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Background: Endothelial dysfunction (ED) has been suggested to be associated with myxomatous mitral valve disease

(MMVD) in dogs. Tetrahydrobiopterin (BH4) is an important cofactor for production of the endothelium-derived vasodi-

lator nitric oxide (NO). Under conditions of oxidative stress, BH4 is oxidized to the biologically inactive form dihydrobi-

opterin (BH2). Thus, plasma concentrations of BH2 and BH4 may reflect ED and oxidative stress.

Objective: To determine plasma concentrations of BH2 and BH4 in dogs with different degrees of MMVD.

Animals: Eighty-four privately owned dogs grouped according to ACVIM guidelines (37 healthy control dogs including

13 Beagles and 24 Cavalier King Charles Spaniels [CKCSs], 33 CKCSs with MMVD of differing severity including 18

CKCSs [group B1] and 15 CKCSs [group B2], and 14 dogs of different breeds with clinical signs of congestive heart failure

[CHF] because of MMVD [group C]).

Methods: Dogs underwent clinical examination including echocardiography. Plasma concentrations of BH2 and BH4

were measured using high-performance liquid chromatography with fluorescence detection.

Results: Higher plasma BH4 and BH2 concentrations were found with dogs in CHF compared with all other groups

(control, B1 and B2; P ≤ .001). Females had higher concentrations of BH4 and BH4/BH2 (P ≤ .0003). BH4/BH2 was

found to decrease with age (P < .0001). Cardiovascular risk factors in humans such as passive smoking (P ≤ .01) and

increased body weight (P ≤ .009) were associated with lower BH4 concentrations.

Conclusions and Clinical Importance: Age, sex, body weight, passive smoking, and cardiac status are associated with

plasma biopterin concentration in dogs. Additional studies should clarify the clinical implications of the findings.
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Myxomatous mitral valve disease (MMVD) is the
most common cardiovascular disease in dogs.1,2

The Cavalier King Charles Spaniel (CKCS) is a predis-
posed breed in which MMVD causes greater cardiac-
specific morbidity and mortality compared with other
breeds.3,4 MMVD is a slowly progressive disease, but
duration of the preclinical period often is unpredict-
able.5 The uncertain pathogenesis of MMVD and med-
ical treatment restricted to management of clinical
signs5,6 warrant additional research to identify new
diagnostic, therapeutic, and prognostic targets.

Impaired endothelial function and oxidative stress
have long been associated with cardiovascular disease
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Abbreviations:

ACE-I angiotensin-converting enzyme inhibitor

ACVIM American College of Veterinary Internal Medicine

BCS body condition score

BH2 dihydrobiopterin

BH4 tetrahydrobiopterin

BW body weight

CBC complete blood count

CHF congestive heart failure

CKCS Cavalier King Charles Spaniel

CV coefficient of variation

DAP diastolic arterial pressure

DTE 1,4-Dithioerythritol

ED endothelial dysfunction

eNOS endothelial nitric oxide synthase

FMD flow-mediated vasodilatation

FS fractional shortening

IVSDN interventricular septal thickness in diastole

normalized for body weight

IVSSN interventricular septal thickness in systole normalized

for body weight

LA/Ao left atrial-to-aortic root ratio

LVIDDN left ventricular end-diastolic diameter normalized for

body weight

LVIDSN left ventricular end-systolic diameter normalized for

body weight

LV left ventricular

LVPWDN left ventricular free wall thickness in diastole

normalized for body weight

LVPWSN left ventricular free wall thickness in systole

normalized for body weight

MAP mean arterial pressure

MMVD myxomatous mitral valve disease

MR mitral regurgitation

NO nitric oxide

NS nonsignificant

SAP systolic arterial pressure
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including heart failure and valvular disease in human
patients.7–10 Endothelial dysfunction (ED) also has
been associated with cardiovascular risk factors in
humans including hypertension, hypercholesterolemia,
aging, male sex, and cigarette smoking11–14 and has
been suggested to have prognostic potential for human
cardiovascular disease.8,10,15

