.

Results: Twelve dogs each with vacuolar hepatopathy or chronic hepatitis and 8 dogs
with congenital disorders (primary hypoplasia of the portal vein or ductal plate malforma-
tions) were enrolled. Compared to non-HCS CLD dogs, HCS dogs had significantly lower
plasma concentrations of several amino acids. Regression analysis revealed that gluta-
mine, glycine, citrulline, arginine, and proline concentrations less than 30% of the mean
reference value had 100% sensitivity, specificity for diagnosing HCS.

Conclusions and Clinical Importance: Generalized plasma hypoaminoacidemia does
not accompany non-HCS CLD. Concentrations of 5 specific amino acids less than 30%
of the mean reference value can serve as a noninvasive biomarker for diagnosing HCS.
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1 | INTRODUCTION

Hepatocutaneous syndrome (HCS) is a metabolic disorder seen in
middle-aged to older dogs that includes characteristic dermatologic
and hepatic imaging changes and is always accompanied by general-
ized plasma hypoaminoacidemia.>™ The histopathology of the skin
lesions is consistent with a superficial necrolytic dermatitis, on ultra-
sound the liver is nodular and has a honeycomb-like appearance and
the plasma amino acid profile in these dogs showed a marked (>50%)
depletion in many amino acids. This syndrome is associated with con-

siderable morbidity and high mortality rates,**¢8

and early diagnosis
could increase treatment options and success.

In the past, the diagnosis of HCS has been made by some combi-
nation of gross (hyperkeratotic ulcerative, crusting lesions of the paw
pads, mucocutaneous junctions, and pressure points) and microscopic
appearance (diffuse parakeratotic, hyperkeratosis, intracellular edema,
and basal cell hyperplasia) of typical skin lesions, ultrasound appear-
ance of the liver (typical honeycomb- or Swiss cheese-like appear-
ance) and a presence of a degenerative vacuolar hepatopathy on
hepatic biopsy.®*® Recent studies have suggested that the determina-
tion of plasma amino acid (PAA) profiles to detect the presence of
severe plasma hypoaminoacidemia could be used as an early and non-
invasive diagnostic biomarker of HCS.'™ Thus, the diagnosis of HCS
could be made noninvasively by PAA analysis, in combination with the
appearance of skin and liver lesions, avoiding the need for skin or
hepatic biopsy and enabling a prompt diagnosis and initiation of ther-
apy. Additionally, because recent data support that a hypoaminoaci-
demic hepatopathy can be present in the absence of skin lesions and
may represent an earlier stage of the condition,>** diagnostic options
that do not require evaluation of skin changes, such as concentrations
of PAA, become more important in the diagnosis of this condition.?

Although PAA concentrations in HCS have been investigated in
several studies, less is known about PAA concentrations in other
chronic liver diseases that might need to be differentiated from HCS.
Plasma amino acid concentrations are reported in both benign nodular
disease and malignant hepatocellular cancer in dogs,** as well as in
dogs with congenital portosystemic shunts,'> with none of these con-
ditions showing a pattern of profound hypoaminoacidemia. Although
available studies in dogs with naturally occurring chronic hepatitis
have not reported consistent decreases in plasma amino acids, these
studies either failed to evaluate complete PAA profiles or did not pro-
vide details on histopathological findings and/or use accepted World
Small Animal Veterinary Association terminology to report these find-
ings.21¢*® Most importantly, because dogs with HCS have a vacuolar
hepatopathy, the PAA of dogs with non-HCS associated vacuolar
hepatopathy has not been reported.

In the current study, the primary objective was to prospectively
measure PAA profiles in dogs with non-HCS CLD and compare these
profiles with the PAA profile from a retrospective cohort of dogs diag-
nosed with HCS. A secondary objective was to define a pattern of
plasma hypoaminoacidemia that can be considered characteristic of
HCS. We hypothesized that dogs with non-HCS CLD would not have
the profound plasma hypoaminoacidemia seen in dogs with HCS and

that there would be a pattern of PAA depletion with a high sensitivity
and specificity for the diagnosis of HCS.

2 | MATERIALS AND METHODS

21 | Study design and case selection criteria

This was a prospective study conducted from 2017 to 2019 at the
Foster Hospital for Small Animals at Cummings School of Veterinary
Medicine at Tufts University. Dogs presenting for a history of a
chronic liver disease defined as chronic increases in serum alanine
aminotransferase (ALT) and/or serum alkaline phosphatase (ALP)
enzyme activity >2 times the upper limit of normal for more than
2 months and for which a liver biopsy was performed, were
recruited. Liver biopsy samples were obtained either by ultrasound-
guided percutaneous needle biopsy or by cup biopsy at laparo-
scopic surgery, laparotomy, or necropsy.

Dogs were enrolled in the study if they ate commercial dog food,
had bloodwork, including a complete blood count and serum biochem-
istry profile and an abdominal ultrasound performed within a week of
obtaining the liver biopsies or necropsy samples, and if their liver his-
topathology report, was consistent with a diagnosis of chronic liver
disease including chronic hepatitis (CH), glycogen type vacuolar hepa-
topathy (VH), or congenital vascular/biliary diseases such as primary
hypoplasia of the portal vein or a ductal plate malformation. These
diagnoses were made by board-certified veterinary pathologists

19-23 and

using World Small Animal Veterinary Association criteria
the ACVIM consensus statement on the diagnosis and treatment of
chronic hepatitis in dogs®* with input from a board-certified small
animal internist (Cynthia R. L. Webster) with expertise in evaluating
hepatic histopathology.