Veterinary studies have reported altered antioxidant
status and biomarkers for oxidative stress in dogs with
both spontaneous and experimentally induced cardio-
vascular disease including MMVD.16–18 Other studies
of ED examining both circulating biomarkers6,19–22

and functional measurements6,23,24 suggest that ED
may play a role in the pathogenesis of MMVD in
dogs. Thus, oxidative stress and ED may serve as
future targets with regard to improved diagnosis, treat-
ment, or prognosis for dogs with MMVD.6,18,19,24

Nitric oxide (NO) generated by the vascular endo-
thelium is a key regulator of vascular homeostasis and
normal endothelial function that inhibit disease pro-
cesses such as inflammation, thrombosis, and oxidative
stress.25 Tetrahydrobiopterin (BH4) is an important
cofactor for endothelial NO synthase (eNOS) and
thereby for production of NO.26,27 Under conditions
of oxidative stress, BH4 in the vascular tissue is oxi-
dized to dihydrobiopterin (BH2).28 BH2 lacks the abil-
ity to donate electrons to eNOS and may even
decrease BH4 activity by competitive binding to
eNOS.29 Insufficiency of BH4 causes eNOS to uncou-
ple and produce superoxide rather than NO, a situa-
tion that further exacerbates oxidative stress and
ED.29–31

Thus, the aim of the present study was to determine
plasma concentrations of BH2 and BH4 and the BH4/
BH2 ratio in dogs with different degrees of MMVD
and to investigate if concentrations correlated with dis-
ease severity and selected cardiovascular risk factors
known to occur in humans.

Materials and Methods

We recruited healthy privately owned dogs ≥4 years with vary-

ing severity of MMVD. Written informed consent was obtained

from all owners and the study was approved by the Danish Ani-

mal Experiments Inspectorate, license no. 2012-15-2934-00700.

All dogs lived in private homes and were fed commercial diets,

homemade diets, or a combination of these. Dogs receiving medi-

cal treatment apart from cardiac treatment and dogs with a his-

tory or signs of noncardiac organ-related disease were excluded.

All dogs were subjected to the following protocol: interview with

the owner, collection of blood samples, clinical examination, and

echocardiography. Passive smoking was defined as dogs living in

a home where the owner smoked indoors. Body condition score

(BCS) was graded 1–9.32 Left apical systolic murmur intensity

was graded 1–6.33

Blood pressure was measured using high-definition oscillome-

try equipment on the proximal part of the tail. Measurements

were repeated 5 times as previously described.34 Thoracic radio-

graphs (laterolateral and dorsoventral) were performed on dogs

in congestive heart failure (CHF) (except in 4 dogs because of

logistic reasons) to rule out concomitant pulmonary disease. All

dogs were part of a previous study that evaluated variation in

mitral regurgitation (MR).35

Blood Sampling

Blood samples were drawn from the jugular vein using a vacu-

tainer system connected to a 21-G butterfly catheter. Dogs were

fasted 6–18 hours before blood sampling. Analysis included a

complete blood count (CBC) and serum biochemistry profile. For

biopterin analysis, blood was collected in K3 EDTA tubes

(4 mL) with 100 lL freshly made 1,4-Dithioerythritol (DTE)

solution (40 mg DTE in 1,000 lL Milli-Q [18.2 MΩ] water)

added to minimize oxidation during analysis.36 Samples were

mixed gently before centrifugation (3,000 9 g, 3 minutes, at 4°C)
and plasma was frozen immediately at �80°C until analysis.

Plasma BH4 and BH2 concentrations were measured by high-

performance liquid chromatography with fluorescence detection

employing iodine oxidation as described by Fukushima and

Nixon.37

After individual analysis, plasma from the 5 highest and 5

lowest BH2- and BH4-containing samples (regardless of group)

was pooled and analyzed 5 times per day for 5 consecutive days

to determine within-day and between-day variation. Within-day

and between-day coefficients of variation of BH4 and BH2 mea-

surements were below 7% (Table 1).