Briefly, all biopsy material was stained with hematoxylin and
eosin, sirius red, and rhodanine. Chronic hepatitis was defined as the
presence of lymphocytic, plasmacytic, or granulomatous inflammation
accompanied by hepatocyte cell death and variable amounts of fibro-
sis. Chronic hepatitis was subcategorized as copper-associated if a
quantitative copper analysis (atomic absorption spectroscopy at Colo-
rado State University Veterinary Diagnostic Laboratories) was >600
PPM and rhodanine staining was primarily localized to the centrilobu-
lar zone with a semiquantitative score of score >2 out of 5. Cirrhosis
was diagnosed when histological signs of chronic hepatitis were
accompanied by architectural distortion, fibrosis, and the presence of
microscopic regenerative nodules. Portal venous hypoplasia was con-
sidered present if there was evidence of lobular atrophy, arteriolar
hyperplasia, and small/absent portal vessels. Ductal plate malforma-
tion was defined histologically by the presence of malformed, prolifer-
ative bile ducts in portal tracts that were embedded in increased
fibrous tissue. Vacuolar hepatopathy was diagnosed when the
predominant change was the appearance of glycogen-type wispy clear
cavities within hepatocytes. It was categorized as a degenerative
vacuolar change if there was fibrosis accompanied by areas of centri-

lobular parenchymal collapse.?’
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Dogs were excluded if the liver histopathology showed the pres-
ence of neoplasia or acute hepatic injury, which included the presence
of a predominant neutrophilic infiltration and/or the presence of large
areas of hepatocyte necrosis in the absence of signs of chronicity such
as increased fibrosis or bile duct proliferation. Diet histories were
obtained and any dog receiving a home-cooked diet or supplemental
protein, defined as powdered protein supplements or the consistent
addition of eggs, meat, or fish to the dog's daily meals, were excluded.

To compare PAA profiles of dogs with non-HCS CLD to those
seen in HCS, 7 dogs with HCS from a previous cohort study as
reported elsewhere were retrospectively enrolled,* and 1 dog with a
diagnosis of HCS in 2021 was prospectively enrolled in this study.
These dogs with HCS were diagnosed based on the presence of char-
acteristic skin lesions and histopathologic findings, increases in serum
ALT or ALP enzyme activity, the ultrasound appearance of a liver with
disseminated hypoechoic nodules surrounded by hyperechoic bands
of tissue (honeycomb-like liver), and generalized plasma hypoaminoa-
cidemia. All ultrasounds were done by a boarded veterinary radiologist
or by a resident under the supervision of a boarded diplomate.

The Clinical Science Review Committee at the Cummings School
of Veterinary Medicine at Tufts University approved the protocol, and
all owners signed an informed consent before enrolling dogs in the
study. For the retrospective study, all owners signed a consent to use
retrospective medical record information for further studies at the
time of their appointment.*

2.2 | Medical record data collection

Medical records of all included dogs were reviewed upon enrollment
for demographic information (age, body weight, breed, and sex), diet
history (commercial versus home-cooked), body condition score (based
on 9 point scale),?® muscle condition score (normal, mild, moderate, or
severe muscle loss),?” and in dogs with non-HCS-CLD the presence of

skin lesions at the time of hepatic biopsy.

23 | PAA measurement

Two milliliters of blood were drawn into a heparin tube from each
prospectively included dog during preenroliment. Blood was centri-
fuged, and the plasma was stored frozen at —80°C. Once liver biopsy
confirmed their inclusion in the study, plasma samples for PAA pro-
files were shipped in batches every 2 months on dry ice to the Amino
Acid Laboratory at the University of California for PAA analysis.?® In
dogs with HCS that were retrospectively enrolled plasma samples had
been drawn at the time of clinical presentation, processed and frozen
at —80°C, and shipped within 24 hours to the same amino acid labora-
tory. Measurement of the PAA concentrations was performed using the
same automated high-performance liquid chromatography AA analyzer
(Biochrom 30; Biochrom Ltd, Holliston, Massachusetts). The analysis
included the following amino acids: alanine, arginine, a-aminobutyric

acid, asparagine, aspartic acid, citrulline, cystathionine, cysteine, glutamic
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acid, glutamine, glycine, histidine, 3-methyl-histidine, isoleucine, leucine,
lysine, methionine, ornithine, phenylalanine, proline, hydroxyproline, ser-
ine, taurine, threonine, tryptophan, tyrosine, and valine. The total amino
acid (TAA) concentrations were calculated as the sum of the concentra-
tions of these 27 amino acids. All PAA concentrations were reported
in nmol/mL.

The BCAA/AAA ratio was calculated by summing of total
branched-chain amino acids (BCAAs), which include the concentra-
tions of leucine, valine, and isoleucine, to total aromatic amino acids
(AAAs), derived from the sum of the phenylalanine and tyrosine con-
centrations. Although histidine and tryptophan are aromatic amino
acids, these amino acids are not included in the BCAA/AAA ratio or
the total AAAs in this study. This exclusion aligns with the known
Fischer's ratio in human medicine,?’ as well as previous studies in
veterinary medicine analyzing the BCAA/AAA ratio.>41¢ The ratio-
nale for this is based on the pathophysiology of liver diseases, partic-
ularly hepatic encephalopathy, where the imbalance between BCAAs
(leucine, isoleucine, valine) and specific AAAs (phenylalanine, tyro-
sine) is most relevant.'#1%27:30 phenylalanine and tyrosine concen-
trations increase because of impaired hepatic metabolism,42%:%°
whereas histidine and tryptophan are metabolized via different path-
ways and do not exhibit the same pattern of accumulation or impact

on liver function.3%%?

2.4 | Statistical analysis

Categorical variables, including body condition score, muscle condi-
tion score, sex, presence of honeycomb-like liver lesion on ultrasound,
and other ultrasonographic features (liver size, echotexture, presence
of nodules, and abdominal effusion) were presented as numbers and
percentages. Continuous variables, including age, body weight, serum
liver enzyme concentrations, albumin, total bilirubin, hepatic copper
values, and PAA concentrations, were expressed as medians and
ranges. Univariate analysis via the Kruskal-Wallis test was used to
compare nonnormally distributed data among groups. This test was
followed by the Steel-Dwass test for post hoc analysis. Bonferroni
correction was applied to account for multiple comparisons of PAAs.
Univariate and multivariate analyses were used to compare PAA con-
centration in dogs with non-HCS CLD and HCS.

The significant PAA concentrations from univariate analysis
were transformed into categorical data before undergoing multivar-
iate analysis and were expressed as changes in the percentage from
the mean reference value established at the analytic laboratory.?®
This transformation was done similarly to previous review literature,*
allowing for a comparison of the severity of hypoaminoacidemia
between HCS groups and non-HCS CLD groups. The percent changes
were then binned into 5 categories: <15% of normal, 15.1% to 30% of
normal, 30.1% to 50% of normal, 50.1% to 75% of normal, and >75%
of normal.

For the multivariate analysis, a least absolute shrinkage and selec-
tion operator (LASSO) regression analysis was performed using all sig-

nificant PAAs from the univariate analysis, with Akaike Information
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Clinical characteristics in dogs with chronic liver disease not associated with hepatocutaneous syndrome (non-HCS CLD) and

TABLE 1
with HCS.
Chronic hepatitis Vacuolar hepatopathy Congenital vascular/biliary
Variable (n=12) (n=12) disease (n = 8) HCS (n = 8)
Signalment
Age—median (range) 9.5 (4-13) 10.5 (6-13) 9 (7-13) 9.5 (7-11)
Sex—n, (%)
Male 7(58.3) 6 (50) 2 (25) 7 (87.5)
Female 5(41.7) 6 (50) 6 (75) 1(12.5)
Body weight—median (range) 14.2 (5.1-42.3) 13.1 (8.5-46.4) 25.8 (5.3-40) 25.7 (13.3-51.1)
Body condition score—median (range) 5(1-8) 6 (4-9) 5(4-7) 5(5-8)
Muscle condition score—n (%)
Normal 7 (58.3) 11 (91.7) 8(100) 3/5 (60)
Mild 3(25) 1(8.3) 0(0) 1/5 (20)
Moderate 1(8.3) 0(0) 0(0) 1/5 (20)
Severe 1(8.3) 0(0) 0(0) 0/5(0)

Criteria (AIC) forward selection, to look for a unique PAA pattern in
dogs with HCS compared to dogs with non-HCS CLD. Least absolute
shrinkage and selection operator regression is a type of regression
analysis that improves model prediction accuracy by selecting the
most relevant variables while minimizing the impact of others, thereby
reducing overfitting.3233 Least absolute shrinkage and selection oper-
ator regression are increasingly being used in medical diagnosis for
disease outcome prediction,34 biomarker selection,®> and early detec-
tion of cardiovascular diseases.>® Receiver operating characteristic
(ROC) curve analysis was then performed to determine the diagnostic
accuracy of the multivariate model for diagnosing HCS.

For all statistical analyses, a value of P < .05 was considered sta-
tistically significant (P < .0019 after Bonferroni correction). Statistical
analyses were performed using commercial software (JMP Pro, ver-
sion 17.0.0; SAS Institute Inc, Cary, North Carolina).

3 | RESULTS

3.1 | Studysample
For the study arm of dogs with non-HCS CLD, 38 dogs underwent
liver biopsies or necropsy during the study period. Six dogs were
excluded because of liver histopathology consistent with hepatobiliary
neoplasia, nonspecific reactive hepatopathy, and a lipidotic fibrotic
inflammatory disease, which was difficult to classify. Thirty-two dogs
including 12 dogs with CH, 12 dogs with VH, 8 dogs with congenital
vascular/biliary diseases (5 with primary hypoplasia of the portal vein
and 3 with ductal plate malformations) were prospectively enrolled. In
addition, 1 dog with HCS was prospectively enrolled, whereas 7 dogs
with HCS from a previous study* were retrospectively enrolled. Dog
demographics for each group are summarized in Table 1.