Echocardiography

Standardized transthoracic echocardiography was performed

from multiple parasternal and apical windows38 using a 3S and

5S ultrasound transducer and digitally stored.a Echocardiography

was performed and analyzedb by 1 operator (LHO). The observer

was blinded to the identity and clinical data of the dog during

assessment. The following echocardiographic variables were

assessed: Severity of MR classified as mild, moderate, or severe

based on regurgitant jet area relative to left atrial area,19 left

atrial-to-aortic root ratio (LA/Ao),39 and left ventricular (LV)

dimensions normalized to body weight (BW).40 LV dimensions

were measured from M-mode short-axis view and used to calcu-

late fractional shortening (FS).

Classification of Disease Severity

Dogs were staged based on American College of Veterinary

Internal Medicine (ACVIM) consensus statement classification

guidelines as: control group (healthy dogs with no auscultatory

heart murmur including 13 Beagles and 24 CKCSs), group B1

(CKCSs with auscultatory heart murmur and LA/Ao ≤ 1.5),

group B2 (CKCSs with auscultatory heart murmur and LA/

Ao > 1.5), and group C (dogs in CHF including 9 CKCSs and 1

of each of the following breeds: Crossbreed, Springer Spaniel,

Table 1. Within-day and between-day variation in
plasma BH4, plasma BH2, and total biopterin results.

BH4 BH2

Total

Biopterin

Within-day CV%

High 2.62 3.18 1.49

Low 6.11 1.77 4.32

Between-day CV%

High 1.92 2.94 1.08

Low 6.38 4.87 3.75

High, pool of the 5 samples highest in BH2 and BH4, respec-

tively; Low, pool of the 5 samples lowest in BH2 and BH4.

BH4, tetrahydrobiopterin; BH2, dihydrobiopterin; CV, coeffi-

cient of variation.
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Dachshund, Bull Terrier, Yorkshire Terrier).5,39 Dogs with CHF

were defined as having clinical signs of CHF (eg, cough, dyspnea,

nocturnal restlessness, exercise intolerance), echocardiographic

changes compatible with CHF and response to diuretic treat-

ment. Cardiac medication was given to all dogs in group C

(Table 2).

Statistical Analysis

Data were analyzed using statistical softwarec and for statisti-

cal analysis, a significance level of P < .05 was used.

For descriptive statistics, continuous variables were tested for

Gaussian distribution within groups using a Shapiro-Wilk test

combined with visual evaluation of histograms and normal quan-

tile plots. Differences among groups were investigated using a

nonparametric Kruskal-Wallis test as many groups did not fol-

low a normal distribution. When significant associations were

detected, pair-wise comparisons using Wilcoxon rank sum test

were performed with Bonferroni adjustment. Group differences

for categorical data were investigated using Fisher’s exact test.

Using a multiple linear regression model, differences in con-

centrations of BH2, BH4, and BH4/BH2 were analyzed. Explana-

tory variables used were ACVIM group (or LA/Ao ratio or

degree of MR), age, sex, passive smoking (yes/no), BW, BCS,

systolic arterial pressure (SAP), serum cholesterol concentrations,

and plasma biopterin storage time. For the purpose of statistical

analysis, BCS groups 3 and 4 were merged because only 1 dog

was recorded as BCS 3.

Response variable residuals were tested for homogeneity of

variation based on visual inspection of residual and QQ plots

and Shapiro-Wilk test. When transformation of data was consid-

ered necessary, a boxcox analysis was used to find the optimal

transformation. BH4 results were transformed to BH4�0.5 and

BH2 to BH2�1. Subsequently, the multiple linear regression mod-

els were reduced through backward selection based on P values.

For class variables that remained significant, differences between

groups were investigated by performing posthoc testing using

Tukey-Kramer adjustment when appropriate for multiple testing.

Results

Three dogs were excluded because of abnormalities
in serum biochemistry (n = 1), heart disease other than
MMVD diagnosed by echocardiography (n = 1), and
medical treatment for CHF without echocardiographic
signs compatible with CHF (n = 1). Twelve dogs (8
CKCSs and 4 Beagles) received diet supplements
including fish oil, glucosamine, algae, or some combi-
nation of these. The final study population consisted
of 84 dogs allocated in ACVIM groups as follows:
control group (n = 37), group B1 (n = 18), group B2

Table 2. Canine characteristics and conventional echocardiographic variables.

ACVIM Group Control B1 B2 C

Total number 37 18 15 14

Cardiac treatment 0 0 0 14a

Sex (female/male) 21/16 13/5 8/7 2/12

Age (years) 5.9C (4.9–7.6) 7.2C (6.3–8,5) 8.1C (5.3–9,0) 11.0Control,B1,B2 (9.8–13.0)
BW (kg) 9.3 (8.5–12.3) 9.1 (8.0–10.0) 9.1 (8.0–10.4) 11.5 (10.1–13.6)
BCS 3/4/5/6/7 0/7/19/11/0 0/3/7/6/1 0/3/6/4/2 1/1/3/4/3

Cholesterol (mmol/L) 5.8C (4.5–6.8) 6.9 (5.4–8.2) 6.3 (4.7–6.8) 8.0Control (6.4–8.9)
Smoking (n/y) 31/6 13/5 11/4 11/3

SAP (mmHg) 149.4.5 (140.5–162.5) 154.5 (148.8–162.5) 147.3 (137.5–154.9) 150.5 (143.0–162.3)
DAP (mmHg) 79.9 (75.0–87.3) 77.0 (74.8–86.5) 77.5 (75.3–81.6) 84.8 (78.8–91.2)
MAP (mmHg) 104.6 (99.5–111.0) 106.5 (100.0–109.0) 101.5 (98.4–106.6) 108.0 (101.5–115.5)
Storage time (days) 319.0 (275.0–333.0) 326.5 (298.0–371.0) 319.0 (297.5.0–337.0) 309.0 (287.0–349.0)
MR (no/mi/mo or se) 26/11/0 2/10/6 0/3/12 0/0/14

LA/Ao 1.4B2,C (1.3–1.4) 1.4B2,C (1.4–1.5) 1.7Control,B1,C (1.6–1.8) 2.2Control,B1,B2 (2.0–2.4)
LVIDDN 1.5B2,C (1.4–1.6) 1.6C (1.4–1.7) 1.8Control,C (1.6–1.8) 2.1Control,B1,B2 (1.9–2.2)
LVIDSN 1.1 (1.0–1.1) 1.0 (1.0–1.1) 1.1 (1.0–1.2) 1.2 (1.1–1.3)
FS (%) 25.8B2,C (22.5–32.0) 27.8 (23.2–35.4) 36.1Control (27.7–39.4) 42.0Control (33.5–45.7)
LVPWDN 0.5 (0.5–0.5) 0.5 (0.4–0.5) 0.5 (0.4–0.5) 0.5 (0.4–0.5)
LVPWSN 0.6 (0.5–0.6) 0.6 (0.5–0.6) 0.6 (0.6–0.7) 0.6 (0.6–0.6)
IVSDN 0.4 (0.4–0.5) 0.4 (0.4–0.5) 0.4 (0.4–0.5) 0.4 (0.4–0.4)
IVSSN 0.5 (0.4–0.6) 0.5 (0.5–0.6) 0.5 (0.4–0.6) 0.6 (0.5–0.7)

Within each row, superscripts Control,B1,B2,C represent the group from which there is statistically significant difference. Values reported

are median and interquartiles.

ACVIM, American College of Veterinary Internal Medicine; BW, body weight; BCS, body condition score; SAP, systolic arterial pres-

sure; DAP, diastolic arterial pressure; MAP, mean arterial pressure; MR, mitral regurgitation using jet area method where no = no,

mi = mild, mo = moderate, se = severe (no: <20%, mi: 20–50%, mo or se: >50%); LA/Ao, ratio of left atrium to aortic root; LVIDDN,

left ventricular end diastolic diameter normalized for BW; LVIDSN, left ventricular end systolic diameter normalized for BW; FS, frac-