The breed distribution of dogs with non-HCS CLD was as follows:
9 mixed breeds, 3 Beagles, 3 Labrador retrievers, 2 English springer

spaniels, 2 Italian greyhounds, 2 poodles, 2 Shetland sheepdogs, and
1 each of cocker spaniel, Doberman pinscher, French bulldog, Cavalier
King Charles spaniel, Miniature schnauzer, Ocherese, Rottweiler, Shih
Tzu, and Siberian husky. Breeds of dogs with HCS included 3 Labrador
retrievers and 1 each of Beagle, cocker spaniel, Nova Scotia duck tolling
retriever, Pitbull, and Shetland sheepdog. There was no difference in
age, body condition score or weight at the time of diagnosis among dogs
with VH, CH, congenital vascular/biliary disease, and HCS (Table 1).
Likewise, muscle condition score was not different among groups. In
most dogs, muscle condition score was normal. There was 1 dog with a
mild decrease in muscle condition score in the VH group, 1 dog each
with a mild and moderate decrease in the HCS group, and 3 dogs with
mild and 1 each with moderate and severe decrease in the non-HCS

CLD group.

3.2 | Clinical pathology

Selected clinicopathologic variables are summarized in Table 2. On
serum chemistry profile, abnormally high in serum ALP and ALT
enzyme activity were the most common abnormalities. The serum
ALT enzyme activity was higher in 12/12 (100%), 8/12 (66%), 7/8
(88%), and 7/8 (88%) of dogs with CH, vacuolar change, congenital
biliary/vascular disease and HCS, respectively. Serum ALP enzyme
activity was higher in 10/12 (83%), 12/12 (100%), 6/8 (75%), and 7/8
(88%) of dogs with CH, vacuolar change, congenital biliary/vascular
disease, and HCS, respectively.

Total bilirubin concentration was normal in all dogs with VH and
congenital biliary/vascular disease and was higher in 6/12 dogs (50%)
with CH, and 4/8 (50%) of dogs with HCS. None of the dogs with VH
or congenital biliary/vascular disease had hypoalbuminemia, but 3/12
(25%) and 4/8 (50%) of dogs with CH or HCS had low albumin,
respectively. Dogs with HCS had significantly higher serum total bili-
rubin concentrations than dogs with VH (P = .0005) and congenital
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TABLE 2 Selected clinical pathology in dogs with chronic liver disease not associated with hepatocutaneous syndrome (non-HCS CLD) and

Vacuolar hepatopathy Congenital vascular/
(n=12) biliary disease (n = 8) HCS (n = 8)
49 (40-58)° 46 (34-52)° 32-43)°

422 (121-601)
11 (6.2-28.4)°
8.8 (4.8-24.7)°
1271 (212-4141)
131 (55-1419)°

221 (75-391)
6.3 (4.7-13.6)°
4.5(3.3-9.5)°

358 (58-1697)

173 (45-733)*

345.5 (164-450)
16.1(6.3-25.9)°
14.8 (4.3-24.1)°

1690 (117-3951)

with HCS.

Reference Chronic hepatitis
Variable range (n=12)
Hematocrit (%) 39-55 46.5 (30-56)2°
Platelet count (10%/pL) 180-525 337 (202-503)
WBC (10%/uL) 4.9-16.9 11.3 (6.4-31.1)°
Neutrophils (10%/uL) 2.8-11.5 6(4.6-26.7)*
ALP (1U/L) 12-127 560 (44-2597)
ALT (IU/L) 14-86 651.5 (124-1902)°
AST (IU/L) 9-54 104 (67-466)°
GGT (IU/L) 0-10 15 (0-80)
Total bilirubin (mg/dL) 0.10-0.30 0.4 (0.1-12.9)°
Albumin (g/dL) 2.8-4.0 3.2(2.1-4.2¢°
Glucose (mg/dL) 67-135 98 (81-154)

41
(
(
(
(
343 (73-1163)*°
(
(
4
8 (
(

31.5(16-131) 62 (20-960)*° 95.5 (7-532)*
5(1-183) 7 (2-48) 19.5 (3-146)
0.1(0.1-0.2) 0.2 (0.1-0.3)® 0.1-1.7)°

4(3-4.5) 3.5(2.9-4.28 2.1-3.4)
101 (72-130) 101.5 (82-113) 171 (87-432)

Note: #PValues within a row that do not share a common superscript letter are significantly different at P < .05. Data are presented as median (range).
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; WBC, white

blood cell count.

biliary/vascular disease (P = .046) and lower serum albumin than dogs
with VH (P = .0006) and congenital biliary/vascular disease (P = .015).
There was no significant difference in total bilirubin and serum albumin
levels between dogs with HCS and CH.

Blood ammonia was higher (2.7 and 1.6 times the ULN) in the
2 dogs, in which it was determined. In addition, 2 dogs had increases
in pre- and postprandial total serum bile acids from 8.3 to 38 uM and
271 to 503 uM.