tional shortening; IVSDN, interventricular septal thickness in diastole normalized for BW; IVSSN, interventricular septal thickness in sys-

tole normalized for BW; LVPWDN, left ventricular free wall thickness in diastole normalized for BW; LVPWSN, left ventricular free

wall thickness in systole normalized for BW.
aDiuretics (Diu) (n = 1), Diu+Pimobendan (Pimo) (n = 3), Diu+Angiotensin converting enzyme inhibitor (ACE-i) (n = 1), Diu+ACE-

i+Pimo (n = 6), Diu+ACE-i+Digoxin (Dig) (n = 1), Diu+ACE-i+Pimo+Dig (n = 1), Diu+ACE-i+Pimo+Dig+Hydralazin+Potassium glu-

conate supplementation (n = 1).
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(n = 15), and group C (n = 14). Baseline characteristics
and conventional echocardiographic results of the final
study population are given in Table 2. Sex differed
among groups (P = .01), but passive smoking did not
(P = .7). No differences in baseline characteristics and
conventional echocardiographic values were found
between CKCSs and other dog breeds in group C.

Factors with influence on plasma concentrations of
BH4, BH2, and BH4/BH2 are summarized in Table 3.
Plasma concentrations of BH4 and BH2 were associ-
ated with MMVD severity (Figs 1, 2). Higher concen-
trations of BH4 and BH2 were found in ACVIM
group C compared with the other groups. Addition-
ally, both BH4 and BH2 correlated positively with
LA/Ao ratio and degree of MR. Lower BH4 plasma
concentrations were found in male dogs and in dogs

from homes with indoor smoking. In the LA/Ao
model, dogs with BCS 6 had lower plasma BH4 than
dogs with BCS 5 (P = .04). In the ACVIM disease
group model and the MR model, BCS was no longer
significant in posthoc analysis after Tukey-Kramer
adjustment. Finally, BH4 plasma concentrations
decreased with increasing BW, but increased with
increasing serum cholesterol concentration. BH2 was
positively correlated with age (but only in the statisti-
cal models including LA/Ao or degree of MR as

Table 3. Overall P values of biopterin results in the
multivariate statistical models including ACVIM dis-
ease group, LA/Ao, and MR jet area as disease sever-
ity variables in 84 dogs with or without MMVD.

Explanatory Factors BH4�0.5 BH2�1 BH4/BH2 Ratio

Models with ACVIM group as disease variable

Group <.0001 <.0001 NS

Age (years) NS NS <.0001
Sex .0001 NS <.0001
Smoking .01 NS NS

BW (kg) .0004 NS NS

BCS .03 NS NS

Cholesterol (mmol/L) .005 .04 NS

SAP (mmHg) NS NS NS

Storage time (days) NS NS NS

Models with LA/Ao as disease variable

LA/Ao <.0001 .005 NS

Age (years) NS .005 <.0001
Sex .0003 NS <.0001
Smoking .01 NS NS

BW (kg) .001 NS NS

BCS .03 NS NS

Cholesterol (mmol/L) <.0001 .007 NS

SAP (mmHg) NS NS NS

Storage time (days) NS NS NS

Models with degree of MR as disease variable

Degree of MR <.0001 .01 NS

Age (years) NS .005 <.0001
Sex .0003 NS <.0001
Smoking .01 NS NS

BW (kg) .009 NS NS

BCS .049 NS NS

Cholesterol (mmol/L) .0005 .03 NS

SAP (mmHg) NS NS NS

Storage time (days) NS NS NS

Final models with ACVIM groups as disease variable have an

adjusted R2 of 0.57 (BH4), 0.42 (BH2), and 0.37 (BH4/BH2).

Final models with LA/Ao as disease variable have an adjusted

R2 of 0.48 (BH4), 0.38 (BH2), and 0.37 (BH4/BH2). Final mod-

els with MR as disease variable have an adjusted R2 of 0.50

(BH4), 0.37 (BH2), and 0.37 (BH4/BH2).

ACVIM, American College of Veterinary Internal Medicine;

BW, body weight; BCS, body condition score; SAP, systolic

arterial pressure; LA/Ao, left atrial-to-aortic root ratio; MR,

mitral regurgitation; NS, Nonsignificant.

Fig 1. Plots of plasma tetrahydrobiopterin (BH4) concentrations

and three different measurements of myxomatous mitral valve

disease severity. Red symbols indicate dogs from homes with

smoking. ▲, males; ●, females. Medians are indicated with

horizontal lines. Horizontal bars indicate statistically significant

comparisons and their P values. Plasma BH4 concentrations were

significantly higher in group C compared with all other groups

and in group B1 compared with the control group. Males and

dogs from homes with smoking had significantly lower plasma

BH4 concentrations. ACVIM, American College of Veterinary

Internal Medicine.

Fig 2. Plots of plasma dihydrobiopterin (BH2) concentrations

and three different measurements of myxomatous mitral valve

disease severity. Medians are indicated with horizontal lines.

Horizontal bars indicate statistically significant comparisons and

their P values. Plasma BH2 concentrations were significantly

higher in group C compared with all other groups. ACVIM,

American College of Veterinary Internal Medicine.
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disease variable) and serum cholesterol concentration.
The BH4/BH2 ratio was not associated with disease
severity, but the ratio decreased with increasing age
and females had a higher BH4/BH2 ratio than males
(Fig 3). No influence of SAP or sample storage time
was found. Identical statistical ACVIM disease group
models were performed with the control group divided
into Beagles and CKCSs and the same explanatory
variables reached significance.

Discussion

In the present study, we found significantly
increased concentrations of BH4 and BH2 in dogs in
CHF and a positive association with mitral valve dis-
ease severity, suggesting development of altered endo-
thelial function and an association with oxidative
stress as disease advances. Furthermore, several cardio-
vascular risk factors in humans including age, sex,
smoking, BW, BCS, and serum cholesterol concentra-
tion influenced biopterin status in dogs.

The presence of increased plasma BH2 concentra-
tion in relation to CHF suggests that oxidative stress
and ED are present in dogs in the late stages of
MMVD. This finding agrees with findings of a study
in humans in which a negative relationship between
flow-mediated vasodilatation (FMD) and plasma BH2
concentration was found.41 Increased oxidative stress
has been shown to be involved in the pathogenesis and
progression of ED42 because eNOS-mediated NO pro-
duction in the endothelium decreases as BH4 is oxi-
dized to BH2 in exchange for increased superoxide
production.28,29

However, the observed increasing plasma concentra-
tions of BH4 with increasing disease severity and in
CHF dogs were unexpected. Although higher plasma
BH4 concentrations were found in these dogs, the abil-
ity to produce NO may not be increased equally
because BH2 has been shown to competitively bind to
eNOS.29 BH4 concentrations most likely reflect the
complex balance among compensatory de novo synthe-
sis, oxidative loss, salvage pathways, and transport

between extra- and intracellular compartments.25 Thus,
a possible explanation for increased BH4 concentra-
tions may be an adaptive increase in synthesis with dis-
ease progression perhaps in response to receptor
downregulation, decreased receptor sensitivity, or
decreased bioavailability. Another possibility is that
increased plasma BH4 concentrations result from
increased recycling from BH2 as disease develops.25 It
could also be speculated that a leakage of BH4 from
the endothelium occurs as disease progresses and that
increased plasma BH4 concentrations thus reflect
decreased intracellular concentrations of BH4. This
hypothesis is supported by a study in humans that
found decreased endothelial function in patients with
high plasma BH4 concentrations and an inverse rela-
tionship between plasma and vascular BH4.43

Increasing age was shown to be associated with
increased BH2 and decreased BH4/BH2 ratio. This is
an expected finding because both MMVD and ED in
dogs are conditions that progress with age.4,24 Simi-
larly, age and BH4/BH2 ratio have been suggested to
be negatively associated in a study in humans.41 In
older individuals, an age-associated accumulated oxi-
dative damage may have influenced the results.44