3.3 | Abdominal ultrasonographic findings

All dogs had an abdominal ultrasound performed by a board-certified vet-
erinary radiologist or by a resident under supervision by a boarded diplo-
mate. On ultrasonographic exam, none of the non-HCS CLD dogs had
changes that resembled a honeycomb-like liver, whereas the liver of all
the dogs with HCS had this appearance as it was a criterion for inclusion.
The ultrasound appearance was highly variable among the other 3 groups.
In dogs with VH, the liver was most often enlarged (10/12, 83%) and
hyperechoic (8/12, 66%) with 5/12 (42%) having 1 or more nodules. In
most dogs with CH, the liver was described as having a heterogenous
echotexture (7/12, 58%). Four of 12 dogs (33.3%) with CH had nodules
and 2/12 (17%) had ascites; however, no acquired portosystemic shunts
were identified. Half of the dogs with congenital biliary/vascular disease
had a normal hepatic ultrasound and the other half had a heterogenous
liver, with 2 dogs having nodules (25%), and 1 dog with ascites (12.5%).
Hepatic biopsies were obtained by ultrasound-guided percutane-
ous needle biopsy (14/40, 35%), laparoscopic liver biopsy (16/40, 40%),
laparotomy (6/40, 15%), and necropsy (4/40, 10%). All ultrasound-
guided biopsies were 16 gauge except in 1 dog with HCS where
18 gauge biopsies were obtained. Six of these 14 percutaneous biop-

sies (43%) were from the dogs with HCS, the 1 group, for which hepatic

biopsy was not required. These dogs with HCS were in the retrospec-
tive arm of the study where the diagnosis of HCS was established with
skin histopathology and plasma amino acid analysis.* For the other
8 percutaneous 16 gauge biopsies either 3 (4 dogs) or 4 (4 dogs) sam-
ples were obtained. Dogs in the CH category had cirrhosis (3/12, 25%),
chronic hepatitis (5/12, 42%), or copper-associated chronic hepatitis
(4/12, 33%). In the dogs with VH, 9/12 (75%) had diffuse vacuolar
change, and 3/12 (25%) had zonal change. Underlying disorders associ-
ated with the VH were hyperadrenocorticism (5/12, 42%), gallbladder
mucocele (3/12, 25%), and splanchnic neoplasia (2/12, 17%), including
renal carcinoma and cecal gastrointestinal stromal tumor. In 2 dogs no
underlying cause was identified. The morphologic diagnosis in the dogs
in the congenital biliary/vascular disease was ductal plate malformation
(5/8, 63%) and primary hypoplasia of the portal vein (3/8, 37%).

A quantitative hepatic copper was determined in 9/12 CH, 9/12
vacuolar, 8/8 congenital biliary/vascular disease, and 2/8 HCS biopsies.
The median values were 819 ppm (range 78-2370 ppm), 253 ppm (range
104-497 ppm), 229 (range 113-644 ppm), and 444 (range 350-538 ppm)
in CH, vacuolar, congenital biliary/vascular disease and HCS, respectively.
Hepatic copper values in dogs with CH were significantly greater than
those with VH or congenital biliary/vascular disease (P = .022). There
was no significant difference in hepatic copper values in dogs with HCS
compared to dogs with non-HCS. Five dogs in the CH group were diag-

nosed with copper-associated hepatitis.

3.4 | PAA concentrations

Comparisons of the PAA concentrations among the dogs with CH,
VH, congenital vascular/biliary disease, and HCS, and between all
dogs with non-HCS CLD and HCS were done using univariate and
multivariate analyses. The results of univariate analysis of the PAA
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TABLE 3
CLD) and with HCSA

Amino acid (hmol/mL)

Alanine
(RR: 380-398)

Arginine
(RR: 99-105)

o-Aminobutyric acid
(RR: 4-8)

Asparagine
(RR: 40-42)

Aspartic acid
(RR: 6.8-7.2)

Citrulline
(RR: 39-43)

Cystathionine
(RR: 2-4)

Cysteine
(RR: 45-47)

Glutamic acid
(RR: 23-25)

Glutamine
(RR: 486-504)

Glycine

(RR: 258-274)
Histidine

(RR: 69-73)

3-Methyl-histidine
(RR: 5-7)

Isoleucine
(RR: 50-52)

Leucine
(RR: 117-123)

Lysine
(RR: 126-136)

Methionine
(RR: 55-59)

Ornithine
(RR: 33-37)

Phenylalanine
(RR: 44-46)

Proline
(RR: 241-257)

Hydroxyproline
(RR: 63-71)

Serine
(RR: 104-110)

Taurine
(RR: 75-79)

Threonine
(RR: 173-183)

Tryptophan
(RR: 58-62)

Tyrosine

Chronic hepatitis (n = 12)

469.3 (154.8-738.5)°
120%

98 (43-161.6)°
97%

31.5(13.8-58.3)
551%

66.3(42.7-113.7)°
172%

9.7 (5.4-20.9)°
150%

46.1 (26.8-126)°
147%

4.1(1.4-15.4)
187%

8.2 (1.7-29.9)
27%

58.5(29.7-95.2)*
249%

788 (432.9-1004)°
155%

199.4 (119.5-385.9)°
78%

88.9 (69.5-118.9)°
129%

13.4(7.6-23.7)
242%

71.1 (35-90.9)
135%

140.9 (55.1-183.7)
112%

165.8 (88.6-324.1)°
146%

75.5 (41-110)°
131%

21.2 (8.5-81.9)*
75%

94.2 (61.2-192.2)
233%

138.4 (42.3-245.3)°
57%

6.6 (1.6-29)
14%

157.5 (72.3-341.1)°
149%

151 (26.1-256.9)
202%

179.9 (122.6-572.2)°
128%

57.7 (45.5-129.4)
114%

46.1 (23.5-144.7)
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Vacuolar hepatopathy
(n=12)