Females had significantly higher plasma BH4 con-
centrations and BH4/BH2 ratio than males, similar to
findings in humans, suggesting that female sex has a
protective effect on oxidative stress and ED.41 This
finding supports other studies in dogs that have
observed more severe MMVD in male dogs than in
females of the same age4,45,46 and a study in humans
that found decreased FMD in male patients.12

In this study, BW was negatively associated with
BH4 consistent with the risk profile in humans of
obesity as a risk factor in cardiovascular disease.14,41

Accordingly, BCS, which better describes obesity or
underweight body condition, also was associated with
plasma BH4 concentration because 1 statistical model
found significantly lower BH4 concentrations in dogs
with BCS 6 compared with BCS 5. Dogs included in
this study were estimated as having BCSs between 3
and 7 (with only 1 dog categorized as BCS 3), meaning
that no severely obese or cachexic dogs were included.

Active smoking and passive smoking represent car-
diovascular risk factors in humans and have been
shown to be associated with plasma biopterin status41

and ED in human patients. 11,12,14,47,48 We found that
dogs from homes with indoor smoking had signifi-
cantly lower plasma BH4 concentrations, suggesting
that a higher degree of BH4 oxidation occurs with pas-
sive smoking exposure in dogs. The importance of pas-
sive smoking as a risk factor for disease progression in
dogs is unknown. To the authors’ knowledge, circulat-
ing concentrations of BH4 have not been evaluated in
passive smoking in humans.

Hypercholesterolemia represents another cardiovas-
cular risk factor in humans, but there are discrepancies
in research concerning the association with ED.12–14

In this study, serum cholesterol concentrations corre-
lated positively with plasma BH4 and BH2 concentra-
tions in dogs, but none of the dogs had severe

Fig 3. Plot of plasma BH4/BH2 ratio as a function of age with

fitted linear regression lines for males and females. ▲, males; ●,
females. BH4/BH2 ratio was negatively associated with age.

Males had significantly lower BH4/BH2 ratio.
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hypercholesterolemia. Furthermore, the lipoprotein
composition in dogs differs from that of humans.49 In
dogs, the high-density lipoproteins are predominant
and the main carriers of cholesterol, whereas in
humans, low-density lipoproteins constitute the major
lipoprotein.50,51 This species difference may be of
importance and it is uncertain whether or not hyper-
cholesterolemia is a cardiovascular risk factor in dogs.

Limitations of the study include the use of privately
owned dogs because potential selection bias cannot be
avoided. Although the CKCSs were selected at ran-
dom in a database, this database may not be represen-
tative of the CKCSs population because it is mainly
based on dogs used for breeding. Different dietary reg-
imens and dietary supplements may have influenced
results because commercial dog foods are enriched
with different amounts of antioxidants. Although all
dogs had been fasted 6–18 hours before examination,
the exact duration of fasting could have influenced
results. Moreover, it cannot be ruled out that cardiac
treatment in group C, which for a number of dogs
included angiotensin-converting enzyme inhibitors, pi-
mobendan, or both, could have influenced ED and
oxidative stress and thereby BH2 and BH4 concentra-
tions because these substances have been suggested to
alter NO availability.52,53 However, for ethical reasons,
we did not attempt to stop or alter treatment. Finally,
minor deviations from reference in CBC and serum
biochemistry results among dogs in group C may be of
importance because plasma BH2 concentration has
been shown to be increased and BH4/BH2 ratio
decreased with increasing severity of renal failure in
humans.54 Hence, we cannot discount the possibility
that renal status might have influenced the results.

Conclusion

Myxomatous mitral valve disease severity and certain
cardiovascular risk factors of humans including age,
sex, BW, BCS, and passive smoking are associated with
biopterin status in dogs, indicating the presence of ED
and oxidative stress. Additional studies are warranted
to investigate the clinical implications of these findings.

Footnotes

a Vivid i echocardiograph; GE-medical, Milwaukee, WI
b EchoPAC PC. Version 112; GE Vingmed Ultrasound AS,

Horten, Norway
c R studio, version 0.97.336, © 2009-2012 RStudio, Inc., Boston,
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