489.2 (218.6-1256.6)°
139%

89.2 (46.5-180.3)°
100%

34.1(18-72.1)
585%

65.6 (34.3-97.4)°
150%

7 (5.7-15.2)°
118%

52.7 (22.8-134.2)°
146%

9.6 (1.8-13.6)
275%

7 (0-30.4)
25%

46.3 (22.8-79)*
188%

757.1 (420.8-1084.2)°
150%

169.5 (104.2-276.4)°
66%

84.5 (54-99)°
114%

14 (4.2-100.8)
400%

71.7 (49.3-139.4)
149%

139.8 (88.7-253.6)
122%

200.8 (94.5-458.6)°
164%

60.3 (40.4-116.5)°
113%

15.6 (4.3-21.7)*°
45%

79.1(52.2-102)
172%

118.7 (72.6-258.5)°
57%

7.4 (0-26)
14%

107.7 (48.1-160.9)°
102%

118.7 (86.2-368.9)
199%

183 (109.6-397.7)°
114%

89.1 (44.5-164)
150%

47.1(29.5-67.6)

Congenital vascular/biliary

disease (n = 8)

379.5 (231.2-552.7)°
99%

98.5 (37.2-165.1)°
96%

24.7 (12.8-37.3)
405%

55.9 (30.1-89.3)°
130%

7.6 (4-60.6)°
192%

51.4 (26.3-90)°
128%

5.65(2-13.3)
257%

10.95 (1.9-15.9)
22%

44.3(21.9-83)®
197%

896.2 (584-1247)°
185%

191.9 (102.4-257)°
69%

82.2 (76.1-116.1)°
125%

10.3 (6.2-15.7)
186%

51.8 (27.9-68.1)
103%

109.9 (70.8-154.1)
93%

220 (107-261.2)°
149%

56.2 (32.1-72.2)°
97%

16 (7-38.5)°
54%

79.4(50.8-161)
204%

147.3 (74.7-160.1)°
51%

12.8 (1.4-30.6)
21%

108.7 (60.6-154.8)°
103%

115.6 (40-144)
140%

150.2 (67.6-347)°
100%

79.9 (63.7-119.8)
144%

50.9 (36.2-93.7)

Plasma amino acid concentrations in dogs with chronic liver disease not associated with hepatocutaneous syndrome (non-HCS

HCS (n = 8)
151.5 (57-294)
40%

16 (6-30)°
17%

22.5(8-70)
488%

20 (6-34)?
44%

4 (2-5°
52%

10.5 (6-17)
27%

3.5(0-7)
113%
5(0-7)

9%

27 (16-35)°
110%

144 (57-237)
29%

75 (53-114)
29%

54 (32-80)°
77%

5.5(0-86)
271%

63.5 (33-150)
142%

108.5 (76-378)
124%

84 (54-121)
65%

23.5 (15-46)*
46%

5.5 (0-17)
20%

84.5 (61-96)
179%

37 (17-58)%
14%

0(0-17)

5%

62.5 (27-73)°
53%

91(17-171)
115%

38 (23-54)°
20%

48 (26-147)
109%

31(18-47)
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TABLE 3 (Continued)
Vacuolar hepatopathy Congenital vascular/biliary

Amino acid (hmol/mL) Chronic hepatitis (n = 12) (h=12) disease (n = 8) HCS (h = 8)
(RR: 38-40) 158% 118% 147% 80%
Valine 221.9 (99-264.6) 203 (160.4-397.8) 161.5 (84.3-217.2) 166 (100-403)
(RR: 154-162) 125% 139% 100% 125%

Note: **Values within a row that do not share a common superscript letter are significantly different at P < .0019 after Bonferroni correction. Data are

presented as median (range) and percentage of normal.
Abbreviation: RR, reference range.

AChanges in the percentage from the mean reference value established at the analytic laboratory.?* The percent changes were divided into 5 categories:
<15% of normal, 15.1% to 30% of normal, 30.1% to 50% of normal, 50.1% to 75% of normal, and >75% of normal.

TABLE 4

Plasma total amino acid, branched-chain amino acid, and aromatic amino acid concentrations and calculation BCAA/AAA ratio in

dogs with chronic liver disease not associated with hepatocutaneous syndrome (non-HCS CLD) and with HCS.

Amino acid Chronic hepatitis Vacuolar hepatopathy Congenital vascular/biliary

(nmol/mL) (h=12) (hn=12) disease (n = 8) HCS (n = 8)
TAAs" 3662.5 (2443-4604)° 3555 (2059-5595)° 3472.5 (2246-4010)° 1419 (1014-2206)*
BCAAs® 426.5 (189-539) 415 (298-791) 325 (183-439) 327 (209-931)
AAAs© 143 (96-303) 123 (92-150) 126.5 (87-255) 109 (79-141)
BCAA/AAA 2.8 (0.6-4.1) 3.6 (2.2-5.8) 2.9 (0.7-3.5) 2.9 (1.9-6.6)

Note: * Values within a row that do not share a common superscript letter are significantly different at P < .05. Data are presented as median (range).
Abbreviations: AAAs, aromatic amino acids; BCAAs, branched-chain amino acids; TAAs, total amino acids.

ATAAs were calculated as the sum of concentrations for 27 amino acids, including alanine, arginine, a-aminobutyric acid, asparagine, aspartic acid, citrulline,
cystathionine, cysteine, glutamic acid, glutamine, glycine, histidine, 3-methyl-histidine, isoleucine, leucine, lysine, methionine, ornithine, phenylalanine,
proline, hydroxyproline, serine, taurine, threonine, tryptophan, tyrosine, and valine.

BBCAAs were calculated as the sum of concentrations for leucine, valine, and isoleucine.

CAAAs were calculated as the sum of concentrations for phenylalanine and tyrosine.

profiles, the concentration of total amino acids, branched-chain amino
acids, aromatic amino acids, and the calculation of the BCAA/AAA
ratio in the 4 groups of dogs are summarized in Tables 3 and 4. The
BCAA/AAA in 3/12 dogs in the CH category with cirrhosis were 0.62,
1.68, and 2.18, respectively.

In the univariate analysis, the concentrations of 13 individual amino
acids including aspartic acid, threonine, serine, asparagine, glutamine,
glycine, alanine, citrulline, methionine, lysine, histidine, arginine, and
proline were significantly decreased in dogs with HCS compared to the
3 groups of dogs with non-HCS CLD (Table 3 and Data S1). The total
amino acid concentrations were significantly decreased in dogs with
HCS compared to the 3 groups of dogs with non-HCS CLD (Table 4).
The concentrations of branched-chain amino acids, aromatic amino
acids, and the calculated BCAA/AAA ratio were not significantly differ-
ent among the 4 groups of dogs as shown in Table 4.

No dog with non-HCS CLD had the pattern of marked hypoami-
noacidemia as seen in dogs with HCS. There were only 2 amino acids
that were markedly depleted (<30% of the mean reference value) in
this group of dogs. These were cysteine and hydroxyproline, as shown
in Table 3. In dogs with CH, the concentrations of proline (57%), orni-
thine (75%), and glycine (78%) were mildly decreased from the normal
reference values. In dogs with VH, the concentrations of ornithine
(45%), proline (57%), and glycine (66%) were mild to moderately
decreased from values in the normal reference values. In dogs with

congenital biliary/vascular disease the concentrations of ornithine
(54%), proline (51%), and glycine (69%) were moderately decreased
from that seen in the normal reference population.

All significant PAAs from the univariate analysis were grouped
into categories based on the percent change from the reference value
for normal dogs?® and were included in the LASSO regression analy-
sis. The multivariate analysis revealed that glutamine (P = .0009), gly-
cine (P < .0001), citrulline (P < .0001), arginine (P < .0001), and proline
(P < .0001) concentrations less than 30% of the mean reference value
were found to distinguish dogs with HCS as shown in Figure 1.
Receiver operating characteristic analysis showed that the diagnostic
performance of this PAA pattern for HCS represented 100% sensitiv-
ity, specificity, PPV, and NPV, with an area under the curve of 1.00.

4 | DISCUSSION

The current study found that dogs with non-HCS CLD including CH,
VH, and congenital biliary/vascular disease do not have the profound
plasma hypoaminoacidemia characteristically seen in dogs with HCS.
Dogs with HCS had a pattern of 5 markedly decreased (<30% of the
mean reference value) plasma amino acids, whereas dogs with non-
HCS CLD only had mild (a percentage change from the mean refer-
ence value of 75%-100%) to moderate (a percentage change between
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FIGURE 1 Plasma concentrations of glutamine, glycine, citrulline, arginine, and proline in dogs with hepatocutaneous syndrome (HCS) and

other chronic liver diseases (non-HCS CLD) as a percentage of the mean reference value for normal dogs. The dashed horizontal lines represent
the plasma amino acid concentrations for normal dogs. Glutamine (P = .0009), glycine (P < .0001), citrulline (P < .0001), arginine (P < .0001), and
proline (P < .0001) concentrations were markedly decreased in dogs with HCS compared to dogs with non-HCS CLD. Arg, arginine; Citr, citrulline;

GlIn, glutamine; Gly, glycine; Pro, proline.

50% and 75% of the mean reference value) decreases in at most 3 amino
acids. We found that marked depletions (<30% of the reference values)
in glutamine, glycine, arginine, citrulline, and proline concentrations were
consistently seen in dogs with HCS and not in dogs with non-HCS CLD.
This pattern of marked decreases in these 5 plasma amino acids had a
high sensitivity and specificity for the diagnosis of HCS.

Similar to other studies, > we found generalized hypoaminoacide-
mia in dogs with HCS with total plasma amino acids decreased by
approximately 60% and significant decreases in 13 individual amino
acids. In contrast, total amino acid concentrations in dogs with non-HCS
CLD were not decreased over reported values in normal dogs. %47 Only
2 amino acids showed marked decreases (<30% of the normal reference
value) in both the non-HCS CLD and HCS dogs which were cysteine and
hydroxyproline. Decreases in cysteine levels could be attributed to the
absence of deproteinization using sulfosalicylic acid (SSA) in the sample
preparation process for PAA analysis,%” which is 1 of the limitations of
this study. Decreases in hydroxyproline have previously been reported in
dogs with chronic hepatitis and CPSS® although not in dogs with

hepatocellular carcinoma or gallbladder mucocele. Hydroxyproline is
a nonproteinogenic amino acid associated with fibrosis and collagen
metabolism. The reason for its profound depletion in a broad range
of fibrotic and nonfibrotic hepatic disorders in this and other studies
is not readily apparent.

A novel finding of this study is that a characteristic pattern of
marked decreases in 5 plasma amino acids, including glutamine, glycine,
arginine, citrulline, and proline, had a high sensitivity and specificity for
the diagnosis for the presence of HCS. This finding suggests that this
amino acid pattern may be used as a biomarker for the disease. Data
from a retrospective evaluation of PAA in HCS corroborates that these
specific 5 amino acids are consistently depleted in HCS.>*%*! In most,
but not all, reports this decrease is moderate to marked. These same
5 amino acids were not depleted in the non-HCS CLD investigated in
this study and this pattern has not been reported in dogs with malig-
nant or benign hepatic tumors, gallbladder mucocele, extrahepatic
congenital portosystemic shunts or acute hepatopathies.?141838-40

Further corroborating the specificity of this 5-amino acid pattern is the
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finding that studies examining PAA profiles in dogs with nonhepatic
diseases including protein-losing enteropathy, protein-losing nephropa-
thy, mammary gland tumors, brain tumors, and critical illness have not
found this pattern.**” Although the exact pathophysiology underlying
this profound decrease in amino acids in dogs with HCS remains
unclear, it is possible that HCS might be linked to dysregulated protein
metabolism caused by metabolic or hormonal dysfunction. Therefore,
these combined mechanisms likely contribute to the clinical features of
HCS, such as the characteristic cutaneous lesions and the characteristic
vacuolar hepatopathy results in the honeycomb-like appearance of the
liver on ultrasound.} 134850

Reference laboratories typically report plasma amino acid panels
as a bank of 18 to 27 individual amino acids. ldentification of marked
decreases in 5 amino acids (glutamine, glycine, citrulline, proline, and
arginine) can serve as a biomarker that simplifies the evaluation of this
data to arrive at the diagnosis of HCS. Accumulating evidence also
suggests that plasma hypoaminoacidemia can precede the develop-
ment of skin and hepatic lesions.™ Thus, PAA could permit a prompt
noninvasive method to identify this metabolic disorder and permit
early intervention to potentially prevent the development of painful
and potentially life-threatening skin lesions.

A recent study of dogs with HCS suggested the plasma 1-methyl-
histidine values <7 nmol/mL and plasma cystathionine <7.5 nmol/mL
were robust biomarkers for HCS with sensitivities and specificities of
95% and 100% and 85% and 100%, respectively.® In the current
study, however, depletion of cystathionine was noted in only 4/8
dogs with HCS. Too few dogs had 1-methyl-histidine measured to
draw any conclusion. The reason for this discrepancy in cystathionine
concentration is not readily apparent. Both studies used the same ref-
erence laboratory for PAA analysis but perhaps differences in sample
handling or the study sample might explain the differences seen.

This study had several limitations. First, the number of dogs enrolled
in each group in this study was small and the use of the percentage of
the mean reference value might not be the ideal methodology for asses-
sing the severity of hypoaminoacidemia. Thus, the calculation of diag-
nostic accuracy is limited. Second, plasma samples used to analyze PAAs
in this study were not deproteinized with SSA; thus, cysteine concentra-
tions could not be determined.?” Third, several board-certified patholo-
gists were involved in the histopathologic interpretation of the hepatic
biopsies which could have led to discrepancies in the classification of
the hepatic disease; however, this seems unlikely as all biopsies were
also evaluated by 1 of the authors who has expertise in hepatobiliary
disease. Fourth, there was no control group of dogs in the study; the ref-

erence values from normal dogs assayed?®

at the same diagnostic labo-
ratory were used as a basis for comparison. The dogs with the non-HCS
CH were not age- and breed-matched to the retrospective cases of
HCS. Next, the dogs in the study ate a variety of different diets and
likely varied in their intake of both total protein and specific amino acids
and this information wasn't readily quantifiable. However, the reference
values for PAA also included dogs eating a large variety of commercial
diets. Urinary amino acid profiles were not analyzed in this study, which
could be considered in future research once reference values in normal
dogs have been established. Another limitation was that feed was not

withheld from dogs for a consistent time before blood collection,

Journal of Veterinary Internal Medicine AC\%’/lM | 9 of 11
[Open Access) w American Co”?%’: odf

yln

although the reference laboratory indicated that withholding food was
not necessary.>? It should also be noted that in 6 cases quantitative
hepatic copper analysis was determined on a single 16 gauge needle
biopsy specimen which might have vyielded less than the optimum
20 mg of tissue necessary to obtain the most accurate hepatic copper
quantification with atomic absorption methods. Lastly, the dogs were
also on a variety of different medications; however, these medications
were prescribed to treat each dog's underlying disease and would not be
expected to alter protein metabolism.

In conclusion, the results of this study suggest that overall
plasma hypoaminoacidemia does not occur in dogs with non-HCS
CLD, including chronic hepatitis, vacuolar hepatopathy, or congeni-
tal vascular/biliary disease. Marked depletions (<30% of the normal
reference range) in arginine, citrulline, glutamine, glycine, and pro-
line concentration were a characteristic PAA pattern seen in dogs
with HCS. Thus, the PAA analysis could be considered a simple, safe,
and potentially promising noninvasive biomarker for the diagnosis
of HCS in dogs.
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